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int sum = 0; // 1
int mul =1; // 1
for (int i = @; 1 < array.length; i++) { // N @&
sum = sum + arrayl[il; // N [036
mul = mul * array[il; // N %é
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public void printNumbers(int[] array) {
for (int i = 0; i < array.length; i++) { // 0(N)
System.out.println(arrayl[il);
}

for (int i = 0; i < array.length; i++) { // 0(N"2)
for (int j = 0; j < array.length; j++) {
System.out.printin(array[i] + arrayljl);
}
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for (int 1 = @; i < arrayA.length; i++) { // 0(A)
System.out.printin(arrayAl[i]);

}

for (int j = @; j < arrayB.length; j++) { // 0(B)
System.out.printin(arrayB[jl);

}

// Time Complexity: O(A + B)
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for (int 1 = @; i < arrayA.length; i++) { // 0(A)
for (int j = @; j < arrayB.length; j++) { // 0(B)
System.out.println(arrayA[i]l + arrayBl[jl);
}
¥
// Time Complexity: O(A x B)

Time Complexity
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O(1) Constant Time
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public void printFirstElement(int[] array) {

~n 00

// Array ooe'J ocm<§ oo 03208 G]I oo§ 200 o“

// uooeso ocn%oo QIDL(LO @')qﬁm saooooor]ou

System. out println(array[0]); // 0( )

O(N) Linear Time
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public void printAllElements(int[] array) {
// Loop m Array §, saqudozee: (N) 32(036 306§3203053203C: 320000ClooWON
for (int i = @0; i < array.length; i++) { // 0(N)
System.out.println(arrayl[il);

}

O(N?) Quadratic Time
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public void printAllPairs(int[] array) {



// 3[gE Loop m N (036 320000060005
for (int i = 0; i < array.length; i++) {
// 303C: Loop mcopd: 3[gE Loop 0003lood03c: N (136 aobapbonud
for (int j = 0; j < array.length; j++) {
System.out.println(array[i]l + ", " + array[jl);
}
}

¥
// Time complexity: O(N * N) = 0(N~2)

O(log N) Logarithmic Time
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public int binarySearch(int[] sortedArray, int target) {
int left = 0;
int right = sortedArray.length - 1;

while (left <= right) {
int mid = left + (right - left) / 2;

if (sortedArray[mid] == target) {
return mid;

b

// 33@0(2:0303@0@0%633;) ﬂ)qeo\f)za

if (sortedArray[mid] < targe
left = mid + 1;

} else {

right = mid - 1;
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{

b



b

return -1;

}

// Time complexity: 0(log N)

¢ O
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public void sortArray(int[] array) {
java.util.Arrays.sort(array);

}

// Time complexity: O(N log N)

Sorting algorithm s’aquceeﬁ average time complexity ooé O(N log N) Ego%ooéu

O(2") Exponential Time
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public int fibonacci(int n) {
if (n <= 1) return n;
// Function ooosleslodE: ecf)o%oo{) Function | ¥es) B%aoo 0H02:0l0005
L L L 0 O ]
return fibonacci(n - 1) + fibonacci(n - 2);

I

// Time complexity: 0(2”N)
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public int sumArray(int[] array) {
int sum = @; // Integer variable 09300 egepurclooddn (0(1) space)
for (int i = @; i < array.length; i++) {
sum += arraylil;
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return sum;

}
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int[] newArray = new intlarray.lengthl; // O0(N) space
for (int i = 0; i < array.length; i++) {
newArray[i]l = arrayl[il;
}
return newArray;

}
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public int[]1[] createMatrix(int n) {
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int[I[] matrix = new int[nl[nl; // O(N * N) space
for (int 1 = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
matrix[il[j] = 1 + j;
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return matrix;
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public boolean hasDuplicatesSlow(int[] array) {
for (int i = 0; i < array.length; i++) {
for (int j = i + 1; j < array.length; j++) {
if (arrayl[il == arrayl[jl) return true;
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return false;
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param user
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user.name = "HELLO";
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param user
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String s = "good";
s = "HELLO";
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class User {
String name;

b

User u = new User();
u.name = "good";
u.name = "HELLO";
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void update(User user) {
user = new User();
user.name = "HELLO";
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#import <Foundation/Foundation.h>

int main(int argc, const char % argv[]) {
@autoreleasepool {



int age = 20;
int *ptr = &age; // ptr m age ¢, memory address o) o8&:amzo) pointer

NSLog(@"age value = %d", age);
NSLog(@"age address = %p", &age);
NSLog(@"ptr value = %p", ptr);
NSLog(@"*ptr value = %d", *ptr);

*ptr = 25; // pointer mesod=0C age §, value 05 [gCadmdom
NSLog(@"updated age = %d", age);
}

return 0;
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. 0O OoCc¢ c . . C c
e int xptr OO address M VLW pointer variable @mo']oooan
. (of N N co [ o] C [
e xptr D pointer D2$6§07 6$6PCOND CIFYsIOO (D IIDLWOD0MNI agoz@como’]u

C o o C N Y C C .
:ﬂe@)g *ptr = 25; QQ 6QIQDMD0MN§, age §), value mal 25 @o)ogogo']oooau Pointer o
o oc 12} C \ O N O O co ¢
address o) ooezooos[ggl dereference ( #ptr ) C\?oorgsas'] 393 address cOM data 0p 0D

o
09'38@03)0’]"

e o o o ° c . o
Java QJJ)GO’)’;) SC\? *ptr , &age C\? syntax GO’(Z))O’ZL) Q&?Sﬁl(ﬂdﬁgll C’:]GOQOQ Object GCYE))(Y.B
oc C s o N c __c c o
(Y.BCUQOOOODSBS’] Reference SCL)CYQ SBC\D’)SC? QDGCD’)CDGPS:?OS’BC\?OQ?OG§()’]CD(DII 3’36618@80’)’)

o o C C ~ 9 o N [% O~
™ Java reference o raw address o e@cwgoo JVM 0 ©0003:0) opaque handle 0003000

c __¢ c
@8@8&)9010)&)"

0O cCO € OoC c
oMM §|_CS(.)OB@
L 1 1

[o] (o (o} N ocC C
Java reference galevientycicralonlen) code af.cof]oomu

o

class User {
String name;

}

public class Main {
public static void main(String[] args) {
User userl = new User();
userl.name = "Mg Mg";

. o [ O C
User user2 userl; // object 0D COpY (D30 ©UI0DD reference 0O copy o?oooadh
user2.name = "Aung Aung";

System.out.println(userl.name); // Output: Aung Aung
System.out.println(user2.name); // Output: Aung Aung
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int a = 10;

int b = a; // 'a' ejﬁoo
b=20; //'b" (g
coxul)
System.out.println(a); // Output: 10
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int[] arrl = {1, 2, 3}; // (Heap edlen Array z000(03: ogo:esnd(Ge arrl cd¢d 33 array o
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int[] arr2 = arri; // (arrl om reference value 00? &(gg”oplzeo:c\%(ﬁmdlu sﬂe@é Remote
Control j am Array 3200 000300p3:00 p9$(gesolooudn)
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arr2[@] = 99; // Remote 'arr2' 030:(G: Heap edlon 2000(03:q, LooLesepP™d [GESMCloOWON
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System.out.printin(arr1l[0]); // Output: 99
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import java.util.Arrays;

public class ArrayExample {
public static void main(String[] args) {
// 3’33%: G e%:o’]eoa’.) Array ooéeaooo%@&: (Data Q) z?(} ooéooogor]eé)
int[] numbers = new int[6];

numbers[0] = 10;
numbers[1] = 20;
numbers[2] = 30;
numbers[3] = 40;
numbers[4] = 50;

// numbers[5] oaé oo%fézeooéqeoa:oa@é 0 @&sgﬂeén



System.out.println("Before Insertion: " + Arrays.toString(numbers));
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[of =] C
2. saqc Array 32600C:m Data eoooo 3200000 00®3§330 Copy C\? oD WIII
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oll a0 Array @éog):@é: Size: 3

10 20 30

A
NNE:: @seoa’) Array mw&méem(ﬁ@& Size: 6

Empty Empty Empty Empty Empty Empty

c . ] cc
?II Data GUJ)CZ(:IPZ(Y? (YI?ZQ)&,?@CS

10 20 30 Empty Empty Empty

Y
Gli Data 32000 oo&ooé@é:

10 20 30 Empty Empty

import java.util.ArraylList;

public class DynamicArrayExample {
public static void main(String[] args) {
// Dynamic Array oopdesonm(gc: (Size [3js[pospocy)
ArrayList<Integer> list = new ArraylList<>();

// Data copdfgcs - 0(1) [Amortized]
list.add(10);
list.add(20);
list.add(30);

// Fcowde opd[gts - 0(n) [egmdmeonteoy 6g.qad]

list.add(1, 15);

// Data wod(gcs - 0(1)
System.out.println("Element at index 1: " + list.get(1));

C o C C o 9 N
/] ©0m§ sd §es[god . . .
System.out.println("Current size: " + list.size());

Dynamic Array o0 resize @Cméoo 5 323807 65:09238E0lon O é]e@ﬁé size 330%33()q|
Yy Yy § L EQ €“§J 1°767°°1 o

o C . o o (o] (o]
selev]{e Static Array o saa?z[gloogo']oaoon

- o ~
String V0N 2N



. o o ¢ o0 ¢ [ C %
String Celeaalialen); (character) 60) 320 QOO OO0 @D(ﬂoooou Conceptually mz@g
. [o] (o BRI ~ C N . [ coc
String 0D Array 0O index § access QWO 0Y character/code unit sequence COOIQY [CSC
(‘ e 0

looddi é]e@')c charAt (1) $ 00009:g|C:00 O(1) § vaSCAlodl
L ° ILL

O
Q0

C C c oC . . . o C . C
(?ooez/m - 320C:0Cs implementation oe02) Java version 32000 og@‘o:o?oow//
C C . o . . ocC o o
6900200 Java &0 String (P char[] 32@2: byte[] (Compact Strings) $ 200200042 §
ocC C o C C . - C C (e
isco?oow// C?S’B@\C charAt() 2 @‘feo:og char 02 UTF-16 code unit ooo?@o)@:
C . o C o s Y C C C o . C .
user @‘csloo 2slavi{eelolavi 33[9 023/C¥ o 0leudi pQUeD @l;swmcu script &0 @cqm
° L L o I/ J L L J o
o C o . . LR C oC C
maL):/sy/lable el laviiess code point/code unit qP:P0% ggo)g:cm:‘?co?oow//)

String s = "HELLO";
// H E L L O
// index o 1 2 3 4
System.out.printin(s.charAt(@)); // H
System.out.printin(s.charAt(4)); // 0

System.out.println(s.length()); // 5

O O o] cC O C C
VOO "HELLO" M) conceptually 63DMA) character array 33@0) c&colonud-

index : 0 1 2 3 4
Char : IHI IEI ILI ILI IOI

String Immutability

o C N o . C C
3260l Mutable/Immutable 320CeD e@aeo;ooa? Java @> string o0 immutable @o)o']oooon
o O . C cC o (e C N O O co ¢ Cc c O ']
30000 String 0003 wg;ozbzqc 3200M character 600D 0D @ﬂgcm 0§ oIzl
L L L o 1l L L Lo IL

String s = "HELLO";

— e 0 ¢ 0o )
// s.charAt(@) = '1';  // ¥ 3c3000c) © Clons )
r

s = s.replace('H', '1'); // String 32000 "JELLO" 03 0$0%:(G: s 05 [g$pasom

sle[op¢ String 03 O3lao03] 60lC: (concatenate) 00§ C 3a(3003C: String object 32000
c o e e oc c . ° ¢ 0 0_c .
co:?cme:?q@z eqjg[_ggst:.co']oowu String %qu[_gz e@aczmcg a3qC Java ¢ StringBuilder

L
(mutable) (7% a"?:cnoéo']ooof)u

StringBuilder sb = new StringBuilder();
sb.append("HE");

sb.append("LL0");

String result = sb.toString(); // "HELLO"

ﬂ
ﬁ
o

Common Operations S M50 0§ 0D



Array/String &0 3220:q 0 operation 6

Operation

Access

Update

Append (Dynamic Array)

Insert/Delete (320005)

Slice (subarray/substring)

Search

N

[ c (%
§cscocsq|m
arr[i] |ndex§tooo@c

arr[i] =

C
value 0003 ﬂ)[g]co

Real-world Examples

Array § String (T% eqﬁoé software development €2 esep

¢ Product list: e-commerce app €2 M$OOO:

e Transaction list: banking app & 6¢

e CSV row: CSV file ooo:e@acz

c
(08]00]]

L

C C

o

L

806’) ["Mg Mg","20","Yangon"] )Ii

Common Problems

=) c o
33’38;?80’) concept GO’(.))(T.I? G

on Max/Min ﬂ')@&:

int[] nums = {3, 7,

1, 9,

int max = nums[0];
int min = nums[0];
for (int i = 1; i < nums.length; i++) {

}

if (nums[i] > max) max
if (nums[i] < min) min

C® classi bl \{
Q0[S classic problem 329)|-

4%;

= nums [i];
= nums[il;

System.out.printin(max); // 9
System.out.printin(min); // 1

O’)C

C (of
oy /o?oo 00000

[of
Cs
cC o ¢
o ", .§spllt QQOVM

O . .
0§, 2202€), time complexity-

Time Complexity

o(1)

o(1)

O(1) amortized

O(n)

O(k) (k = [godupean 32g05)
O(n)

Append vs Slice ?053_](73: Append (O(1) amortized) m ec?epé’]elcr: ooc%zooéél]o']éu

Slice M0 [g0dWI0) element 326632020300 F2000M:qoM6(0p¢ O (k) Mmsal
C

00wl

§ O’] GOgDGIOr]O’)QS-

o . C ocC (e . by C
e0p0) array/list sa@o ooezbs index iem@

(o]
R list sa@o) 0020000l

field eooor]oo array qoooo



Array 0006305 (one pass) C020§s

9o, LI Jo

max § min §0309: §03320305 O(n) [goclooud
. [of [ o
Jn String Reverse C\?OBCS

String s = "HELLO";
StringBuilder sb = new StringBuilder(s);
System.out.println(sb.reverse().toString()); // OLLEH

String o immutable @@C\) StringBuilder 032070 (céoaéo']oooon O(n [Ego)o']oooou

M Character qurgas Cs (Count characters)

String s = "banana";

int[] count = new int[26]; // a-z

for (char ¢ : s.toCharArray()) {
countfc - 'a'l++;

}

System.out.println(count['a’ - 'a'l); // 'a' o of:

A:000Ad:5(C2 Q00 0'3390'3050 @o)oﬁloown
7 22q|C: YR8 023207

Gl Duplicate 43 tooSg.ps@E:: (Remove duplicates)

int[] nums = {1, 2, 2, 3, 3, 3};

java.util.LinkedHashSet<Integer> set = new java.util.LinkedHashSet<>();
for (int n : nums) set.add(n);

System.out.println(set); // [1, 2, 3]

(o] o [© [of Y co (o] ¢ O C (% C C [o] [ C
Set 0 b @z 00650) 0056260905 VUOVMO0M (YOUloWdN (Set 326[0PC20 6D I24:

2 0OV 1)



333%3 G- Hash Table / Dictionary

Hashing

. [¢] C [¢] % [% . C . [ [
Hashing 00N Data 0003 oooog;oooo’feoo’) Function 0003 (Hash Function) ©0030C @oo

o ogé:eoége@: e$€pP (Index) e ﬂoe(oooa@ q?@ ®§®o']u elmsmeooo O @c Data
op5[EEs spewas qdFS: [Girob8E[aes [gbdlonddn

=

Hash Function
Hash Function a%ooo Key 000 093 Integer (Index) orJo)asaEc}o) e[gpc 60s ooe Function oli

8()QX) —

index = key % tableSize
// key=25, tableSize=10 => index =25 % 10 =5

. C C C C o . o o
Hash Function 60D C:0003ED 630MVI VY (properties) 603 §§olewol

. m . =] o \ o C C
e Deterministic — eaTes]=eny) Input 28 33@ eaTes]eny) Output Q0260:§0 0

- - . . o C o (=] % (o (o] (of
¢ Uniform Distribution — Data Slesles) Array 02036 POPIDE3NC @ioqjmeooqee
[

« Fast Computation — Hash 0305gj05g]$ O(1) [408epd

Hash Table

Hash Table a0 Hash Function 03 33053[9@ Key-Value Pair s Q%ézooé Data Structure
L L L o o

% o N\ O o C [¢]
(Concept) ol C\)meoosaa)"[glspmeoo; Hash Table £ Hash Map 5000 ©0000:qp:s030)
C c . o o C
Q060D00§P: 3aor|JLor|JLocQ eoooo 33[§§33C\P§ (interchangeably) 20sec0§OIoOWOI

o C o ~ o . C [ C
Java ©ODEC HashMap SOOI Hash Table §), 326M Implementation 0003 @o)o']oooou

e]

C C O C s C C o
©00q|M - Java €1 Hashtable Q0D Thread-safe @o)og class 326020C:0003 §60LWVI

&

5323ludcom 8@%06 HashMap 0900 saqpseés 3’3&58@[@()’]0)05”
L 1 ° L o L L L

Concept 326 Hash Table o3 63l [G:1 m3eq:09325IHash Map o 63lGlooddi

import java.util.HashMap;

public class HashMapExample {
public static void main(String[] args) {
HashMap<String, Integer> map = new HashMap<>();



// Data cpd(gc: — 0(1) average
map.put("apple", 3);
map.put("banana", 5);
map.put("cherry", 1);

// Data epeg[gc: — 0(1) average
System.out.println(map.get("apple")); // 3

// Key §of odes0:[gCs
System.out.println(map.containsKey("banana")); // true

// Data od(gc: - 0(1) average
map. remove("cherry");

// Key smicd: Iterate cvd[gcs — 0(n)

for (String key : map.keySet()) {
System.out.printin(key + " —> " + map.get(key));

}

Collision

C (=] C C . (=} % .. o
Key $03 ©0DPOEICVPO: Hash Function © 0DPOGIOM Index o?meozeansaafl Collision(co0

o) C C C C O O . C C C o
e@cz) @mofloagn RUED key=5 SC key=15 OJM) tableSize=10 @g hash cgoo']m $0900¢

. o o c Collisi o) c, c . . .
index 5 0D §§20p0I Collision M e@ﬂcooo@ $p030002qP3ED —
e Chaining — orl)Léeoao Index ogf: Linked List Egccz Data g sﬁor)eo 5 a%ézaoé:@&:
(Linked List 338@3620’?3 sae.%z ) ogf: ew%@o']eé)
e Open Addressing — Collision [§oc)of]oo 33%303635[)3 C\gO’SGc?GOJ) Index or% §PsY
2363520055[GEs
- oc (o C
Open Addressing (G§6P §PEY WVwz00: c3)
. C . . o N N (o] (o] C . o oC [of C
CoIrI|S|ono@o)g]m Linked Llft 029205 Table a303CLC 6§30 index M3 gpg) 956201200 §002
06z 4| 03 3200:(g|oo !N

. . . C C . oC C [of [of
e Linear Probing — collision @o)elc index + 1, +2, +3 320)Cs 00039|Cs ﬂD@Cg

c

¢ Quadratic Probing — +12, +22, +32 (Yg)ooqj()g@c:: §p@cz (clustering ecql?qjeo)ooé)
e Double Hashing — :?or%oo hash function 0003? Q?ﬁ og)mqj(ﬁ ﬂ)@éz
o] C C

es} @o)oo@u

HashSet

[o} A ocC C . C ocC C SN
HashSet 8D02D HashMap ), Key qp:o» 2002000 Version ooo)zL;o'] (Value ©2003)I 0000D00
C o o C C C .
G:E(DOC:'DGOD‘)CElementﬂ’DO(? 320032609PM (oooﬂaoeoaeoo’)e@')co: Unique Element gz
00§2006:6P0RC 320020C0 VI



import java.util.HashSet;

HashSet<String> set = new HashSet<>();
set.add("apple");

set.add("apple”); // 303w "apple" O8O
set.add("banana");
System.out.printin(set.contains("apple")); // true — 0(1)
System.out.printin(set.size()); // 2

Time Complexity

Operation Average Case Worst Case
put / add o(1) O(n)
get / contains 0(1) O(n)
remove 0(1) O(n)
size 0(1) 0(1)
iterate O(n) O(n)

©odg)m: Worst Case O(n) a320pden Hash Collision saqpz[n]: [goedleome(opé [go
Cloopdin eamCagée0o0 Hash Function (¢C Collision o) spd:eog) Average O(1) 03

oc ocC oc
(I)%SOOGS‘%CO']Q)@II

Hashing 330.'?:@[039; ms@sasquu)s
e Duplicate Detection — HashSet @& O(n) @)GOO’J @ée&em O [Q@eomscoog

¢ Frequency Count — HashMap @c Key=Element, Value=Count cod:0m0 O ooo[_ge
@oom’) eqorgooa.f,coo@

e Two Sum a§o§eo:n @ooapqp: — Array (T% Loop 0O Complement (7% HashMap
0RC odeaD:(3C:

e Cache / Memoization — Caching sulcieasleslyaticelN] orgogqjo&a qméqpso':) HashMap

C ocC C [ t
0RC 206200 AVRMVESEDE
o o

Real-world & 0’)&3(\%3?8(\5
Hash Table 03 5 codi 50923203 5 Cil Backend / F d devel
as aple ('T? G%(De codaing QJJ) UDODC\?O?J.\) @gﬁ]_GS'B’DCII acken ronten eve opment

€2 3200:324P30 lookup ol

on ID $ Object ep@& (Lookup) — Database ooe§ user list 360005[§° userId § 003la03l
spsloosae'] List 09 loop oooslc ooo[_@ecgjc O @o:oown Map o oooaé]oogooo elc P
o?cg @oxxg)ooooon



// List o loop oooqa §poCe 0(n)
// Map o index cobam: - podC: 0(1)
Map<Integer, User> userById = new HashMap<>();
for (User u : users) {

userById.put(u.getId(), u);
}

User u = userById.get(42); // 0(1)

O O (of N [of
32Q0:0) productId - product , permission - allowed? 0DODCODO: Map ilndex Qe[Slecat{=lay,

o C
S[ealeell
L Status code 33(\"306 API error sslogrf)@f:: (Frequency Count) — Log eogoém error 60

[o] o C C [of ocC (o} N C O (o]
o status code 300M UJ(D<J§®[_9@ @@C\) 6§00 Map 28 key=statusCode , value=count

"
A
°
7

© o}
(00K (O H CI)Q)EEBQ) 00§ OI0II

Map<Integer, Integer> errorCount = new HashMap<>();
for (int status : responseStatuses) {
if (status >= 400) {
errorCount.merge(status, 1, Integer::sum); // count[status] += 1
}
¥
// {404: 12, 500: 3, ...}

3 "Map %eqogo%mcﬁ" a%oo pattern m ecporgoo Valid Anagram, Top K Frequent 0 g>e
(o
s [gq?ecrgo%no I

c e N . C [of [of [of (o

M oom[g:oa) m B‘f"" E (Cache) — 000 input 32000 0003l 03l 0QME§0W)
[of \ (‘ o (g o [of \ (of C ocC

crTosk qcosm Map 00 206 ooogc\?ooo:)oon ?oooosaa'] ee’T‘elc Map comm mc?so?ooeog%co']

CﬁH)DH

Map<Integer, Long> cache = new HashMap<>();

long compute(int n) {
if (cache.containsKey(n)) return cache.get(n); // cache hit - 0(1)
long result = expensiveWork(n); // 000632(03660m 005000
cache.put(n, result);
return result;

slm Dynamic Programming 333.%3?3 e@aeofé Memoization 61 :{ae@éo’]én

Questions

[

C o O of(e o] Cc cC O o o] C
Array $¢ Hash Table , Hash Set 0903 03[ s509|C (2]§600003 0g]|, 9@ 60307 (M)

qe:mf:u



Contains Duplicate
Array oéog& duplicate ﬁe% ﬂ)o"lu

B(JE{)

Input: nums = [1, 2, 3, 3]
Output: true
Input: nums = [1, 2, 3, 4]

OQutput: false

. C . C o C C
Time $C Space complexity 03092 O(n) [gogepdi

o

(-

Wo

o (o] C C o cC O ~ o
OO array m ODGC\')C\'DODe 2060 32000 3260DDCLADS GC\')(T.IICC\DGlOO’)OII OOOD(I)’)SGlG
L 30 . L 5 5 TIL 0o o i S T b

> 33|0m O(n) [§Oe50:001

)

c o c <, c o c o ¢ C oo c . c 1 o ¢
QJQ:? 21?(\3]0 3384?0 CD(D? 0? QI? | 320 (YJG-? 3’30??0%(7) (0] @COO'DOG]_OO@II 3 &?G]_C

O, L o (o]

O(n?) [goog:clewdn O(n) §esmC Hashset a3 ad:SC0looudN
o} L L L

I-C°
&

public boolean hasDuplicate(int[] nums) {
Set<Integer> seen = new HashSet<>();
for (int n : nums) seen.add(n);
return seen.size() < nums.length;

A NS
rray ecrgo:ra 0$

duplicate §o005

o A o C [of =) [of . N . [of C C
™ Set COCOPOCOMDOOWLOII quqc Set size  array size WPOXWII VOIQC
L L o 1 IL

Valid Anagram
An anagram s30:0 060} string aden Glaopd characters 60RMe$ 6§00 string ad¢d
copd2 Clegoopd 206Ul puwd

Input: s = "racecar", t = "carrace"

Output: true

Input: s = "jar", t = "jam"

Output: false

O(n + m) Time Complexity [qo§epdN



8 0@ DQC sae@ 504[|3 §8C0o0WdON Space Complexity m 920560 AS5|Ca0I O(1)
L0 le FO4° QI P P y 24

C s . C C ' ocC
ooo@@? C character oo fix length (a-z) @cseoon character oo latin 6o ol O’]C\D%C(\)’)SII
Clan§EqCeon dynamic [g0[G: O(1) ¢ v§SCeomn:i Space complexity m O(n) ©
maoce@eoou

C_ o .0 ¢ c . cre, . c c
3’3610&?:. a-z O ﬂGLD Q)U.)QJQU.)IQD G&P@@&]_GS’B'JCII

public boolean isAnagram(String s, String t) {
if (s.length() !'= t.length()) return false;

int[l count = new int[26]; //a ¢ z fer]e )

for (int 1 = 0; i < s.length(); i++) {
count[s.charAt(i) - 'a'l++;//a-a = 0 , b-a =1
count[t.charAt(i) - 'a']l-—;

}

//count odo€ a-z count @&Qg):(ﬂ@n

for (int ¢ : count) {

if (c != @) return false;
b
return true;
b
[} o C C C C N C C o
3 Code Idea meo» eL]gﬂc:o']oooan a-z 329%: Iooo“oooou s QO a o']elc 329gt M +1

o ¢ c N c c o¢ c
QOMOOWII t 0O a Of]G]_C -1 C\)UC\)OOUJODII é]&)q_C 338:? sM GG]_CO saoocs 0 @§
L 1 L L o

OO')SEDGO']II (7.)(7)05(.\9) s O a (ﬂ@g t D a GOf]G]_C 338§ (I)GD 0 Eic?@@@()']d) Il Sf]&)
o 1 ° lo ] 1 L

C (2]
C anagram o400 600gpoge(qu

0
C»

)
083

s.charAt(i) - 'a' SD200D Q06OPONEOD a — a = 0 @o%oo 5 00600l b - a D¢ 1 ol
’ L @ o - & LG]_

C C (od (o] (of C ~
ooq?g:e[gpqc 3298: 0 63§ 25 00 CRAPD 206970101

c c . . c . .
320006) character ™ a-z 32(gE oo[gpz latin character 60 VlolamdqC array size fix m
C \ 0 % o] C o C
3220C06[geonulonii 358 320905 HashMap 03 6(pCzadz0lewdn

public boolean isAnagram(String s, String t) {
if (s.length() '= t.length()) return false;

Map<Character, Integer> count = new HashMap<>();

for (int 1 = 0; i < s.length(); i++) {
count.merge(s.charAt(i), 1, Integer::sum);
count.merge(t.charAt(i), -1, Integer::sum);

}

for (int val : count.values()) {
if (val != @) return false;

b

return true;



' g o] o ] C N 2] C Cc [
Dictionary key o ooz[gl[gz +1, -1 0062250200101 loop [93033303@ D3l 3om$ 0603 @@
' ' o ' ° cCOo O C ° o D(‘ ! : °
e§e[ejsoo"|u count.merge SD0OIDNDEO) COME) §6520D value M sulczeozomali

merge ©2):0 put 029§ C607 3300 6qUlewdi

count.put(s.charAt(i), count.getOrDefault(s.charAt(i), 0) + 1);

Two Sum

Given an array of integers nums and an integer target , return indices of the two numbers
such that they add up to target .

You may assume that each input would have exactly one solution, and you may not use
the same element twice.

You can return the answer in any order.

Example 1:

Input: numbers = [2,7,11,15], target = 9
Output: [0,1]
Explanation: Because numbers[@] + numbers[1] == 9, we return [0, 1].

Example 2:

Input: numbers = [3,2,4], target = 6
Output: [1,2]

Example 3:

Input: numbers = [3,3], target = 6
Output: [0,1]

Constraints:

® 2 <= nums.length <= 10™4

e -10"9 <= nums[i] <= 1079

® -1079 <= target <= 10"9

¢ Only one valid answer exists.

Follow-up: Can you come up with an algorithm that is less than O(n2) time complexity?

o c oc¢ \oocot] C o C o . . coocl ("'] c
3 (Bg) m @@C\?(DUD’J%G&?}CJ) (oa]00]] (L)(J:)§ ODG')SJJY{I §80C\360 0)800)’)061C oop cj§®8 00D

~Qo

0§ ¢ qul[gn slevew) time complexity a0 O(n?) [gosgoloowdn sle[op¢ mgeonaleny

00 ad2e50| Hash Table § O odzo:Clowdl



import java.util.HashMap;
import java.util.Map;

class Solution {
public int[] twoSum(int[] nums, int target) {

Map<Integer, Integer> seen = new HashMap<>();

for (int i = 0; i < nums.length; i++) {
int complement = target — nums[i];

if (seen.containsKey(complement)) {
return new int[] { seen.get(complement), i };

I

seen.put(nums[il, i);

b

return new int[] {}; // unreachable given valid input

Group Anagram

Given an array of strings strs , group the anagrams together. You can return the answer
in any order.

Example 1:

Input: strs = ["eat","tea","tan","ate","nat","bat"]

Ou‘tpu‘t: [ [Ilbatll] , ["nat","tan"] , ["ate","eat", "tea"] ]

Explanation:

e There is no string in strs that can be rearranged to form "bat" .

e The strings "nat" and "tan" are anagrams as they can be rearranged to form each
other.

e The strings "ate" , "eat" ,and "tea" are anagrams as they can be rearranged to form
each other.

Example 2:

Input: strs = [""]

Output: [[""]]

Example 3:

Input: strs = ["a"]

Output: [["a"]]



) c c o ¢ oo0C ¢ c c oc . [o} c o ¢
300000 Anagraln @@U)Q?&OS]_C JOS§CLWLO -§880’J OC.)O’.)&)CGT) Strlng 60M Sort CLVCOMMOMD
L3O 1] L L ° L ALY, 61 L L

O'](?)II 0D eat © tea © ate © 3’3’)3(\9)3(70.) sort QQOCOMEC aet &%OS C\)’)O']QQSII
g P P P ok PO 'Y 9

=] o M N K ~ %, 9° [} G N\ O "] C

3602 aet ) Map §, Key 326§§oo?°@° 0§PEeRM Group YAV §olodwdll
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n M string 0003§), 4039 32§ 0) @oog)zor]ewn
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P9$02 PRECVES 2 Array 9 P4, rOUP 3 a2 J® v
[ C (e c o ¢ cC o C .. . [o} o

3200 Array eeoooo@z 6§ 0MAVMOWONEC Time Complexity 03 O(m - n) 3200 clev]al]

C\% qo’]ooof)n

import java.util.x;

class Solution {
public List<List<String>> groupAnagrams(String[] strs) {
Map<String, List<String>> map = new HashMap<>();

for (String s : strs) {
// character 26 d’?:sfaorg(ﬁ count (Jsogeﬁ array
char[] hash = new char[26];
for (char ¢ : s.toCharArray()) {
hash[c - 'a'l++;

}

// €3 Array or(_i) String S’BG‘?% e@’;éz@: Key 32@0505’3:@&:
String key = new String(hash);

map.putIfAbsent(key, new ArrayList<>());
map.get(key).add(s);
¥

return new ArraylList<>(map.values());

Top K Frequent Element

Given an integer array nums and an integer k , return the k most frequent elements. You

may return the answer in any order.

Example 1:

Input: nums = [1,1,1,2,2,3], k =2
Output: [1,2]

Constraints:

e Your algorithm's time complexity must be better than O(n log n), where n is the array's

size.
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o (of C N (of o o o

600D VO$ Sort AWV0D$POM ) ee[oflo?Lou
%3’39']4]93 Bucket Sort ooemooqx:o% saa?:[gl‘%éo']oou%n Array moSeEméeaoooS@s »3

Array §), Index 03 "0loCo)aa(1366q (Frequency)' 32656, 20000050lewdil Array 6, Values
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E0) 323 33@6661@&?0? §o']ooeogqo List @@(ﬂewn 03w Time Complexity 006033
O(n) Sln Space Complexity copd: O(n) dlow

import java.util.x;

class Solution {
public int[] topKFrequent(int[] nums, int k) {
Map<Integer, Integer> count = new HashMap<>();
// m&?qjés‘% 3005?2&@&0%\3 eslcrg(ﬁ@f::
for (int num : nums) {
count.merge(num, 1, Integer::sum);

}

// @éeq (Frequency) 093 Index za@or)ofl):eﬁ Array ooéea)')(ﬁ@&
List<Integer>[] buckets = new List[nums.length + 11;
for (int 1 = 0; i < buckets.length; i++) {

buckets[i] = new ArraylList<>();

}

// Map oo Data eorg(iz) @éeeﬁo 0%06@900 333%:06 ogo:ooé@éz

for (int key : count.keySet()) {
buckets[count.get(key)].add(key);

}

// e.po’c)af’?goo% @%wo&@: :ra@éeqqp:q? k ?(Y?E @%eo:@é:
int[] result = new int[k];
int index = 0;
for (int i = buckets.length - 1; i >= 0 && index < k; i—-) {
for (int num : buckets[il) {
result[index++] = num;

if (index == k) return result;
}
}
return result;
}
}
Valid Sudoku

Determine if a 9x9 Sudoku board is valid.
Rules:

1. Each row must contain the digits 1-9 without repetition.
2. Each column must contain the digits 1-9 without repetition.

3. Each of the nine 3x3 sub-boxes of the grid must contain the digits 1-9 without
repetition.
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~ (o o C C o] (o}
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Oo L Lo L

i o . C C (e ~ cC O C C
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import java.util.HashSet;
import java.util.Set;

class Solution {
public boolean isValidSudoku(char[]1[] board) {
Set<String> seen = new HashSet<>();

for (int 1 = 0; 1 < 9; i++) {
for (int § = 0; j < 9; j++) {
char current = board[i] []j];
if (current != '.") {
// String 6o ooéeaooo%@z Set oéooéq% @l:mz@f::
if (!seen.add(current + " found in row " + i) ||
Iseen.add(current + " found in col " + j) ||
Iseen.add(current + " found in sub-box "™ + (i / 3) + "-" + (j /
3))) {
return false;
// Q)CTSQJ:)USCD’JSU_:) 0%63, o%é, oféeo?orS 39(76)056(\3: ot‘)cjao saec%or]ocm%: o’]&?{;
[ <bomch Goonogs

b
b

return true;

Longest Consecutive Sequence

Given an unsorted array of integers nums , return the length of the longest consecutive

elements sequence.
You must write an algorithm that runs in O(n) time.

Example 1:

Input: nums = [100,4,200,1,3,2]

Output: 4

Explanation: The longest consecutive elements sequence is [1, 2, 3, 4]. Therefore its length
is 4.
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import java.util.HashSet;
import java.util.Set;

class Solution {
public int longestConsecutive(int[] nums) {
// oo{)s§meorg (905@: 33(\3050001{ oo&%éemé HashSet of?:@f::
Set<Integer> set = new HashSet<>();
for (int num : nums) {
set.add(num);

b
int longestStreak = 0;

for (int num : set) {
// Sequence §, 320 LYODELICH ©OEZD:(C:
if (!set.contains(num - 1)) {
int currentNum = num;
int currentStreak =

C o C cC 0o ¢ [¢) o C C
// e@m,?or]medg DM §O§ ooeaoz[%c:
while (set.contains(currentNum + 1)) {

currentNum += 1;
currentStreak += 1;

longestStreak = Math.max(longestStreak, currentStreak);

return longestStreak;
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Reverse String

Character arr DO O S (in-pl @)C°[§C soli
aracter array s 020300 6$6P0 00D (in-place) 6[(PCs[ys AP0

Example:

Input: s = ['h','e','1','1",'0"]
Ou_tput: [lolllll'lll,lelllhl]

sl Two Pointers (Opposite Direction) Q, saéjzﬂ

=) C (o] N o C C =) (o]
con2(Gs 32gC2q)Cs 0O (swap) cOmooudN (G2 C
Time O(n )1 Space O(1) [go0looddn

class Solution {
public void reverseString(char[] s) {
int left = 0;



int right = s.length - 1;

while (left < right) {
char temp = s[left];
s[left] = slright];
s[right] = temp;

left++;
right—;

Remove Duplicates from Sorted Array

C Go =] o 60 o \ [ ~ (‘o o o r
(S'BCOO?S?;@J ®o?3°[3°oaoo array nums OO0 ooc:efog Cocuoq,oeogo? E$PY VLIMD (in-
place) 0u5[Gz1 Mq|$07 unique element 326632030503 [g§60zdl

Example:

Input: nums = [1,1,2,2,3]
Output: 3, nums = [1,2,3,...]

sloo Same Direction (Slow & Fast) § classic poed0lin Array o0 ®aoz(G:0002 (003320300
00650) NaN§26090 622g|C2NOAYM §egenuli

- C o o] % 2] ocC o C (o
e Fast pointer oo array 0D0ICVEM @ooogaz['g: element 02C:M @@oooou
. . (o] ocC C (o] ocC C [ C
¢ Slow pointer 00 unique element 600D QLW 66PN CO$:00WII Fast m 320000003

N O O (e N © C
(66,004, ©0D0M) 6026 slow M 0D2|gs I236SEPED 663900l

class Solution {
public int removeDuplicates(int[] nums) {
if (nums.length == @) return 0;

int slow = @; // unique element eoy 20:0) e§6p
for (int fast = 1; fast < nums.length; fast++) {
// e§m element § oY 20O CVOI90HDPO
if (nums[fast] !'= nums[slow]) {
slow++;
nums [slow] = nums[fast];

}

return slow + 1; // 3369;30305 = e§3053§: index + 1

Valid Palindrome



A phrase is a palindrome if, after converting all uppercase letters into lowercase letters and
removing all non-alphanumeric characters, it reads the same forward and backward.
Alphanumeric characters include letters and numbers.

Given a string s , return true ifitis a palindrome, or false otherwise.

Example 1:

Input: s = "A man, a plan, a canal: Panama"
Output: true
Explanation: '"amanaplanacanalpanama" is a palindrome.

Example 2:

Input: s = "race a car"
Output: false
Explanation: "raceacar" is not a palindrome.

. [¢] % % C C % \ (% N [¢] 2}
Palindrome SD00D 6§ MWOODWVODI 6$I0DNMWVOIWOD 320D0DV @o)e:?og uslensties) ealomauli 3
o =} N N [of ~ (o s O C N
SYoals) mC\?osa[_z_]azaeoao ezg@aoogsa@m @000 (a-2) $, 0§ (0-9) mag@o M|$0?
€ o o] C [ C =] [
206M 0D (Symbols) 60D 320:00:M (ooooooo/eoqpoaos[gg o)o)ﬁleao']n
o L L L o 1

=] [o] cC O . . . o N . C [of C o
3@033@0? e@ﬂcg(g Opposite Direction Q030 Two Pointers $P0:Q00zM saemocss?go']u Left
. [¢] (2] . . o] o C o C N € [
pointer 0D sao)g;oooos[gg Right pointer 07 3230:60 000:0leddI ©QY3200) WEMOI60Y 60§ C
C C C ° o C C C s C C
ecqpagozo’]ewu $OIQVIM MAYOVOO @ojogsaa'] O?L/"’O?L 00630:0leWdII

O(n) time complexity, space complexity O(1) @&qaﬂeén

class Solution {
public boolean isPalindrome(String s) {
int left = 0;
int right = s.length() - 1;

while (left < right) {

// DS pointer m oaocf?g/octr)%: eo?orc)q(r: erqlgogt)seé

while (left < right && !Character.islLetterOrDigit(s.charAt(left))) {
left++;

I

// &D:}O(ﬁ pointer m mo?ez/om%; eu?orr)qcc: eoqf)agozepé

while (left < right && !Character.islLetterOrDigit(s.charAt(right))) {
right——;

I

// 3’3@33’36&33 039 U?E(ﬁoogeé
if (Character.tolLowerCase(s.charAt(left)) !=
Character.toLowerCase(s.charAt(right))) {
return false;

}

// QT ©§,500009:0p0
left++;
right——;



return true;

Two Sum Il - Input Array Is Sorted

Given a 1-indexed array of integers numbers that is already sorted in non-decreasing order,
find two numbers such that they add up to a specific target number.

Return the indices of the two numbers, indexl and index2 , added by one as an integer
array [index1, index2] of length 2.

Your solution must use only constant extra space.

Example 1:

Input: numbers = [2,7,11,15], target = 9
Output: [1,2]
Explanation: The sum of 2 and 7 is 9. Therefore, indexl = 1, index2 = 2. We return [1, 2].

[} C N C C C

30 M Array & Hash Table 32382 00 Two Sum §°or|)Lo']or)w|| :ﬂeoeog (rg)@xe“meogm—
C 2} <} 12} C

oIl Array ™ (zacw?sa@:) o)ooos[gzoaaz [§®6.§ooau

g egpfé (Extra Space) c9:0 002§ (O(1) Space) séz)oooo']u Memory 32000 ©UI§ 07
330806 HashMap 0% :1?&} esleoqgor]orlalzu

c c c (o c o c co o C N
o G()']Cgt\DSCD target COM [(_1233@§610I S"BGE\(](T? 600:632DC C\)O(I% C\?oosaogoo Right

. [o] (o (o} C
Pointer 09 0209§: ecgpo’]ewu
|_ o
C [of (of (od C (o] =] (of co [e] C .
e cUIC:COBM target COM cudesqCl '336@0? @zezaoc w0 309320905 Left Pointer
(o] C (od (o] C
0D 0034 o?zo']eoon

class Solution {
public int[] twoSum(int[] numbers, int target) {
int left = 0;
int right = numbers.length - 1;

while (left < right) {
int currentSum = numbers[left] + numbers[right];

if (currentSum == target) {
// @oaa;?)m 1-indexed (index 1 me§®oap_'5) C\% efgooogoa :390906 1 e(ﬂ&zeozq
return new int[] { left + 1, right + 1 };

} else if (currentSum > target) {
// e0lC:c0s que§omé oo$§z§e§a¥p:eoq$ right 0% GO%P°°E§



right—;

} else {
// col&:08 §é:e§03dé oo%fg:qp:me@q% left 093 or%:oa 5
left++;
}
}
return new int[] {};
}
}
3Sum

Given an integer array nums , return all the triplets [nums[il, nums[j], nums[k]] suchthat i

=3, i!'=k,and j '= k,and nums[i] + nums[j] + nums[k] ==
Notice that the solution set must not contain duplicate triplets.

Example 1:

Input: nums = [-1,0,1,2,-1,-4]
Output: [[-1,-1,2]1,[-1,0,1]]
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o IL ° o o i o 1L

C C . (o] C
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Two Pointers §pd: s0006pogn2090l0N Time Complexity O(n?) § §Scolooudi

import java.util.ArraylList;
import java.util.Arrays;
import java.util.List;

class Solution {
public List<List<Integer>> threeSum(int[] nums) {
List<List<Integer>> res = new ArrayList<>();
// Two pointer od:q§sC Duplicate gp: 32090000MHOWOSCES Sort 326E000R0
Arrays.sort(nums);

for (int 1 = 0; i < nums.length; i++) {
// Duplicate [gdesag|C smpogriepd
if (i > 0 & nums[i] == nums[i - 11) {
continue;

b

int left = 1 + 1;
int right = nums.length - 1;

while (left < right) {
int sum = nums[i] + nums[left] + nums[rightl;



if (sum > 0) {
right—;
} else if (sum < @) {
left++;
} else {
res.add(Arrays.asList(nums[i], nums[left], nums[rightl));
left++;
// Duplicate 3203gp: cOeUleog$
while (left < right && nums[left] == nums[left - 1]) {
left++;
ks

}

return res;

Container With Most Water

You are given an integer array height of length n . There are n vertical lines drawn such that
the two endpoints of the i*" line are (i, 0) and (i, height[il) .

Find two lines that together with the x-axis form a container, such that the container contains

the most water.
Return the maximum amount of water a container can store.

Example 1:

Input: height = [1,8,6,2,5,4,8,3,7]

Output: 49

Explanation: The above vertical lines are represented by array [1,8,6,2,5,4,8,3,7]. In this
case, the max area of water (blue section) the container can contain is 49.
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class Solution {
public int maxArea(int[] height) {
int left = 0;
int right = height.length - 1;
int maxArea = 0;



while (left < right) {
// 6§60oCEC0R) 32(Ca0pd 328650:03C6d] YonpdoOEd
int minHeight = Math.min(height[left], height[right]);
// Sud
int width = right - left;
// e§uxn (Area)
int area = minHeight * width;
maxArea = Math.max(maxArea, area);
// O[gé0pd 0BEM ¢pqs §66amme Pointer 05 g 0000
if (height[left] < heightlright]) {
left++;
} else {
right—;
b

return maxArea;

Trapping Rain Water

Given n non-negative integers representing an elevation map where the width of each bar is
1, compute how much water it can trap after raining.

Example 1:

Input: height = [o,1,0,2,1,0,1,3,2,1,2,1]

Output: 6

Explanation: The above elevation map (black section) is represented by array
[0,1,0,2,1,0,1,3,2,1,2,1]. In this case, 6 units of rain water (blue section) are being
trapped.
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class Solution {
public int trap(int[] height) {
if (height == null || height.length == 0) {
return 0;

}



int
int

int
int

int

left = 0;
right = height.length - 1;

maxLeft = height[left];
maxRight = height[right];

totalWater = 0;

while (left < right) {

// maxLeft oo GcudesagE 90050005

if (maxLeft < maxRight) {
left++;
maxLeft = Math.max(maxLeft, height[left]);
totalWater += maxLeft - height[left];
}
// maxRight m Gcudesag|C pmodm§ 6§00 cR0ePd
else {
right—;
maxRight = Math.max(maxRight, height[right]);
totalWater += maxRight - height[right];

return totalWater;
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Example:

Input: nums = [2, 1, 5, 1, 3, 2], k=3
OQutput: 9
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class Solution {
public int maxSumSubarray(int[] nums, int k) {
int windowSum = 0;
// oooeeEL): window k C\?O’% eor]cr:soaé
for (int 1 = 0; 1 < k; i++) {
windowSum += nums[il;

}

int maxSum = windowSum;
// window 0‘% oooSc\Pé:qJég egleoaé - %emézﬂogl 32000601Es
for (int right = k; right < nums.length; right++) {
windowSum += nums[right] - nums[right - k];
maxSum = Math.max(maxSum, windowSum);

return maxSum;

L Best Time to Buy and Sell Stock
You are given an array prices where prices[i] is the price of a given stock on the ith day.

You want to maximize your profit by choosing a single day to buy one stock and choosing a
different day in the future to sell that stock.

Return the maximum profit you can achieve from this transaction. If you cannot achieve any
profit, return o .

Example 1:

Input: prices = [7,1,5,3,6,4]

OQutput: 5

Explanation: Buy on day 2 (price = 1) and sell on day 5 (price = 6), profit = 6-1 = 5.
Note that buying on day 2 and selling on day 1 is not allowed because you must buy before
you sell.

Example 2:

Input: prices = [7,6,4,3,1]
Output: @
Explanation: In this case, no transactions are done and the max profit = @.
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Time Complexity: O(n) - Array 03 000631000 0G5>S [gd0lowdN
Space Complexity: O(1) - memory {z)of’?zo)e[) GC\O?C\OB @05(5]0005"

Java Solution

class Solution {
public int maxProfit(int[] prices) {
int left = @; // Buy pointer
int right = 1; // Sell pointer
int maxProfit = 0;

while (right < prices.length) {
// OUSGQJ:OO(TS eep&:qusm (?@ge‘?cgl& (:ra@crr)qogdcr:)
if (prices[left] < prices[rightl) {
int currentProfit = prices[right] - prices[left];
maxProfit = Math.max(maxProfit, currentProfit);

} else {
// eepé:eqjsm ocf)equooog 02000020l 086105(73 01)5610833330333@03 2000000
c L o L L 1
O
left = right;
}
. C cC O C cC O C
right++; // BEPCIMM) COO§ADOO
}
return maxProfit;
}
+

M Longest Substring Without Repeating Characters

Given a string s , find the length of the longest substring without repeating characters.

Example 1:

Input: s = "abcabcbb"
Output: 3
Explanation: The answer is "abc", with the length of 3.



Example 2:

Input: s = "bbbbb"
Output: 1
Explanation: The answer is "b", with the length of 1.

Example 3:

Input: s = "pwwkew"

Output: 3

Explanation: The answer is "wke", with the length of 3.

Notice that the answer must be a substring, "pwke" is a subsequence and not a substring.
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Java Solution

import java.util.HashSet;
import java.util.Set;

class Solution {
public int lengthOfLongestSubstring(String s) {
Set<Character> charSet = new HashSet<>();
int left = 0;
int maxLength = 0;

for (int right = @; right < s.length(); right++) {



char ¢ = s.charAt(right);

// #09:320000000 c00H§ window cdRC §[§z00:[goeg0lon
// GCanad: eqpoHO:0P030d left pointer o eg (Gz window 05 mgjpseoc0pd
while (charSet.contains(c)) {
charSet.remove(s.charAt(left));
left++;
b

// mcx?zsaoo&zaoz window o ooéagésoaé
charSet.add(c);
C o [*) C C
// 3§pOsH: 3OqPINY 03D
maxLength = Math.max(maxLength, right - left + 1);

return maxLength;

Gl Longest Repeating Character Replacement

You are given a string s and an integer k . You can choose any character of the string and
change it to any other uppercase English character. You can perform this operation at most k

times.

Return the length of the longest substring containing the same letter you can get after
performing the above operations.

Example 1:

Input: s = "ABAB", k = 2
Output: 4
Explanation: Replace the two 'A's with two 'B's or vice versa.

Example 2:

Input: s = "AABABBA", k =1

Output: 4

Explanation: Replace the one 'A' in the middle with 'B' and form "AABBBBA".
The substring "BBBB" has the longest repeating character, which is 4.

There may exists other ways to achieve this answer too.
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Java Solution

class Solution {
public int characterReplacement(String s, int k) {
int[] count = new int[26]; // English alphabet size
int maxCount = 0; // C\)(YS% window ot‘)ﬁo] :mqpss"?:or]ean md’?:eﬁ @éﬂ%g
int left = 0;
int maxLength = 0;

for (int right = @; right < s.length(); right++) {
C ° oC C o (%) C
// OCQOD60M ODC\ESS'ﬁ @ejsl,?zo? 03000
count[s.charAt(right) - 'A'l++;

// c\)(ﬁﬁ window of)(ﬁ :raqpsaf;)zo']o&em character count 0"{) update (\B(c)il)é
maxCount = Math.max(maxCount, count[s.charAt(right) - 'A'l);
// 6[pEids 30600 0d:3066320300000 k oM empegsestlon window Fadz oypps
C
6020
int windowSize = right - left + 1;
if (windowSize - maxCount > k) {
count [s.charAt(left) - 'A'l-—-;
left++;
}
// 9§mseam window 3agudZen:) 326(g3(4d 0050
maxLength = Math.max(maxLength, right - left + 1);
¥
return maxLength;
}
¥

g Permutation in String

Given two strings s1 and s2 ,return true if s2 contains a permutation of s1, or false
otherwise.



In other words, return true if one of s1 's permutations is the substring of s2 .

Example 1:

Input: s1 = "ab", s2 = "eidbaooo"
Output: true
Explanation: s2 contains one permutation of sl ("ba").

Example 2:

Input: s1 = "ab", s2 = "eidboaoo"
Output: false
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Time Complexity: O(26 - n) = O(n) - iteration 03Czen character array |6 a9z 0ye o)
o ¢ cC O [ C

PDod] [gooloowdi

Space Complexity: O(26) = O(1)

Java Solution

import java.util.Arrays;

class Solution {
public boolean checkInclusion(String s1, String s2) {
if (sl.length() > s2.length()) {
return false;

b

int[] slCount = new int[26];



int[] s2Count = new int[26];

// s1 &\ 30qp:303C: 0ooLsd: window €l frequencies o} o3P
for (int 1 = 0; i < sl.length(); i++) {

s1lCount[sl.charAt(i) — 'a'l]++;

s2Count[s2.charAt(i) — 'a'l]++;

}

// frequencies o3pdclo permutation eoRq(§ (goo0pd
if (Arrays.equals(slCount, s2Count)) {
return true;

}

// Window 3¢ p3oDMHAY 000AEgICe 09:6g, 0020000

for (int i = sl.length(); i < s2.length(); i++) {
// p3Po0H32000E0NE00D #0I:32 60lE:a00
s2Count[s2.charAt(i) - 'a'l++;
// 9005059 0QODOFEEAT EICY:TN: §|0I0DD
s2Count[s2.charAt(i - s1.length()) - 'a']l--;
// frequencies sz 0305002020
if (Arrays.equals(slCount, s2Count)) {

return true;

b

return false;

G Minimum Window Substring

Given two strings s and t of lengths m and n respectively, return the minimum window
substring of s such that every character in t (including duplicates) is included in the
window. If there is no such substring, return the empty string "" .

The testcases will be generated such that the answer is unique.

Example 1:

Input: s = "ADOBECODEBANC", t = "ABC"
Output: "BANC"
Explanation: The minimum window substring "BANC" includes 'A', 'B', and 'C' from string t.

Example 2:

Input: s = "a", t = "a"
OQutput: "a"
Explanation: The entire string s is the minimum window.

Example 3:

Input: s = "a", t = "aa"
OQutput: ""
Explanation: Both 'a's from t must be included in the window.



Since the window of s only has one 'a', return empty string.
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Java Solution

import java.util.HashMap;
import java.util.Map;

class Solution {
public String minWindow(String s, String t) {

if (s == null || t == null || s.length() < t.length()) {
return "";

}

// t &\ 0d:c03205)mypid wodom:qs Map
Map<Character, Integer> tMap = new HashMap<>();



for (char ¢ : t.toCharArray()) {
tMap.put(c, tMap.getOrDefault(c, 0) + 1);
}

C o . d (‘00 %o o (] C o c M
// com§ window 3203C:q) mcolqpo? ©o0002:q§5 Map
Map<Character, Integer> windowMap = new HashMap<>();

int left = 0;
int have 0;
int need = tMap.size(); // Unique character count in t

int minLen = Integer.MAX_VALUE;
int minLeft = 0;

for (int right = @; right < s.length(); right++) {
char ¢ = s.charAt(right);

// t B¢ 330607 ead:[goslon windowMap o copdaoEd
if (tMap.containsKey(c)) {
windowMap.put(c, windowMap.getOrDefault(c, @) + 1);
// 3306000 3263000320330 [§pdagr:dlon 'have' 05 03:o0pd
if (windowMap.get(c).equals(tMap.get(c))) {
have++;
¥
¥
// c$320g|0dgp:amicds [gpadesilon window sm: 000580y M)Hie00p0
while (have == need) {
// gpdssd: window 3a0qpz0d update cvO0P0
int windowSize = right - left + 1;
if (windowSize < minLen) {
minLen = windowSize;
minLeft = left;
}

char leftChar = s.charAt(left);

// 9200MeD:e00d3: window ad9 ©0udaIEIAD

if (tMap. contalnsKey(leftChar)) {
// ©0500O8mMD[4E 0332030505 §pdog:Clan 'have' o3 sogpoopd
if (windowMap.get(leftChar).equals(tMap.get(leftChar))) {

have——;
}
windowMap.put(leftChar, windowMap.get(leftChar) - 1);
}
left++;
¥
}
return minLen == Integer.MAX_VALUE ? "" : s.substring(minLeft, minLeft + minLen);

Qu Sliding Window Maximum

You are given an array of integers nums , there is a sliding window of size k which is moving
from the very left of the array to the very right. You can only see the k numbers in the

window. Each time the sliding window moves right by one position.

Return the max sliding window.



Example 1:

Input: nums = [1,3,-1,-3,5,3,6,7], k =3
Output: [3,3,5,5,6,7]

[

Window 000 eqjézo%saoo(rs sa@zeozooc%fozeoooo 63Ul E: [ggo)o']ooof)u
L (¢} L L

Window Maximum
[1, 3, -1] 3
[3, -1, -31] 3
[-1, -3, 5] 5
[-3, 5, 3] 5
[5, 3, 6] 6
[3, 6, 7] 7
Example 2:

Input: nums = [1], k =1
Output: [1]

qEi0oEsqped

oC . . o C
msfge:x) k (Window size) s0z000:0l000011 OC3

N

C
Array 0003%

o o cC O [of [of (‘°

] 380D PIDIDMA) COOSDCH|Cs 6§,
ngzoés’ae'] coooq oC lzooo)a:-_ﬁc o)ooe’) qoo mrg aoz oo%fg (Maximum element) (Tc.:)
o?o)éz@s Array 33@03 @%ooooeoo & [gqo)o']oown

L

[

o C [% C

33’3 BC OC ?3030)? CJDCDOO 8'3[(_'_)(:) &:) OO C\D(T)GP()IC O @)Erl (I)(DOOOC\) 330’(.'))0’)

0o
L1
O(n - k) @o(ﬂeof)n km @omocgsaefl T|me Limit Exceeded (TLE) [g(]o)agooo']mgewn

3']0% O(n) $De@§]<r:z(% Monotonic Decreasing Queue (or Deque - Double Ended Queue)

C o o C N \ co O ~ i [¢]
i@oogio? a?oqo'k:oan Deque eel s Array §), 00§(26093200¢ QDOVE) index SO
wessoesag’)so']eoon

N . N C O0C co [} N C C o
* Deque com index 6024 20MDDCOY 0D$WE0XM 32|g0063 [_9 30PCWO 50305 (Decreasing

oc oc c
order) @O)&?GS’J)C (I)<§ Q)GZ()']@ODII

o

co C C .~ Ay C o . .
e 0CQO0) nums[right] 00§(9:0000 620300y Deque §), 32652030 (tail) 00 index 00D

i

c [ c o O [ N c 0(-8 (e
'330?:? pop o?oooo)o']eoou 055 Q%NS?GOJ’D 338 322000CQANO0IENIDCM O[F_T.T[&f

c
(1))
. N o c c o
window OO?’) ?@)@’3(% G)@@C\B,I O%@(TJGOD 0) 30 CGOO’)CGUJ(IJ’) O’JODGUJ’)G

. C [of
336@ (Maximum) @@m’m&p me@acoeﬂe@c\%cﬂn

@" C oM index right 0 Deque § 326$0061 c0200ledI
°61 ﬂ 19 L q 610 '?3 ) @



N o . C o . ~ C C C C C
* Deque §), 326§, 30z (head) oo index 0 cOnD§ window §), eooocsz[gcoom SEPMI:§C
( head_index < right - k + 1)I qézo".:) 326€§),006$ pop ocecﬁooc)o']e(f)u
« Deque §, 326§,3200 (M|§6$0) index § 0ODEDCO) 00$®: nums [deque. peekFirst()] UM
m(ﬁﬁ window 61 33@3353303%833 33@ @036§0103§605||

- . C C o ~ O o C OC C
Time Complexity: O(n) - element 00093|C:00 Deque 000 FagP2ad: 00060 0C
G2 026(0360 cgadgd [goulonwdn

° ) 61 o

- N C o . c O C C
Space Complexity: O(k) - Deque §, 32[gCad: size m k (4003 [go0looddn

Java Solution

import java.util.ArrayDeque;
import java.util.Deque;

class Solution {
public int[] maxSlidingWindow(int[] nums, int k) {
if (nums == null || nums.length == 0@ || k == @ || k > nums.length) {
return new int[0];

}

int n = nums.length;
int[] result = new int[n - k + 1];
int ri = 0; // result array index

// Index qpso’fe Decreasing order gaor?L)(Sg 0313:9@: Deque
Deque<Integer> deque = new ArrayDeque<>();

for (int 1 = 0; 1 < n; i++) {
// Window el 39@60306 66PMDOP260D index 36UMCigP:3s Deque 326§ 0
GP 6°° sqpe ° ﬂej

mcﬁocL)orSoaé

if (!deque.isEmpty() && deque.peekFirst() < i — k + 1) {
deque.pollFirst();

}

// c00H§oos6005 cudeam Deque 326§7050000§ index gpz3an:adzod ©LUOC0H0P0

while (!'deque.isEmpty() && nums[deque.peekLast()] < nums[i]) {
deque.pollLast();

}

// 00§ index sz Deque 0O cOPYOOPd

deque.offerLast(i);

// ooesd: window [gpoogr:a0pde omCs) 326(goa36:0000

if (1 >= k - 1) {
result[ri++] = nums[deque.peekFirst()];

}

}

return result;
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Stack Structure

Item 4 - Top Iltem 3 Iltem 2 Item 1 - Bottom

Pop
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Java Bé Stack 3333@1@ 3

o ¢ ) 0O o (© c oc c
Java (1308?610 java.util.Stack 0? OCL)SE.]S :'5’3(\;))()00)0?L GGF:%CO (eplou]]

cocC [of [of o \ o O
6$MYPC: 6300200 Javacjso Stack 3202% Deque (eom ArrayDeque)O?StaCk 32655, 9020
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import java.util.Stack;

public class StackExample {
public static void main(String[] args) {
// Stack 003 oopdesmnd(ge:
Stack<String> history = new Stack<>();

// Data cop)[gc: (Push) - 0(1)
history.push("google.com");

history.push("facebook.com");
history.push("youtube.com");

// 360l2:m omad [gp5(gE: (Peek) - 0(1)
System.out.println("Top Website: " + history.peek()); // youtube.com

// Data cod(gcs (Pop) - 0(1)
String lastVisited = history.pop();

System.out.println("Back from: " + lastVisited);

// mo%é’] :raeoTséLzm foaalen!
System.out.println("Now Top is: " + history.peek()); // facebook.com

Time Complexity

Operation Average Case Worst Case

push 0(1) 0o(1)



pop O(1) o(1)
peek / top O(1) O(1)

search O(n) O(n)
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Valid Parentheses

Given a string s containing just the characters (', "', '{*, '}*, '[* and ']"',
determine if the input string is valid.

An input string is valid if:

1. Open brackets must be closed by the same type of brackets.
2. Open brackets must be closed in the correct order.

3. Every close bracket has a corresponding open bracket of the same type.



Example 1:

Input: s = "()"
OQutput: true

Example 2:

Input: s = "()[1{}"
Output: true

Example 3:

Input: s = "(]"
Output: false
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O(n) time complexity, O(n) space complexity @éqoﬂe(ﬁu

import java.util.Stack;

class Solution {
public boolean isValid(String s) {
Stack<Character> stack = new Stack<>();

for (char ¢ : s.toCharArray()) {
// 3CopCigp: [4O0IC 20maCEp 3200509C:05 Stack od aopYoOEd
if (¢ == '"(") {
stack.push(')');
} else if (c == '{") {
stack.push('}');
} else if (c == '[") {
stack.push(']');
} else {

// 32805m¢Es @&o’]m Stack 32005(goego00E 256LI0D

// Stack zae0ladin mpCisC ©oIoN0: ©OEZDL0PD

if (stack.isEmpty() || stack.pop() !'= c) {
return false;

b
b

c c o c o _c(e [ c
// Stack oQ002303:0000 MC:e0D IPOICOC UCD[SSCD’)ZCD’J@(DCD@
<] [ (<] o L

return stack.isEmpty();



Min Stack

Design a stack that supports push, pop, top, and retrieving the minimum element in constant

time.
Implement the MinStack class:

e MinStack() initializes the stack object.

e void push(int val) pushes the element val onto the stack.
e void pop() removes the element on the top of the stack.

e int top() gets the top element of the stack.

e int getMin() retrieves the minimum element in the stack.
You must implement a solution with O(1) time complexity for each function.

Example 1:

Input:
[IIMinStackll' IlpushII, Ilpushll, Ilpushll' IlgetMinll' Ilpopll' Iltopll, IlgetMinll]
eer, i1, 21, fel, 11, 11, I[1, (11

Output: [null,null,null,null,o,null,2,1]

Explanation:

MinStack minStack = new MinStack();
minStack.push(1);

minStack.push(2);

minStack.push(0);
minStack.getMin(); // return @
minStack.pop();

minStack.top(); // return 2
minStack.getMin(); // return 1
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0305620m) 09200 Jloowdi minstack @0 65900000 Stack 0308 am:(Gsl 3200OOEANG)
val 0D COME 32600802 006320000 CUOESEC (VOUIAD P56$§C) minstack AOGU] cOP)
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import java.util.Stack;

class MinStack {
private Stack<Integer> stack;
private Stack<Integer> minStack;

public MinStack() {
stack = new Stack<>();



minStack = new Stack<>();

b

public void push(int val) {
stack.push(val);
. C [ o C C co C co C o C C =] C
// minStack cgodescyic (D) COPIEPIOD§YIIOND COME) I$POEOM CLO/ PO 6§0Y|C
if (minStack.isEmpty() || val <= minStack.peek()) {
minStack.push(val);
}
}

public void pop() {
// 0050801607 0§6:00p0 Fdsp0:ad: 00§G:[goesClom minStack wdl cod00pd
if (stack.pop().equals(minStack.peek())) {
minStack.pop();
¥
}

public int top() {
return stack.peek();

b

public int getMin() {
return minStack.peek();

b

Evaluate Reverse Polish Notation

You are given an array of strings tokens that represents an arithmetic expression in a Reverse

Polish Notation.
Evaluate the expression. Return an integer that represents the value of the expression.
Note that:

e The valid operatorsare '+', '-', 'x',and '/'.

e Each operand may be an integer or another expression.

The division between two integers always truncates toward zero.

There will not be any division by zero.

The input represents a valid arithmetic expression in a reverse polish notation.

Example 1:

Input: tokens = [II2II,II1II,II+II'II3II,II*II]
OQutput: 9
Explanation: ((2 + 1) x 3) =9

Example 2:

Input: .tokens = [II4II,II13II,II5II'II/II'II+II]
Output: 6
Explanation: (4 + (13 / 5)) =6



Reverse Polish Notation (RPN) 0 om%,z (Operands) eorbm?e 3?6166613@8419 eo']ézjslog

[ o € O t (o] % [ 0 (‘0 C '] (o]
e[?g)mmo 206000 (Operators) 600M 6§IDMDE$ MVEEI0) $PO$OVNI OED 2 + 1 M
\ C C C (o] N (o4 o o o} o C
RPN o eq:qC 2 1 + @o)o']oooon RPN 0 Stack $C 0Qwmd 33:1?3[9[(3 326000C3D: 32 @o
C (o € o % o % C s (o] o [© O
oloodi M$Y[|0260300 ooqpegj@c:eogo? ogmqjmogsaafl Stack ™ o?z@z 329000
ooo%qjogofloocﬁu
o
C 2 o CO o CD
320900302 OPIOII$POIMNE0) —
* 0§ 6096 C Stack 00 cop) (Push)i
€ [ N C (% =] (% [
e 206M™(+, -, x, /) 60R8C Stack OME§ NM§: | S VO (Pop) [32 QM MO, §

Q000 336@(7?3 Stack @ @%ooé (Push) @lc\?(Sagazu?o']OM

e 6§32 Stack AW MISESOD DML UM 326 00lond
$03P: Stack 0O M50 0§ (9 |

import java.util.Stack;

class Solution {
public int evalRPN(String[] tokens) {
Stack<Integer> stack = new Stack<>();

for (String token : tokens) {

// Operator eopdlm ogodgM[gEs(g|eodoopd

if (token.equals("+")) {
stack.push(stack.pop() + stack.pop());

} else if (token.equals("x")) {
stack.push(stack.pop() * stack.pop());

} else if (token.equals("-")) {
// saqéog(ﬁmooéomézoaé 336@(7500 007)%:@0503&5
int a = stack.pop();
int b = stack.pop();
stack.push(b - a);

} else if (token.equals("/")) {
int a = stack.pop();
int b = stack.pop();
stack.push(b / a);

} else {
// omgseapilon Stack 002) Integer e[pci) 0pd20R0
stack.push(Integer.parselInt(token));

}

return stack.pop();

Daily Temperatures

Given an array of integers temperatures represents the daily temperatures, return an array

answer such that answer[i] is the number of days you have to wait after the ith day to get a
warmer temperature. If there is no future day for which this is possible, keep answer[i] ==
instead.

Example 1:



Input: temperatures = [73,74,75,71,69,72,76,73]
Output: [1,1,4,2,1,1,0,0]

Example 2:

Input: temperatures = [30,40,50,60]
Output: [1,1,1,0]

) c oc . .[e. c ¢ o ¢ c o N () c c
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o] o 2]
6] q Nested Loop § epslc O @')o']eoau Stack (Monotonic Decreasing Stack) 0D 30 [9

ie@ﬂcoc% qo’]oooau
N OC (o] ocC (of C O C N ocC ~ o
Stack Q0D 320956 Index 600 230:0le0dII Q000§ OCQNOY 320 $M0 Stack q) 3260]303
[o] ~ 1 0(‘“. (of 0 =] (of ° \LG N ! [of 0o \"- (o) : (2] t
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import java.util.Stack;

class Solution {
public int[] dailyTemperatures(int[] temperatures) {
int[] result = new int[temperatures.length];
// Index qp: 03 236s eeg Stack
Stack<Integer> stack = new Stack<>();

for (int i = 0; i < temperatures.length; i++) {
// 0§ 30g[§00pd Stack 360z 0350 [Jieso0eg,
while (!'stack.isEmpty() && temperatures[i] > temperatures[stack.peek()]) {
int prevIndex = stack.pop();
// emEQLR) qOD3EqTRON0D 2000
result[previndex] = i — prevIndex;

H
stack.push(i);
¥
return result;
}
}
Car Fleet

There are n cars at given miles away from the starting mile o , traveling to reach the mile
target . You are given two integer arrays position and speed , both of length n , where
position[i] is the starting mile of the ith car and speed[i] is the speed of the ith carin

miles per hour.



A car cannot pass another car ahead of it. It can only catch up to another car and then drive at
the same speed. A car fleet is some non-empty set of cars driving at the same position and

same speed. Note that a single car is also a car fleet.
Return the number of car fleets that will arrive at the destination.

Example 1:

Input: target = 12, position = [10,8,0,5,3], speed = [2,4,1,1,3]

Output: 3

Explanation:

— The cars starting at 10 (speed 2) and 8 (speed 4) become a fleet, meeting each other at

12.

— The car starting at @ does not catch up to any other car, so it is a fleet by itself.

— The cars starting at 5 (speed 1) and 3 (speed 3) become a fleet, meeting each other at 6.
The fleet moves at speed 1 until it reaches target.

2} o (‘O oC t t o o "I (o] o (of (‘o o
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import java.util.Arrays;
import java.util.Stack;

class Solution {
public int carFleet(int target, int[] position, int[] speed) {
int n = position.length;
// omzgpsel Position sC [npepdaegjsa) 03o56:q§ Array
double[][] cars = new doubleln][2];
for (int 1 = 0; 1 < n; i++) {
cars[i]l [0] = position[i];
cars[il[1] (double) (target - position[il) / speed[il;

}

// Position 330%05 33005? 33@%:833 5
Arrays.sort(cars, (a, b) —> Double.compare(al0]l, b[0]));

Stack<Double> stack = new Stack<>();

// o%:orcééjs{: 33°°af;) ¢ (Array q sae.pm ?o)@ e@péz@% o&eeo:oaé
for (int i =n - 1; i >= 0; i--)
double time = cars[1][1]
// Stack C\)OO&?C\}LIC oaeoooa c\)ooqm oa@ Stack ooq saeqmoom 33%]‘?0@303.]0
e& @ eeomc
if (stack.isEmpty() || time > stack.peek()) {



stack.push(time);

}

. // 323]§05p5:09C (0[g8c9|C) 3p6g,0m20) Sognze) Fleet opognioo(gC Stack b coOemP)
0

}

// Stack el sagudmen:a0pd Fleet 3269320300 (§000pd

return stack.size();

}

}

Largest Rectangle In Histogram

Given an array of integers heights representing the histogram's bar height where the width of
each baris 1, return the area of the largest rectangle in the histogram.

Example 1:

Input: heights = [2,1,5,6,2,3]

Output: 10

Explanation: The largest rectangle is shown in the shaded area, which has an area = 10
units.
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import java.util.Stack;

class Solution {
public int largestRectangleArea(int[] heights) {
int maxArea = 0;
Stack<Integer> stack = new Stack<>();

for (int i = 0; i <= heights.length; i++) {
// Array @:sﬁgzog):c\ﬂé oqﬁe,paé Stack (Y?E ﬂégeﬁ 33@6 0 ooé@é:m:oaé
int h = (i == heights.length) ? @ : heights[il;

// mmqsa@coae Stack GBGOTSO 20 ga@coooo cuae,§a)eq Pop mo@ @qoooorg oaé
while (!stack.isEmpty() && h < heights[stack.peek()]) {
int height = heights[stack.pop()];
// Stack (\gcf)ogJ:C\}Llé 30ME$ m(ﬁ%mog oq_IOSCDéo? Celeles) 5
int width = stack.isEmpty() ? i : i - stack.peek() - 1;
maxArea = Math.max(maxArea, height * width);
¥
stack.push(i);



}

return maxArea;
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Queue Structure \

> Item 2 Item 3 —>

N

Item 4 - Rear

Item 1 - Front

Dequeue

[

Java @Ez Queue 333.?@[@ 3

. c c (e c \ c c
Java QJJ) Queue 0 interface CD(D? @(D[BZI LinkedList ?:'?80?03 ArrayDeque :?OUD@GSCD(D
o} c oMc o 5 c
e ﬂOI]CD(DII ( ArrayDeque D (BB:%C\% 33@@[010’)&)")

import java.util.ArrayDeque;
import java.util.Queue;

public class QueueExample {
public static void main(String[] args) {
Queue<String> queue = new ArrayDeque<>();

// Data copd(gc: (Enqueue) - 0(1)
queue.offer("Customer 1");
queue.offer("Customer 2");
queue.offer("Customer 3")

’

// 6 D:m omad [3pd(gEs (Peek) - 0(1)
System.out.println("Front: " + queue.peek()); // Customer 1

// Data wob[gt: (Dequeue) — 0(1)
String served = queue.poll();
System.out.println("Serving: " + served); // Customer 1

// 00§ 66 adm oMS
System.out.println("Now Front: " + queue.peek()); // Customer 2
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Deque (Double-Ended Queue)
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& "20000 @62" m é’lco%é"lé]oo') @o%cx}:raogog operation 0'303§s“€:z amortized O(1) @oc)o']

import java.util.Stack;

class MyQueue {
private Stack<Integer> input;
private Stack<Integer> output;

public MyQueue() {
input = new Stack<>();
output = new Stack<>();

}

public void push(int x) {
input.push(x);
}

public int pop() {
peek(); // output oo data ﬁem& mq&@éwé
return output.pop();

}

public int peek() {

// output (\306&%903) input com 3909% (‘ﬁ%:ooéoaé (order e@o&:@%@&&g)gwé)
if (output.isEmpty()) {

while ('input.isEmpty()) {

output.push(input.pop());

¥
¥
return output.peek();

b

public boolean empty() {
return input.isEmpty() && output.isEmpty();
}

Implement Stack using Queues

80003 e@o&z@%cﬂn Queue Q?Lf] LIFO Stack ( push , pop, top, empty) ooéeso')ogo']u
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]
import java.util.ArrayDeque;
import java.util.Queue;

class MyStack {
private Queue<Integer> queue;



public MyStack() {
queue = new ArrayDeque<>();

b

public void push(int x) {
queue.offer(x);
// 32000C0M 366 a6EPMEINC 6600 MFAYIND 6§0(Y§000d
for (int i = 1; i < queue.size(); i++) {
queue.offer(queue.poll());
¥
}

public int pop() {
return queue.poll();

}

public int top() {
return queue.peek();

b

public boolean empty() {
return queue.isEmpty();

}

Next Greater Element |

c c c N c c e c N c
numsl Q’)@ nums2 gﬁsubset @(DOO@II numsl OCOM OGDc?ZO’JO)EL)O)S’BO’g(DI nums2 OO(JJ)Ci °

N C ° . [] 90 > ('o o] '] o] [
§, pPMM VB2 §[0Y20) NaS: 0 epUl 6§QC -1 1
Example:

Input: numsl = [4,1,2], nums2 = [1,3,4,2]
Output: [-1,3,-1]

slm Daily Temperatures §or|JLoo Monotonic Stack pattern ol nums2 (T(.)B @0561&: Stack
(@"@%05(\306) oo@ 0§:000906 "next greater” 03 HashMap 00 ©05000:0leudil @ ¢
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nums1 320300 Map 0000 326(4ad codw§olon Time O(n + m)u

import java.util.HashMap;
import java.util.Map;
import java.util.Stack;

class Solution {
public int[] nextGreaterElement(int[] numsl, int[] nums2) {
Map<Integer, Integer> nextGreater = new HashMap<>();
Stack<Integer> stack = new Stack<>();

for (int num : nums2) {
// c00H§ num o0pd Stack 3ae0ld:0d [Jiegoneg, GCiodel next greater [gooopd
while (!stack.isEmpty() && num > stack.peek()) {
nextGreater.put(stack.pop(), num);
¥

stack.push(num);



int[] result = new int[numsl.length];
for (int 1 = @0; i < numsl.length; i++) {
result[i] = nextGreater.getOrDefault(nums1[i], -1);

return result;
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Node Concept
Linked List q 3ae[§é 3380533(2)630% Node C\c?’ ealGlooudi Node oooSsLoo%?D 33(?6: J (?63 ol
000d —

1. Data (Value): ogézeucr:o@ oo%f:osu

2. Next (Pointer): e‘f)(f)meo;:) Node 61 Memory S0 (Reference)n

o o] (o] ] C o o . o C . \
3266),50: Node 0p Head o GSTE]SI 6$20030: Node npTail o 63lGlooudi Tail Node §), Next
o N C o C C
02 O00Q ©§600Y30QM null M po‘?oo)go']oooon
1 1 °o ° o L (-0

Node 3 - Tail

Data: 30

Node 1 Node 2

Head —> Data: 10 Next —> Data: 20 Next ——>

Next: null

C o

// Node ood9el §opd:d
class ListNode {

int val; // Data :)5&:61%

ListNode next; // egod Node o3 pos[Jes



ListNode(int val) {
this.val = val;
this.next = null;

Singly Linked List

Node 000200 6§3000009M00 (000006:a92) p§(gao:0) OdM) Singly Linked List o3 63’
[of . t (E [o] [o] ° (2] - (of ; L C t L°
0l LIl 306§,0068 3260007 D 9P qbzl 3265200 73 (g5 eelo']u

public class LinkedListExample {
public static void main(String[] args) {
C C (o
// Node 60 oa@esoom@cz
ListNode head = new ListNode(10);
head.next = new ListNode(20);
head.next.next = new ListNode(30);

// 0mes 3aa§xﬁ 098§®05@é: (Traversal) - 0(n)
ListNode current = head;
while (current != null) {
System.out.println(current.val);
C o C
current = current.next; // hales) Node 20 6§,00

Doubly Linked List

Doubly Linked List ©2600) Node ooog?o%m e‘?aorg Node ( next ) MEEPI 6§, Node ( prev ) 0%
[of o C o c O [of [of o C
ol PQL?@oooso']oooou 3’]@@39 3266, 6P 32642000 66 (§®megagos) esatev) slo']oooou
o}

M o ¢ c c o Mm¢ 0 c ,] c
emory (3(79th0@09 3’36@(7)(? E;;?(\P@(LO L\g(.)O(TIDLO (0a]00]]

o

Node 1 «—> Node 2 <« Node 3

class DoublyNode {
int val;
DoublyNode prev; // e, Node
DoublyNode next; // e05 Node

DoublyNode(int val) {
this.val = val;

b



Doubly Linked List @ prev link 0lao09320905 c0pd/q[0d0)323| pointer | wado0d: (6§66

eq‘oo%esp) orf:) @%qj’o%eozelor]oo(f)n

// node 3200003 existing node §, e OPO(FC:
newNode.prev = existing;
newNode.next = existing.next;
if (existing.next != null) {
existing.next.prev = newNode; // e0dm node €l prev o) [4$g]od
}

existing.next = newNode;

// node ooor)?(fé L!“O’S@ES (eﬂe/e@(ﬁ J (906@% or%()%éj(f) 30(75603%6)
if (node.prev != null) node.prev.next =
if (node.next != null) node.next.prev = node.prev;

Singly Linked List § 9030000 — @ew) node §, 6,00 node 0 a32(gp: AOMOEPOEP GO
C o O o] [ N
node.prev 06§ 00§:q0om0li 3loo LRU Cache o34z node 0 v[opaan ¢nd/6g,q0) 656p
60960 3229:0C0loDWON

Insert / Delete by Pointer
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. . \ C o C . [0} C o s C [o} C
Linked List § 326000C:30: 32900006027 Pointer m e@aczeﬁoNode 02030M) COPYOMI G|
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1T Yy L CP o glv ° GP L 3 °eE ‘?GP L °

ooz B¢ O(1) [godloowd)u

Node A Node C
----------- i 4
ol A—>New--- | New Node - Ju New—C

// Node A s& Node C [ngp:ad Node 3200000p)(gC:
ListNode newNode = new ListNode(15);

C o % %
newNode.next = nodeA.next; // 32000m Ccog p3§e00D
nodeA.next = newNode; // A ™ VO DI§6OVR

// Node 0305 god(gc: (A el egodM l;lode %, (qJ(qu:)
nodeA.next = nodeA.next.next; // A o) empg) eHm

SHEES LT Array Linked List
Index [4Cep(gC: (Access) 0(1) O(n)

6§,80:03C 0O/ O(n) O(1)



6§20530:03C 0P O(1) O(n)*

spey[gc: (Search) O(n) O(n)
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Questions
Linked List orc:é @sméag)z[‘; aééelé C\D(ﬁeogo%d;)zqmeu:) LeetCode Q20 ooqj’lp'f:) @ C

61633’)6"

Reverse Linked List

Given the head of a singly linked list, reverse the list, and return the reversed list.



Example 1:

Input: head = [1,2,3,4,5]
Output: [5,4,3,2,1]

Example 2:

Input: head = [1,2]
Output: [2,1]

o

S0 @ Linked List 320000 sae@é 3002 O @&or]ooof)n Node 603§, next Pointer 609
olm c c c o r] L L 30 O o o]

o e[?pcz[gﬁ v poe0:geali

328m ®é°m°§ésmeoo? Pointer ok (prev, current, next) 0’% o}) @ﬂ Node 0003?8

N d =] [ C [of o o ’]
next 09 0%61 66,0 No e (prev) a0 @gy@&;&umgmmu [

N

o

O(n) time complexity, O(1) space complexity [goguleudn

class Solution {
public ListNode reverselList(ListNode head) {
ListNode prev = null;
ListNode current = head;

while (current !'= null) {
ListNode next = current.next; // e,pm Node o [031036z000¢ ooeé
current.next = prev; // Pomter 09 e b§ meoa&z
prev = current; // prev 00 ee]o;) esloo&?
current = next; // current 09 eqo;) eeloaé

ks

C C o C C C C
return prev; // prev 200 6§7003:0RC Head 32000 @@oa@

Merge Two Sorted Lists

You are given the heads of two sorted linked lists 1ist1 and list2 . Merge the two lists into
one sorted list. Return the head of the merged linked list.

Example 1:

Input: listl = [1,2,4], list2 = [1,3,4]
Output: [1,1,2,3,4,4]

o] C (e oo . C C C [ C
®[9 200s (Sorted) Linked Llst 0? eo']cz[gsl o)@zoo’): List eal =lestovk: @0363300 QO ol
O C © C o] o 2] . [ [¢] cCfo C C O co¢C
Dummy Node 00 631¢:8: Node 3209000307 03|l List S020D ooo)blcooes Qelgal[e
o1 0§0: cd0d Node 0 6 @ 300030020200 $00:00 32§:§C:30:0l
$P g ? e8°lY° 9 9230 $¢ QEqCep8



class Solution {
public ListNode mergeTwolLists(ListNode 1listl, ListNode list2) {
C e C C
// Dummy Node - e3lC:d: 3207 (§060g:0 6CQRYS)

ListNode dummy = new ListNode(0);
ListNode tail = dummy;

while (listl != null && list2 != null) {
if (listl.val <= list2.val) {
tail.next = listl;
listl = listl.next;
} else {
tail.next = list2;
list2 = list2.next;
}

tail = tail.next;

}

C . [*) cC O C C
// M)|$6§620:600 List (galpceloaic](calonten)
tail.next = (listl !'= null) ? listl : list2;

return dummy.next; // Dummy el 60500 Node 20pd 0om0d Head [4oo0pd

Linked List Cycle

Given head , the head of a linked list, determine if the linked list has a cycle in it. A cycle exists

if some node in the list can be reached again by continuously following the next pointer.

Example 1:

Input: head = [3,2,0,-4], pos =1
OQutput: true
Explanation: There is a cycle, the tail connects to the 1st node (@-indexed).

\

Linked List co

e
[ C [ [o]
spm[gs 0009907 23

5(3 gm?g Floyd's Cycle Detection (Fast & Slow Pointers) .§éz$oe[§ﬂézo']oocﬁn 6ss (Slow)

0MAC:s (Cycle) qo§ 00§00l Cycle 200 Node 00036 next 0D
pCe (LY 9%l 9§ y L P8
°@° 323200000 (Infinite Loop) @oge o qjzoli
$lge 303 P $OP qI?
Pointer oa&c\?ézc%l @% (Fast) Pointer o jsoc)c\J)ézoe) og)zo']eof)u Cycle §e§q6 B%soo Pointer
N . [} C coe C ocC C
M 6§50 Pointer 0D OOOGHEPEPED Eﬁe (000) ag)aor]m@ewu

[} cC 0o, c c c " [ N [o} C cMc c(e o
3§03 e@z§§oomcz (Race Track)" &0 [§§o?:1|?00 655030M oooaooo@&cqp@z X]

L o
og020000 [§EewnE&CTlonwdn O(n) time, O(1) space [goCloowdi

public class Solution {
public boolean hasCycle(ListNode head) {
ListNode slow = head;
ListNode fast = head;

while (fast !'= null && fast.next != null) {



slow.next;
fast.next.next;

slow
fast

if (slow == fast) { // [g§adogrcg)E Cycle §oopd
return true;
}
¥

return false; // fast 20pd null o5 eepoday|C Cycle o§

Find Middle Node

Given the head of a singly linked list, return the middle node of the linked list. If there are two
middle nodes, return the second middle node.

Example 1:

Input: head = [1,2,3,4,5]
Output: [3,4,5]

Example 2:

Input: head = [1,2,3,4,5,6]
Output: [4,5,6]

List §, 320005 Node 03 gpgenuli 3esepydcopds Fast & Slow Pointers $00:03 05:8C0l
C C C © C C © C o C ~

00WII Fast 00 $0006:01 Slow 00 00OaYeo 9§ CI Fast o zas?seqamorgsaa'] Slow o

32000060 §65010566WON

class Solution {
public ListNode middleNode(ListNode head) {
ListNode slow = head;
ListNode fast = head;

o

// Fast oaeé sasézespogogauxné Slow ooe§ 330305036 Je§ee§
while (fast != null && fast.next != null) {

slow = slow.next;

fast = fast.next.next;

b

return slow;

Remove Nth Node From End of List

Given the head of alinked list, remove the nt" node from the end of the list and return its
head.



Example 1:

Input: head = [1,2,3,4,5], n =2
Output: [1,2,3,5]

330165 6§oRMAS n 96[gpad Node 1) qjrdqeadli List 3 000631050 0ad(G: (One Pass)
c O . C N C . o] o C
6[4§C:§ Pointer s03(0pen n 3207032608 000207 §0d2 (Two Pointers) 03 a3:0lewdi

2} . O ¢ oc¢ [of \ o o (of o o C
3 Solution 2 Head 0pwoodC Q00§02 MOM CQUONDEDOW  dummy Node o head 6§,60 O
i L L o o L o IL [ L Jle ] 9,

con2(Gs slow § fast $OSOC0Y dunmy 6§ OClEDWON slow 03 @ADLV Node §), 6§, &
r,c,sowti as SO3 s ummy c’f slow L(qJ 0 610 ﬂoj
C C N % (9 [of C N
q060g|CoYzoRMI fast OF dunmy (ME§ n + 1 VO 6§ 090:9C:qUloWdN Blo slow §
fast [0gpeon 320903260:m n + 1 (DGl fast 0 null 6EPAD0Y33] slow MO GOOEW
Y o o
Node ), 6,60 3203320 §e§00l

c c o » [ o} c ©
?ooq_lm dummy GO?:;CD GBQJC&]_C fast ('{L) head ('DG§ n C\J)G.;CD’J Gﬂai)g)oe@[(jol
o ¢c oc c N c o _© c
Head O?OOCT.?C Q“('DG]_O? 336@3’36§ ( fast == null @0&8’)803’)) (T? C)OS@')S 0303603610’]

c D Nod c. o q o c ¢ ¢ ¢ oo c '] c
o001l bummy Node §8°m 3 edge case 0’.? CD()CDOG]_()G]_O G@ﬂCoGOoCD') @030 (oa]0u]]

e

class Solution {
public ListNode removeNthFromEnd(ListNode head, int n) {
// Head (Y?BQSO%& m(ﬁq%&&)@é Dummy Node ofl):oaé
ListNode dummy = new ListNode(0);
dummy.next = head;

ListNode slow dummy;
ListNode fast = dummy;

o C C
// fast 0? n+l ope: 6§, 0922600000
for (int 1 = 0; i <= n; i++) {
fast = fast.next;
}

C S C f t ° C C C C
// §0300p: 30)0) 6§ 01 fast papieePMYIC §oOR

while (fast '= null) {
slow = slow.next;

fast = fast.next;

—

}

C C

(o o C
// slow el e0dm Node 03 erqu 9[5>0
slow.next = slow.next.next;

return dummy.next;



333%3 C- Binary Search

Binary Search (00000 ® g@&zﬂ)e%o@&) e@oo') Sorted (300)3@303)3) @QSG§® linear data

C ~ o ¢ O C s co (o] (o % C
structure (aoeo - Array) 020300MES MULOVF|CO 0O§®: (Target) 0 32005 Q}Jc@ﬂp §PsY
§C0) $pd20062 0003 [§OUloDWON
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Ju Integer Overflow 03 eepécﬁ@f:s (Critical Tip)

sacooooo§o mid OO GPOJC{BS'] OQ;?S’B’) @C GS’B’)(T)O’]S'BO% O(TSGC\;)%@OI]OJOS —

int mid = (left + right) /7 2;

C

ME0MS $:603 @®e§qc eoeo 230 o§ (qjmcso)aeor]c mmoosaé] int §, sa@ceoo
(od

oao%ejso%qjoﬁoom emPap§(Qs Integer Overflow @o)ogooeo)at‘.co']oooou sle[opC mid 03 ¢p
200) 32860 630 Ul303C: eqroz[0g0loudl

int mid = left + (right - left) 7/ 2;

M Pointer qpsrfe Gaoc\qps(? (Boundary Update)

; 0 o s 0ooc _Cfe, c o <, . ,] c
mid %D ﬂdz? mc?(eoi target O? cJSI_COQPB[ge GU)’)CGOG)(T? ()q.leo&g)oG(DGlO (S10u]|

_ o [ c e C _ [} c c

® nums[mid] == target E(}(DC\;)LIC 336@6080@@@@ mid O? return @:?OD@II

° _ C C t t C C (‘o [ oocC C % [
nums[mid] < target @0)(\3]0 arge Q)@ 8’30’3(73@600’6)003’) ﬂ%CQ ioplovienlenl=zenpnle;

~3o

egloooé: left = mid + 1

; c c c c cmoc oc
® nums[mid] > target B‘DC\}JC target CD@ CD(DCD(D@@ CD’Z) J %CSj @UJ(DGO’ZD

F8°

eaoooé: right = mid - 1

Gl Infinite Loop e@&soehg. (Common Pitfall)

Binary Search quoésazﬂ saqpsa‘:;)z 9330303033(73 loop m oouSso:g? eel{):)f) infinite loop
[ C C C C
@o:)g)so'n ol 000U 323D | M —

® left <=right (target ﬂ‘JorS template): boundaryor% mid + 1 / mid - 1 §3’al§ 6§, S0s
qeoSu left = mid é]?eo?org right = mid C\%GG]_S&Gl(C: mid 0D 6SEP eeE‘p&seoogorS
~ ocC C C
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0 R To cre, . f] c
O left + (right - left + 1) / 2 (326003 round) 0(Gs 6[ggCzq0lonudn

Lower Bound ?'c:: Upper Bound
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e Lower Bound — target oM ccﬁ@&zeﬁ (>= target) oo oooeaf?: SN (index)u

¢ Upper Bound — target oM @03 (> target) oooeefl)z e$epP (index)u
o C
80@0 nums = [1, 2, 2, 2, 5], target = 2 8?610 —

e Lower bound = index 1 (oooeeci)z 2)

. o [of 2] ~
e Upper bound = index 4 (oooes?s 2 oooo[_g_]so? 5)

target §POY template § ©OIODM — 60R0MS §|M1F|C: O [YOSCEg| 326[¢0S YODC:
(G2 5000 ogazomdln

// Lower bound: nums[i] >= target @&)o@ oooeafl): index
int lowerBound(int[] nums, int target) {
int left = 0, right = nums.length; // right o length (out of range) m ooaé
whille (left < right) {
int mid = left + (right - left) /7 2;
iT (nums[mid] < target) {

left = mid + 1;  // mid o 600:6§60:00 PIPODOD
} else {
right = mid; // mid BWOAE 36[g [§O8CAT vudL0Ld

}
}

return left;

c o ) o ) o C o N\ ©
Upper bound 320030 nums[mid] < target 0P nums[mid] <= target C\%G@)CS&JOI]OII 3

C C ags N s aae \ o
pattern S0300 63200000 Search Insert Position ¢ First and Last Position 9 gpeoge), 336@9

(.)I]II
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[4003 326[gsuOLLS" §03C: 0d:5CTlonwdN
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e Sorted records ﬂo@c: — Database index (B-Tree) sogudd sorted key eoTJeo binary
search 006000EP:$ AOOAIOMWONN git bisect M bug 0Co) commit o3 binary
search & poDWOI

. . . . " " [ (S co ,
¢ First available version / capacity — "condition 050D 32CLOD:005Ws" €O — server
(o4 o C o o N . (o] =) [ N
3250880 DDWOSAVE QYD package version ooooooo)[gz bug oc2000 (lower bound
pattern)i
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o N N C
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Questions

. o C ° [ o o C oo (o] C
Blnary Search 00 60D Cso 3?0;)3%0’.)0’.)60)(0 3’3683396“')883: GGSS§20®GO’)(D mooep()’.) M
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o1l Binary Search (Basic Template)

Given an array of integers nums which is sorted in ascending order, and an integer target ,
write a function to search target in nums . If target exists, then return its index. Otherwise,

return -1 .
You must write an algorithm with O(log n) runtime complexity.

Example 1:

Input: nums = [-1,0,3,5,9,12], target = 9
Output: 4
Explanation: 9 exists in nums and its index is 4

Example 2:

Input: nums = [-1,0,3,5,9,12], target = 2
Output: -1
Explanation: 2 does not exist in nums so return -1

C o C ° C
§Ccsoocsq|m
. N o ° C C \
é]meoo? Binary Search g), %e@ezaoqjs?z Template 9 @030']0')()0" 603002:00 Array m
C 2} cC o0 C of(e [P C N . [o} o (©
32CLOME§ 3’3[?32 320PC0M o[gzoooz @o)o?saogm left § right pointer 6opm 333[93
C

tar eto% [~ (lo 0 s HI[~p)] @oc)o']oooou left <= right @oge 206 oo%d]eofau
9 L ?T) 0o °611 € = g § gL

- . ¢ ocC % [ o
Time Complexity: O(10g N) - 3250¢0)C:60 search space M 00OO0M 60qRIPIAY

Gocloncsi
Space Complexity: O(1) - memory (T) oo&eoT)LC\cé Bo%d]ooofan

Java Solution

class Solution {
public int search(int[] nums, int target) {
int left = 0;
int right = nums.length - 1;

whille (left <= right) {
// Integer Overflow e%@ée@q% 0906§E§z
int mid = left + (right - left) 7/ 2;

iT (nums[mid] == target) {
return mid; // sae@ﬂ)ecrgcor]m index 0?3 @%o;)é
} else if (nums[mid] < target) {



[} =] C C C C C Cc
// target m §[03:6509|C poo00O(g§6:03C @MEPYF
left = mid + 1;
} else {
// target m (cudesag)E 00udNMO(§6203C S00OEPY)
right = mid - 1;

}

return -1; // gposopdlm -1 [g§oopd

JII Search Insert Position

N

Sorted array nums (distinct values) §, target 603000300091 target ﬁq& ot index or% @%o']u ©
[o] C 0o O ~ [ ocC ¢ [ o] (of
§6|C target M Boon20) 30 30IC: PO} index 03 [gsl

Example:
Input: nums = [1,3,5,6], target = 5 ! Output: 2
Input: nums = [1,3,5,6], target = 2 ! Output: 1
Input: nums = [1,3,5,6], target = 7 ! Output: 4

‘.o ('o (o
ﬂCoC\)Co%lm
(o] O CcOo o _ C N o
Cﬂm S'BGO'TED Lower Bound (Ye O?OO ) 3'30? QJO')')O'-]" nums[i] >= target @0)003 O(DG&B%

. o ¢ o ¢ c __¢ o} c c
index 00 — target ﬂQC O%G§GIJI 6?]610 8&)90’)8:?6{) - 3’3(7)3'30’{] @(DG'?O']O’.)Q)II

Time Complexity: O(logn) Space Complexity: O(1)
Java Solution

class Solution {
public int searchlnsert(int[] nums, int target) {
int left = 0;
int right = nums.length; // out-of-range index ooo):)ogr (ooéoep 6$ep @05%&\%)

while (left < right) {
int mid = left + (right - left) /7 2;
iT (nums[mid] < target) {
left = mid + 1;
} else {
right = mid; // mid (Y?EOSCY?E(S gae@ @&%&\% ©0500d
}
}

return left;

M Find First and Last Position of Element



Sorted array nums oéejso target e[ oooea?: (first) § epo%a?: (last) index 0’?3 ﬂoo']n eﬁqf:
-1, -11 1 O(logn) @éqeoSM

Example:

Input: nums = [5,7,7,8,8,10], target = 8 ! Output: [3,4]
Input: nums = [5,7,7,8,8,10], target = 6 ! Output: [-1,-1]

ﬂé:m&:q_lrﬁ

C ocC [ . C C
target c006§$C0D3200M binary search J 3l C\?oo']ew —

¢ First position = target 61 lower bound ( >= target oooeail)z index)i
agn \ [of C o (o4 [of o
e Last position = target §), upper bound comn eal {ewk eq?‘_)m@§ (> target 000L3D:

index §), 6§
Time Complexity: O(logn) Space Complexity: O(1)
Java Solution

class Solution {
public int[] searchRange(int[] nums, int target) {
int first = lowerBound(nums, target);
] C
// target Cl[ev][
ifT (first == nums.length || nums[first] != target) {
return new int[] { -1, -1 };

}

int last = lowerBound(nums, target + 1) - 1; // target+l eV lower bound el eq,
return new int[] { Ffirst, last };

}

// nums[i] >= key @éo@ 0ooes: index
private int lowerBound(int[] nums, int key) {
int left = 0, right = nums.length;
while (left < right) {
int mid = left + (right - left) 7/ 2;
iT (nums[mid] < key) {
left = mid + 1;
} else {
right = mid;
}
}

return left;

Gl Search a 2D Matrix

You are given an m " N integer matrix matrix with the following two properties:

e Each row is sorted in non-decreasing order.



e The first integer of each row is greater than the last integer of the previous row.
Given an integer target , return true if target isin matrix or false otherwise.
You must write a solution in O(log(m " n)) time complexity.

Example 1:

Input: matrix = [[1,3,5,7],[10,11,16,20],[23,30,34,60]], target = 3
Output: true

[ o4 [ o ¢
Esc0C:q)ad

C © 2] 2]
026 Matrix (2D Array) 03 60:aME000) (E(FP:g|DM Row 0023)C2dUM Ba:(Gs
ooz [§9§oonemI 6§70 Row ¢, 0EDEEd:NM§: 326§, Row €, 6§7005D20M$:0000 32§ O

=9

(,()0

=] C C . C C (o o] cC e o ¢C
[M3ze50lon0dn slum ooaWOE; 2D Matrix 000 [§OE§60E0L) NM§:3IAI0) CO§2OFIASND
qC 1D Sorted Array 000300p52 3203C:0l0N

3’]@@)0 2D Matrix 09 1D Array 0009 cxge 8050936’38@3@ Binary Search 053 S colooudi

o 1D Array §, 320qps (Length) = n @030']@05u
e Virtual 1D index mid (fL) 2D Coordinates (Row, Col) 33@05 B%G@')&&é&
0 row =mid / n (830006 Column zaeelsaorgagimzoaé)
_ c [ c c
o col = mid % n (@Doom Column Saeqzaogmimz@csﬂowe)
o o

Time Complexity: O(log(m " n)) - 2D matrix 000 209:0 1D array C\) foal) @ ooé

L
§°q)e(g§ceoooe@>g @@oo@u
Space Complexity: O(1)

Java Solution

class Solution {
public boolean searchMatrix(int[]J[] matrix, int target) {
it (matrix == null |]] matrix.length == 0 || matrix[0].length == 0) {
return false;

}

int rows = matrix.length;
int cols = matrix[0].-length;

o C o C C C
/7 1D Array 2060M4||: 320 $C 3230: 20000000
int left =0
int right = (rows * cols) - 1;

whille (left <= right) {
int mid = left + (right - left) / 2;

// Virtual 1D index “"mid" © 2D Row, Col o% eEﬁEzoi@é:
int midval = matrix[mid / cols][mid % cols];



ifT (midval == target) {
return true;

} else if (midval < target) {
left = mid + 1;

} else {
right = mid - 1;

}
}

return false;

au Koko Eating Bananas

Koko loves to eat bananas. There are n piles of bananas, the jth pile has piles[i] bananas.

The guards have gone and will come back in h hours.

Koko can decide her bananas-per-hour eating speed of k . Each hour, she chooses some pile
of bananas and eats k bananas from that pile. If the pile has less than k bananas, she eats
all of them instead and will not eat any more bananas during this hour.

Koko likes to eat slowly but still wants to finish eating all the bananas before the guards return.
Return the minimum integer k such that she can eat all the bananas within h hours.

Example 1:

Input: piles = [3,6,7,11], h = 8
Output: 4
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§ceoocsy|m
[} o . n -9 'T\\ C(C oo c o cr]
39 g "Binary Search on Answer / Solution Space" o) 63l0) S'aeog@g QOOOO4||2 @@0
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c oc ) o} © c_ o c c
U 3’3(\)0000§8 mid O’.L)OPL SU)®$)61 mid ¢J§|§3 0)’.)2610 OL)(?G

5 [Goddleddi °
0’6)(7.) @OG(D
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3
-
0
_8
20
i
o

C ocC 2] C C C o [of 2] C (o C C (2] C 2]
o [1Ppewdaegj§m h §3§a00d cudEC aJewrod PBC (A0D60O]§3203C: (G2 C) - 8
00596s:(g2 02200 o BMODE PDMDEINEM Mdlewd: right = mid - 1
(336@0% mid 32[?93) JeorSOO’)g()']e()S)ll
C oc C C C C C oOocC C (2] C o) C C
o [Mpeudzagism h o empPogzgC (005000g[§3203C: 0[G4 C) - (9§96 o2@

o c c c c 0o o c
C\?CTOJG'BOQOO CDODUJ(DGUJJCO? o?gof]eoo: left = mid + 11

C o C O ~ C oc O (o) C
000Hg|Csd 300323 @oeu;saqﬁo? Math. cei I ((double)pile / k) 930UD0D Integer
, . o [®© ) c oc c
arithmetic 93:[Qs (pite + k - 1) /7 k [4C ep&ETlooVdN

Time Complexity: O(n log(max(piles))) - binary search 6omC [1, max(piles)] OE’L)
O(log(max(piles))) 33@8 0oo[Gai 3330(?0%53@193 O(n) saq])%%cﬁ?@ piles 320200 @d:

q]’%cf:) 03(75603')6@'){;: @ogooéu
Space Complexity: O(1)

Java Solution

class Solution {
public int minEatingSpeed(int[] piles, int h) {
int left = 1;
int right = 0;
// 34p:d: mgjsﬁ:or% S’T)Gl‘% Piles oo 33@:&"?309((%:(7% ﬂ’)oaé
for (int pile : piles) {
right = Math.max(right, pile);
}

c

- - o o C (o C
int result = right; // saa?:s?gcjsﬁ:@g leslelecat{Zlen)

while (left <= right) {
int mid = left + (right - left) 7/ 2;

// ooor)@sel "mid* \ﬂ%:@(:: o220l oEoEeor]E: @’)8@:@681

long totalHours = 0;

for (int pile : piles) {
// (pile + mid - 1) / mid 20p0 Math.ceil((double)pile / mid) $¢ 203030C
totalHours += (pile + mid - 1) / mid;

}

ifT (totalHours <= h) {
// 200000031880l desicom ©:s§:00 oM §
T qﬁ 1°7° °J|§° T ﬂ)GW
result = mid;
right = mid - 1;

} else {
C C _OoC =] o} C C (o
// 20000009 0éulm 9@§[§§ 0:6$
left = mid + 1;
}



return result;

Eu Find Minimum in Rotated Sorted Array

Suppose an array of length n sorted in ascending order is rotated between 1 and n times.
For example, the array nums = [0,1,2,4,5,6,71 might become:

® [4,5,6,7,0,1,2] ifitwasrotated 4 times.

e [0,1,2,4,5,6,7] ifitwasrotated 7 times.

Notice that rotating an array [a[0], a[1], a[2], ..., a[n-1]] 1 time results in the array
[a[n-1], a[0], a[1], a[2], ..., a[n-2]1] .

Given the sorted rotated array nums of unique elements, return the minimum element of this
array.

You must write an algorithm that runs in O(log n) time.

Example 1:

Input: nums = [3,4,5,1,2]
Output: 1
Explanation: The original array was [1,2,3,4,5] rotated 3 times.
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Time Complexity: O(log n)
Space Complexity: O(1)

Java Solution

class Solution {
public int findMin(int[] nums) {
int left = 0O;
int right = nums.length - 1;

whille (left < right) {
int mid = left + (right - left) 7/ 2;

/7 3000505§:0000 PONDMIREE:0M [J:6509|C Pivot 20pd pod2D0H0RCA0
ifT (nums[mid] > nums[right]) {
left = mid + 1;
} else {
// 32000005§:0000 PDIMIPE:0000 cLd/pd 650lm Pivot 00pd WMDMARE (a3)
mid a3u503E(gdoopd
right = mid;
3
¥

C = o C C C o co C C
/7 left sc right sDo0p) 6$6P0 3a§@:a?zoo§ul>:[§®:n@
return nums[left];

Qn Search in Rotated Sorted Array

There is an integer array nums sorted in ascending order (with distinct values).

Prior to being passed to your function, nums is possibly rotated at an unknown pivot index k

(1 <= k < nums.length ) such that the resulting array is [nums[k], nums[k+1], ..., nums[n-1],
nums[0], nums[1], ..., nums[k-1]] (0-indexed). For example, [0,1,2,4,5,6,7] might be
rotated at pivot index 3 and become [4,5,6,7,0,1,2] .

Given the array nums after the possible rotation and an integer target , return the index of

target ifitisin nums , or -1 ifitis notin nums .
You must write an algorithm with O(log n) runtime complexity.

Example 1:

Input: nums = [4,5,6,7,0,1,2], target = 0
Output: 4

qEscosqch
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3QOm "Find Minimum in Rotated Sorted Array" S'aeoToo{)eoc}[gz target 0’% c}*p:%cr::mo @030']

C (o Cs O C C (o C (o] C (o c (o C C ~ [of
o0VIII ooo>ooo§a?ooo?3faé] wwmm@ez LWL @30’30’3@@2 ODOVWMUOMUMD sa[gooes
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C o C (o] (o) _ o [of C [e)Xo]
oll 32§ C0s oooooom[%ez [left, mid] M Qvs Sorted @oe&amz Q0@ nums[left] <=
o (of (o]
numsmid] O 006303010001

e Sorted [ggoc)eq?cg]&—target oaé 3;55090503(73@&3 6omC [nums[left], nums[mid]) 064193
§e§] @o?)oaéu §’]C\3J6 right = mid - 1 | 6%(\1]& 830006@83?0 eoagﬂosﬁ left = mid +
1

I sam(f)j 00050006@&’00 Sorted ©00Y0lMI :)905@&" (nid, right] 0 60660 O
Jr 8 . o c° L Ef’ ° ; 9 o o I
98 Sorted [go6501566WON

C C c C ~ o o C (o] o C
o target 20pO &)D:Dm[%eg 6OMC (nums[mid], nums[right]] COED §O§ OOV §CY|C
left = mid + 1| eﬁc\m& oocﬁooo%@ég?o eoogﬂoq% right = mid - 1 1l

Time Complexity: O(logn)
Space Complexity: O(1)

Java Solution

class Solution {
public int search(int[] nums, int target) {
int left = 0
int right = nums.length - 1;

while (left <= right) {
int mid = left + (right - left) / 2;

iT (nums[mid] == target) {
return mid;

}

// :DOLSUJO’S@&SCDé Cl)ajsc% Sorted @&egnco’)z o&esosooé
iT (nums[left] <= nums[mid]) {
C C C C [ cC o
// target 0P CDUOCDO’J[%@“@’ﬁ 6000COOPC §6§200023
iT (target >= nums[left] && target < nums[mld]) {
right = mid - 1; // oooaoomoa eqoag
} else {
left = mid + 1; // 8’)0’)(7311% eglooaé
}

// 90305(5]0’) t’)_'o’.)ooog[%i;zoagr (?(JQ.% Sorted @or)&?qeé
else {
// target :)o@r 8:)00(73@8“%% eooo&oéooé g]&?:)oco’y
iT (target > nums[mid] && target <— nums[rlght]) {
left = mid + 1; // @’)oooooo eeloap_q
} else {
right = mid - 1; // or)of)or)(rgofé eaﬂoapé

}



return -1;

ol Time Based Key-Value Store

Design a time-based key-value data structure that can store multiple values for the same key
at di! erent time stamps and retrieve the key's value at a certain timestamp.

Implement the TimeMap class:

e TimeMap() Initializes the object of the data structure.

e void set(String key, String value, int timestamp) Stores the key key with the value

value atthe given time timestamp .

e String get(String key, int timestamp) Returns a value such that set was called
previously, with timestamp_prev <= timestamp . If there are multiple such values, it returns

the value associated with the largest timestamp_prev . If there are no values, it returns

Example 1:

Input:

["TimeMap™™, 'set', '"get', "get", "set', "get", "get"]

[rl. r"foo", "bar", 11, ["foo", 1], ['“foo", 3], ['foo', "bar2", 4], ['"foo", 4], ["foo", 5]]
Output:

[null, null, "bar"™, "bar", null, "bar2", "bar2"]

qEi00Esqped
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c L o i L o IL 1 ol

o0l



Time Complexity:
- set : O(2)

C . C C
- get : O(logn) (svzc0ns6000 Key 32000 list 32g 0032005 N eoTﬁfooeﬁ)

Space Complexity: O(total _entries) - entries 3933(\93309) map oéogf: a%ézaoéz

C [ C '
6006[MP¢ [§D20p0N

Java Solution

import java.util_ArrayList;
import java.util_HashMap;
import java.util_List;
import java.util_Map;

class TimeMap {
C - o v _O0C C C C C
//_Value e Tlmestamp o 0Qe3q$ Class 01pd6s0OMD
private static class Node {
String value;

int timestamp;

Node(String value, int timestamp) {
this.value = value;
this.timestamp = timestamp;

¥
private Map<String, List<Node>> map;

public TimeMap(Q {
map = new HashMap<>(Q);

}

public void set(String key, String value, int timestamp) {
map.putlfAbsent(key, new ArrayList<>());
map.get(key) .add(new Node(value, timestamp));

¥

public String get(String key, int timestamp) {
iT (Imap.containskKey(key)) {
return "*';

}

List<Node> list = map.get(key);
int left = 0O;
int right = list.size() - 1;
String result = "";
// Floor value ﬂjq% Binary Search
whille (left <= right) {

int mid = left + (right - left) / 2;

if (list.get(mid).timestamp <= timestamp) {
// com§ timestamp com cud/230lm [eoSCeg|feomazcfuza(ud ©oo(qs
§ P o a|§sonae(ga(y

c L o 1

o e 1 C oocC [
// (L)[_Bgoogsae@ﬂ%ceoazoo@g PI2OM)  SOMEPO
result = list.get(mid).value;
left = mid + 1;
} else {



// timestamp (03:e50lm 9000MHT 6§ 2000
right = mid - 1;

}

return result;

en Median of Two Sorted Arrays

Given two sorted arrays nums1 and nums2 of size m and n respectively, return the median

of the two sorted arrays.
The overall run time complexity should be O(log(m + n)).

Example 1:

Input: numsl = [1,3], nums2 = [2]
Output: 2.00000
Explanation: merged array = [1,2,3] and median is 2.

Example 2:

Input: numsl = [1,2], nums2 = [3,4]
Output: 2.50000
Explanation: merged array = [1,2,3,4] and median is (2 + 3) / 2 = 2.5.

C [ C

§cecocsy|m
. C s [ - (% C o co Cc [
é]meoo? Binary Search 3255:€), 3’390’333?3§°3330933Bge?3 Hard 3230C¢) 60:94: @o)o']
eatosll C)@%:mz@cc: Arrays S0309 eof]f:z@z Sort m&q& O(m + n) @aeoeo& Soom
L1 ° 1 L (‘L c c L(‘ c ° L0
O(log(m + n)) oxm @)esfa:)c U ealel[ ) [Q@o']oooou
o 1

o] c O C ags oc (o ¢ (o o] o C
3l03 6[ggCsd30300 "Partition (OCs[Fe[gc2) $p02c06:" 0 adqulewdi

C c O o C C Cco . o C (o) C (o
OR]$60900 VJ|COY F2COLOM§(P: (Median) Celeas 030960'103 Array J3m oooo@ez (Left
Partition) ¢, no(ge: (Right Partition) ) pSorndg| 900mH0y323l -

L

[e]

iy o] C o . iy (of o (of C
o Left Partition ©2 §30Q| NM$:60TNDCVEM Right Partition oo 0M$60320:Q:C0M CLO

o c © 1 c
CI%QQLIBCI) E}B GL?GlL)(Q(X)H

o Left partition e szglcﬁsamzwé (m+n+1) /2 @ogqoqeof)n

Array A (numsl): [ ... A[i-1] | ALi] --- 1]

Array B (nums2): [ -.. B[J-11 1| BLO] --- 1
<-- Left --> | <-- Right -->

ogjgseorjgor%m 326 00F2@02 OCLO0) Array (pUeD A) 60led Binary Search ©c90OClewdI



C Ay o . [o} o ¢ ¢ N ™ .
* 32mMWO§) A como Partition index i 03 6§:c00§CI B 00m Partition index j
o C C C (e C C
320032609PM 000941903[93:13'33 @@ngzo']oow: i=m+n+1)/72-1il1

e ¢ c C 0 C co0 C C N B B B B 0 0
. @zqo @ooeoooooo?ooog oo§eooc/:a?@®o? ALi-11 , ALi1, BLi-11, BLi1 OQM

c c
(DQ)GEI)S(ﬂQQ(X)H

(o8 [ o (of (o} N C [of
° 95M$62M 3as|§3as§: ALi-1] <= BLiT §C BLi-1] <= A[i] [Ego)o']oo §[§9:ﬁ 9SMS
og)go']@u

(of (of ocC C C .
. oL)oL)eo']c:saeqsaogm 0§ @o(ﬂm max(A[i-1], B[j-1]) 200 Median

C C
@OOD@II
o O

C C C .
= OM z@mﬂm (max(A[i-11, BLi-11) + min(ALi], BL1) / 2.0 20 Median

L (o C
[g®00pdn
o A[i-1] > B[l [§e50lm - A 50056 partition ™ [03:095:666) 900ODMS 64,95
right =1 - 1 C\?&O\Déll
B N (of C ey C c O (of
o BLi-1] > AL[i1 [§9es0lm - A 50056 partition 00 600:098:656) PIIDM 69,95
teft = i + 1 000200

Time Complexity: O(log(min(m, n))) - @%o@em&gem array eoTorgém’) binary

C [ [of C (o C
search @lcgoeome@og 33(\3§cqjc[§§ooeu
Space Complexity: O(1)

Java Solution

class Solution {
public double findMedianSortedArrays(int[] numsl, int[] nums2) {
\ C C (o) C C C N C - o) C Cc
// numsl m 3’3[30)65 32QUO3D: YCLOCOa$ e[goc:c\')oa@ (Binary Search LL)@L?emﬁ)
it (numsl.length > nums2.length) {
return findMedianSortedArrays(nums2, numsl);

b
int m = numsl.length;
int n = nums2.length;

int left = 0;
int right = m;
int halfLen = (m + n + 1) / 2;

whille (left <= right) {
int i = left + (right - left) /7 2; // numsl e\ partition
int j = halfLen - i; // nums2 el partition

// §cﬁ$§cﬁm$f§z%: 0306906@6: (Out of bounds @oc)o']m Infinity Q,Dlwé)
int maxLeftl = (i == 0) ? Integer.MIN_VALUE : numsl[i - 1];
int minRightl = (i == m) ? Integer.MAX_VALUE : numsl[i];

int maxLeft2 = (J == 0) ? Integer.MIN_VALUE : nums2[j - 1];
int minRight2 = (J == n) ? Integer.MAX_VALUE : nums2[j];

// é@)"e 0SMEL QU8 0OEED0000
3 °I J‘% ‘%JL (ﬂ_(ﬂ_ ° @ o
iT (maxLeftl <= minRight2 && maxLeft2 <= minRightl) {
// ©0c0l&: szes‘ls’am(ﬁ etﬁ%z@&c&lé
LL o



if (m+n) %2 1=0) {
return Math._.max(maxLeftl, maxLeft2);
¥
// 0060lC: 326930005 H055:(§OYIC
return ((long)Math.max(maxLeftl, maxLeft2) + Math.min(minRightl,
minRight2)) /7 2.0;

/7 numsl el Wwm[gooopd [0Jsegsesilon GEiam: eogpgs
else if (maxLeftl > minRight2) {
right = i1 - 1;

b
// numsl el oWM[go:o0pd cudagsiesdlm 03:qs
else {
left =1 + 1;
b

}

return 0.0;



I"#$% &' - Recursion

Recursion ("#$%&$'()*+,!(-$. ) *+,/0 Function ()$™+ -+*/$0 12#$3"4526% %6, 6 3
#8&$.%4%$./53(, 165$"7/8%9 !":#0  (Problem);<=./5%(<+, ( @ 6 8 ;¢ 28%=/ § 8
12>#? (Smaller Subproblem) '/>1!65% (&4 #"="6@AB 6./ A'/>.1'()"79

Recursion CO magic 4C,/$"7DE.9 '#0<$<>8%4A0Function Call Stack * # ZH#5 82%,"$%,"$
/0 165%$"7/8%9 F=1(#$.<+,<0-$.5>0 #0.%&$G0.H-$ '#0<$"+,-$.Trees, Graphs, Backtracking,
Dynamic Programming 1(#3./>1/><$ (1 (+,-$40B>0."7%+43$48%9

Recursion @ !A.+ !/0!B (Core Intuition)
Recursion <+ #0.%&$6+1K+, . @A-$.*,"40!65 $ ZFactorial (N!) <+M<&3$H'10-$9
5I=51 41 3! 21 1= 120

F7<+NK, /5+,<$M<&3$H 8

Sl=51I 4l

4

41 3

* 4 31,51<+/OH"748%9 *+,%+,/0< factorial(5) <+,'166+] factorial(4) <+ B+H-$H?"=P
factorial(4) <+,'166+J factorial(3) <+,B+H-$H?"= £ B'D0"79 F7CO !":#0;<=./5%(,<+,
| BE 28B./ 3":#01!65% (2 B 165%"7/8%9

F7"483% F=%%< $2H- $8%$/03 H"8% 9 factorial(1) (BH) factorial(0) 'HO<$H-$ 1
"#$?"H"$H"748% (01 =1 !'65$B&3)9 F7<+Base Case %+J)"7/8%9

factorial( 5)

5 * factorial( 4)

5*( 4 *factorial( 3))

5*( 4*( 3*factorial( 2)))

5*( 4*( 3*( 2*factorial( 1)) /I factorial(1) = 1 (Base Case)
5* 4* 3* 2* 1

120

F="#HO4ARecursion HQt@A+4!855/$1"+,-$. R (,<+,'/OH"7/8%$9

D.($!12.*=%$% IA 20/ $ Factorial E2F?

n==0 B n=1 *+%T-§1

Base Case I"# &'()'/0 B H"$/# HSB>0.483%1'#
I"#$B&$



Recursive BU<+,8$BEB./  Zroblem #B# %)/ 23

" n * factorial(n - 1)
Case 1'+,-$.

Base Case F<.G=fnction + H/$3(?9F< FG2# 8B %BB"43#526%tack OverBow 11)$,J?%
2DK.FO$F/$L

Function Call Stack

Recursion <+,/<8%  #0.%&$6+Call Stack <+,!4-$//$H"748%9 Function /5$(,<+, '()%+,<$
[+,-$.computer < 1 BHunction HEL(V<$1%<$ (parameter, local variable, !"#$*<$%,"$H483%
'#HO ) <+,Stack G 25&3$G0."7/8%9 Function ?"=.B>0.48%ack G 2'# !"#3$G,/$ (pop) "7/8%$9

factorial(3) <+,'()% ¢ $ 3B(7 Call Stack < F=%1%,"$%,"$"7/8%$9

IB=9% K*2$3B?=$"M+$ Call Stack ( !324B:*% = 3#?+$B:*%3"4,79$)
W factorial(3) ')B&$ factorial(3)

R factorial(2) G"$'()B&$ factorial(3) I factorial(2)

X factorial(1) G'$0B&S factorial(3) I factorial(2) !

factorial(1)

factorial(1) < 1 I"'#$B&$ (Base ) )
Y factorial(3) I factorial(2)
Case)
factorial(2) < 2*%1=2 .
Z factorial(3)
I"#$B&$
factorial(3) < 3*2=6
[ (%0 )
"#$B&$

'10<$D<$<+, *$.B>0./0 (function /> G"$'()/0 )<+Winding %+]) ?"=.PBase Case
'HO<$%+J1™) 1"#$/<$%0/0 (#$6+,.' /> "#$"./0 ) <+Unwinding %+J)"7/8%$9

Stack Overf3ow

Stack HR#HO< 1<# B1B/$S@A+"7/8$9 Recursion< 1% #8V0./ 2;< 4KL"40 - B #$@)F
G"$'()'#H-$ Stack !"&3$B>0.?"Stack OverBow error 165$"7/8$9 F7'M<0-3§l

e Base Case <+ 4A#$<#$BP4A/$G0.H"748%$9

e Recursion depth 1% #8< $+86 3":#0'/>1/><$ iteration (loop) B+J4C,/$ stack data
structure <+,BI,./0< "+ ,B-3%'/0$"7/8%9

Recursion vs lteration



I":#0/+,-$.<+, Recursion #2810 Loop (Iteration) #2H0 "6%+JH"7/8%9 D83$CO 'H A% 2+,
/0 !"#0H EB'D0")4E/&$"7/8%9

N<O =$%/<P$"M+Recursion Iteration (Loop)
6/$H%>83$<E KHOAS 25"$(7%,"$-#$.1/><$ "+,
’ Tree, Graph 5/ 3":#0'/>1/><$ "+, @A-$.%-$. R (7%
AN '<0-$.
Memory Call Stack Bl,.%+D(depth) space "+8EB&$ Stack 48E%+D(1) !65%$]+,-$B&$
1] HO8$ Stack OverRow !65%]+,-$B&$ Stack Overf3ow 4!65%
. I":#0< BU1%+,%subproblem 1!65% < 8
1BI,."-$4" AV a I#$.1#5.  G"$(7%,"$H/04V +a.

F<($"M+$Factorial %+KHGA$ 3":#0'/><+, loop #281./0  "+,B-3$'/0$"483$PTree
traversal, folder G 2 folder G 2 ble @A0/05/ 3.*/$(.*=$Q2 8=9%8 F $ {nested)
I":#0'/>1/><$'/03 Recursion < 14V0.;<=. "+ @A-$."7/8%9

Tree Recursion

/58(7/58HI function /53(,< BU<+,8$BE)$R+.F$Q+$2.*528%$()//$"7/8%9 F7<+Tree
Recursion %+)"7/8%9  1'<0-$.*l,.  L"40< Fibonacci !65%"7/8%9

fib(n) = fib(n" 1)+ fib(n" 2)

fib(5)
I
fib(4) fib(3)
I\ I\
fib(3) fib2) fib2) fib(1)
I\
fib(2) fib(1) ...

F="l,4. fb2) , fib@d) '/><+, 'R+.FSR+FE2$"D(I+$3#(? <+,B/+G0.4+"7%+433483F=%+,
G" %/ 2%,"$'/> (Overlapping Subproblems) <+,B+4$.GO.?"=I"# B |/ 3#&3$.%4%.<+,
Dynamic Programming %+]) ?"=. 1(#$. RR 4A0<%$'%3%0H"748%9

Real-world Examples

Recursion CO "&0H" 8< 8< % K Zoncept 4C | H Pprogramming 4AMNested | & %
Q?%( Sata '/><+, <+,-$/>8$HO4AIR4 M<laH"7/8$9

e Folder Traversal N Folder /5 $G 2@folder /> G"$@AkBolder'/ & 2@folder />
G'$S@AF® /> 1<#$ @AO@elrsion Bl,.HB&$9



e Comment Replies N Comment /5$(,'10<$4A0 reply, reply '10<$4A0 reply G"$@A+]+,-$
(nested thread)9

e Category Tree / Menu Tree N Category ;<=."10<$4A0 subcategory, 1 A0< $B8.G"$4l
subcategory 9

e JSON/DOM Tree N Web page HZHTML element />CO element G Zlement G" &k 3
tree structure '65$B&$9

Fdata'/ 20.% |HRE&=(V<$< +*/$(*=$+*/$+M Q2 B=96F BQ?Yself-similar / nested)
I(-$. 1653?"=FF< Recursion #2B<+,<$&=*1,. 165%$"7/8%9

Questions

Recursion <+,'<0-$.5>0 #0.%&$'56+J1'I(( KV/ 24.C#$.[ 4V +a.45$*-3$(V-$. '%3%0M<&3$
H'10-$9

&L Factorial
1!"aB'D0 <+#3$.1"&3 n /5%(,1/><$ nt (factorial) <+,recursion BI,.?"=/><$"79
ntf=n! (n" 1)! (n" 2)! # ! 1165$?"=0=1 !65$B&$9

Example 1:

Input: n =5
Output: 120
Explanation: 5*4*3*2*1 =120
<=$%K=$%"M+$
F7< Recursion HEL'I((11<V*,. ", b5c®5%$"7/8%9
e BaseCase: n < 0 B+J4C,/$ 1 '65%H-C1 <+ /#$.1"#$B&S9

e Recursive Case: n *factorial(n - 1) <+ 1"#$B&$9

Time Complexity: O(N) - function <+, n ;<+4%$()'B0'M<0-3$9
Space Complexity: O(nN) - Call Stack />-$ /5$?"+a-$#<! n ;<+4$50#H0 8E
'BO'M<0-3%$9

Java Solution

class Solution {
public  long factorial (int n) {
/| Base Case: n < 0 BRI *+%T-$H"$B&$
if (n<= 1){
return 1;



/| Recursive Case: BU<+,83BE'+,'B.'BO  problem !6-38"#$'()B&$
return  n * factorial(n - 1);

TL Fibonacci Number

Fibonacci 15d$C0O0 o0, 1 #B?"=.RI0<$Ne#$./+,-$.B&$ '@AQNe#R (, "7-$.!(-$. !65$B&$9
n ".G0.B&3%$1(7 nth Fibonacci number <+,"#$'79

fib(0) = 0,fib(1) = 1,fib(n) = fib(n" 1)+ fib(n" 2)

Example 1:

Input: n =6
Output: 8
Explanation: 0, 1, 1, 2, 3, 5, 8 N index 6 B&$ 8 !65$B&$9
<=$%K=%$%"M+$
F7< Tree Recursion HEL."40 !65%$"7/8%9 function /5$(,< BU<+,8%BH R+.F3$"#$'()"7/8%9
e Base Case: n<2 *+%T-$n <+/#3.!I"#IB&$ (fib©0)=0 , fib(1)=1 )9

e Recursive Case: fib(n-1) + fib(n-2) <+,"#$B&$9

(. :Fpure recursion #&$.< subproblem '/><+, 1;<+4%$;<+4$G"$/><$#%+] O(2")
M<0"7/8%9 F7<+Memoization #2(N) 1G+ '%T03(V]+,-$",&#$. RR (Dynamic
Programming) 4A0<%$'%3%0"748%$9

Time Complexity: O(2") - recursion tree < 1"+,-$.]JA5$(,&* 68 5.'BO'M<0- 9
Space Complexity: O(nN) - Call Stack HEL#<$*,. 1%g0B&$ n !65$'BO'M<0-3$9

Java Solution

class Solution {
public int fib (int n) {
/I Base Case

if (n< 2){
return n;
}
/I Recursive Case: BU<+,83BER ;<+4$!"#$'()B&$ (Tree Recursion)
return  fib(n - 1) +fib(n - 2);



UL Reverse a String
Character array s /5%(,<+, recursion BI,.?"=#HO(V-$. 1"0-$.I"#$ (reverse)%,"$"79#H01"+, 4
8 B Zin-place) "a%,"$"79

Example 1:

Input: s = ['h"'e",'I'I''0]
Output: ['0,'I''1''e",'n']
<=$%K=$%"M+$

Two Pointers B'DO<+, recursion #287-$.5"$G0./0  165$"7/8%9 left  #Iright  15>#$.]JA5$6+
< character '/><+, % P?"=.H-3/>-$.D<$<+, *<$-$B&$9

e Base Case: left >= right *+ % T-81%8%$'HO<$?"'= 165$%H"$B&$I

e Recursive Case: s[left] #e s[right] <+,9% 2"= reverse(s, left + 1, right - 1) <+,
*<$'()B&$9

Time Complexity: O(n) - character n (,<+,/5%;<+4$5-=G+'B0'M<0-3$9
Space Complexity: O(n) - Call Stack 1/><$ 65$B&$9

Java Solution

class Solution {
public  void reverseString (char[Is) {

reverse(s, 0, s.length - 1);
}
private  void reverse (char []s, int left, int right) {
Il Base Case: pointer JA5$(;*1,B>0.%T-$ H"$B&S$
it (left >=right) {
return ;
}

Il 15>#$.]A5$6<haracter <+, %B& $
char temp = gfleft];

s[left] = s[right];

s[right] = temp;
Il 1/>-$.D<$BH] *<$'-$B&$

reverse(s, left + 1, right - 1);

VL Sum of Nested List

<+#$.Ne#3$.'/> 'HO list'/> 'HO 'HOGO., hested list /58(, ".GO.B&$9 G2 <+#3$.Ne#$.
10.% |HEB,5,"7-$.<+ @A0"T8t G 2Alist G"$"7]+,-$B&$(1%g0 4&$AT#<$#<$)9

Example 1:



Input: [1, [2, 3], [4, [5, 6]]]
Output: 21
Explanation: 1+2+3+4+5+6=21

<=$%K=%$%"M+$
F7< Recursion HEA55314A#$1BI,.-$"l, '65%$"7/8%9 Nested structure <+,<+,-$/>8%$6+&cursion
< 1<+,<$&=*,."79 Element /5$(,5=<+M<&3$?'N.

e Base Case: element < <+#$.Ne#$.165%H-4 Bt 6i< #'7-$.B&$9

e Recursive Case: element < list I65$H-8 3ist G 2 Fecursion #B#$ -$?7"=5,5,"7-$.<+ 8E
B&$9

Time Complexity: O(N) - nested element 10.%l,. (5,5,"7-$. n (,) <+,/5%;<+4$5M<&3$
'BO'M<0-3%$9

Space Complexity: O(d) - d B&$ listh 1#<$*,. 1%g0 (depth) !65$B&$9

Java Solution

import  java.util.List;

class Solution {
Il Object 165%]+,-$B&$! Integer B+J4C,/$ List
public int  sumNested (List<Object> list) {
int  total = O;
for (Object item : list) {
if (tem instanceof  Integer){
/| Base Case: <+#3.Ne#3$.1653%T-#3$."7-$.B&$
total += (Integer) item;
} else {
/I Recursive Case: list 1658%T-3G 2 +!"#$ -$B&$
@SuppressWarnings("unchecked")
List<Object> subList = (List<Object>) item;
total += sumNested(subList);
}
}

return  total;

WLBinary Tree Preorder Traversal

Binary tree /5%(,h  root <+,".G0.B&$9  Node /#3$6+,.4V0.<Preorder (root! left! right)
15=15d$!6-38"#$"'79

Example 1:

Input:
1
\



2
/
3
Output: [1, 2, 3]

<=$%K=$%"M+$
Tree *+,/0 BU1%+,%+ecursive structure 165$"7/8% N node /+,-$.B&$ BU'10<$4A0 subtree

"B./ 3ree)'/> * B0."7/8 B F7'M<0-38ee traversal 1/><$ recursion < BDO 1<V
*,. #&$.%4%$.165%$"7/8$9

e Base Case: node < null 165$%T-$04A4% "' H 2"#$B&$9

e Recursive Case: node h /#$6+,.<+A/$P"=.H-&ft subtree <+ recursion *<$°-$P ?"=.H-$
right subtree <+*<$’-$B&$9

Visit % | § A5=15d$<+,'"0- KEIhorder (left! root! right) #Bostorder (left! right
I root) <+,%&$./><$]+,-$"7/8%9 Tree 1I'M<0-$.<+, 1(#$. WX4AA'B.5+/$  *<$
'%3%0"748%9

Time Complexity: O(Nn) - node n (,5%l,.<+/5$;<+4$5M<&3$'B0'M<0-3$9
Space Complexity: O(h) - h B&$ tree h 1!4-3$(Call Stack depth) 165$B&$9

Java Solution

import  java.util. ArrayList;
import  java.util.List;

class TreeNode {
int val;
TreeNode left;
TreeNode right;

TreeNode( int val){ this .val =val; }
}
class Solution {
public  List<Integer> preorderTraversal (TreeNode root) {
List<Integer> result = new ArrayList  <>();

traverse(root, result);
return  result;

}
private  void traverse (TreeNode node, List<Integer> result) {
/I Base Case: node A4@A+%THEB&S
if (node== " null ){
return
}
result.add(node.val); /I root
traverse(node.left, result); /I left subtree
traverse(node.right, result); /l right subtree
}



XL Generate All Subsets (Combinations Introduction)

Distinct < #Ne# & %7/ Zarray nums /5%(, ".G0.B&$9 !65%+H Zubset (power set)
10.%l,.<+, G,/$"."79

Example 1:

Input: nums = [1, 2, 3]
Output: [[], [1], [1,2], [1.2,3], [1,3], [2], [2.3], [3]]
Note: subset 4V0.h 15=15d$<+, 4&$B+)il65%'Fany order) I"#$)+,-$B&$9

<=$%K=$%"M+$

F7< Recursion <'# Backtracking (1(#$. W[)*= < B"0- $'/ 24.>#%$.165%$"7/8%9
Element /5$(,5=1/><$ "Q793%FK?%/ FQ793%H0%K?% # 31,.16/$(V<$ R (, @A+"7/8%8=
*,.16/$(V<$'/><+, recursion tree 1!165$ 6P'=1<,#$%+,<$54%$.B>0.H"748%9

e Choose: %<$@A&tement <+,subset G 25&3$?"2@AQ*<$B&$9
e Explore: '#0<$ element *= recursion #2<$ -$B&$9

e Undo (Backtrack): G& &0./ Zlement <+!"#$G,/$?"="4G& 8 3%4$.'M<0-$.<+,
54%$.B&$9

Time Complexity: O(n! 2") - subset 2" (, @A+/B%(,5= <E.8EH#©(N) M<0
'BO'M<0-3%$9

Space Complexity: O(nN) - recursion depth JA-3B<$@Atbset 1/><$  (output array
4"7)9 Output 10.%l,.<+,/><$H-$/03 subset 2" (,P/5$(,5= 1@A&LO(N) !65$%-+]
O(n $2") 165$B&$9

Java Solution

import  java.util.ArrayList;
import  java.util.List;

class Solution {
public  List<List<Integer>> subsets (int [Jnums) {
List<List<Integer>> result = new ArrayList — <>();
backtrack(nums, 0, new ArrayList <>(), result);
return  result;

private void backtrack (int [] nums, int start,
List<Integer> current, List<List<Integer>> result) {
Il %<$@Atibset <+, 1''6G  2G&3$B&S ( %4$.'M<0-$./+,-$.B&$ subset  /5%(, )
result.add( new ArrayList  <>(current));

for (int i = start;i<nums.length; i++) {
/I Choose: element <+, G&3%$B&$
current.add(numsii]);



I Explore: '#0<$ element *= *<$'-$B&$
backtrack(nums, i + 1, current, result);

/' Undo: I"#$G,/$7"=. 11(0.%4$."M<0-$.  54$.B&$
current.remove(current.size() - 1);



"#3$% && - Sorting

Sorting ("#$%gR()*+, data -+./)* ‘(BT $,%( -/0V/1$(/$"2 (012, - 3%4&(5*/-6
37/"(5*'8 A/-6  Z)3+)*%E&HIR1L'+ 9*18%68&'<8=1&1>+4&?Developer +! &,/ 866 9
data ))* I"@+, -6 <&;)*)* AIGB@1>+4& user -+./)* registration date 3;)*/&8 product -+.
N* -C'DEB6&'3;)*/&8eaderboard /)* score 3;)*/& 'F#=%:&1>7

G>-124:&Sorting H, "data I"+4& " ( ¥ B; 1& &% B+ [ &B-@7/"+,  2H*+&1>
JK'? 10340%' %sorted) data 5, 1624$!)7,%890%9:24:26;<$=/4>(<$? 012, K

Binary Search (3$6& L) ;*1&=)Mata / !"N1"F, #=I&=NFI&?
01 &+ 9Hduplicate) element -+. PE,=I\)*/&@%&)'$Q%&'/1& PE ,#$%&'?
37/"(5* [13%4&(5B* k $*PE,=JW1"0)1&/-6 4KD)*%&FI&?

Interval, schedule #1R6,-+.H, I"N1"'28=PE %& ' ®FI&?

G>-Al,%:&orting /)* algorithm 32Q,'7/ "@¥=@"'A /(B$!CB.$ (preprocessing step) 3#=!&
#2%&++&3N@' 7/ 1>+48&7?

Sorting method -+. 32Q,'7/"PE)1>+4&? G>-124:&3/*6&;5*'/)* (#$%(D'!=E%+,% -;:;,!@,
2:)*1>JK'? G"3$6&'2EN

e Basic Sorts (Bubble, Selection, Insertion) N concept 6,";18&=)M 3+./&F,?
e E! cient Sorts (Merge, Quick, Heap) N real-world 2E3F &1 & 90(nlogn) sorts?

e Non-comparison Sorts  (Counting, Radix, Bucket) N special case -+.3+./&?

(0*N1"31)*%& 1)*%&g8;:;,F.,'1>24&7 ;/&-+U2E, programming language 32Q,'™*2E, built-
in sort function ( Arrays.sort() , sorted() )-+. 1>NI1"F, #=1&-124:&86,/&/.4&/ 3;*1&
*1&193,1&0,2E  F<$!"7T#$ F,=E %' E)6 -G*'#=+&++&1>24&7

Sorting G =@"'A Concepts H*/$'"2

Algorithm -+. 2-;:;,$%&8 sorting algorithm +)*%&/PR@E E& 8%> -2'@24:& -2'$.6&'V $*PE
1>+4& N

e "Stable @I/$6,%?"
e "In-place @I1/$6,%?"

G'toncept V $*/ algorithm -@.'$Q4&2WH*/&X)* /&5*'#=+&1>+4&?

Stable vs Unstable



Stable sort ()*+, (# B2%(D -element =( EJ)D6 !/0//1$  (relative order) 9:2)479 $/F -
0)6&0,-1'+,  #=1&1>+48&?

J-AL%& 3-@'7/ % QP*+, 012,6 B/I1:&@-3,%&? User list /)* 3@%&/ name 3;)*/& 1O,
N1"F," #=1&+4& ()*1>)M3$* age 3))*/& O1&!"$Q%&+4&?

2K; (name 3;)*/& !"O,'N1™):
Alice (25), Bob (30), Carol (25), David (30)

age 3;)*/& Stable sort *1&@%&

Alice (25), Carol (25), Bob (30), David (30)

| age + K ®lice, Carol +MH, 2K; name 3!"3!I<&3+)*%&' [Q6&FI&?
age 3;)*/& Unstable sort *1& @%&

Carol (25), Alice (25), David (30), Bob (30)
| age + K ®lement -+ @3!"31<& 1Q/&F.,'D)*%&FI1&?

Stable sort #=!&2&ge !6:29% /OKage (DEB$hame !6:29% /0" ( ¥ 9nmulti-Peld sorting /)*
3(%:&;)*/& (Peld+!&$*N1"'+I&P*1&; M@ 1>+4&? G>-A/,%:&eal-world object sorting 2E,
stability / 3;.6& 3-@'7/"1>+4&7

In-place vs Extra Memory

In-place sort ()*+, memory '4:2 )< B -(O(1) extra space) 2K; array O 9E% &6@,$Q% ¢
N1+, #=1&1>+4&7Extra memory ; ¥ %ort (012, - Merge Sort) /-+,: array 3F!&-+.
-(J&NT1" 1"+, #=1&;)Mlata 3@ 4 &B$Q B'/Qmemory 1)*F5*'1>+4&7?

Data/ -F@%&G'memory/ #1R6, 2H*+&1>?G>-124:&memory 3/6 &+ RE 9/&
(embedded device) -+.8 G>2E2H*+8ata 3; 6& "+ 9%> in-place #=!&+, 3-@'7/";,1>
+4&7

-3,/&1 Y4, sorting algorithm 3,";  Sa9#$5HED %&'4E<&SB/R>+4&7?

Algorithm Time Time Space Stable  I'A2%@ALE#$
(Average) (Worst)

zzzble O(nz) O(nz) o(1) I-:;j;,@6& 3+./&

:lrfmon O(n?) O(n?) 0(1) X swap 61&'$QUE&@%&

Isnsretrtion O(n%) O(n?) O(1) data -F' /I'N1"F,

Merge Sort O(nlogn) O(nlogn)  O(n) i:;\ble ))*@%d&Bked

Quick Sort O(nlogn) 0O(n?) O(logn) avg / O(n) % general-purpose

worst #26&



Heap Sort O(nlogn) O(nlogn) 0(1) X memory
3/6 &3F+&PE)@%&

:Z;ming O(n + k) O(n + k) O(n + k) (V& integer, range -F'
Radix Sort E)gd(n ¥ (k))gd(n ¥ Oo(n + k) N6&7I" Istring

Counting Sort / prebx sum #-output array 'A2%E%)*', stable #=1&1>+4&?
)*($"79% : Y4,'0 9 "Stable"/"Space" +6&=)*-+.H, 4A2){tiical) implementation
N* @I&Z[6&'+, #=1&1>+4&?012, - Quick Sort @space / average O(logn) #=1&-1
24:&pivot 2-/,%& @%&worst case O(N) #=1&D)*%&1>+4&?

14:2B$% N Basic Sorting Methods

G'sort T 2Q B/ 3/*6&;5* O(N?) #=1&NKata 7/";, @%& -DE'1>+4&?012, - element\ F6& (
n = 10 (*@%d? = 102 7/)2&+./& @2E #=1&;\6, @6AQA/,D)*%& 1>+4&B>-A/,%:&eal-world
2E3]))/  2F5*'1>JK'?G>-124:&sorting @8concept ("DEB %&'4E<&N1¥ B-#$$5)/)* 6,1&
NG, %& (5% 12E+&H=I&1>+A&?

Bubble Sort

Bubble Sort H, -J'$Q%&"/1& element V $*/)* DEB %&'4E3RN4& 2E,-6@YE& -(swap) ; 1& !
61&"2&" #=1&1>+4&7?Loop +'&1+&N1"+)*%87/"'(5*' element/ -@-1° 4D=I,B$¥bubble)
) -6,/&(5-6@,)* + B+ 9+ [ &"621& @+, #=1&1>+4&?

[5,1,4,2] N* 1% B(%:&(%:&N*3-FN)+&  All:&@-3,%&? Pass & (-J'$Q%&'/1& DEB %&'
#$%0RN

H*L. B$%<*1$ array '=@"I=# 624%$=C,B$"79%

5 vs 1 5,1, 4, 2] 51 | ; 9 [1,5,4,2]

5 vs 4 [1,5, 4, 2] 554 | ;9 [1,4,52]

5 vs 2 [1,4,5,2] 5>2 1 ;9 [1,4,2,5

Pass\ N1"-+,: 37/"c5* 5/ -6,/&(5*-6@, -@,/&F.'1>+4&? PassV 2E,[1,4,72] N*
(/&*1&N1" 4 | -6@,@8PassT 2E, 1,21 /)* *1&NIT'NI"F, #=I&F.,'1>+4&7

void bubbleSort (int []arr) {
int  n =arr.length;
for (int i = 0;i<n- 1;i++) {
boolean swapped = false ;



I +&I+&A)*%N&ITIG*  3-6/&(G*-@,/&M  (n-1-i) 30)F,  A/l:&@6&5*;,/&

for (int j = 0;j<n- 1-i0;j++) {
if (arr[j] > arr[j + ¢
int  temp = arr[j;
arrfj] = arrfj + 1];
arrfj + 1] = temp;
swapped = true ;

}

}
Il +1&1+&;5* swap 2#=I&@WN1L"F,' #=1&, M@ 1&FI&(optimization)
if  ('swapped) break ;

swapped [3ag/ optimization +!&$* #=1&1>+4&?Data/ !I"N1"'F,' #=1&-6@%&2 pass 2E,
JA&+*6&'2Eswap 2#=1&;MQ/&$QU@1&ND(N) #=I&F.,'1>+48&?

)*($"79% : Bubble Sort /)* 'B$<DIM'9$'9$  3+./&F, #=1&N1Stoduction code 2E))'A2%
'B.$4>? X)*'PE %&N1&K;.4&-124:&8 swap 37)2&-@ 3; 62Q,'+ 8+ [ &asicsort T
$O 9F+,% &-DE'(G* #=1&1>+4&7?-1Q,%&'F5*'1,3*1&-+.2E, 6,21&7/"-124:&8 ;/&-+U

2E Bubble Sort /)* interview 6&lassroom 3#1%&E,'PE,'1>'1>4+U@+,/ N +KI'-3,%&
XPE& 9nsertion Sort/  1¥,% & HPerformance -1'D)*%& 4!&1>+4&7?

Selection Sort

Selection Sort H, ! 20,-F'+ B1 Y H IB<$CA2%lement 9:2=F; %select) N1"BN1"F,’
31 Y&%6,/ & 56@,69 9 BI&'2&" #=1&1>+4&?'3%4&(5*))* -@.'8PESO," ( ¥ B;*1&
N* O1&$>*1&F.,'+,  #=1&1>+4&7?

[5, 2, 4, 1] N* I"AN:&@-3,%& N

ICB.$ 0)+%="%=",  14:2B$% IB<$CA2% 6 3406=#9$

\ 5,2, 4, 1] 1 [1,2 4,5] (5 651 ; 9
v 2, 4, 5] 2 [1,2,4,5] (-6@,2E6&NI1™
T [4, 5] 4 [1,2,4,5] (-6@,2E6&N1™

void  selectionSort (int ] arr) {

int  n =arr.length;

for (int i =0;i<n- 1;i++) {
int  minindex =i;
i -6,/&1)*%& ' 2B%4&(5*'/)* PE,FI&
for (int J =i+ 1;j<n;j++){

if  (arr[j] < arr[minindex]) {
minindex = j;
}

}
Il 3%4&(G*)* /&PE)-6@, () 69; Bl &



int  temp = arr[minindex];
arr[minindex] = arr[i];
arr[i] = temp;
}
}

Selection Sort @OK'#3$,'$Q/&/ swap (write) 189:)$=E #N$%(, (32Q,'(5* N 7/)28 #=&
1>+4&? memory O 3@" (write) +, -C'7/ ™ S nvironment -+. (012, - Rash memory8
write count /6 B+ &,'+ Storage) 2E Bubble Sort O/& swap 61 & 8+ [ &8F5* %&
D)*%&1>+4@ava ;)* language 2E object 7/"-+. swap ;*1&+,H, object +!&$*;5*

2H * & Yeference /)*F, ; 9, #=I&;Mobject 7/";M swap -C'7/" " ()*+, 22E6&1)Z>
-124:& comparison /-+,;  data I'N1"F," #=1&-6@%&-+ %8 -O(N?) #=1&-61>+4&?
G> 3#1%®lection Sort / unstable #=1&1>+4&N - '+ @lement-+./)* ; 9 8+ [ &
+6&=)*"+kelement -+ @B3!"3!1<& 1Q/&D)*%&1>+4&7

Insertion Sort
Insertion Sort H, | *74%( 9 B9 $ ) ¥/ 0 4AA2X!1&1>+4&7=9! &QIO1&4K+)*%&'8 & P

I'N1"F, =9+ A2 E2B& & %@, JO)*Ol&+, 2Q)B'lElement +&$*!"/)* 4KN1"B -PES/
/0340%' 94 B$o+) * ) HSH# G =H#E,9 2:2%+N.§insert) 1>+4&?

[5, 2, 4, 1] N* "'AN:&@-3,%&? | | "GI4&JII&L)*%&'FI& !"'N1™()*+, #11>+4& N
<D=', element @I/$/1% array !=@"1=#
(+%&) 102 element /)* I"'N1"F," 4K( 5\ 2, 4,1]

2 2<5 | 5 )*1+6&8 2 /)*-PESO, [2,5\ 4, 1]

4 4<5 | 5 +6&€4>2 | 4 ))* 2,5 Al [2,4,5\ 1]

1 1/ 3/*6&0/&%4& ! 3-PES(5*0)*'Ol:& 11,2, 4,5\]

void insertionSort (int ] arr) {
int  n =arr.length;

for (int i = 1;i<n;i++){
int  key =arrfi; /I O)*Ol:&24:&element
int j =i- 1;

Il key O/& 7/ "+ ®lement -+./)* +&-6@," |,J/&+.6&FI&
while (j>= 0 && arr[j] > key) {
arrfj + 1] = arr[j];
-
}
arrfj + 1] = key; Il #=1&";+ 9-6@,;.+&2E, key OIl:&FI&



I'A2%0BS$)Pnsertion Sort H, basic sort T $O 2E69%=(Q !"A2%OB$CARYE1>+4&7?

- Small Data #='8&@%&N?) #=&-124:&overhead 61&;M Quick/Merge Sort O/&-+,%&
1)*#26&D)*%&FI&?

- Nearly sorted #='&@WBer whie loop/ J,2E 2; 1&J9/Q&F.; M O(n) 6"1>'
#H=1&FI&?

G>-A/,%:&8ava, Python '+ 9anguage 32Q," @built-in sort H, data 31)*%&'-F'-+.
-@,/ & 9%> Insertion Sort /)* 3;)*3-;Q,/& + 8 1>+4 &

14:2B$R N E | cient Comparison Sorting

Basic sort -+./  J,-Al,%:& -DE; 9 *@%&Ement+&$*)* F B9 '+ 96@, -@,/&=M
+1&(%:&3Q%&'F; @[ S; WE=1&1>+4&7E! cient sort -+./  Divide and Conquer ($811 3D)*%&%K
F-J+@,6 #1R6,)* +1& /&!" $%H=+ 8+ [ &(nlogn) @-3,%&;*1&D)*%&1>+4&?

O(nlogn) C:2(, F,=S9,B.$ =9,B %'6 2 Element\ F6&3+/& Nn?= 1012 #=1&-1
24:.@nlogn! 2" 107 F, #=1&1>+4&?a F)6&( 1)*#26&H#=1&1>+4&?

Divide and Conquer C:2(, F,6 -

Merge Sort 6Quick Sort 2-;:;,$%&8 FK+W $* %a%6,/&/.4&/ Divide and Conquer ($8I1
3D)*%&YKR-J,+@,'/)* 3@%&,;1&0,'@%& 1)*PE%&'1>+485 sorting +%&2H #* & 9
algorithm design @3-@'7/"'(5*" pattern +!&$* #=1&1>+4&?

34K3(/ X)*'PE %&'1>H4&@4T#,890%(/$"29:2 (:293U2 9B-@IF K42'%( -@4T#, R "2
(M) D7.% 1@1/$ " K($"2/0 '0%'# $=@IKB40%PA#$=4>BI%+, #=1&1>+4&23(%:& T (%:&PE)
+4& N

ICB.$ 16243% Merge Sort V4),
&. Divide #1R6,/)* 1¥F'+  Subproblem 3#=I& $81 & array /)* +1&_1&!" $81 &
R. subproblem +!1&$*!"N* (2Q,'-F,3,'#=%:& recursion #=%:&

P N eQ 0 % +H&$H"N)* F"F6 & I"FI&
Conquer -#=FI&
W subproblem b 3-#=2Q,/)* #16&1>%&BH#=3#11:& @4K  I"N1"F,' V #$2&'/)'merge ;*1&

Combine Fl& FI&



G'pattern H, Recursion (3$6&' \c ) 6¥)*/&X)*/&/&!1&1>+4& N " #1R6,7/"N* + K * Q)*
-F+  91R6, 3#=!1& $9( ¥ 9dea 3+ Y®&>19/.+/ N recursion F/&F/&2E,
subproblem (/$"2 (" (%&'++&N1"8divide and conquer 2E,subproblem 1)7,% (15*2668) (" $9
(%&'N1"3-#=-+. #16&-1>%&#=1&1>+4&"7

F,=S9,B.$ @)% 2 #1R6,)* +& /&!" $9 8+ [ &;[, (level)3-@3+./&/ logn 1%PE
1>+48&7? 3;[+1&$*1"2E, *1*-1>0083;*1&/  O(Nn) )*@%&*-1>%80(Nn logn) #=1&1>+4&?
G>/ basic sort -+ @O(N?) 0/& 2Q,1., #26& B-A/,%E& @%&H=1&1>+4&?

#1R6, (size n)
"## $9! subproblem (size n/2)
$ "## $9! subproblem (size n/4) ...
$ %## $9! subproblem (size n/4) ...
%## $9! subproblem (size n/2) ...

3, logn  $ & 3[+1&$*!"  O(n) = O(nlog n)

F<$=#E,=())*, =( B6 2 G"|,3*1&2Kd/ivide and conquer /)* -+U=K'N1"F,"-6@,-+.
PE)1>+4&|

- Binary Search (3$6&' L) N search space /)* +1& /&!" $9subproblem \ $*)*F, (/&
-#=)?

- Merge Sort / Quick Sort  (G"3$6& N array /)* $8!"8#168-1>%&'?

G>-A/,%:&livide and conquer /)* '0%@",%hapter 3#=&2-; ;J S8F)N)* F 5 9
algorithm -+.N)* -;:; #$%&'#=%&86,";|&F.,'2E, #=1&1>+48&7

3%$* Merge Sort 6®Quick Sort +MH, G'T 3(%:&/)* J4&))* 3F %Q; A/:&@-3,%&?

Merge Sort
Merge Sort H, ideaV (% &%;*1&;*1&1>+4& N
1. Divide: array /)* element +!&$*!" #=1&F.,-3,%& +'& /&!" (I&+)*& $F1 &

2. Merge: $®,+ 9)*%&'-F'-+./)* OEBS@4#$=4>BIIG)*1>+4&31)*%& $*1;5% I"N1"F,’
H=1&+ 8+ [ &1>%&'+, #26&+4&2

5,2, 4, 1]
/ \
(5 2] [4,1]
I\ I\
Bl 21 @ [ * Divide (element \ ST #=18-3,%8
\ \
[2, 5] 1, 4]

\ /
[1,2,4,5] ' Merge ( !"@%&#16&-1>%&'



Merge 624%452%/:($ :J,-Al,%:& #26%; QD*+, 6,51&=M [2,5] 6¢[1,4] )* -1>%&'+,
AllL&@-3,%8&? V $*;5*/ I"N1"F," #=1& MBES(BV $*/)* DEB %& 4E3%MNAN)* 3@%&O*+&X54&
1>+4& N

H*L B$%<*1$ IB<$9:2 +2($ E6X$
2 vs 1 1 [1]
2 vs 4 2 [1, 2]
5 vs 4 4 [1,2,4]
5 (/Q68 5 [1,2,4,5]
void mergeSort (int []arr, int left, int right) {
if (left >= right) return ; // Base Case: element \' $( FN c $F, /Q6&! !"N1"F,;
int  mid = left + (right - left) / 2;
mergeSort(arr, left, mid); I JA&#$2&" "FI&
mergeSort(arr, mid + 1, right); I 1,#%$2&' !"FI&
merge(arr, left, mid, right); /I "NI"F V #$2&')*#16&-1>%&'FI&
}
void merge (int []arr, int left, int mid, int right) {
int []temp = new int [right - left + 1];
int i =left,j=mid + 1,k= 0O

/I V #$2&'[)* DEB %&'4EBINEK])* 3@%&OI:&FI&

while (i <= mid && j <= right) {
it (arr[i] <= arr[j]) temp[k++] = arr[i++]; II<= | stability 0)6&'FI&
else templk++] = arr[j++];

/I 1Q6 & ®lement -+. OL&FI&
while (i <= mid) temp[k++] = arr[i++];
while  (j <= right) temp[k++] = arr[j++];
Il -1>%&'N1"F,result N* 2K; array O 9#16&/K'FI&
System.arraycopy(temp, 0, arr, left, temp.length);
}

F,=S9,B.$ O(nlogn) 6 2 array /)* +1& /&!" $% 8+ [ &6Y, (level) logn "2PE)1>
+4&? 3;[+1&$*I"2E, element 3,5* (N $)/)* merge; 1&@+9+ [ &(N) A/ FI&?
*1x-1>0680(N log N) #=1&1>+4&7?

1,%',"79$  : Merge Sort H, Stable #='&NMorst case 2E,-+,%&0(n logn) 3,2$51>
+4& (Quick Sort ;)* worst case 2PF) Linked List I"+,8 G>2E2H*+@emory O 2( % 9
data 7/")* ple6AY&® 9 + External Sorting 3+./& 3-/,%&'(5* #=1&1>+4&?
1L%#N$%"79% Merge ;*1&=)stray 31)* (O(N) extra space) ;)*1>+4&?

Quick Sort



Quick Sort H, Merge Sort 696 &Q%&J/& N "{ 4 B$o) 1624$624$340%4>B%o( 44 BSo)
F)* )624$E FI&: 61&:2&' #=1&1>+4&7

Element +!&$*/)* Pivot 3#=I& -@.'N1"[@vot O/& B<$(,=(;9:2 F<$F9$ 8890%(,=(;9:2
N,F9$ $9partition) O,'1>+4&?

G'partition NI+ 8$> pivot / 'Z =#E,)*#$ =E,9%%,% 1>NIM1"-+:J4 &$2% 9#$2&")*
FU4#$, 1" G"34)*%&1&;*1&F.,'1>+4&?

Less than Piot Greater than
Pivot Pivot

52,8, 1,9, 3] 2E, pivot=3  (-6,/&(5* element)-@.'N1partition ;*1&+, N

i EdJrole: i / ‘"pivot O/ &4 & ®lement-+. ! O+ @one @6,/&5* index" #=1&1>
+48&7? +% & 9$Q6H&Ezone/ 3;.+& #=1& 8+ [ ¢i=-1 (arrayO 2-@,/] &'+ 9
-#2,1&J/1&  edge) 2B1>+4&? pivot O/ &4 & Element +1&$* -+U+)*%é i +)*'N1"O)*
element /)* zone O 9 @ K>+4 &loop N1"-F,3%> index o /-6 i A/ element 3,";5*
pivot O/& %4&1>+4&? i=-1  2B1>+4&

Step j arrfj] arr[j] < pivot (3)? 624%$=C,B$"79% Array l=@"I=# i

I2E+& N N N N [5,2,8,1,9, 3] -1
1 0 5 No J,2E 2;*1& [5,2,8,1,9, 3] -1
2 1 2 Yes i++! 0, swap(0,1) [2,5,8,1,9, 3] 0
3 2 8 No J2E 2;*1& [2,5,8,1,9,3] 0
4 3 1 Yes i++! 1, swap(1,3) [2,1,8,5,9, 3] 1
5 4 9 No J.2E 2;*1& [2,1,8,5,09,3] 1
N1" N N N swap(i+1=2, high=5) [2, 1, **3* 5 9 8] 1

e Pivot 3 / index 2 +%& -6@,32E6&@,/&F.,'N1"
o JA&#$2&' [2,1] 69#$2&' 59 8] H* F"#$,"1" 01&;*1&FI&

void quickSort  (int []arr, int low, int high) {
if (low >= high) return ; // Base Case: element \' $(FM c &
int  pivotindex = partition(arr, low, high); /I pivot /)* correct position +.%&0,'FI&

quickSort(arr, low, pivotindex - 1); /I JA&#$2&' ( 1)*-F')



quickSort(arr, pivotindex + 1, high); I 1L #$2&" ( 1)*7/)

}

int  partiion  (int []arr, int low, int high) {
int  pivot = arrfhigh]; /I -6,/&(5* element /)* pivot  3#=1&-@.'FI&
int i =low- 1; /" %4 &-+ @oundary (  64&6)2)+X

for (int j =low;j<high;j++){
Il pivot O/& %4&@Yd4&JI/I&1)*%&'FIM-@[SFI&
if (arr[j] < pivot) {
i++;
int  temp = arr[i]; arr[i] = arr[j]; arr[j] = temp;

}

/I pivot N*" %4&+," 69 7"+, " 3Al' 266 & 6@, O,FI&
int temp =arrfi+ 1]; arrfi + 1] = arr[high]; arr[high] = temp;
return i+ 1;

Pivot =E;%"7<$@"B%%59,B.$ '=E%89 @'6 2 Pivot/ partition V #$2&')NONO" =4%
@Y&/,%&'5*  (O(nlogn)) #=1&1>+4&2G>-124:&2-/, %&"-@.'2) @%& 012, /0340%',%
array [1,2,3,4,5] 2E,3N296,/&(5*)* pivot -@.' @R #$28'+1&$*/ 3;.+&8 +I&#$28&'

| 1Q6&3/*6& #=1&NID(N?) (*+&4*+&F. '1>+48? G>-Al%:&l&+U2E, K

- Pivot /)* random -@.'#$%&'8

- "median-of-three" (1028 3;4&8 -6,/&(5* T $@83;4&/)* -@.)61&' N +M/)F5*
A/1>+4&7

1,%',"79%  : In-place (O(logn) recursion stack F, )#=1&NXache-friendly (-J'$Q%&'
/1& memory /)* F5*) F;)* memory ;&' F/ &+ 98+ [ &&-+U workload 32Q,
I*2E Merge Sort O/& )S9,"[ 4.2 @WPE)1>+4&7? Java @Fprimitive array sort

( Arrays.sort(int[]) )H, Dual-Pivot Quicksort /)* F5*'N1"tbject array sort

( Arrays.sort(Object[]) ) -+, stable #=!& 9Timsort /)* F5*'1>+4&?

1,96#N$%"79% Worst case O(N?) #=1&D)*%&NH1I8 2H*+&1>?

Heap Sort

Heap Sort H, data/)* Heap ( ¥ Qree structure 3#=1& 3F %Q+ $HI&"';2&"' #=1&1>+4&?Max-
heap ()*+, "2)J node/ F,/F2" node O/& 3N29F/"+4& " ( ¥ 9 &Q<&®E Dinary tree
#=1&;MI890%CA28kement 9 [3) -+:4$(root) )*, ¥1>+4&7?

Heap Sort/ G'feature /)* 3F5*'$Q1>+4& N

1. Array /)* max-heap 3#=1& +1&-(,/&FI&?
2. 0)1&/ 37/"(G*))* -6,/ & 56@,69 Sheap 3@.4&\ $*-:d,:?
3. 0)1&2Heap rule 1Q/&F.,; )M #1B@DE. ¥heapify) FI&?



(Heap structure @3-F'")+&/)*  3%$6& \V 2E(/&-;:;,1>24&? G"-6@,2Edea /)*F)-3,%&
-#1,#10,'#$%&'#=1&1>FI&)

void heapSort (int []arr) {
int  n =arr.length;

/I Step 1: array N* max-heap 3#=1& +I&-(,/&FI& ( -6,/&(5* 2)J node /-6 1)
for (int i =n/ 2- 1;i>= 0;i--) {
heapify(arr, n, i);
}
/I Step 2: 37/"(5* (root) N* -6,/ & B9; Bheap 3@.4& -;d,;:N1"" #1BBE p
for (int i =n- 1;i> 0;i-) {
int temp =arr[ O], arr[ 0] = arr[i]; arr[i] = temp;
heapify(arr, i, 0);
}
}
/I node i ))* F subtree  3+.%& 266 & B@, (%&F.-3,%& $OKEl &
void heapify (int []arr, int n, int i) {
int largest =i
int left = 2*i+ 1, right = 2*%i+ 2; [l array O hild -+ @@index
if (left <n && arr[left] > arr[largest]) largest = left;
if (right <n && arr[right] > arr[largest]) largest = right;
if (largest !=) {
int  temp = arr[i]; arr[i] = arr[largest]; arr[largest] = temp;
heapify(arr, n, largest); Il -3,1&1* (/ &BBE &
}
}

1,%',"79%  : In-place (O(1) extra space) #=!&N1Worst case 2E,-+,%&0O(Nn logn)
3,2%51>+4&? Quick Sort ;)* worst case #1R6, 2PE 9memory ;& F/ &+ 9
3+./& memory 3/6 &F+ RE S$ystem -+.2E, -/,%&'1>+4&7

1,%#N$%"79% Stable 2H*+&F;)*8 heap/ memory O $*6&-/Q,&+ &+98+ [ &ache-
friendly 2#=1&1>%>-A/,%:&&-+U2E, Quick Sort -;,/& 2#26&1>7

14:2B$MN Non-comparison Sorting

3-17/ sort -+.3,";5*H, element -+./)* H*L B$%NI$'+, #=1&1>+4&?F$fQ,3@
FI&-F#10,'+,/ N H*L B$%<*1$ B468gorithm F<$5,)* O(nlogn) +9$ )@)#$H:2B$-
G>/)*comparison sort lower bound ;) M-$"1>+4&7?

F,=S9,B. 6 ? Element n $*/)*! D¥& H#=18&D)*%&HF<& (permutation)/ n!2Q)PE)1>
+4&? DEB %&4EREEW  "7/";,  [%A4&; " 3-#= V 2@'19./&;)M 8#=1&D)* %8 $+/)*
$8$,=)861&'5* 10g,(n!) ! nlogn 7/)2&DEB %& AF&=HR.?




G>0*O(nlogn) O/& J4&)* 1)*#26&-3,%8&1&; 9 H*L B$%<*196, 2%(, F -data @B
F-J, (012, -‘integer #=I&+4&8c /-6 \cc A/l PE)+48) /)* +)*/&X)*/8F5*'$Q@ VAR #26:
-3,%& ;*1&D)*%&1>+4&?

Counting Sort

Counting Sort H, element +|&$*!" F<$H*/$89:)$4>'6 -=E(;9% (count) N1"8 ount /)* F5*
[, -6@,$Q!% HBI&;2&' #=1&1>+4&7?

[2,5,3,0,2,3,0] (range c-a) N* "A/l:&@-3,%& N

SteplN -@+./&:
value: 012345
count 202201 (O /| V 7N2&8 | V 7))2&8.)

Step 2 N count 3)*&  #16&#=6 &
0 H*V $100

2 NV $! 22

3 NV $!33

5 N\ $15
@;G&[0,0,2,2,3,3,5]

int [] countingSort( int []arr, int k) { Ik = 37MMG* +6&=)*
int [] count= new int [k+ 1]
/I Step 1: element +&$*!" JA&DE!&7/)2&81>F; 9-@+./&FI&

for (int num : arr) countfnum]++;

int []result= new int [arr.length];
int idx = 0;
/I Step 2: count 3)*&  %4&@,/-6 T/"@, #16&#=6 &$QFI&
for (int  num = 0; num <= k; num++) {
while  (count[num] > 0){

resultlidx++] = num;

count[num]--;
}

}

return  result;

G"6l&'/ DEB %&4E<B, 2; 1& 8element n $6%ange k /)*F, #=+&F6&@;ND(n + k)
#=1&1>+4&?Range k / n 6B"1&@YUR27/"@YRG>/ O(N) 6"1>'#=1&1>+4&?

Stability: 3-17/ XPE&E 9count ;*1& N1'#16&#=6&sion / /)6&'F/&F/&3+./&
3(%&-#11>+4&7? G>-124:&Counting Sort /)* stable #=I&-!=)Mobject -+./)* Ppeld

3)*& %+ 8%$>8 G>2E2H*+Radix Sort O F & 8%> ) prebx sum (cumulative count) 69
output array '0%@",%5*'N1*@'@1>+4&?

Stable Counting Sort (prebx sum  #N$%b

[2,5,3,0,2,3,0] N* 012, 4K#1:&@-3,%&



Step1Ncount: index:0 12345
count:2 02201

Step 2 N prefix sum (count[i] += count[i-1]):
count:2 2 46 6 7
(meaning: 0 O/& %4&1" k $*/ index0..1 2E, PE)24&

Step 3N -6,/&(5*/-6 -PES("#=+&(stable  #=1&3M

arr[6]=0 I count[0]=2 ! result[1]=0, count[0]-- 11
arr[5]=3 I count[3]=6 ! result[5]=3, count[3]-- 15
arr[4]=2 ! count[2]=4 ! result[3]=2, count[2]-- 13
arr[3]=0 ! count[0]=1 ! result[0]=0, count[0]-- 10
arr[2]=3 ! count[3]=5 ! result[4]=3, count[3]-- 14
arr[1]=5 ! count[5]=7 ! result[6]=5, count[5]-- 16
arr[0]=2 ! count[2]=3 ! result[2]=2, count[2]-- 12

Result: [0, 0, 2, 2, 3, 3, 5]

"-6,/&(5*'/-6 -PES(" #=+ @+ B-A,%8&' @%&N +6&=)*+Klement -+. (012, 2 V $)/)*
2K; array O 96,/&2E, PE ®1,/ Joutput O 96,/&2E, O,=M#=1&1>+4&?G>28K; relative order
210Q/&1>7?

int [] stableCountingSort( int []arr, int k) {
int [] count= new int [k+ 1]
for (int num : arr) countfnum]++;

/I prefix sum: count[i] = arr 09 69"/ %4 & ®lement J4&DE!I&SPE; 9
for (int i = 1;i<=k;i++) counti] += count][i - 1];

int []result= new int [arr.length];

/I -6,/&(5*'/-6 -PES(" #=+&2Etable #=1&Fl&

for (int i =arrlength - 1;i>= 0;i--) {

result[--count[arr[i]]] = arr[i];

}

return  result;

‘¢ :+6&=)%ange k / 3;.6&7"@%&012, -\ /-6 F6&-1>%&2Q,'. . &>2E2H*+&
negative/decimal -+. 1> countarray/ memory 32Q,'7/" 4KF.;"M 2F%:&-+,&-+,:
1>?"Integer #=I&NTange -F' " + 8$>2 E5*'1>?

Radix Sort

Counting Sort / range 7/"@%&F Y& H#1R6,)* Radix Sort/ -#=PE%&'1>+4&B&'-+./)*
[#$%(/$6A2%"7B$Wigit by digit) N -6,/&5* /-6 7/ "+ %@, "N Counting Sort 69D1&$>
'F '+ $BI1&2&" #=1&1>+4&7?gh6&'+1&;5*/  c-L 19PE);Mnge -F'N1"" Counting Sort ;*1&
M@1>+48&7

[170, 45, 75, 90, 2, 802]

ones ( -6,/&(5*'gh6&' ) 3;)*/& 1 [170, 90, 2, 802, 45, 75]
tens ( (4&" ) 3)%& I [2,802, 45, 170, 75, 90]



hundreds ( @,") 3;)*& | [2, 45, 75, 90, 170, 802] CONL

Ones-digit pass '='%/:($ : [170, 45, 75, 90, 2, 802] N* ones digit (-6,/&(5*'gh6&' )
3))*/& stable sort ;*1&15¥

element ones digit
170 0
45 5
75 5
90 0
2 2
802 2

digit O bucket ! 170,90 (2K; 3!"3!<&3+)*%&' stable)
digit 2 bucket ! 2,802

digit 5 bucket ! 45,75

#16&(/& ! [170, 90, 2, 802, 45, 75]

G'bnes-digit pass 2E stable #=1&2#git O bucket O €170 / 90 -PES2EKE)6&1>+4&7?2K; order
21Q/ & VD p®,'+ 8+ [ &ens, hundreds pass -+. (/&;*1&@%&2E6&/6&-F, @;G&@1>
+4&7?

gh6& d ;5*PE)@@6&nting Sort )* d 7)2&*1&@MO(d" (n + K)) #=1&1>+4&?Radix
Sort 3;*1&;*1&=)Mligit-level Counting Sort / stable #=!&=M=1&2-6 ;)*31&1>+4& N 2H*+&
@Y%RE 8igit -+. !"O,'+, 1Q/&F.,'2E, #=1&1>+4&7?

Bucket Sort

Bucket Sort H, +6&=)*-+./)* bucket (19# $ ))7,% O %9 Ol  BlI8bucket +'&$*!"/)* F"#3$,’
" 2Q,-F,3,#=%:& Insertion Sort 6"/, -6,/&(B* bucket -+./)* 3I<&)*/& #16& & BI&'
28" #=1&1>+48&7

[0.78,0.17, 0.39, 0.26, 0.72, 0.94] ( c /-6 \ A/ decimal)
bucket ¢ $* $9 +6&=)*'& 10):

bucket[1]: 0.17

bucket[2]: 0.26

bucket[3]: 0.39

bucket[7]: 0.78, 0.72 I OF"#$,1" 1 0.72,0.78

bucket[9]: 0.94
#16&(/&: [0.17, 0.26, 0.39, 0.72, 0.78, 0.94]



Data/ 31)*%&'3#3,'+1&$*3+.%& NON, @I# $979%uniformly distributed) -6+ 8$%$> bucket
+1&$*1"2E element 61 &1 & PE); RA(N) 6"1>'#=1&1>+4&2G>-124:8+6&=)*"-+. bucket +&$*
0 9*-6@%&-+,:0(N?) (*+&D)*%&1>+4&?

1971$%"7L4$ Non-comparison sort -+.H, "data / integer;,'8 range -F';,'8
I"#=6 &6;,” " ( ¥ 9=@"'=# @4N.$P5*'D)*%&1>+4880.-O. data (object, string
6%ustom rule, range 2F) ) 3+./&-+,: Quick/Merge/Heap Sort 1F5*@1>24&7

Object )7,%9:ZField 16:29% /0@"B$Zustom Comparator)

/&-+U  development 2E/)6&'F/I&F/I&  2H * & Dbject (user, product, order) -+./)* Ppeld
+HE&$$*3)* & "@+, 32Q,'(5*'1>? G"3+./& sort algorithm /)*4&+)*%&@'J 8built-in sort /)*
Custom Comparator 6%¥5*'1>+4&? Comparator ()*+, "element V $*J4&H, 3@%&@2; 9
( 8=+ &'+ $Gule (function) #=1&1>+4&7

Comparator +'&$*/ a, b V $/)*4KN1'N
e negative #16&@% a / -PES; @2I&8

e positive #16&@% b / -PES;@21&8
o 0#16&8&@%&+K+K (3"31<& 2-#1,%& N (*N1"(G*#=+&1>+4&?

import  java.util.Arrays;
import  java.util.Comparator;

class User {

String name;
int age;
User(String name, int age){ this .name = name; this .age = age; }
}
class Solution {
void sortUsers (User[] users) {
/lage  3%4&/-6 37" (ascending) "FI&

Arrays.sort(users, Comparator.comparingint(u -> u.age));

/I Multi-field: age 3)*& 3@%&!"&8&e +K@%&2Ee 3))*& I"FI&
Arrays.sort(users, Comparator
.comparingInt((User u) -> u.age)
.thenComparing(u -> u.name));

/I age 37/"1-6 3%4& (descending) "FI&
Arrays.sort(users, Comparator.comparingint((User u) -> u.age).reversed());
}
}



Stability F,=S9,B.$ X0=#E,=E%89 @'6 <2 Java @hobject sort

( Arrays.sort(Object[]) )H, Timsort (Merge Sort + Insertion Sort -1>%&'11&0,'8stable)
N* F5*'1>+4&? Stable #=1&;)Mname 3;)*/& 3@%&!"Q1"2&ge 3;)*/& O1&!™ ( ¥ 9
chained sort /)*;1&"  2E6&/6&!.*1&D)*%&1>+4&?Pimitive int[] -+.3+./&-+,: Dual-

Pivot Quick Sort /)* F5*'1>+4& N primitive 2E +6&=)*+Klement -+. $9@; Matability /
3-@'27/"1>7? )

Real-world Examples
Sorting H, backend, frontend, data processing 3, ;5*2E, -6 !<&A/ B@+9*1&%6&=1&1>+4&?

e Sortusers by created date N user list /)* 3FI&(G* /3-H,%&'(5*' 3;)*/& #1F#$%&'?
e Sort products by price N e-commerce 2E."Price: Low to High" blter ?
e Sort transactions by amount N -%.12,h 37/"(5* transaction -+. PE #$%&'?

e Sort leaderboard by score N game ranking /)* score 3;)*/& !"#$%&score +K@9%8%Q 6&
3)* &  (1&" )?
e Sortlogs by timestamp N log entry -+./)* 3%$Q 6&3;)*/& "N1"tebug ;*1&#3$%&'?

G'use case -+.3+./&  language @uilt-in sort (O(Nn logn))/* custom comparator 6F5*'+,
3-/,%& (5% #=1&1>+48&72/)*4&+)*Uort algorithm -@'1@, 2;)*1>? G>-124:&-2'@24:& -2'$.6&'
/ N "XGort 9 stable @1/$6,9%" ()*+,1>? Programming language 32Q,'*2E, optimize ;*1&
O,'+ uilt-in sort 1>-124:&8stable @I/$)@1/$9 language #-data type =4")D(N$ 1>+4&
(012, -Java 2Eobject sort / stable #=1&-124:&primitive int]  sort/ 2H*+&1>7? Multi-peld
sorting ;*1&24&()*@Y&kable #=1&+, 3-@'7/"; M 3@%&&-('F%:&1>+4&7

Timsort: Python 69ava (object sort) +)MH, Timsort (FM Timsort-inspired algorithm /)*
F5*A/1>+4&? Timsort H, Merge Sort #-Insertion Sort 9:2=4>B$%/4%+ 8d "stable #=1&
1>+4&7? Data H, 31)*%&'3,'#=4'&I1"F, (partially sorted) #=!& 8%$> N real-world data
32Q,1%  GM)#=I1&++& N 3;.68#26&1>+4&?G>/ 3-1"2E, -#1,$ ¢ 9nsertion Sort @
"nearly sorted data 2E#26&+4& ( ¥ BBQ/&/)* real-world system -+.2E, 3F5*'$Q0O,'

+, #=1&1>+4&7?

Questions

Sorting concept -+./)* ;/&-+U #1R6,-+ 6%Q H&(/&N1"3F5*'$Q61&" a 2Q B'/)¥1&(%:&$QU
o AL&@-3,%&? -2'$.6&-+.H, "sort )* JA&)* 3F $Q2; 9( ¥ Pattern /)* -=,&#1
0O,'1>+4&7



&? Merge Sorted Array

I"N1"F," (ascending) arrayV $* nums1 6¢nums2 -1'O,'FI&? numsl 2E, nums2 /)* (5:-3,%&
6@, (m+n 3@.48 O,/N1"F,’ #=I&FI& (-6,/&1)*%&2l 0 -+. #=1:&0,")? DE!I&$*Y$"2(N$%
/0340%',%rray 3#=!& -1>%&'1> nums1 O 9F% &in-place) #1B;*1&1>7?

Example 1:

Input: nums1 =[1,2,3,0,0,0], m = 3, nums2 = [2,5,6], n = 3
Output: [1,2,2,3,5,6]
¥ B$%6B$%"79%

DE!&$*;5¥N1"F," #=1&;)Merge Sort Edmerge !CB.$ /)* +)*/&X)*/&F5*'D)*%&1>+48124:&
I=%J9=# !I"@% nums1 @RK; +6&=)*-+.=Q/&2)D)*%&1>{AK2, - position 0 /)* -@"))*/&@%&
numsifol=1 -1Q,/&F.,'24& )?

G>/)*1=#,93CA2%(1890%CAIT=# IN1"#=1:&;)*/& @%&=PE %&'D)*%&1> nums1 @33-6,/&1)*%&'
|0 -+ (6@, +& )H=I&IM@'SQIM@1>+4&?

e Pointer i / numsi @%6,/&5* +/4:&+6&=)* (m-1)8j / nums2 @6,/&(5* (n1 )?
e k /| #=1:&24:&-6@(3-6,/&(5*" )?
e i,j V$OD 1890%9:2 k -6@,2E,0,'8 N1"@pelnter -+. -6,/&(*+&?

Time Complexity: O(m + n) - element 3,;5*/)*  +1&7/)2&!" A/l:&-F,-A/,%:&?
Space Complexity: O(1) - numsi O 2E-% &1B;*1&;)vhemory 31)* 2;)*?

Java Solution

class Solution {

public  void merge(int [] numsl, int m, int [] nums2, int n) {
int i =m- 1; /lnumsl b -6,/&5* +/4:&+6&=)*
int j =n- 1; /nums2 b -6,/&(5*

int k =m+n- 1, /I #=1:&24:.&-6@, ( 3-6,/&(5* )

while (j>= 0){
/I VvV $08 37M")* 3-6,/&(5*-6@, O,'Fl&
it (i>= 0 && numsl[i] > nums2[j]) {
numsl1[k--] = nums1[i--];
} else {
numsl1[k--] = nums2[j--];
}

}
/Imumsl J/I& /Q6&@%E@,2E6&N1"F #=I&M(/&2;*1&-+,:

R? Sort Colors



0 (36"), 1 (3#=i), 2 (3#1, )-+ 19>+ @rray nums -1'0O,'FI&? 3-@,%&+K-+. 1*-6
-3,%&8 0 ! 1! 2 3I"3I<&3+)*%&' in-place !"1>?Library sort 2F § H#1B;*1&1>?

Example 1:

Input: nums =1[2,0,2,1,1,0]
Output: [0,0,1,1,2,2]
¥ B$%6B$%"79%
+6&=)*T 2@'1PE); ®Pounting Sort ;*1&;M@1>+4& (count N1'#16&#36@>-124:&3 &>/ array /)*
V 1+& #=+&@1>+4&G#1R6,/ (I$4(3(N$%  (one pass) 69#=D)*%&1>+4&7?
G>/ Dutch National Flag #1R6, (Edsger Dijkstra +% &1$p#=&N1binter T $*F5*'1>+4& N

e low N o -+. *O,24:& boundary (64&6)2)+g(low J4&J/I&2E, o -+. PP
e high N 2 -+ 1*O,'24:& boundary (64&6)2)+g(highl,J/&2E, 2 +. PP
e mid N ;/&PE) A/l &+ 96@,?

mid / element/)* A/lL&N1"N

[ ]
o

0*! low 69 8low 6¢mid V $*5*+)*?
0*! -6@,2E6&N1" mid F, +)*?
e 2 ()*! high 69 8high -d: ( O+ Slement/)* #16&!1&: mid 2+)*')?

[ ]
[EnY

[2,0,2,1,1,0] N* +1&(%:&$Q%8&/:&@-3,%& N
Step nums[mid] 624%$=C,B$"79% Array low mid high
o [2,0,2,1,1,
I2E+& N N 0 0 5
0]
. . . [0,0,2,1,1,
1 2 swap(mid=0, high=5), high-- 2] 0 0 4
swap(low=0, mid=0), low++, [0,0,2,1,1,
2 0 _ 1 1 4
mid++ 2]
swap(low=1, mid=1), low++, [0,0,2,1,1,
3 0 ) 2 2 4
mid++ 2]
i ; : [0,0,1,1,2,
4 2 swap(mid=2, high=4), high-- 2 2 2 3
. [0,0,1,1,2,
5 1 mid++ 2 3 3
2]
. [0,0,1,1,2,
6 1 mid++ 2 4 3

2]



pra)
pral
Z
Z

N1™ mid > high | @1& [0,0,1,1,2,

2]
Step 1 6Btep 4 2E, mid 2+ ¥ B-A/,%&'@%&N high J/&/-6 7 9+ Slement J,

+6&=)*PE)ZEBF'+ 9+ [ & Flement/)* O1&!&=) mid /)* +)* 2$Q-6J D,'+, #=1&1>
+487

Time Complexity: O(N) - +1&1+&+1&'?
Space Complexity: O(1) - in-place ?

Java Solution

class Solution {
public  void sortColors  (int [Jnums) {

int low = 0, mid= 0, high = nums.length - 1;
while  (mid <= high) {
if  (nums[mid] == 0){

swap(nums, low, mid);
low++; mid++;
} else if (nums[mid] == 1) {
mid++; 11 | 34&2E, PE)N1"F,
} else {
swap(nums, mid, high);
high--; I ©+ 9+6&2)*/)*#16&I&@BRI 2+)*

private  void swap(int [] nums, int i, int j) {
int  temp = nums[i]; numsli] = nums[j]; nums[j] = temp;

W?Top K Frequent Elements

N6&#1l:&array nums 69)6& k -1'0,'FI&? Frequency !)7,%CA2%most frequent) #=!& 9
element k $*/)*#16&1>7?

Example 1:

Input: nums =[1,1,1,2,2,3], k=2
Output: [1, 2]
Explanation: 1 [ T 7H2&8 | V 7HN2&B | \ 7))2& 1>FI&?
¥ B$%6B$%"79%
#=61&' T (%:&PE)1>+4&
1. Count: Hash Map (3$6&' j ) 6®lement +! &¥ @Hrequency ))* -@+./&FI& N {13, 2:2,

31} ?



2. Sort by frequency: frequency 3;)*/& !"@24&?Frequency b +6&=)*/ 32Q,'(5* n
(array length) 1¥#=I&D)*%&gieency 9:2index !@I1/$ F 5 Bucket Sort idea 6%ort ;*1&
@, 2; ¥ O(n) 6@W1>+4&?

3. Collect: frequency 32Q,'(5* (bucket -6,/&(5*' )/-6  IN1" k $*-/,/&4KFI&?

bucket(f] = frequency f 3+)3/Q PE Slement -+. | @%&H#=1&1>+4&?
F,=S9,B.$ Bucket Sortidea ' 20'6 ? 15*2E6& ;*1&@%&(N logn) #=1&-124:88

frequency / 1 /-6 n AL'F,  #=I&)Nhdex 3#=1& +)*/&X)*/8&F5* D)*%&N11) @-3,%&
*1&D)*%&1>+4&?

Time Complexity: O(nN) - count + bucket bll + collect ?
Space Complexity: O(Nn) - map DE%u&ket 3+./&?

Java Solution

import  java.util.*;

class Solution {

public int [] topKFrequent( int [] nums, int k) {
/I Step 1: frequency -@+./1&FI&
Map<iInteger, Integer> count = new HashMap<>();
for (int num: nums) {
count.put(num, count.getOrDefault(num, 0)+ 1);
}
/I Step 2: frequency N* index  3#=!& bucket O 90L:&FI&
List<Integer>[] bucket = new List [nums.length + 1];

for ( int num : count.keySet()) {
int  freq = count.get(num);

if (bucket[freq] == null ) bucket[freq] = new ArrayList <>();
bucket[freq].add(num);
}
/I Step 3: frequency 32Q,'(5* ( -6,/&(B* bucket) -6k $*-//&FI&
int [] result = new int [K];
int idx = 0;
for ( int f = bucket.length - 1;f>= 0 && idx < k; f--) {
if (bucket[f] I= null ) {
for ( int num : bucket[f]) {
resultfidx++] = num;
if (idx ==K) break ;
}
}
}
return  result;
}



)*($"79$ : G"#1R6,/)* Heap (Priority Queue) 69  &O(nlogk) 69#=D)*%&1>+48&7?
Heap/ "37/"(5* /3%4&((5* k $* #1R6,-+.3+./& 3F5* %&N1386& \V 2E,(/&
-0, 1>2487

_? Sort Array by Custom Rule (Largest Number)

3#1BF-J, /)6&#1l:&array nums -1'O,'FI&? FK+HM/){/&!1&-@'@%&!890%CAZ2% $%
(largest number) @-3,%&!"N1"string 3#=!& #16&1>?

Example 1:

Input: nums = [3, 30, 34, 5, 9]
Output: "9534330"
Explanation: (/1&!1&-@'@%& 37/"(5*  #=1&-3,%&9, 5, 34, 3, 30 31"31<&#=%:&"FI&?

¥ B$%6B$%"79%

G>/ Custom Comparator @3.2&'3," #1+ H#1R6, #=!&1>+4&7)6&'+6&=)*3;)*/& X)*'Xp!I"
D)*%&at2, - 30>3 -124:& "3* | -PES;@%&y/ "+ €'330° @+4&)? G>-A/,%:&9%/4%
6:29$EB$<$5, 489 206-( ¥ Gule 69'@1>24&?

e a 6% V$3+./& a+bh 6¢b+a (string concatenation) /)* DEB %&'4E<&FI&?

e "3"+"30" ="330" VS "30"+"3" ="303" I 330>303 #=I&N3 / 30 -PES@21&?

G'tomparator / elementV $*A/,'/ 2B&% & B!"3<&)* (5¥'#=+&-1'N1"8ort/ element
3,55%N)* 3 Qule 3+)*%&M"-1'1>+4&7

Edge case: array 3/*6& 0 #=!&-6@%&2, [0,00 )@;G& ro0r 2H * & C'0r #=1&
@248&7G>-Al,%:&PES(5*'/ "0 #=1&@'"0" 1H16&1>7?

Time Complexity: O(n logn #d) - sort ;*18&@,+.%é&tring DEB %&'4Ek& Alit length)
1> %&-F,-Al,%:&?
Space Complexity: O(n) - string array 3+./&?

Java Solution

import  java.util.*;

class Solution {
public  String largestNumber  (int [Jnums) {
String[] strs = new String [nums.length];
for (int i = 0;i<nums.length;i++){
strs[i] = String.valueOf(numsii]);

}



/I Custom rule: (/&11&@%& 7/ "+ ®, -PES;FI&
Arrays.sort(strs, (a, b) -> (b + a).compareTo(a + b));

Il 3+6& "0" #=1&-6@%& #16&FI&( 012, [0,0] 1"0")
if (strs[ Ol.equals( "0")) return "0";

StringBuilder sb = new StringBuilder 0;

for (String s : strs) sb.append(s);
return  sb.toString();

"? Merge Intervals

Interval (31)*%&'3#3$,) -+. 1>+ Qarray intervals -1'0,'FI& ([start, end] )? +43=H#
(overlapping) + 9nterval -+./)* -1>%&'I&'N1"®1 &6+ 9nterval list /)* #16&1>7?

Example 1:

Input: intervals = [[1,3],[2,6],[8,10],[15,18]]
Output: [[1,6],[8,10],[15,18]]
Explanation: [1,3] 692,6] / 01&6 (2 ( 3) ;MJ[1,6] 3#=1& -1>%&'FI&?

¥ B$%6B$%"79%

G>/ Sorting 9:2preprocessing '@1/$ ' %"7( -classic @4T#, #=1&1>+4&?Interval -+.
-@,-6+ 8%> J4&H,-+. 01 &; PE,=PR1>+4&? G>-124:&start 16:29% !'EB$/0 ;)*/&@%¢
01 &+ S9nterval -+.H, =F%"7B$%94$62E, #=!&;M!&1+&+I1&' ;)*/&-1>%&'D)*%&1>+4&7

® intervals N* start 3;)*/& sort ;*1&FI&?

e ;/&PE) interval @start / -PE&urrent) interval @end O/& B<$/NO@%RQ1&-6@%&
current @end /)* V$O O 37/3#=1& SBFI &

o 201&@%& current /)* result O VI:&N1"interval 3F'&3#=1& (/&FI&?

Time Complexity: O(nlogn) -sort/ 3]))/ /+6&Q'@, (-1>%% 9oop/ O(N)
F, )?
Space Complexity: O(n) - result list 3+./&?

Java Solution

import  java.util.*;

class Solution {
public int []J[] merge( int [J[] intervals) {
/I start 3;)*/& !"FI& (preprocessing)
/Il a[0] - b[0] F5*@%gp&'7/"'-+.2E, integer overflow #=1&D)*%d&tdger.compare F5*'FI&
Arrays.sort(intervals, (a, b) -> Integer.compare(a[ 0], b[  0]);

List< int []>result = new ArrayList  <>();



int [] current = intervals| 0];
result.add(current);

for ( int []interval : intervals) {

if (intervall 0] <= current[ 1 {
/I O1&-6FI& ! end /)* $BFI &
current[ 1] = Math.max(current[ 1], interval[ 1));
} else {

/I 201& ! interval 3F& IFI&
current = interval;
result.add(current);
}
}

return  result.toArray( new int [result.size()][]);

)*($"79% : Interval #1R6,-+.  (booking, meeting room, schedule) 32Q,"*H, start
"M)52($ end !6:29% /0@"B$% !+%&-H#=PE %&-;PE)1>+4&B"3-A/,%&)* 3$6&" V\
(Intervals) 2E 3-F')+&  (/&-;:;,1>24&7



"#$% &' - Heap / Priority Queue

'H$1%&$()*+, - Queue (%&S$ . )/01)- "I'H$2#S$)-  I'#$3*4$ (FIFO)'/ ) &8 $9: BB
11<$:1<$)- () ¥B>)? @A>(<+?6%eal-world +,- "I"#$2#S)-  I"#$3*4$ "+B L £ 5
"I0%*+,%-./%+ 1)0$12+$ " DE®) B(D%!(&()*  +9-F4G' H,0<>)?$N

o (1 I("(<K%&$ (ER)+-!"# §-4 % BL& +B L € 3(3"I(# 1-4/%-./% ;L&-401
"#$41M83@

e Operating system 4 job !+9-'F4 @ 8 priority !3506%-./%0b 401"#$ run M8$@

e Mapapp 4 + §N4-# $1;) Bo> #.%-./%+#$+78)49% 1#:$%-./% I"#$ 77$M8$@

AG;01("FA4G'/J1'401 'D+&$31)$7L " EQ¥4$  1(4-#$'/J1"  data structure 4 Heap DE7$P<C
MR40M D<S3-) &bstract concept 40TPriority Queue ;00(%K<>)?$@

AG!%&$+Heap /01)- C-; RC-(N4-#6$ priority operation ()*+,- D+81; BRC?$!%9 0&$+,-
sorted array !7-'  Heap M M# $ 5901)-()*401 (;6,-M*-'<>+?$@ P<G'()-6Heap 401MJI1'%9
) Blassic D<T& U %N top K, kth largest, merge k lists, task scheduler, median stream N
40D 7$/#63%9H#KDEH, #$'N486$<>+7$@

Priority Queue -4/9; <= >

Priority Queue /01)- element )7$%17G+priority ( ?%8;%(@%6$ ) <>P<@Q 38 ). Bo>
priority 13506$-./%A4BI#456%-./%ement 401"#$ 3 1 $) Bjueue )7$+9 SDE7$<>)?$@
M-+&$Queue &B*-)-4 N

1/9$CD@./
A;5#$ Queue (FIFO) 4§ 2#$)- I"#$ 3*4$ (2#$ BTGIT:$)01HS )
Priority Queue priority |D+#6$/J1'&0+6$/J1'#$ 3*4$ (2#$ B7G!7:$ +B1)$)
Priority Queue 4 interface (concept) DE7$P#RQ014-#$!38$(E-$ (implement) EC&B$'

+$' 149-'F4G' H,0<>)?$@N4+$'E9#S' &8%' V +9 09*'N486$"(I-#$ N

Implementation Insert Extract Min/Max
Sorted Array (IP+ 57G3-') O(n) o(1)
Unsorted Array 0o(1) O(n)

Heap O(logn) O(logn)



Sorted array MJ1"#81)$7L)- D+&$(<+?qP+ 57G3-;,00Qelement IM7$  386$3)01#5+88& % 6
(&"- H,-301'386$";,000(Nn) 41&$<>)?$@Heap 4 insert #Bxtract ' "/=./%+AD(logn) &BW)
(#$ ; &&) B 4 $nsert/extract X,7$%1;3N4-%Y ; &9 Bvorkload )*4$ (4-#$'
1J1' DE7$<>)?$@

5E9%"7+$ Sorted Array +,- priority |D+#63$/J1'&0+6$/Jitem 40larray " B(#;+$-./%<+$ +,-
3-'X01#$"#8xtract 4 O(1) DE7$<>)?$@H,ZC4%$4(& remove ; &% Bmplementation
+9 05'+,-()-649&$element ()*  ('[Z2";,00 O(N) DE7$X01#$<>)?$@

Heap structure +4/#;%=:$3"0%$%
Heap B- 78%$'+9:$'\ %HD ®inary tree (M-'M+G' 1+9-'/J1' \ %1 Hp Bree) DE7$<>)?$N

1. Heap Property ( ?%8;%(@86$%57F$)%
o Min-Heap N +0Cnode 4 M-'M+G' node 34$% OC$ (A4B9D "+83@ A>(N4-#6HCS
-/%element + !G5 34@@oot) 5EH,0M8$@
o Max-Heap N +0Cnode 4 M-'M+G' node 34$ *+,%(A4BID "+8$@ A>(N4-#68+,%
-/%element + !G5 314@%$5H;0M8%@

1. Complete Binary Tree ( 3@:6$®ihary tree): !;[-)01#$'401 C?$4(& 8- !D<86$DE86$3-
"M8$ ((&4$/J1' L;[-M-  +D<86%$;8%' "QA>(<+?6$C?$C4$4(&  7DEB6$'MBI@

A94 : Heap B- Binary Search Tree (%&$' 1" ) 5H/9$@I@BST +,- "C?$#?$Q 8-FA4G'" /01
P<@ode I-;J1' 17G!7:$)49  H,0(<+?6$@ap +,- +0C-M-'"M+G' /4$/I("401M-
30&$'M8S@C'%I#$'4<$ (sibling) node ()*N4-'+,- 17G!7:$ +H,0<AB(N4-#6Heap 4
"I#2$/J1 [IFAG'I1 " 401M- D+&S$DEBS XO1HSPYERED: x H,0:-'" H,-E00 ()-6(4-#$'<>@

A®lin-Heap _<+-401N486$"(I-#$ N 30<$+,1#7$/J1' 1 H,0P<®QO1#$'4 M-'"M+G'34$
#2$<>)?$ K

1 =root (I#?$J1" )@1<@36) (3<(59 (6<(87) ' Min-Heap rule D<86%$@



Array 13J8% A45%$%3"0$%

Heap " B("F4G'/J1' 1%94%$4 N tree @./8J8%(@5C6a%de, pointer (92 5=4/C @rray
A+$A+S  &BI0+$'X01AEETS<>)?$@inked list (1%&$' ) &Bee ()*4  node )7$%17G+,(&-4%
node C? $;; 5/ D %Hointer (reference) MO+$"'<>)?$@Heap +,-()-6 complete binary tree
DE7$;@®); 5=29% C DES8S-) § # §node )7$%17G4tay index )7 $RIFTSP<0SH$&4$
%9 0$/4$X01#$peibter ;J1'2 +;01()-6<>@

I(<K4  tree 401;[-;,014$  (level order N C?$4(& 8- )E)$P<Girray 3 B86$N486S$"(!-#$
N

1(0)

3(1) 6 (2)

£ £

5(3) 9 (4) 8 (5) 7(6)

node label = )&s$Eo1index)  @array 'DE7$ N4863$"#$

index: 0 1 2 3 45 6
value:[1, 3, 6, 5, 9, 8, 7]

Index i H,Bode )7 $a3+0C &HI-"M+G' ()*401 formula V Y%&FF4$31)$X01#$<>)?$N

parent(i)=(-1)/2 I Parent (integer division N lad#$' DES)B

leftli) =2*i+1 ! left child

right(i) =2*i+2 I' right child

A (-1)/2 B- integer division (Java+,- Int 1%9#$'%O#F-"#$ lad#$'
1:011(;9-4% DES)BDE7$<>)?$@<+- Nindex 2 "Z+0C4 (2-1)/2=0 (05
+B1)$)Qndex 1 "Z+0C4:8%'  (1-1)/2=0 DE7$<>)?$N A>(N4-#6@ode 1, 2
\ % I Z+0C4 root DE7$)- +,&$4&%$<>)?$@

AGrmula ()* C?$;01!; &% &$ 5<+-& B7$N486$"(-#$ N

node (index) 9#$I4/% left = 2i+1 right = 2i+2 parent = (i-1)/2



0 1 index1! 3 index2! 6 (root, +H)0
1 3 index3! 5 index4! 9 index0! 1

2 6 index5! 8 index6! 7 index0! 1

_<+- Nindex 2 (6)"Hleftchild4 2'2+1=5 (8)Qightchild4 2'2+2=6 (7 )Qt0C4
(-1)2=0 (1) DE7$<>)?$@ee <&FD145N486$"#P)04949 4014$8G<>)?$@Gdex )*4$
&8%'()*4  Heap Sort (1%&$' 1] )+,-() 4B Eheapify formula ()* 1)0!49 DE7$<>)?$@

<;(K+;06% L,formula (92 5E#= 2 Complete binary tree +,- node ()*401 !;[-;014$
/4$)014$ 386$3-;,00Qindex i " Z(H,Z+node i %H,0<>)?$@inary tree DE7$;0@de
)7$%17GHchild \ %1 Hp § # ®index )*B- \ / <J1{2i+1 , 2i+2 ) &PE& GbM*-')-
DE7$<>)?$@>(N4-#6Bode, pointer +; @ 9M%c9)*4$%94%$+dM4 $14 RFee )7$%1;J1'
40 DE)$M&$ XO1HIPET$<>)?$@

Heap M N4+ =/@3%$(-;0$"7+$57;%

Heap +,-1e04 operation V %H,0<>)?$N Peek, Insert, Extract @Viin-Heap 401 <+- 3-'P<G'
N486$"(I-#$@

Peek N 14@$+element +4/K+:6$3"0$%O(1))

Heap " Z30<¥root, index 0 ) +,- #?$/J1"' (Min-Heap) / 'FAG'/J1" (Max-Heap)4 P+ 8H,0(&;0C
E)$EOQ(1) M- N4-<>)?$@ A>4 Heap " Fe04 !'M-%94$ DE7$<>)?$@

Insert N element  1:6$3"0$%¢O(logn))
element IM7$401 C?$(&"- 386%$"#$N

e Heap property (Parent <= child) &%
e Complete tree shape ((&"- +*$ )N

\ %1:J¥<94 € DEB; 501)- 7:$'7-"<>)?$@ (DEH,#$'%94%$4 /#6$N

1. #);"7 :element IM7$401 array ) &#;+$-./% (tree " Z(&-4$/J1" I;[-Q C?$C4$
(&"-%)$ ) +,-1"#$ 3863MB8S@A>4 tree shape 401<94$(7<>@

2. siftup ([(@P92#$%90% A>(<+?763%1 heap rule <94$(&X01#3$)?¢element IM7$4 MR
parent 343 #?$(&X01#%)?3AA>(N4-#6parent 1+$ OCSHAQ parent #4);"70$% = >
9+$ M*-'M8$ (bubble up)@Parent 34$ +#?$()-6"#$ (MQQoot ("-4$"#$ "<$M8$@

[1,3,6,5,09, 8] Min-Heap 3 £ 2 3863N486%"(I-#$ N

Step 1N (&4%$/J1' (index 6) +,- 386$:



1
/\
3 6
JARA
5 98 2 I 2 40lndex 6 +,- 386%
array: [1, 3, 6,5, 9, 8, 2]

Step 2 N sift up: 2 " Bparent = index (6-1)/2 = 2 ( )&$E0B)
2<6 # ;5
1
I\
3 2 12 )4%;- (index 2 ("-4% )
JARVA
5 98 6

array: [1, 3, 2,5, 9, 8, 6]
Step3N2 " Bparent = index (2-1)/2 =0 ( )&S$EOT)

2<1? +B1)$ # "<$
"A%$ :[1,3,2,5,9,8, 6]

element IM7$4  1+9-/J1' root 130 )4$X01#$P<@" ZD+#6$4 logn M- DE7$;001'/J1'
logn F40+$M-; B $>)?  ®A>(N4-#6©(log n) DE7$<>)?$@

/ Min-Heap 40%array (heap) &Size (count) DE#6H17$)014$'D<3-'M8$
void insert (int [] heap, int [] size, int value) {
int i =size[ O0]; I (&4%$031" (&"-*)$
heapli] = value; Il Step 1: (&-4$/J1'+,- 386%

size[ 0]++;

Il Step 2: sift up N +0C34$ #?$(&Mf  ; ® $
while (i>  0){
int parent =(i- 1)/ 2

if (heap[i] < heap[parent]) {
int temp = heap]i]; heap[i] = heap[parent]; heap[parent] = temp;

i = parent; I H)ya ™) B(&"-4(& 14$77%
} else {
break ; /I +0C34$ +#?%$()-6 # "<$

}
}
}

Extract N 14@$+element 1/9$3"0$9%¢O(logn))

30<$(root) 40131)$;014%"#$root (&"- B-M*-'<>)?$@ A>40C?$;01 D<SHESSH; 3 3<$P<G'
1#6$N

1. (#,+$-./%+4/14@%$90%rray ) &#;+$-./% element +4/root (#); (‘[2)#IP<GC®ray "?$ ]
(W-6M8$S@A>4 tree shape 401<94$(7<> (&-4$/J1" 1;[-4 (;9-6M*-'1J1)@

2. sift down ( (1;+$-0$%"7 ):!1%1 root 4 heap rule <94$(&X01#$)?§oot 4 child 34$ F4G'
(&X01#$) A >(N4-#66hild ' " *» @4/0C$9;1+$ *+%(HAQ | &@OC $ &hild #6 >
-0$%"M8$@ (Min-Heap +,-<@? % &hild &% 5,rule +<94$<>@rhildren 34$ +F4G'()-6
"#$ (MQQeaf ("-4$"#$ "<$MB$@



Min-Heap [1, 3, 2, 5, 9, 8, 6] +,root (1) 31)$:

Step 1 N root 31)$Q (&-4$/J1' (6) 40130<$)#S$:
6
/\
3 2
I\
5 98
array: [6, 3, 2, 5, 9, 8]

Step 2 N sift down: 6 " Zchild = index 1 (3), index 2 (2)
<01#?%$)-=2 Q2<6 # ., 5
2
I\
3 6 I 6 MH$'M*-' (index 2 ("-4% )
AW
5 98

array: [2, 3, 6,5, 9, 8]
Step3N6 " Zchild = index 5 (8) )7$%1M-

8 <6? +B1)$ # "<$
31)$;014%)- :1 Q 49&%heap: [2,3,6,5,9, 8]

AG(&"-+,-;8%' root 4 1+9-/J1' leaf!30 /#$'X01#$Pwes D+#6$0gNn M- DE7$;@(logn)
DE7$<>)?$@

/I Min-Heap +, #?$/J1' (root) 40131)$D<&$M8%$

int  extractMin  (int [] heap, int [] size) {
int - min =heap[ O0]; /I 30<$= [|(DE
size[ 0]--;
heap[ 0] = heap[size[ oJL; /I Step 1: (&-4%$/31'401 30<$)#$
/I Step 2: sift down N child 3 5<01#79%)-34%$ FAG'(&Mf ; 5/4$'
int i = 0;
while ( true ){
int left =2*i+ 1, right = 2%i+ 2, smallest = i;
it (left < size[ 0] && heaplleft] < heap[smallest]) smallest = left;
if (right < size[ 0] && heaplright] < heap[smallest]) smallest = right;
if  (smallest ==) break ; /I child 34% +F4G'()-6 # "<$
int  temp = heap]i]; heap[i] = heap[smallest]; heap[smallest] = temp;
i = smallest; I B B ) B(&"-4(& 4% 77%
}
return  min;
}

sift up #8ift down +2;3";%"7+$: sift up 4 element )7$%140darent 983"/ &&B- X, #$'?,:$
":00 I01'H,#$'M8%ght down 4 A;%A5,%' "/&%,D #3$'?,:$RAGH?$)- (Min-Heap) / <01F4G'
)- (Max-Heap)40X(™' ; 95 B 4 &®BP&8$ <01gld<$<>)2@ %1l4Heap operation

1" I Z(D%%JIDE7$<>)?$@shift up , shift down +B1)$<>@sift up , Sift down DE7$
<>M8%$@




I+7F$%"7R@$leap B- Peek O(1), Insert O(logn), Extract O(logn) DE7$<>)?$@
A>4 "IFAG'I1' 1'#?$/J1'401 +N4-%Y 31)$Qelement IM7$  +N4-%Y 386%"/ D 6
workload 1)*4$  sorted array (insert O(N)) 34$ +9-'7*- <01(4-#$'<>)?$@

Build Heap N array  98$"/=./%+4Heap (3@;0$%3"0§¥N))

element ()* 141&%$ )7$P<0S#3$&HAP (&P<G'Matray )7$%140/eap DE7$S(!-#$)8F5(/-4$%9#$"#3$
N )7$%1%9% insert  (%K"#30(Nnlogn) 41&3$<>)?$@A>(<+?26%<W@-# $ ®8$' H,0<>)?$N
(#,+%-./% Parent node +(# 8G@yuot !14S node 98%"/8,+4/sift down ;1<$)- DE7$<>)?$@

void buildHeap (int []arr) {
int  n =arr.length;

/I (&-4$/J1' parent node = (n/2 - 1) 4(& root (0) 130
for (int i =n/ 2- 1;i>= 0; i) {
siftDown(arr, n, i); /I node i 401(1-4%401 %®8 O

<;(K+;068 O(n) 318%= XO(nlogn) 5H/9%)? node 1+9-714 tree " B(1;+$(3"#;%
5EH,0;@dft down 4 i (MQQ !;[-M- #$"<>)?$  (leaf()*4  ;J1'2 +/#$" )@(<K
<01#$'hode #:$%H#$WI- ;[-+9-7*  [HEX01#$<>)?$@>(N4A-#6B1 71 (<>#B1<$4
O(nlogn) +B 1 &€ 30(N) <DE7$<>)?$@>4 Heap Sort (1%&S$ ]| )" B<3+ !/#6$
(array! max-heap) DE7$PIG%1%94tsert ;1<$)-34$  <01D+&$<>)?$@

Heap vs Sorted Array N <C$!"74#$ <A £65=>

Heap 4 !G5 33@:6$8,1;,%9; 5H 9 8§ &'#?$J1" /IF4G'/J1'4 30<$+,H,0EQA $3B0&S$
)-  DE7$<>)?$@>4 "C-(N4-#6$ insert D+&1; 5/ B §+'% &% Z(DE DE7$<>)?$N 1D<86$
+76 5§ 4 $1<$ &8$<>)?7%@

(3 1(# (2%"7C$5T

Data !141&$ !8,!8F$9+7 ;01M8% Sort (Sorted Array)
I*+ 9% /10CS$-./%+4/A; +N4-%Y 31)$/3863M8$ Heap

Data 98$"19:$% (<'P<G(&-4$ +(D<-#$'()-6 Sort ;1<$3-"#$ "

Data 93J:$%3J:$% U0$=; (stream) P<@®D+&$31)$"M8$ Heap



_<+- Nelement ] M&B 8 !*+,%-/% &V "/ <501%9#$"#808$ sort ;1<$"#$O0(N logn) 41&S
<>)?2$@ A>(<+?63™?$ i HP Beap MI1"#O(nlog10) ! O(n) &F<>)?$ ((&-4$ "Top
K" D<T&-+,- D<<>+?%D

Heap Sort #6+$WXC3S5T%&S ]] +,-() %P Bleap Sort B- AGleap structure 4 @5
IMJ1'%9)- DE7$<>)?$N element !-;J1'401 Heap 3 B86$P<G<$4(& )7$%1%9#S$'
31)$"#$ 7TGP<G'M7G!7:$ "<>)?$@ element n %l4@ktract ;1<$"#$)7$%176G(logn)
DE7$;071(<>#®(Nn logn) DE7$<>)?$@>(N4-#6Beap 4018-';8%"#$ Heap Sort 401<>
&-,83P<G' DE7$<>)?$@

Programming Language 1 * Priority Queue

4$()=+,- Heap 40401?2$)01#%7"-  +;01<>N language !+9-'71+,- built-in <>P<G'M-DE7$<:
)?$@ Java +,- PriorityQueue 4 default !;9%3J06Min-Heap DE7$<>)?$@

import  java.util.PriorityQueue;
import  java.util.Collections;

class HeapDemo{

void demo() {

/I Min-Heap (default): #2831 1"#$3*4$
PriorityQueue<Integer> minHeap = new PriorityQueue  <>();
minHeap.offer( 5);
minHeap.offer( 1);
minHeap.offer( 3);
minHeap.peek(); N1 #W?$01'Q +31)$)
minHeap.poll(); /11 31)$ # 49&93, 5]

/I Max-Heap: comparator (D<-#$"&$
PriorityQueue<Integer> maxHeap = new PriorityQueue  <>(Collections.reverseOrder());
maxHeap.offer( 5);
maxHeap.offer( 1);
maxHeap.offer( 3);
maxHeap.peek(); 15 ( 'F4G'I1")

5E9%"7+$Java PriorityQueue 4 default Min-Heap DE7$)- +,)$3-'<>@ Max-Heap ;01
"#$ Collections.reverseOrder() (MOCzustom Comparator 386%"<>)?$@ Object ()*
1*4$,;89%' Comparator &BC?$ beld!;014$ priority (<'+; 5 M)$+,)$X01#$<>)?$
(%&$' ]J] 4 Custom Comparator )01#$" )@

Real-world Examples



Heap / Priority Queue B- "!("F4G'/J1'401 !"#$ "/ 0 Battern HP Bystem )01#$'+,0)="<>
2% N
e Job Queue N backgroundjob ()*401 priority 1:014$ run M8$ (premium user " Zjob 401
I'#$ )@
e Retry Queue N fail M#¥) Bequest ()*401 "(&-4$ retry ;1<$"+76%$!%9 (&Eimestamp)"
1,014$ Min-Heap 3 3B-'Q 199 0&$("-4$/J1'401'#$ 31)$ retry ;1<$M8$S@
e Scheduler / Event Loop N OS scheduler &®Bmer system ()*4  "(&-4%$/J1' 1;1<$;1<$"
+76$!%9 (BIRG'/J1' event 40Min-Heap &B#$ 31)$MB$@
 Notibcation Priority N notibPcation ()*401 importance !;014$ <00 M8®ecurity alert 401
promotion 34$ !"#$ )@
o Top Selling Products N sales stream 3 8(& "I("-#$"/J1' ]i +90840Heap &+ 5
track ;1<$M8$ (141&$ sort +; & Y@
e Dijkstra's Algorithm  (1%&$' ]j ) N shortest path H:) B6> "41&$497"0)$!&8%'/J1'
node" 40Min-Heap &B#$ (*'M8$@

A@attern ()* 141&$:J1'4 )L8G<>)?$ N ‘item 157;%*+ %1% 1()%*+ %-./%+4/ 5K+;"Y
1/9$Sitem IA8$(92 5K+"Y  U0$=;"/ B B(D%!(&<>@ AG!%9&$Heap 4 (4-#$/I1"
DE7$<>)?$@

Questions

Heap / Priority Queue 4014$()= D<T&- U %&%09 0$/4$ (;6;-N486%"(I-#$@ (+'%*&$)01#
" B(M-6%94%$4 N "<C$!"7 44#$5E;Min-Heap A £o5=S<C$!"7 #$5E;Max-Heap A £65=*%/01)-
+,&$48&$7¢*"))SECO DE7$<>)?$@

(1-4%4 D<T&-()*+,- Heap40M I) B(N4-#3"#$4  +)L<>CL'@)%9 k4 "IFAG'I1" «
%B0&$'3-'EOOMJIL)-Q)%9 (k4 "1%9 & $)01HHMG'/IL' /1#2$/J1"  31)$EOCOMIL')-Q)%9 k4
"1;7$)&$E01'401 30&$'EADIL')- DE7$<>)?$@

&Z Kth Largest Element in an Array

40&$'D<8éfay nums &BO&S k (<'3-'M8$@  k "/(35;+$ !"+,%-./% (kth largest) element 40:
D<&$FGP<G'M7G!7:$+,- k (&"-(D+-4%$401 /01;01M8%$@istinct +B1)$ )@

Example 1:

Input: nums =[3,2,1,5,6,4], k =2
Output: 5
Explanation: 7G"#$6,5,4,3,2,1] #\ %1(D+-49F4G'/J1'4 5 @

[E 0$%=0$%"7+$



1*2$/J1'  &8%'4 141&$ sort ;1<$P<(k (&'-(D+-4$ ?L)- DE7$(<+?6®(nlogn) 41&$<>
)?7$@ <M-# 3 ®8$4 2C$ k [RB BMin-Heap MJI1')- DE7$<>)?$@

le04 idea N "1*+%-/% k "/" 40Theap 3 B-"#$Q ! tk %B B 10C$-/% (heap 14@%
41&3$()-$)00 ; @9% &th largest DE7$<>)?$@

e Min-Heap 3 Zelement 386$M*-'M83@ heap !"*?$ k 343 (49-$3"#3$ 14@B0OCS$-./% ) +4/
1/9% <7$M8$@
e A>/0heap 3 %; "IFAG'/J1' k %IM- P+ 319&$P<@AX$4 kth largest DE7$M8$@

<;(K+;06$% Max-Heap 5H 9 $ >Min-Heap A P6bA= 3"IF4G'/J1' \ %13 8 +;01)- (<01
(M)- ) 40DES)$<7$B0R3%},~1#?$/J1" " HDP BMin-Heap 4 /#$(D<<>)?$@ Max-
Heap MJ1"#80<$4 IFAG'/J1' DE7$(&;0801)- DES)$"%4%$<>)?$@

Time Complexity: O(nlogk) - element n %17G@(@0g k) heap operation ;1<$
(M-(N4-#63@ k (M"#$ O(nlogn) 34$ D+&3$M8$@
Space Complexity: O(K) - heap +,- element k %1M-3-'@

Java Solution

import  java.util.PriorityQueue;

class Solution {
public int findKthLargest (int [] nums, int k) {
/I Min-Heap: IFAG'J1' k 9%1401M3-'M8$%
PriorityQueue<Integer> minHeap = new PriorityQueue  <>();
for ( int num :nums){
minHeap.offer(num);
I 128 Kk (49-$"#$ #?$/J1" ( 30<$ 401DES)$
if  (minHeap.size() > k) {
minHeap.poll();
}

}
I 49&% & B B 1#7$/J1' = kth largest

return  minHeap.peek();

'Z Top K Frequent Elements

40&$D<8afBay nums &BO&S k (<'3-'M83%@ Frequency !57;%-./% DE®$ Element k %1401
D<&$<>@

Example 1:

Input: nums =[1,1,1,2,2,3], k=2
Output: [1, 2]



Explanation: 1 4 V F40+80 4 \ F40+80Q 4 ] FA0+$@9-1J1 \ %14[1,2] @

[E 0$%=0$%"7+$

AGD<T&-401%&$' ]| +,- Bucket Sort idea & (N) (DE%>)? &AG(&"-+,-Heap &FDE<J140]
N486$"(I-#$ (O(nlogk)) N Top K pattern 401(;649#6SEME7$<>)?$@

e Step 1: Hash Map (1%&$' ) &®Blement )7 $& GZfrequency ()*4$M8% N (13,22,
31 @

e Step 2: frequency !;014$ '2C$ k Min-Heap 3 3B86$M8%@heap 4 «k (49-$"#$
frequency 1&8%$'/J1'401 DES)$<7$M83$@

e Step 3: heap 3 9& P Ek %14"frequency +9-/J1' k %IDE7$MB8$@

A>4 1"#$D<T&-  (Kth Largest) &Ppattern 9D<>)?$ N "frequency !F4G'/J1' k 9%13-'EQO
Min-Heap MJ1')- DE7$<>)?$@

5E9$"7+$!(DE array " F7G!7:$  +,01<>([1,2] & [2,1] X, 7$%1;3$<>)?$(heap
A& 3 )L % BIGIT:$(<K +L)8%)@

Time Complexity: O(n logKk) - distinct element )7$%17G40(log K) heap operation @
Space Complexity: O(n + K) - map (O(n)) X,#68ap (O(k))@

Java Solution

import  java.util.*;

class Solution {

public int [] topKFrequent( int [] nums, int k) {
/Il Step 1: frequency ("*43$
Map<Integer, Integer> count = new HashMap<>();
for (int num:nums) {
count.put(num, count.getOrDefault(num, 0)+ 1);
}
/I Step 2: frequency 1:014$ Min-Heap (frequency 1&8%'/J1'  30<$+)
/I count.get(a) - count.get(b) MJI1"#®verflow DE7$X01#fd¥er.compare MJI1'
PriorityQueue<Integer> heap = new PriorityQueue  <>(

(a, b) -> Integer.compare(count.get(a), count.get(b))
)i
for (int num : count.keySet()) {
heap.offer(num);
if (heap.size() > k) {

heap.poll(); Il frequency 1&8%'/J1' DES)$
}
}
/I Step 3: heap 3 549&%)- k %14 |(DE
int [] result = new int [K];
for (int 1 = 0;i<k;i++){

result[i] = heap.poll();



return  result;

\Z Merge k Sorted Lists

7GP<G'Minked list k %%>) Brray (<'3-'M8%@ !41&%;J1'40198%'/9:3% 8,G@,%Alj$t 'DE73$
(<SSHF'P<OE&I<>@

Example 1:

Input: lists = [[1,4,5],[1,3,4],[2,6]]
Output: [1,1,2,3,4,4,5,6]

[E 0$%=0$%"7+$

List k %17,JTGP<G'MIE7$,00Q () *3(H,Z/Jlhode k %B B 10C$-/%+4/ "#$ 31)$" "#$
"<>)?$@ AGIH#?3$/J1'401 'D+&S$H,-'/ B B;1<$4  Min-Heap " 7';1<$!)0!49 DE7$<>)?%(

list k % 2<3+ node k %1404in-Heap 3 B8E$SMB$@

heap 30<$4 #?$/J1' node 40131)$P<Qesult list +,- /4$M8$@

31 % a3y Bode"Z#+$ (next) node 40lheap 3 D<&$386$M8$@
heap m;- DE® B (B<$;1<$M8$@

heap 3 %; 199 08$)01#4$de k %1M-H,0;00p@ration )7$%170(log k) DE7$<>)?$@

<;(K+;06$% Heap A p0A= 2list k YZHZ/ J) 3 B #?2$/J1' H,-EQTH%1%94$'

X, D #$'2,:$'@KK) 41&$P<@Qe N %1)*4$ O(N " K) DE7$<>)?$@eap MIL"#$
#7$/J1' H,-)- O(logk) DE7$;m71(<>#®(N logk) N «k FAG™#$-9-'7*- <01D+&$<>
)?$@

Time Complexity: O(N logKk) - node 7171(<># N %17G@(Iog k) heap operation (K
= list 1("1)*4$ @
Space Complexity: O(K) - heap +,-node k %1M-@

Java Solution

import  java.util.PriorityQueue;
import  java.uti.Comparator;

/I ListNode IE 58 $( 1%&$ ~ +)
class ListNode {
int val;

ListNode next;



ListNode( int val) { this .val =val; }

}
class Solution {
public  ListNode mergeKLists (ListNode[] lists) {
/I Min-Heap: node n val 1,014$ 7G
Il (a.val - b.val MJI1"#$A0&$ FAG'()*+,-overflow DE7$X01&8r0ParingInt MJY'
PriorityQueue<ListNode> heap = new PriorityQueue  <>(Comparator.comparingint(a ->
a.val));

I list )7$%17Gn<3+ node 386$
for (ListNode node : lists) {

if (node != null ) heap.offer(node);
}
ListNode dummy = new ListNode (0); //result n (H,ZJ1'4L node
ListNode  tail = dummy;
while  (heap.isEmpty()) {

ListNode smallest = heap.poll(); I #?$/J1"  31)$
tail.next = smallest; /I result +,- /4%
tail = tail.next;

/' 31 $%$@% Bode n (&4% node 40heap 3 5D<&$386%

if (smallest.next != null ) {

heap.offer(smallest.next);
}
}
return  dummy.next;
}

]Z Task Scheduler

CPU task ()* (tasks , character ADZ)&®ooling time n (<'3-M8%@ 9 D 9 Bask ' "/
K+;%5E#:$%-./% n !=29% (interval) [E4)5:$@ask !41&$ P<G'EOB: $ B#:$%-./% interval
1)!192+$ 40D<&$<>@

Example 1:

Input: tasks = ["A","A","A","B","B","B"], n = 2

Output: 8

Explanation: A #B #idle #A #B #idle #A #B (interval ool
JLBG A \ %1N4-'+,-1&8%/J1'" \ I;%)$ H,0"M8$@

[E 0$%=0$%"7+$

le04 idea N frequency !57;%-./% task +4/1)0$ =/@M#6$<>)?$(+B1)$"#$ (&-4$/J1'+,- ! B
task ()* 71P<@le +9-'7*- DE7$+9)80'frequency !+9-/J1'401 D+&$(™*' " EGdax-Heap MJ1l'<>
)?$@

o frequency (")*4$P<G' Max-Heap 3 B86$M8$@

e interval n+1 I™*?$ )7$%17GH\heap 30<$4(& frequency !+9-/J1' task ()*401 (+9-'
1" n+1 +9081)$ run M8$@

e run P& Bask " Zfrequency 401 (W-6P<CGo +B1)$(M"#$ heap 3 D<&$386$M8$@



e heapm;- DEP B B<$;1<$P<Giterval (")*4$M8$@

<;(K+;06$ Max-Heap A P6bA= 3 AGD<T&-4 "49& @&(M')  Bask () 3 Hrequency
I57:%-./%401"#$  ;1<$' ECE7$;0803$+,1F4G'/J1' HD BMax-Heap 4 M#6$()-$<>)?$@
("#$ VD<T&4 "IF4G'/I1' '#?$/J1' k %3B-' " EA@in-Heap MJ1)- N AG+,-()-6
"IF4G'/J1'401)014$1014%1)$MJI1" EQDax-Heap / § BI*-D%-'%94)0D<S<>)@

Time Complexity: AGimulation &8%$'4 cycle )7$%17GHdle slot I<>12#$  n+1 slot
DE)$";000(totallntervals ) DE7$<>)?$@sk '+905''7-' \o +9 (S'MH,0;0@ap
operation 4 constant &G'<SDE7$M8$@1%c%ormula &8 # # O(N) &B $"(<+?63$Q
AG!%&$!)*4$ Heap simulation &8%'401D<3-')- DE7$<>)?$@

Space Complexity: O(1) - heap +,-1+9-/J1' \o +90S'M-@

Java Solution

import  java.util.*;

class Solution {

public int leastinterval (char [] tasks, int n) {
/I Step 1: frequency (")*4%
int []freq= new int [ 26];
for ( char t:tasks) freqt - A+
/I Step 2: Max-Heap (frequency 1+9-'J1"  30<$
PriorityQueue<iInteger> maxHeap = new PriorityQueue  <>(Collections.reverseOrder());

for (int f:freq){
it (f> 0) maxHeap.offer(f);

}
int intervals = 0;
while  (ImaxHeap.isEmpty()) {

List<Integer> temp = new ArrayList <>();
int cycle = 0; /[ A@®ycle +,-)4?% run ) Bask I(")*4$
[/l interval (n+1) )7$%17G+frequency 1+9-'/J1" task ()* 31)$ run
for (int i = 0;i<n+ 1;i++) {

if  (fmaxHeap.isEmpty()) {
int  f = maxHeap.poll();
cycle++;
if (f- 1> 0)temp.add(f - 1); /I ] (W-6P<GA9&$"#$+,)$
}

}
/' run P<G'M-task ()* heap 3 5D<&$386$
for ( int f:temp) maxHeap.offer(f);
/lheap  m;- DE7$"#$(&4%/J1' cycle) )4?$  run ) BI(")*4$M- (<>#%'(idle +

("*4$ )Q

/I +DE7$(M"#$idle  <>12#$  (n+1) ;1 (<>#HS

intervals += maxHeap.isEmpty() ? cycle : n + 1,

}
return intervals;
}



NZ Find Median from Data Stream

40&%$()* )7$%1P<G")7$2%B;- (stream) M8S@!%9 0&$+("*14$H,0 4 &%'; I Zmedian
(1=C$9#3J4/%) 40ID<&'X #% Blata structure )8%(/-4$<>@ (median = 7GP<G'M;?$

)&SEOLIQ!)*4% 7IDE7$"#$$  \ % Z<9+$H@
Example 1:

addNum(1) # [1]

addNum(2) # [1,2]

findMedian() # 15 (1 &B n <9+$HW

addNum(3) # [1,2,3]

findMedian() #2 ( 1?$ )

[E 0$%=0$%"7+$

408$2#$;-)01#$!141&$ sort ;1<$"#30(Nn logNn) 418$<>)?$@xW-# $ &84 Heap ' "/ MI1
)- DE7$<>)?$N A>4 Heap " Zclassic technique )7$%1DE7$<>)?$@

idea N 40&$'()*401!:2%+,- ' @4/0$B6'M8% N

e Max-Heap ( smal )N #?2$<01#$(C?$D%+$40MO+$'MS@0<$+,C? HYUY FFAG'
/31" H,0M8$@
e Min-Heap ( large ) N IFAG'<O1#48-D%+$) 40MO+$'MBS@O<$+,"8-D%+$ F#?2$/J1' " H,(
M8$@
AG %l4balance ((")*4$ 4%)- ] 34$ +<01(-#% 30&$3-"#$ N

e median 4 heap\ %l Z14@%,- H,0(&<>)?$@(")*4% +8G"#$<@9-") Beap " Z30<$4
median@G"#$30<P %l Z<9+$'+WE7$SMBI@

A>(N4-#6 addNum 4 O(logn)C findvedian 4 O(1) 30<$ %E)$IJ) DE7$<>)?$@
<;(K+;06% Heap ' "/ = A= 2 Median /01)- "I;?$ " DE7$%;,00Q H%$ Z'*+,%-./%

(Max-Heap) &B-D%+$ ZF0CS$-./% (Min-Heap)\ %MO0"#$,J1(;-4$<>)?$@ Heap\ %14
I B&?$7<P E4$" 4010(1) &F<'X01#$;0@-#$'/J1' DE7$<>)?$@

Time Complexity: addNum N O(logn)C findvedian N O(1)@
Space Complexity: O(n) - 40&$!-;J1' heap\ %& MO+$'@

Java Solution

import  java.util.*;

class MedianFinder {
private  PriorityQueue<Integer> small; /I Max-Heap: #?$<01#%'
private  PriorityQueue<integer> large; /I Min-Heap: IFAG'<01#$'



public  MedianFinder () {

small = new PriorityQueue  <>(Collections.reverseOrder());
large = new PriorityQueue  <>();
}
public  void addNum(int num) {
small.offer(num); Il 1"#$ small 3 5386$
large.offer(small.poll()); /I small n IF4G'/J1'401llarge  MOQ(TZ ( '7G!7:$  +&$(-#9)
/I balance: large 4 small 34% +9-'(&"#$ D<& A
if (large.size() > small.size()) {
small.offer(large.poll());
}
}

public  double findMedian () {
if (small.size() > large.size()) {

return  small.peek(); I 1(")*4$ +40&$N small C4$ <01+9-
}
/I 7I8 30<$\ %I1<9+$'+{Houble) cast I"#$:1<$+, int overflow +DE7$
return  (( double ) small.peek() + ( double ) large.peek()) / 2.0;



I"#$% &' - Trees

I"#$1%&$'()*+,- data ()*/0 Linear 18&4%/+$)- +7-'%AB8)9 N Array (1%&$' :).
;.$)/0.$<  Linked List (1%&$ =). node )3$%0>1?")3$%&ack/Queue (1%&$ @ .AB$'  )3$
(C.-#$")B$'D EB8(1+95%real-world data !+7-'30. )&$A7-' +F D & Aierarchical HBB 4 Q2
JH3$18)9$ N

*&$17K)- L 4 folder ()* Nfolder )3 $@ 4; folder ()*< ble()* 186B$D

®M 93 $®organization chart N CEO (I-.$+,- manager ()*< 6P)Q(I-.$+,- sta!
0D

E-commerce site " @ategory N "Electronics" (I-.$+,-  "Phone", "Laptop"; "Phone"
(1-.$+,-  brand ()*D

Facebook/Reddit " @omment reply N comment )3%$%0(!-.$+,- reply ()*< reply (I-.$
+,- L1$ reply ()*D

E?A/Q33%0(!-.$+,- )3%%0;,. $#HBB 4 0 0/09%$3-'J1RHMee data structure ./0 620'18)9$D
E?1%&$'+,Tree ;/0)- G-A 4(S8F-"()* (node, root, leaf, height, depth)<Binary Tree<>1?'()-5
Tree /0 JH)$6&$ (traversal) H@B$' T +7 R Preorder, Inorder, Postorder, Level order N ./0
(ABA-6*-'18+93D  (&-.$;20'+,- classic JLU&- V %0./0B$;#53% 7#KIHW,#$'C.B5$18+9$D

Tree ()*+, -,. [/

Tree ;/0)- node ()*./O parent-child ( 0)- -1,%102%) ;. $ 2"'& %)y $§ &) 4&lata
structure JH3$18)9$D63$1#$)3$1#%$./0 304,5$6,% 6A/0 N 1J+3$ (root). !(1X+,-<
1/0#$'1%.$  (branch) )*.  (I-$G.$ JH& BBY6*-)9$AIR#$ #$18)9$D



CEC

Manage!

£

Staff

Manage!

l

Staff

Staff

CEO =root (1J+3$)!  Staff

I7)5  389:,;0<,%

389:,;

Node

Root

Parent

Child

Leaf

Edge

Subtree

17 ¥9?$

0* =leaf (6-6+?' +WD

treeL 4 1%7.$'A$

1(1X;20"

)3%%0(data + 6-'6+?";?  link)

node (parent +W)Dtree )3$%0+,Z %06-

node )3 $D@(1X.

node )3 $04!-.$.

node

node

children +W &ode ((-.$;20" )

node [ %0C.-'%7 )$;.$+\ (link)

node )3 $84|(!-.$.

Height #/@epth

Tree +,- +C.-%N  ("-(L

e Depth (#5% )N root 53# | &ode I/ edge !(")*.$D

b),

$ ZSSF-"

e Height ('1A0B@$! ! &ode .(&

oD

node !-'A20' (18#9 4&ree #9%

138%(C*%eaf !6) edge !(")*.$D

e Tree D height N root " @height (1&.$:20" leaf " @epth)D

[ %0. height &Bepth JH3$18)9$ K

root " @epth. oD

leaf " dheight .



node depth height
A 0 2
B, C 1 1
D, E 2 0 (leaf)

Tree height=2 (A.(& D/E!L/ edge[ %Ddepth . !A*)P node )/0#$)P(1+95%<height
node )3%$%0%7#$'8B N 1+ C. leaf JH3$Al@ight = 0D

04+$"<5$ depth . "1I(1X.(&  G9$(A-$ & & Z<height. "(-$/0 G9$(A-$
& ®'A  AAQ+)$"#$ A*9$18)9$D 3-'01$/language %7 /+,- edge !(")*.$

+F D & 4ode I(") * RB)*$)- W,/A@@ot depth = 1) 6)/J1R18 N E?3-101$+,-
edge (") * &4)*.$18)9%$D

Binary Tree

Tree )3$%0+,node )3$%038-'6+?" G9%a,3$%0ABH 4/0)- .& $6)$%7.$ +W,/18older )3$%0
L 4; folder Zb %Q-'AQ ")9% )DE8(1+95%algorithm (A B-) B68 !620'+7-20". Binary
Tree N node +E$™E204hildren 10<,%(C*% " (left child, right child) W &ree JH3$18)9%$D

node )3$%03?+eft, right 1+7-720' [ %03?D



Binary Tree node )3$%0./0code +,- E?AIMH-$J118)9% N Linked List ( 1%&$' =). node &4$
(1495$ next )3$%0)B$' +F P & Zleft , right F "™ W,/)- *18)9% N

/I Binary Tree node N value )3$%0+ 6-'6+?" [ %0;Aink
class TreeNode {
int val,
TreeNode left;
TreeNode right;
TreeNode( int val) { this .val =val; }

}

Binary Tree !0<)G%!E,%0<,%H50$%I<B$Y0

- Full N node )/0#$%6-'6+?' 0 (60Q 2 %WEF %0)B$' +WD

- Complete N IAN)/0#$' 1J1B5$<(&-.$;20' IAM6-  G9$.(& JHBS5$Heap N 19%6&$
Z[ N 120B2

- Balanced N G9$ /B- height *-F+\ &B$' (search J+&$(I-#$<1%&$ ZT BST +,- :.$
(A5A-"18+9% )D

Recursive Thinking

Tree ./0 &-'ABSH/IQ("'c.?";20' 1%7.$. N Tree :, recursive structure JH3$)- JH3$18)9%L
node )3 $0 @eft child ./09%)/0#3$. tree +E$™ (left subtree) <right child .AB$'  tree +E$™
(right subtree) JH3$18)9$DES8(C.-#58ree J1U&- !+7-'30./0 '%&$' Zb . recursion &4BIH
W, #8/0#$18)9%$D

Tree JIU&- () 9 82032!>+ 4P18)9$ K

1. Basecase: node. nul ;/0"#$3G-A Q$A 4+7-'(6--'JH#5% "1$)D

2. Recursive case: left subtree ./0 (JH<right subtree ./0 (JH<>1?'()-5 A.$W,/ node &b
(18#%$'31$D

solve(node):
if node == null: return base_value ! base case
left = solve(node.left) ! left subtree JH
right = solve(node.right) ! right subtree (JH
return combine(node, left, right) 1 (18#$'31%

EDattern /O &-'AB$"#$ Tree JIU&- !+7-'30./0 (JHa/0#$18%L2AD traversal ()*<
(&-$LO#$ILIU&-()*  1.0&$ EA2032.(&#$'6.5A-)- JH3$18)9$D

Tree Traversal



Traversal ;/0)- treeL 4 node !-'A20'/0 )3$%8JH)$6&$ (AB$1)$ ) J%#FH3$18)9$DArray
JO"#E (W,0.(& (&-.$ )&$'3?IH)$d2018&8B(1+95%Tree. /0#$'1%.$ 9#M-'A @QG93$ node ./O
I"#$ H) $A 4; P BE2IEXS 1+7 R'+7 RN,/a/0#$18)9$D

le/. [ +7RN,/18)9$N

o DFS (Depth-First Search) N 1/0#$' )3$%0./031,58(C*% 16) I"#$ #$>1?'+,(G'
1/O#$' (J1-#$'D(recursion / stack &b

e BFS (Breadth-First Search) N LK,)*5$ (level order) N I(1X!AN-  1.0&$>1?'+,
(-.$'AN-D (queue &b

DFS ./09%)/0#$' A.$W,/ node ./0 G9$!%7 K$H) $A 4 (1X+P)B$>1?' +7 R@8)9 N Preorder,
Inorder, Postorder D(!-.$. tree /O _1+- L->1?' T+7 R'AZDB5$"(-#$ N

Preorder (Root ! Left ! Right)

.5$L4) node 5)*!;B$ 1+$ >17?'4#eft, right ;#$'6B$D FolderL 4 Ple()* list AO1$)-< tree ./O
copy/serialize A01$)- +7 R'+620'18)9%$D

H)$1201 "2 "4 "5 "3
(root "#$<  >1?7'+G9%$J%+$')3$%0A20'=17?'+B-J%+$)

void preorder (TreeNode node) {

if (node==  null ) return ; /I base case
System.out.print(node.val + "*); /1. root H)$
preorder(node.left); /I 2. left subtree
preorder(node.right); /I 3. right subtree

}

Inorder (Left ! Root ! Right)

-?$A"0$%!;B$ <>1?'A.$W,/ node<>1?'B-1%+$'D

H)$1204 "2 "5 "1 "3
(node )3 $DOGI$G.$  1.0&$>17'+, 6]./09$6P< >1?'+B-G.$ )



inorder (TreeNode node)
if (node ==
inorder(node.left);
System.out.print(node.val +
inorder(node.right);

}

void

Postorder (Left !

Right !

{

null ) return ;

/I 1. left subtree
"), /2. root H)$
/I 3. right subtree

Root)

children F ™.C*%B$ <A.$W,/ node ./0 3#,5%(C*®folder size )*.$)-
+,./09%)/0#3%<tree ./0 delete A01$)- +7 R'+620'18)9$D

H)$1204 "5 "2 "3 "1
(children

void postorder

if (node ==
postorder(node.left);
postorder(node.right);

System.out.print(node.val +

}

>A"#$  JH3$18)9$D

1.0&$>1?"+parent N root

(TreeNode node)
null ) return ;

DFS' 0<)3®4+$#M$¥%re/In/Post”
Pre =root ./0 ;B$ <In =root ./0 .?$

10 (&-$;20")

{

/1. left subtree
/' 2. right subtree

“* ) /3. root H)$ ( (&$:20")

/0)-

Level Order (BFSN 1.K,.)*5$ )

DFS: +7R'. recursion (depth) &5t3$')-

3#581.K,  H)$)-

)/O#$'childern ()*./O queue L 4 B5%<queue (W,0.(& )3$%0%74%0)$ H)$6*-')-

H)$1201 "2 "3 "4 "5

( IAN- 0:[1] < 1AM 1:[2.3] < AN 2:[4,5))
import  java.util.*;
void levelOrder  (TreeNode root) {
if (root== null ) return ;
Queue<TreeNode> queue = new LinkedList <>();
queue.offer(root); /I root J0 queue L 4LB5$
while  (lqueue.isEmpty()) {
TreeNode node = queue.poll(); /I (W,0;20L0)$
System.out.print(node.val + "),

Il 6-'6+?'()*
if (node.left =
if (node.right !=

queue

L 4LB5$( (&-.$!AN  D*$ )

null ) queue.offer(node.left);
null ) queue.offer(node.right);

JH3$>1R&vel Order .()-5
JH3$18)93DE8. Queue (I"#$% O) ./0 620'18)9$ N node )3$%0H)$>1?"

(children 1.0&$ )*.$>17?'

root 5)*-?$!I"<¥$ I+ $ /./0;/0A/018)9% N
, Post = root ./0 3#,5$(C*%left .

right L.$ !

LK, +E$™.C*% N=2%04

JH3$18)9$D



DFS vs BFS -?2$I"<}#$ -1 ®o0. [

- DFS (recursion) N code )/0<'subtree )3$%0A20(JH " A P &1U&- (depth, sum,
path) ()*1)*.$D tree I"+$'  &.$"#$ stack overBow (1%6&$' Zb) JH3$a/0#$18)9%$D

- BFS (queue) N " IAM-A/0.$ " I(JH (level order, 1&?';20' node, tree f  width) A/0"#$D
tree .79%"#$ queue memory +7-'a/0#$18)9$D

Traversal Complexity: T +7 R'A2®de )/0#$'./0)3$%83H)$AQTime O(N)DSpace .
DFS +,- recursion stack )*$  O(h) (h = tree height)<BFS +,- queue )*$  O(w) (W
= )3$!AN-f 1+7-,20" node)D

Real-world Examples
Tree F- ")3$%0(!-.$+,- )3%%0,, $AHBB 4 AN J&"-)/0#$'+,- ()I"18)9% N
e File System N folder (I-.$+,- folder/Ple )*D folder size )*.$)-. postorder
(6-'6+?"  1.0&$ )*.$>1?'+)D

e Category Tree N e-commerce " ®Electronics ! Phone! iPhone" +7 R'Eategory page
render AO1$)- preorder/level orderD

e Menu Tree N app/website " @navigation menu N submenu (I-.$+,-  submenuD
e Comment Replies N comment (I-.$. reply, reply (I-.$. reply N recursion &%
renderD

e Organization Hierarchy N CEO ! Manager! Sta! D"manager )3$(9-.$(!-.$.
sta! 1.0&$ " W,-)- subtree traversalD

e DOM Tree N HTML page ./09%$)/0#$Tree )3$%0N  <htmi> root, (I-.$+,-  <body> ,
<div> 36B$D

Edattern ()* 1.0&$A20'. )P18)9$ N node +E$™5)*3AINP1Q1,%102%subtree) 3+R!:B$
3AIN=2369B$%E=%) &ecursive thinking JH3$18)9$D

Questions

Tree JOAS()l  J1U& V 984%7)$.$ (ASA-C.B5$"(-#$D J1U&) B% @6-5%7.$. N
I(1X. recursive thinking ("base case G-A 4subtree [ %0./G9$A/0 (18# B1 $A %) /O
+,&3.&$3W, -))$HQIH3$18)9$D

&S Maximum Depth of Binary Tree



Binary tree )3 $®@oot (1'L-'6B$D maximum depth (root.(& !(S';20" leaf L/ node
1(")*.$ ) /0 J1&$18D

Example 1:

Output: 3 N3 ! 20! 15 (6/Q7) N node : %&.$6B$D

L4 B$%.B$%"<5%

E8. recursive thinking " @6& W, #$',20'1+- JH3$18)9%Dnode )3 $0 @lepth ./0 G9$A/0
) * $A 2

e Basecase: node. nul ;/0"#$depth= 0D

e Recursive case: A.$W,/ node " @lepth = 1 + (left subtree, right subtree [ %0 4 1/0&$
- ) D
JOA/0)-.  "J095%(-$. [ G. & 4G93G.$ 18. B 4.B53<¢ & 4/095$./X (184#%"; P 8
6(G-18D

Time Complexity: O(N) - node )/0#$'./0)3$%83?D
Space Complexity: O(h) - recursion stack (h = height)D!;/0,20" (skewed tree) O(Nn)D

Java Solution

class Solution {
public int  maxDepth (TreeNode root) {

if (root== null ) return  0; /I base case

int left = maxDepth(root.left); Il G9%J%+$depth

int  right = maxDepth(root.right); /I B-J%+$'depth

return 1 + Math.max(left, right); /I 1/0&%)- + ./09%)/0#$

FS Invert Binary Tree



Binary tree )3 $0@oot (1'L-'6B$D  tree ./0 -?$ /M, 3A=,B3$%A=#$S@wigror) >1>oot ./0 J1&
18D

Example 1:

I Qutput (G9% /B- J1&$A RS

L4 B$%.B$%"<5%

"(J1-#$'I1&$A&$0)- node) B% Deft #@ht 5)*3#;,"<B$%. /HIQ 18&ursive thinking &&

e Basecase: node. nul J/O"#$ G-+, +A01$ nul  J1&$D

e Recursive case: A.$W,/ node " @eft, right /O A 4>1?'()-5 subtree [ %03A20'./0AB$'
J1&$A, & cursion)D

)3$&B$-JHHES " J095$6-'6+2' [ g A 4>1?'()-5 6P)Q ./09$3?./0ABS J1&SA,&$W/OHB' B
6(G-18D

Time Complexity: O(N) - node )/0#$'./0)3$%83?D
Space Complexity: O(h) - recursion stack D

Java Solution

class Solution {
public  TreeNode invertiTree (TreeNode root) {
if (root== null ) return  null ; /I base case
/1 left, right A4



TreeNode temp = root.left;
root.left = root.right;
root.right = temp;
/I subtree [ %0./0AB$' J1&$A,&$
invertTree(root.left);
invertTree(root.right);
return  root;

'S Same Tree

Binary tree [ %(p , q ) (1'L-'6B$D +TM2.,% (structure )P<value )P) 33$18D

Example 1:

Input: p:1 g1
I\ I\
23 23

Output: true

Example 2:

Input: p:1 g1
/ \
2 2

Output: false (structure +)P N G9$G.$ vs B-GS$ )

L4 B$%.B$%"<5%

tree [ %0./08$>1/R#$&.3H)$68$>1Mode )3$5%0%745R #3$'9,h$18)9$D

e Base case 1. node [ %0AZnul ! E?(&"- )P (true )D
e Base case 2: )3%%0)B$' nul  (6/Q value+)P ! +)P (false )D
e Recursive case: A.$W,/ node )P"#$<left subtree [ %@&/@yht subtree [ %BA20)P+, true D

J/OA/0)- ".J09$)/0#SABS' )P<GO$I%+$'ABS' YP<B-J%+$'ABS )P" + tree )P)-  JH3$18)9$D

Time Complexity: O(N) - node )/0#$'./0)3$%832N = node !(")*.$ D
Space Complexity: O(h) - recursion stack D

Java Solution

class Solution {

public  boolean isSameTree (TreeNode p, TreeNode q) {
if (p== null &&q== null ) retun true ; I [ %0A2ill " )P
if (p== nul |lg== null ) return false ; Il )3%$%0)B$' null " +)P
if (p.val I=g.val) return  false ; Il value HP " +)P

Il J09$)/0#$)P" G9% /B- [ %03A2QP+, true
return isSameTree(p.left, g.left) && isSameTree(p.right, g.right);



USBinary Tree Level Order Traversal

Binary tree )3 $®@oot (1'L-'6B$D node ()*./0 1.K,)*5$ (level order) N [A”)3$%03?./0
list %N J1&$18D

Example 1:

Output: [[3], [9,20], [15,7]]

L4 B$%.B$%"<5$

ES. I(IX.  BFS (Queue) /0 )/0.$d/0.$!620'%7)- JH3$18)9$DES(1+95$E?)3$%68AN-
)3$%03?./02%A" dist 1JH3$ %aU1&$AID)9I$D

le/.  AB5%$.*$ Nloop )3$1)$ +3%#Mueue 6 D4LP#+ @ode !3;1+R5$  (size )./O
+)$6BSD | Esize . .5$14) LK.D  node !3;l+R5$  1)/L.7 JH3$18)9%D! 5
1(")*.$1)/0#$' LO)$>1?)3$IAN-  >17'(1-#$ A01$6B$D

e queue L 4oot LB5$D

e queue +HiA-+%7#$' N ASW,/ size (A node !(")*.$ )./0 +)$<! 8("H*.$
N/0#$' node L0)$>1?)3$ list L 8B06-'6+?'()* queue L 4 B5$D

Time Complexity: O(N) - node )/0#$'./0)3$%83?D
Space Complexity: O(n) - queue &%esult (/020" A”-)3$%0+,- node N/2 %

Java Solution

import  java.util.*;

class Solution {
public  List<List<Integer>> levelOrder  (TreeNode root) {
List<List<Integer>> result = new ArrayList <>();
if (root== null ) return result;



Queue<TreeNode> queue = new LinkedList — <>();
queue.offer(root);

while  ('queue.isEmpty()) {

int  size = queue.size(); I ASW,/ 1AM~ node (")*$
List<Integer> level = new ArrayList — <>();
for (int i = 0;i<size;i++){ Il E?IAN-1)*$6-

TreeNode node = queue.poll();
level.add(node.val);

if (node.left = null ) queue.offer(node.left);
if (node.right != null ) queue.offer(node.right);

}

result.add(level); I )3$IAN- >1?

}
return  result;
}
}

VS Lowest Common Ancestor of a Binary Tree

Binary tree )3 $®4ode | %(p, q ) (1'L-'6B$D 6P)IQ[ %O @owest common ancestor
(LCAN #)0@3%$(C)*%3-%) ./0 J1&$180CA /0)- p & q [ %0A20 $Dbtree |JH3$ L/&$'L-'
) 8#5%$(C*% node JH3$18)9%D

Example 1:

p=6,q=2 I' OQutput: 5 (5f subtreelL 46 &B[ %0A2AB

L4 B$%.B$%"<5%

E8. "commentthread L £omment [ %0 @G2parent W,* 6/Q"folder [ %0 @G2€lder W,* +7 R’
J1U&- JH3$18)9%Drecursive thinking &8V, #$'W,{51a/0#$18)9HN

e Basecase: node. nul (6Q p 6Q g ;/0"#$! &ode ./O J1&EBDubtree L AN() ) 8
target)D
e Recursive case: left, right [ G.$+,- W,N

o [ G.$3A20" nul +F0)$ (target )3$%03P G.$+,- W,/ .5%L4) node 5)*?$+)*B$5
LCAD

0 )3$G.$)BS+- WY | B $ "AES/0 (1X/O J1&$)HSD



JOA/I0)- N p & q [ %0.5 B *) B&"-
LCA JH3$18)9$D

04+$"<5$ E8. 1,0#$ Binary Tree N)*.$

Time Complexity: O(n) - 1;/0';20'

Java Solution

(node )3$%0. GI$G.$< (&-.$)3$%0. B-G.$

&B$' JH3$18)9%DBinary Search Tree (%&$'

ZT) ;/0"#$"G9$#9$< B-c.?' "rule /0 620'>12/0A*9$A*9KO()) W,-a/0#$18)9$D

node )/0#$'./0H)$D
Space Complexity: O(h) - recursion stack D

class Solution {
public TreeNode lowestCommonAncestor (TreeNode root, TreeNode p, TreeNode q) {
I/ base case: null 6/Qtarget )3$%0 ()
if (root== null || root == p || root == q) return  root;
TreeNode left = lowestCommonAncestor(root.left, p, q);
TreeNode right = lowestCommonAncestor(root.right, p, q);
it (left!= null  &&right != null ) return root; I [ G$+- . A" Ehode LCA
return  (left 1= null ) ? left: right; I )3%G.$. "AE$ )#3$
}

)



I"#3$% &' - Binary Search Tree

I"#$% &' ()* Binary Tree +,-.* node ./$"-/0 1*%1(0% !(2*%+3-%} "- (left, right) 5) @ree 89/$
*<0%-=.*Traversal #>$% (2 @%#B B*" BC.D HFC=<(D74*#$ Binary Tree ()* node

=. Bb.#3$9,-%value)=.GA !()!(*$ +-.<CN #%$9,-9 x 5),(5)5)*9dree ./$"-B3-%(N node) 89.$
HBJO(N) A-#$<C.D$E

I"#$% ' A Binary Search A,-8<#$/K$%/*%LA>7$H="1Wsorted array ()* |BD$A,- LA>7$;<09
"5Y. @* <-OA0%B:UVID$B*YB,-A$ ./$PAS 89.$</$BJO(logn) #@yQMsBC.D HFO
"I$PAS 89.3</$"idea A,-Tree =<R()*.M$B,-ASHM$*89/ B 8

| BCA Binary Search Tree (BST) 89/$<C.D$ N "/0$10$2 3456)%' + ; @>$%(2K$%8"-

T> $*%. @Binary Tree 89/$;<0%&arch/insert/delete =.GA,- <2($%(0(logn) #@-<$Q,-M$<C.C
FO!"#$%()*BST +,-.* S*B 6"SD$MD$: >*OA0%rule A S*=LA*M7%earch 8(#%/1B 6
insert/delete SD$B,- B < 6balance <2A$HM$89/ B 6+-*=.G =B7B*;<0%classic 8<V#*
WA, - ./$+M7$"2M$9895) M$%LA>7$<C(DSE

Binary Search Tree 7.894 /4. ;
Binary Search Tree (BST) +,-.* node .,-M$%(F0>$%(2K$8> Bl. @Binary Tree 89/$<C.D$ N

e /0% subtree T B node *%B 368.#%$9,-%ABA$5), node TA$ 10$ H(>$E
e 34 subtree T 8 node *%B 30H.#$9,-%ABA$5), node TA$ 56)%H(>$E
e SD$ />* subtree 4 "-/B3-%A,-D$.,-M$B>8BST 89/$H(>$ (recursive)e

1,-"2 3@%/0$10$2 3456)%' BJ().$<CEFQule 8<> % @BST ./$"- LA>7$H=I*M$N



e 3 (root): SD$SA$ (3,1,6,4,7)!A-#$ <8:>*SA$ (10,14,13)!A-#$ >8
e 3:SD$ (1)<3<>* (6,4,7)
e 10:>* (14,13)>10

<9. NHeap #=>?4>@ P6BCH#'#$% &4 A Heap (0* "(,S -1*%1(0%" +A$+3=H%A,-1*
T, #$%;<6986"2M$%Abling) =.GLA*%!/0I/K$  (5),<CBST ()*=.*7 node 14%:D8%
"SD$MD$: >*OA0% !/01/K$.A2 5),BJ.#%$9,-9 x 5),B*% A, - 8(#$8(#%*Q,-M$<C.D$E
Heap A "IOA0%IMD$+3-95 T-.$9,] =A*M$%:<@®BT A "5)*9/J0T*%9,)=A*M$%<C.D$E

BST node A,-code ()* =9*$8<.* I"#3$% & A TreeNode !.  MBo<CHl

class TreeNode {
int val;
TreeNode left;
TreeNode right;
TreeNode( int val){ this .val =val; }

}

"/0$10$2 3456)%'rule 6 /4A>E641=%F+#§: ;

BSTH6!1A$A N node ./$"-A,- =H*A$.,-M$%49 :9# GBotH-1 15%0-*5 IB3% (<K 34 9($
/6$6.8 71$%BJH.* 89/$<C.D$EFCA Binary Search ("#$% ')A "IBD$A,- LA>7$;<0%
JSPAS 89.$</$" *# @I1A2 X<C.D$ N

o 5Y. B#%9,-%ABA$5), node TA$ 10$ HM$ /0$/6%  71$%(>*SA$ ./$"-B3-%(B,- )E
o 56)UHM$ 34/6% 71$%SD$SAS ./$"-B3-%(B,- )E

e 9L HM$ =.YZ;<OE



I+M7$.,-M$%(Bubtree ./$"- (node ./$PAS$ ) A,-B3-%89.$</$BJ tree A balance 89/$HM$M7$
logn "-1* +M$%H<C.D$E=<RA tree ()* 7 A,-5)*LA>7$H="*MWN

5)* 7
8 (*N7<8 | SD$+M$% (10, 14,13 ... I$PAS  89.3)
3 0*N7>3 1 >+M$% (1 89.$)
6 0*N7>6 | >*+M$%
7 0*N7==7 | =YZ<O
node ? "1* LA>7$Htree O0*node [ "™ 5)

/IBST T Garget 5),(5),5)* (iterative)

boolean search (TreeNode root, int target) {

TreeNode node = root;

while (node != null ) {
if (target == node.val) return  true ; /I =YZ<0
else if (target < node.val) node = node.left; /I MD$! SD$
else node = node.right; /I OA0% >*

}
return  false ; I A#s & |, (=Y

Complexity: search A tree H6!IF+1=%h) !.,-M$%1* +M$%HB@(h) 89/$<C.D$Etree A
balance 89/$HM$! logn 89/$B,JO(logn)E (balance <2A$SHM$89/ 8 G=#*AS()*
LA>7$<C(D$E

Inorder Traversal

I"#$% &' A Inorder traversal (Left! Root! Right)A,-().$(,(D$ TM$<C.DSE BST ./$"-A,-
Inorder 89.$HM$#$G.8%>048B)%<4%orted, 103! 56)% @A6$:4 .* 89/$<C.D$ N FCA BST
H6!=H%OA0%+3-fpl”, 89/$<C.DS$E

S*=LA*M 8 8 Inorder A node ./$"-/0()* "SD$SA$ (<,-MD$.*=.G) 'HM$: ;<0%4§),-D$.,-MF<0%
>*SA$  (<,-OA0%.*=.5 9.$.* 89/$B,N " SDSMDS$: >*OA0%rule #E<CM$S%6B,-ASMEH*A
OA0%HO!/KS!.,-M$% TGA$B*.* 89/$<C.D$E



Inorder: 1! 3! 6! 8! 10! 14 (/0;<0%1%%

/I BST A,-inorder 89.$HM$orted TGAS$

void inorder (TreeNode node, List<Integer> result) {
if (node==  null ) return ;
inorder(node.left, result); /I SD$ ( <,-MD$ 'HM$
result.add(node.val); Il A-D$.,-M$
inorder(node.right, result); Il >* ( <,-OA0%#*A$+3-%
}

1<D8%M1$BDE$1" ,=LA*M7$ "BST A,-sorted list =8<*M$kth smallest 5)*', "BST ()#$(
O#3/$" . B<VH# 1(2*%/-A,- Inorder #6890Q,-M$<C.D$SE*ASA Questions ()* FCA,-
13-%<C(D$E

Insert N node !<($ @3=$F"1$%

BSTT 6#%$9,-%/$ ./$"- T> % BC N search : B%: 8;"/0$10$2 3456)%' !:.86$
71$%<A4%0%#H*BG.$ (nul )=H*A $ BC | B¥ "21>$E FCArule A,-(<2A $/S q #8# $
=#H* 1B,-1=B2*A%$ 5)*=<%<C.D$E

8, 3,10, 1, 6, 14] BSTT €5 T>7$LA>7$H=*MN
T>7$:5
8 (*N5<8 | SD$+M$%
3 (*R5>3 | >%+M$%
6 (*N5<6 | SD$+M$%
6 H6SD$SAS null | FOQ*"2
8 8
I\ I\
3 10 I3 10

JANEEA JANEE
16 14 16 14

5 # 11/

/IBST T 6ralue T>7$;<0%o0t 8<#$=<Ptecursive)

TreeNode insert (TreeNode root, int value) {

if (root== null ) return  new TreeNode (value); Il =#H*BG.$ | FO()*"2

if (value <root.val) {

root.left = insert(root.left, value); /I MD$! SD$SA$ T>7$%
} else if (value >root.val) {

root.right = insert(root.right, value); /I OA0% >*SA$ T>7%
}

Il value == root.val +-HM$ T<$) S*O) (B-<$ NBST ()* duplicate (T*%

return  root;



Complexity: insert AB>$% ( }8# $ &#H* 5)*9,jree H6!8(M7$!.,-M$%M$%HBD (h)
(balance 89/$HM®(log n)) 89/$<C.D$E

Delete N node GN6$F"1%%6$7D8% operation)

BSTT B node 92A$.*A  1"A$+3-% operation 89/$3<C.D$ N 92A$;<0%=#*ASDSMD$: >*
OAO0%ule (<2A$="M$ T #BH.& 6 BI/$<C.DSEI2AS(D7Hode A,-5F=. X;®0. BC
ISF'I>#  O+NI%),<C.D$N

SE># & Nleaf (<4%<+)%+:): ., -AS_-AR2A$</S_Lnul  8<HE

1 A- 92A% 3 3
/\ ! \
16 6

ISE'I># P N <4%<+)%& "8 | Ghode =#H*A,- 1 <4%<+)%9($"893$% #&*%T,-%_3-E

10 A-92A% 10 14
\ !
14

ISF'I>#  ON <4%<+)%P "8 FCA I"A$+3-%E ! @ode A,-92A%$=<(D7%ule (<2A$=*M$ N
34 subtree @6 !10$7D8%node (inorder successor) A,-5)*:! @#%$9,-%A32A$(D7$ode =<R
AX%T>7$<0%=.*T @uccessor A,->* subtree T B=# 92A$</$1>3E

S*=LA*M7$>*SASA IMD$+3-% B 8 FCA 92A%(D7%0de TA$ 56 %09:9# G8o>9@®;!10$
7D880/$B N | &#H* MSHMEDSSAS (A-#$ <-MDEH* >*SA$  (A2#$.*  <,-OAGYM* rule (
<2A$<CE

3 A- 92A%( 1*% 4 "1, 6):

8

!\ /\

3 10 ! 4 10 #3 =#HH*()* 4 ( >*SA3A IMD$+3-%
/\ /\
16 16

/ 4 A- (XHM$%=#H*R2A%H

4

TreeNode delete (TreeNode root, int value) {
if (root== null ) return  null ;

if (value < root.val) {

root.left = delete(root.left, value); /I SD$SA$()* 5H)*
} else if (value >root.val) {
root.right = delete(root.right, value); Il >*SA$()* 5)*
} else {

Il =YZ<®l 1=8"I=# " (2@%

if (root.left == null ) return root.right; /I 1*% al & ( SD$(5),)



if (root.right == null ) return root.left; Il 1% &( >*(5), )

Il 1% 4 "N >*SA$A IMD$+3-9%(inorder successor) 5)*
TreeNode successor = root.right;
while  (successor.left I= null ) successor = successor.left;
root.val = successor.val; I #3%9,-%AX%
root.right = delete(root.right, successor.val); /I successor A,- 92A3%

}

return  root;

Complexity: delete AB>$% node 5)*+ successor 5)*N 4 "-/B3-%ree 18(M7$!.,-M$%89/$
BJO(h) 89/$<C.D$E

Balance BN6$?1#FG( $ ;NBST Q !4%#3%$%"N6$

BST H6operation !A-#$B3-%0(h) (tree 18(M7$89/$.* 1., T*%(,(D$  TM$<C.DSE tree A
balance 89/$HM$! logn 89/$B0(logn) N H($%8(#$<C.D$SEFC=<(D7%alance BN6$?1$
A NIT, OA0%Q,-M$<C.D$E

b<(* N ()JB)%<4%ata [1,2,3, 4, 5] A,-1/K$B,-A$ insert B-<$HM$89/ B 8

node .,-M$%SA  §6:tM$UI FCA Linked List (I"#$% c)#@&X.X !'h=n
FO'skewed (./$SA$=/*M$% ) tree" ()* search/insert/delete 'A-#$ O(N) 89/$1G*%<C.D$l BST
H6!*%1*"'2A$ =<2*A$1G*%<C.D$E

Tree I>F"I># IF+1=¢h Search/Insert/Delete

Balanced (>0>* ) O(logn) O(logn)



Skewed (/$SA$=/*M$% ) O(n) O(n)

>FG-1$%#3806elf-balancing BST: FB<V#*A,- =899.inhsert/delete B-<$.,-M$tée A, -
1:.81>:N46$ balance FB# R @BST (2 @)<C.D$N AVL Tree, Red-Black Tree
/1>$E FC=.GA balance A,-!;( 6T,#$%B!3,-%+3-%()*=.*M$O(log n) *("3<C.DS$E
(JavaH6 TreeMap / TreeSet , C++ Hb std:map =.GA Red-Black Tree #@-<$T*%.* 89/$
<C.D$E) FO/*1-<$()* self-balancing H6!=1%/,.$A,- (=B7B*=<(D7$: "BA%$=.Y()* FO
data structure =.G 13-%.D$' +,-.* ().$T*%<CE

Real-world Examples

BST #& self-balancing (2@%@ ¥B\N* "data A,-()@4%JB)8¢#$ 5)¥T>7$/92A% B ; &#H*
,-M$%(. YH<C.D$ N

e Database Index N database A row =.GA,- I8(#$ 5)*9,ndex A,-B-Tree / B+ Tree (BST #6&
+M $ @nulti-way ordered search tree N binary (N-.$ )#@&,($3%1>$E" WHERE age >30 "
(2 @éthge query 8(#3$=/1>$E

e Map / Set (Sorted) N Java TreeMap / TreeSet , C++ std:map N key =.GA, - ()JB)%<4%
T*%HM$@(log n) 5)%T>7$/92ASE

e Auto-complete / Dictionary N /*B3-%/$"- _,-AS.,-M$Bprebx #@# @A*%B3-%=.G A,-
sorted order #@<E

e Range Query N" =d%Q)@%%$da #6\aaa LA*%product =.G" (2 @¥BST ()* FQange A,-
8(#$3(HP.$T-.$Q,-MSE

e Scheduling / Calendar N event =.GA,-1"2 #3$IB,-A$ /0T*%:"=#*A$T<$ event SD$!"2 #$
B B18(#$ 5)*E

F(pattern =.G IA-#$B3-%A .X<C.D$ N "data 6.8()@4%?1$%2 @3=BGN6%0 "8(:D8%6.8
+E64"S  :8B$?90$ " + ; @=8"I=#<CE Sorted Array A 5)** 8(#$=<(D7F>7H92A$.*
O(nN) (shift B-<$H: Hash Map ("#$% ?) A 5)¥T>7H92A$8(#$=<(D7H)!(*¢  +-.NBST A
"-1B3-%0(logn) #H)!(*$BC  @.#%%%.* 89/$<C.D$E

Questions

BST A,-BA$=.Y 8<V#* W"#62,$+A$ =B7B*LA>7$H=I*M$E 8<V#*. MpolE=1*7"2A3A K
"/0$10%2 3456)%' rule (#;morder 6 sorted @A63$94) A,-113-%"2;<0%ee ./$PA$S 89.3</$
.$9J 89/$<C.DS$E

&T Search in a Binary Search Tree



BST ./ $H6root #@& #%¢ val =<%T*%1>$E .#$9,-9 val 5) @ode A,-5)*:! @ode A, -root 89/¢

@ubtree A,-8<#$<CH),HM null 8<#$<CE

Example 1:

val=2 | Output: node 2 e subtree (2,1, 3)

- 1$%:1$%"N6$
FCA I=<RA search A,-.,-A$ -A§13-%"2.* 89/$<C.D$E"SD$MDS$: >*OA0%rule #6
e val A BA$5),node TA$ 10$ HM$ SD$+M$S%E

o 56)%HM$ >*+M$SWE
e 9L HM$ FQhode 8<#$E

#%$9,-98 <$LA>7$9subtree /$PASA,- 89.$</$BJO(h) #6A<C.DSE

Time Complexity: O(h) - tree 18(M7g¥balance 89/$HM(log n))E
Space Complexity: O(1) - iterative (extra space (B,- )Erecursive +,-HMS$tack |.GA$
O(h)E

Java Solution

class Solution {
public TreeNode searchBST (TreeNode root, int val) {
while  (root = null  && root.val |=val) {
root = (val < root.val) ? root.left : root.right; /I MD$ SD$, OAQ%*

}
return  root; /[ =. Y tode ( 1J)null

PT Validate Binary Search Tree

Binary tree ./  $H6root =<%T*%1>3E! @ree A +#6# $ BST N-$(N-$ //$<CE

Example 1:



Output: false N 4 A 5 e >*SA$(O)* 5),=<(D7'5 TA$ MD$=#: 3 AB>$% 5 TA$ MD$
=<(D7$>*SA$()* 5),

-1$%:1$%"N63$

<9. @4%?+0=3@41$>"N46% node ./$"-/0A,- "left child < A,-D$< right child " =B*A$1*
/ISHM$-:D8>:46% <CE=<RA Db<(*(0* 3 A 1(,S 4 TA$S MD$=<(D7$tree ./$"-B3-%!=t#
3 A root 5 H634/6% subtree T ®F# B B9I5 TAS OA0%H(DS FC'2 @%=9*A$T*%<
.D$E

(y8# $ @>3%AN node ./$"-/01.GA$ "A1=$FBI81$%!F"4%min, max) A,-B,-A$1D$1G*%.*
89/$<C.D$ N

e SD$SA$ +M %. BC N IF+1=$7D8&%ax) A BAS$5), node .#%$9,-989/$B*1>$ (SD$SA$
IA-#$ FOTA$ MD$H(D$E

e >*SA$ +M $. BC N I#.+=$7D@fn) A BAS$5), node .#$9,-989/$B*1>$ (>*SAS$
IA-#$ FOTA$ OA0%H (DB

e node ./$"-/0 1 (min,max) .GM$¥H), \)#IE

IF"4%#3%$% BST A,-inorder 89.$HM$orted TGA$H(D$N FC=LA*Mir®rder 9.$HM$%
HM®.$T*%.*TA$ L( 60A0%=#B*W$HMS$B>$U1<C.DSE FO()(min, max) range #>$%
A,-8<T*%<C.D$E

Time Complexity: O(n) - node .,-M$%A/$"C/OE
Space Complexity: O(h) - recursion stack E

Java Solution

class Solution {
public  boolean isValidBST (TreeNode root) {
return  validate(root, null , null ); Il Nrange A# B1.$"2A$ (5),

/Inode A (min, max) 1.GM$% 5),H(>$ (null = A# B1L.$(5),)



private boolean validate (TreeNode node, Integer min, Integer max) {

if (node==  null ) return true ; /I base case
if (min!= null  && node.val <= min) return  false ; I #,(7$ =9*A$
if (max!=  null && node.val >= max) return  false ; Il 18(M7$=9*A$%

Il SD$+M$%N max A, -node.val 189/$ A23F >*+M$%N min  A,-node.val
return  validate(node.left, min, node.val)
&& validate(node.right, node.val, max);

OTKth Smallest Element in a BST

BST ./ $H6root #@& #$ k =<%T*%1>$E k "8>F+46310$7D8%(kth smallest) .#3$9,-%AR<#$
<C(k A &A=# /1>$ )E

Example 1:

k=1 ! Output: 1 (inorder=1[1,2,3,4]! &"-=8(*A$ 'MD$+3-%

-1$%:1$%"N6$

FCA BST H6inorder = sorted \-]$17, A,-.,-A$_,-AH13-%"2.* 89/$<C.D$EBST A,-inorder
89.$HM$#$9,-%=.A0$! 56)%TGAS$B*BJ:inorder H6 k "8>F+46%A kth smallest 89/$<C.D$SE

I=H%OA0%.* N tree ./$"-B3-%inorder B-<$/H* (B,-E inorder 9. $HM$C k "8>F+46$>?46 94# ;=
?B$B,JH<C.D$E

o inorder /OI/K$ (SD$ | A-D$! >* )#EMSWE
e node ./$"- 9.%.,-M$%ounter .,-%Ecounter A k =H*A$HM$ Gode A '=89E

Time Complexity: O(h + K) - IMD$+3-%+0+M$%%(h) + node k "- 9.$E !+,-%+3-%
O(n)E
Space Complexity: O(h) - recursion stack E

Java Solution

class Solution {
private int  count = O;



private int result = 0;

public int kthSmallest (TreeNode root, int k) {
inorder(root, k);
return  result;

}
Il true 8<#$HNK$ "-=8(*A$ =.YZ;<0 ! recursion IA-#3  H<$
private boolean inorder (TreeNode node, int k) {
if (node==  null ) return false ;
if (inorder(node.left, k)) return  true ; /I SD$ ( <,-MD$ 'HM$
count++; /lnode  ./$"- 9.$;<0
if  (count==Kk) { Ik "-=8(*A$ =H*A$;<0
result = node.val,
return  true ; /I $ FOA=# |=<RA,- H<$# B
}
return  inorder(node.right, k); I >*
}

'T Lowest Common Ancestor of a BST

BST. $#Giode4d "-(p, q)=<%T*%1>$E 1X.J 4 " H6lowest common ancestor (LCA) A,-
8<#$<CE

Example 1:

p=2,q=8 | Output: 6 (2A SD$SA$ ,8A >*SA$ N g )*A B

-1$%:1$%"N6$

I"#$% &' ()* <4+#$Binary Tree |.GA$ LCA A -subtree 4 SA$ 5)*<0@(n) #689"8C.D &
BST ()*=.*7 "/0$10$2 3456)%' rule =LA*M7-BGD$BG3(h))=89Q,-M$<C.DS$E
idea N node ./$"-(0* H<$:<(p, q 4 "- SD$SA$B*% >*SA$B*% LA>7$ 3-KC

e p, q P"8:D8%S$-. node @6$ 10$ HM$ LCA A SD$SAS()* ! /0$71$% E

e P "8:D8%6)Y%HMS$ >*SA$()* | 3471$%E

o 6 AG*%HNIB"- MD$:./$"- OA0%J./$"-A BAS$5),node #6X)! :6%-. node 6.80%$9.81
6 LCAE



+-B-* N p #(q 4 " <T(+3-% 6 A A%%>#?4 A LCA 89/$<C.DSE

Time Complexity: O(h) - /$SA$.>$%  +M$Y%balance 89/$HMP(log n))E
Space Complexity: O(1) - iterativeE

Java Solution

class Solution {

public  TreeNode lowestCommonAncestor (TreeNode root, TreeNode p, TreeNode q) {
while (root != null ) {
if (p.val <root.val && g.val < root.val) {
root = root.left; /Il 4 "-B3-9D$! SD$
} else if (p.val >root.val && g.val > root.val) {
root = root.right; /I 4 "-B3-%OA0% >*
} else {
return  root; /I A& Fhode A LCA
}
}
return  null ;
}
}

UT Insert into a Binary Search Tree

BST ./ $H6root #G& #$¢ val =<%T*%1>$E val A,-BSTT 6I>7$;<0¥%ule (<2A $/S Bupdate
B <¥$*%. @ree Hbroot A,-8<#$<(val A tree T @5),SX%BI("3T*%1>3E

Example 1:

val=5  T>7$;<0%HBI$ 4! >* ,5<7! SD$, =#H*BG.$(* "2):



-1$%:1$%"N6$
89/$<C.D$Esearch B <$B <6 SD$MD$: >*

FCA !=<RA Insert A,-.,-A$_,-AH13-%"2.*
"N_3-<EEA rule

OAOUB,-A$ +M$%1G*%ROS#?4:A9$ (nul ) >?46 $4# = #4node '<($
A-(<2A $/S Q }iB# $ @#H* IB,-1=B2*A$  5)*=<%<C.D$E

A BA$5), node TA$ 10$ HM$ SD$SA$ +A$+MS$S%E

e val

e 56)%HM$ >*SA$ +AS+MSY%E
e nul =H*A$HM$ ! BF node !1/$ "2E

Time Complexity: O(h) - =#H*BG.$ 5)*9,dree !8(M7$!.,-M$%M$%Ubalance 89/$HM$

O(logn))E
Space Complexity: O(h) - recursion stack Eiterative +,-HM®(1)E

Java Solution

class Solution {

public  TreeNode insertintoBST  (TreeNode root, int val) {
if (root== null ) return new TreeNode (val); /I =#H*BG.$ | FO(*"2
if (val <root.val) {
/I MD$! SD$

root.left = insertintoBST(root.left, val);

} else {
root.right = insertintoBST(root.right, val);

}

/I OAQ% >*

return  root;



"#3% &' - Tries

I"#$% &' ()* Binary Search Tree + ",-$.-$/  0*1+2% rule #B#3$678%95:+78*%=>2%
O(logn) #&)*5* 9@ @*" 8A5- BCA9>(-4$BST (OD* Hash Map "#$% ' >A+ "S#$67¢x
1() 1%+ ?)7 @*9E785* OF66 B *.$%9>(-4% N " cat  #,:( :*/%012%!*2#$ 3/4( B ! (H7A%
prebx (467 8912Y28;$% #R)Y5 &F>I#*()* (9+*.$%>AB

K>(* N Hash Map < 3+*%@L8B$M7#$K04$<*%=>2¢ app #36* ,- HDB@ 9(%D.$N
Hash Map + key 5;$"8@L8%!+H +78+3(P) *5*(7G; +*% @ L 8Y$H <)#$%012845"8"H.$%rebx
+$D O(N!'L) N n =;+%@L8%D!5:+$/ L = prebx!?)0$ )BCA+ 68#$%yboard +
autocomplete, search box + suggestion (H 1%078+$578'$P$"H.$%> D(-4$ 9#D*()* IN)%@:
>A5-$B

CE>JI#*+78 9F66Tie (prebx tree @7G @0%9P) +78ML8%>A5-8 ;+*%@L8%95:+7/812%
(character) (.$012%"+;$%ode !F6;$ tree >L8M 7 $60<*%5&lata structure F6;$>A5-$B C2!"#$%()
Trie E785* *@ Binsert/search/prebx ,-$@78 @ 8% BHash Table #3+ *@ Bmemory +
-$9@*+$  + 8B E785*95: 9@4@*=>2V¥ssic F>J#* ' "8+78;$E.4$"H.$9BF6Q+04$>A(-$B

I=>8147*/,$%  : Trie E785* retrie val (F>#$<85%-RF"p#8# @*5*F6,$=>2%K078.$%ry)
@T766$MRID* "<D2% (tree) @ T66$SMRID* ?)7>A5-$B

Trie 9)2(/ 3/0

Trie E785* ;+*%@L8%95:+7812%(.$012%"+;$%r@de 'F6;$ M { $o<*%53ree F6;$>A5-$B
IS7+ idea+ N prebx (A 7.*/9%012%4(5 T* tree < B¥ 0=$%42*/;$%(path) I.  :)2:$CA(A
+7&§U9VMLB%5F6;$>A5-$B

["cat", "car", "card", "dog"] " @L8%HTI8< 3\/|7($%Q+O4$D9!*.§



-

I = isend (Chode ()* ;+*%@L8%$@L8H B4 +*%@L8%95:+ TR @FHD

e cat :root! c! a! tO
e ca :root! c! a! rO
e card” :root! c! al! r! dO

e "dog" :root! d! o! gO
M57<*%D()* N

e "ca" EB drebx+7fcat , car , card W@L8%@R8YRIIOMOS (node ¢ ! a 5%
9Q+*.$%50$98

e node 5:$"8;2()* "C@=7P6012%912%<0/% ( isend ) !()5$!M*%  2)7DMON car (rO)#3
cad (dO)+78 BB r + EL8%()5$F6;$9>(-MX9*+$()* d E+$?)79#9M%MO$B

e root + DO/ (*@L8%*% )N CA+ " +*%@L8¥@L8% &#D*" F6;$M0$B

Trie node +7&ode ()* 96*$F>5* N
class TrieNode {

TrieNode[] children = new TrieNode [ 26]; /l'a'..'’z" 5+ YZ ++$
boolean isEnd = false ; /[ Chode ()* ;+*%@L8%L8WM@*%



children  E =+)F%ava ()* '\@7>$ lowercase YZ @L8%NE78D. TrieNode[26]  array ML8%
5* F#$>A5-$(c-= #3hdex <85%)B

Insert N .*/96012%G>-$H":$%

Trie < 3+*%@L8%$@L8% 8 BA Nroot +9# ;=>2%012%.$012%"+;$8H2*$9;$%M:*%
MO$B @ ($%9Q+*.$02)79M%D.fiode 'M;$ 9E*+3$/ ?)7=>2%M*QBNBYB+SELB8%@LEUD*+$
D.$! &ode +7¢ isEnd = true (5$M0%$B

cat  ?)7=>2%Nre&x & car <04$Q+04$D9!*.$ N

<04$: "car"
root "'c  ?7=>2%M*UYIMLIYE.$Y
c "al ) 7=>2%MYUMLEYE.$Y)
a " (A7" node M;$ O9E*+$ ( E.$%
r "% @L8B%L8% isEnd = true !
(root) (root)
I I
c c
I
a a
| I\
t ! t I r ! #'r IM;$/ "ca" (UML8%

I Trie < 3vord <04%

void insert (String word) {
TrieNode node =root;
for ( char c:word.toCharArray()) {

int i =c- 'a' ; /l'a® "0, "1, ..
if (node.children][i] == null ) {
node.childrenli] = new TrieNode (); I @$%9Q+*.$42)7" 9E*+$
}
node = node.children[i]; /I 5%$E.4% E.$%
}
node.isEnd = true ; I O#*+S$ELB% ;+*%@L8%L8%()5%

}

Complexity: insert + ;+*%@L8%)0$ L !578.$%M*E.$%D@T L) F6;$>A5-$ N Trie
< 3+%@L8USN) @L8%) 7 PV ,-$9@*+$1+2%1+2%insert + L 9>PM* (R50$5*
19D%1+2%>A5-$B

Search N .*/9%012%67 /H":$%

1+ %@L @LB8Wie < )7 (?PJ*5r+ N insert @ 83oot +9# ./0129%.$012%"+;$%)2*$9;$%
=>2%/'H+$:;$DM0$ N



1. *QL8%$"8"8 15+ @ ($%9IQ+*.$967D.$! fase ((?)7B
2. *QL8%8#$ E.$%=—>BHF+SELB8U0de ()* isEnd == true 0! tue B isend (T85%D.$
CA+ "prebx M* F6;$=>2906@L8%>04$ (T85% " @7578@78M0$B

C857- "H+$+ 19D%1+2%>A5-$N card <0 8*%5 &rie )* car ?)*D.$@($%9Q+*.$ c"a"r
95]9>(-4%/ r ()* isend (T85%D.$ card M* <043$<*%=>2 car + (<04$D9IM% @ 7E/8@78>
5-$B

/I word IF>043%!;L8 2)7(?)7

boolean search (String word) {
TrieNode node = findNode(word); I @($%9Q+*.$%@78+$E.$%
return node!=  null && node.isEnd; /I EL8%()5%6;$(true

}

/I prefix @($%9Q+*. 3% 78+$E.$%=92HSEL8¥ode F>#E (?)7D.$wull)
private  TrieNode findNode (String prefix) {
TrieNode node =root;
for ( char c: prefix.toCharArray()) {
int i =c- 'a ;
if (node.children[i] == null ) return  null ; I @@$%9Q+*$%>5% " (?)7
node = node.children([i];

}

return  node;

Starts With N prebx  #,67 /H";$%

Trie D3I<*$  + Cdperation F6;$>A5-$ N" pre E B ZrebPx#36 3+*%@L8Y$H"2"2 ?2)7@*%
E785* ;;$5*B search #3:*5* 5:$"850$% N 9#*+$EL8%ode ()* isend ..$.I/ =0)2>AB
@($%9Q+* SNM2ICDHrebx #36* ?)75-$" @7E78N78.$>A5-$B

Trie: ["cat", "car", "card", "dog"]

startsWith("ca")? root "c"a @$F%IQ+*.$RT true $
startsWith("do")? root "d"o @($%9Q+*.$R7 true $
startsWith("ba")? root "'b* (?)7" false %

Il prefix #315 3;+*%@L8%)7(?)7
boolean startsWith  (String prefix) {

return  findNode(prefix) = null ; Il @$%9Q+*$R)7QEBENd  (;;$ )
}

CK* 3/4?*;-$ Hash Map G*$ 4*/; %<0 ; Hash Map #3 ca #3b6* ?2)7@*%O(%D.$
key *2#$0129" @LBpbebx;;$D (O(N ! L))BTrie #8 ®. $rebx!?)0$ L 1578.$%M*
E.$%D@MKL) N Trie < 3+*%@L8%$N)M7#$99) 7 PYR50$>AB




Memory Trade-o ! N Trie * 4#l/ 3L$40/$ * 2@ ,

Trie + F(#$9>(-4$memory 15:+$  9>%E>$D>A5-$B node 5;$"8;2()* children pointer (Java ()*
TrieNode[26] N YZ +:4$) <*%D@78 ;+*%@L8%0$%.-$M*  <04$<*%D.$+:+$!(H*%;8

null  F6;$=>280* |@TJ F6;3N78.$>A5-$B
Hash Map (Set) Trie
Exact search ("word ?)7 @*% O(L) Fs O(L) Fs
Prebx search ("ca #36* ?)7@"% O(n'L) 9N)% O(L) F#s
Memory ;% @L8YD: -$!578.$% (H*%N{Bckle/pointer |(H*%)
Sorted order (D (random) D ((*@L8%!@7813=>2%N*%

3L$M/  3L$!I"+H$ < %=0; "exact ?)7(?)M* @78D.$ Hash Map (078 % Ameimbry
M+$M* )B"prebx #3)*/ autocomplete / sorted order" @78DL$ TrieBCA+ Trie +78
5+R%5+ M BoD53S7+ 19Q+*.$%>AN prebx operation + Trie D3B<R%F"*%"H+$
F6;$M0$B

Memory 4"N(/#>$% : ;+*%@L8%WI*%F>*%@*héde 95: IF(*+$F(*%@*5*+789@U*467G
Radix Tree (Compressed Trie) N"+ D* (? B tring 1>78.$%780de 5:$"850$%()*
9>A. $oM{ $0580$9N ?)7>A5-$BC2;*18>$()*19M%;75% (9@4@*9>(-4$/ "Trie +78
memory !5:+$  optimize @ 8% &0$%%)75-$" E785* ()5$<*%>AB

Real-world Examples
Trie T* "prebx #3)*/ *@L8%!@783<*%"' @B B#D*578.$%(P5]D>A5-$ N
e Autocomplete N search box/ 68#$%yboard ()* app OB $*# Zapple, application,
apply..." prebx +78+$5*95: "H+$"H.$%>B
e Search Suggestion N Google search bar + *@L8%$@L8%78+$57 8FHF>I"H+$95:
<+$@*5*B
e Dictionary App N *@L8R7(?)BF".$%/CPrebx#36 3+ %@L8%S8#S$" ;*D.$%<85$F".$U
e Spell Checker N ;*@L8%ie < 3)7(?)B/ (?)7D.prebx5 B95 #F>.$E.$"H+$IQ+LF>IB
e Command / IP Route Matching N terminal command auto-complete / router + IP

address +78longest prebx match" #38($%9Q+*.$90: %B

Coattern 95: +8#$@L8%012%. :)2;%fprebx) (A(/4(5%)2 'H=#$.2.>$%6/' E B 38
I9F"19#>A N Trie + prebx +7§UML8%<*% @@ 8>$+F8*V/+H+H @8>%$9>%N78FHE$>A
5-$B



Questions

Trie +7820+$95] F>J#* ' " 83H BIE+I9@4@*Q+04$D9* $BF>I#*5  BBBIM*4"H+$+ \
*1%012%4(5%)2./012%!0)2*$ node 4H:/;$%0:@#x =B< %b( ;Trie structure +78ML8%"H55$67
F6;$>A5-$B

&P Implement Trie (Prebx Tree)

insert , search , startsWith W'8>A5 3rie class +7&H0$9E*+$>AB

Example 1:

Trie trie = new Trie();
trie.insert("apple");

trie.search("apple); //true ( IF>043!;L8 ?)7

trie.search("app"); Il false ( @($%9Q+*.$B)79>(-4$sEnd  (T85% )
trie.startsWith("app"); // true (prefix 07

trie.insert("app");

trie.search("app”);  //true ( "8 <04$=>20h=>2

67 :$%0:$%"+*$

CA+ 19>P+ insert/ search / startsWith W'8+78:;$;850$% :8;0$%5* F6;$>A5-$B 9M*4"H+$
Y "H+$N

e node 5;$"8;2()* chidren  (9#*+$;*@L8%9Y#! isend (EL8%()5$@*V"8<*%B
e search + isEnd ..$ MO$/ startswith + 0=%%47?*/;$%67)JIEM0$ N CA+Y " 835%$"8
50$%9M* +:*F"*%"H+$B

Time Complexity: insert/search/startsWith *%@L8@(L ) - ;+*%@L8uebx !?)0$B
Space Complexity: insert !5:#$  O(L) (node 'M;$ (H*%EL8% "9B

Java Solution

class Trie {
private TrieNode root = new TrieNode ();

class TrieNode ({
TrieNode[] children = new TrieNode [ 26];
boolean isEnd = false ;

public  void insert (String word) {
TrieNode node = root;
for ( char c:word.toCharArray()) {
int i =c- 'a ;
if (node.children[i] == null ) node.children[i] = new TrieNode ();
node = node.children(i];
}

node.isend = true ;

}



public  boolean search (String word) {
TrieNode node = find(word);

return node!=  null && node.isEnd; /I EL8%()5%6;%()
}
public  boolean startswWith  (String prefix) {

return  find(prefix) != null ; Il @($%9Q+*.$%)70L8
}

private  TrieNode find (String s) {
TrieNode node = root;
for ( char c:s.toCharArray()) {
int i =c- 'a ;
if (node.children[i] == null ) return  null ;
node = node.children(i];

}

return  node;

EP Word Search 1l

m&n *@L8YId board #F*%@LBID.$% words 9>%<*%MO$Bgrid < N #2%+>$(19>P /
OI+$ /- /0% )+:+$95: E+$578+$65$=>26F0@®5 3+ %@LBYRHS +7F>HS>ABHSS S
+78+%@L8HS@LE%!5:. $%S"K</ ML8%DMOSB

Example 1:

Input: board = [["0","a","a","n"],
['e","t","a","e"],
["i","h", K",
R A VA ||
words = ["oath","pea","eat","rain"]
Output: ["oath","eat"]
("oath™ o "a"t"h @$%9Q+*.$W7/eat": e "a"t ?)7/pea"/'rain" 7

67 ,;$%0;$%"+*$

+0b@L8%S@LBY%"HGtd ()* ?)* (DFS)@8>$DI words  (H*%@*grid 1+ 2%@*5 BA  G:$"K(
0 0 HQ($!| @7TEN)%>A5-$BM*4A"H+$+ N words +8#$S@LBY% T8 < HK04$=>2¢id +78
($"K(>$% DFS F65$D.$%rie @($%9Q+*$%BES71.$50$%@ 78+$5*F6:$>A5-$B

o grid +:+$5:$"8;2+9# DFS:; N @+$?)7*@L8%-+Trie node ()* child ?7@*$HQ($ ((?)7D.$
"H+$"H.$%>$= pruning )B
e Trie node ()* isend 95|D.$! ! 3+*%@L8%5] =>P result < X04%$B

o ++$+78"ML8%2O8$IM*% @8> hoose)! ' +$ E+$F65$ (Explore)! F>#$F6I5$
(Undo N 1"#$% &Z backtracking >L8B.

Trie 9Q+*.4% " CPrebx#36 3+ %@L8H$@L8%(Q)7 E785* M B*# Yrid @($%9Q+*.$%+78
"H+$"H.$%65$>:$ @ TG 1% @L8%S @LE%" HBOF “D5+<+$  (H*%;F(#$>A5-$B



Time Complexity: 1Q+($%6H.$@(M !413") - grid +:+$ M "8/DFSIF(.4$ L
(+*%@L8Y3) 0SEL8YB Trie + prune @8>$@FE$95]()* >78F(#$B
Space Complexity: O(K)) - Trie size (words ;8;89>A.$9@L8%D!5:+$  )B

Java Solution

class Solution {

private  List<String> result = new ArrayList  <>();
public  List<String> findWords (char [][] board, String[] words) {
TrieNode root = buildTrie(words); /I words " Trie

for (int r = 0;r<board.length; r++) {
for (int ¢ = 0;c<board] 0].length; c++) {

dfs(board, r, c, root); /I ++$578.$%+9%#;
}
}
return  result;
}
private  void dfs (char [][] board, int r, int c, TrieNode node) {
if (r< 0 || r >= board.length || ¢ < 0 || ¢ >= board[ 0].length) return
char ch = board[r][c];
if (ch== '# || node.children[ch - ‘a'" 1== null ) return ; [/ ML8%%p20he
node = node.children[ch - a'
if (node.word != null ) { /l'isEnd "% @L89%85]) =>2
result.add(node.word);
node.word = null ; /I <>$ (<04$9'*.$
}
board[r][c] = "o /I 1. Choose ( ML8%%£y5%)
dfs(board, r + 1, ¢, node); /I 2. Explore ( S )
dfs(board, r - 1, ¢, node);
dfs(board, r, c + 1, node);
dfs(board, r, ¢ - 1, node);
board|r][c] = ch; /I 3. Undo ( F>#3F61p$
}
private  TrieNode  buildTrie  (String[] words) {
TrieNode root = new TrieNode ();
for (String w : words) {
TrieNode node = root;
for ( char c:w.toCharArray()) {
int i =c- ‘'a ;
if (node.children][i] == null ) node.children[i] = new TrieNode ();
node = node.children([i];
}
node.word = w; Il EL8%()5%()+*%@L8IM7($%
}
return  root;
}
class TrieNode {
TrieNode[] children = new TrieNode [ 26];
String  word = null ; /I isEnd %00 +*%@L8IM7($%



RPReplace Words (Shortest Root)
IF(;$;+*%@L8%root) ;*D.$% dictionary #IAA+H sentence  9>%<*%MO$BVA+H< 3 +*%@L8

5$"8;215:+8 N | 8*00@ Bo+Brebx!F6;$ <*%N8$ 8()2912% 00t #3P%<78%>ARot (?)7
D.$(RD.$%!578.$986B

Example 1:

Input: dictionary = ["cat","bat","rat"]
sentence = "the cattle was rattled by the battery"
Output: "the cat was rat by the bat"
("cattle” ""cat", "rattled" ""rat", "battery" " "bat")

67;$%0;$%"+*$

root 95:+78Trie < X04%$<*%=>28 VA+H+ +*%@L8%$"8:2+78rie < 3/012%"+:$3%$%:$%
isEnd 4( @# +$ D>A5-$B isEnd ><(EL8%95 b @#D*+ 1()2912%00t F6;$>A5-$ (57857
+ ID.$ EL8%5*(BG

* +*%@L8%HIE ()* ;*@L8%"HEBH6B

e isend 95] ! ! & ‘prebx+ root! !;*%<78%B
o @($%9Q+*.3F5%(child (AFM7G*%@L8% 8% & 7isend (95] ! (RD.$%%B

Time Complexity: O(M + N) - M = dictionary ;*@L8%;89>A.$¢oot 95: Trie< 3
insert) N = VA+H;*@L8%8;89>A.$360kup)B
Space Complexity: O(M ) - dictionary ;8;89>A.$3@L8%D!5:+$ (Trie sizeB

Java Solution

class Solution {

public  String replaceWords  (List<String> dictionary, String sentence) {
TrieNode root = new TrieNode ();
for (String w : dictionary) insert(root, w); /I root 1+8#% <04%

StringBuilder sb = new StringBuilder 0;

for (String word : sentence.split( "NA{
if (sb.length() > 0) sb.append( "" );
sb.append(shortestRoot(root, word)); Il 5:$@L8%"H.$§%6<78%
}
return  sbh.toString();
}
private  String shortestRoot  (TrieNode root, String word) {
TrieNode node = root;
StringBuilder prefix = new StringBuilder 0;
for ( char c:word.toCharArray()) {
int i =c- 'a ;
if (node.children[i] == null ) return word; I @$%9Q+*$%>5% " (RD.$%

prefix.append(c);
node = node.children(i];
if (node.isEnd) return  prefix.toString(); /I ><( root " !578EL8%



return  word; /I root (EL8% (RD.$%

private  void insert (TrieNode root, String word) {
TrieNode node = root;
for ( char c:word.toCharArray()) {
int i =c- 'a ;
if (node.children[i] == null ) node.children[i] = new TrieNode ();
node = node.children(i];

}

node.isend = true ;

}

class TrieNode {
TrieNode[] children = new TrieNode [ 26];
boolean isEnd = false ;

TP Longest Common Prebx

-+ % @L8%Wray strs  9>%<*%MO$B!+8#$@LB%()* A @;!67 >$912%467 8912Y8;$%(longest
common prebx) +7&F>#$>AB7D.¢ " F>#$>AB

Example 1:

Input: strs = ["flower", "flow", "flight"]
Output: "fI"
( W @L8%@IL8% #31/ CA9>(-4%"flo" + “flight" 0* 7

67 ,;$%0;$%"+*$

CA+7Bie idea #3$%;*%N78.$>A5B ;+*%@L8%8#$ Trie < 3K04$D.$/common prepPx E785*
root +9# "0= $'5-6B ,(child &"2(>$%) 9* 9; $@P$ ; 1>78.$%6;$>A5-$B @( $J" 2
children) 95]5* M7G*%@L8%$"8 EL8f isend ) 5*# IHommon prebx D>$>A5-$B

CRPo(#> WC2F>IH5+$  Trie5+$  (9E*+  $ N ><( +*0@L8%+I8*%/ +H#S
5% FQ@L8%"HEPB+$;;$=>208 BH#D*()* F65$D.$>78@:-$>A5-Hidea !I5RER N " @( $63
(F6;$("H.$YE+SM:*%")BI+$()*  C2#0$%F28*%MOS$B

Time Complexity: O(N) - ;*@L898;89>A . $¢E78%ELSB#S 578+$;,9B
Space Complexity: O(1) - extra space (@78B

Java Solution

class Solution {
public  String longestCommonPrefix  (String[] strs) {
if (strs.length == 0) return



Il ><(  +%@L8%+78<*%/ *@L8%olumn)  5:3@L8%"H.$78+$;:$
for (int i = 0;i<strs[ 0].length(); i++) {
char c¢ =strs[ 0].charAt(i);
for (int | = 1;j<strs.length;j++){
I 3,+%@L8%B#I=IMTG*@L8%+78+$ " | & TF>#$
if (i == strs[j].length() || strs[j].charAt(i) != c)
return  strs[  0].substring( 0, i); /I final substring

return strs[  0];

5;$"850$%



"#$% &' - Backtracking

I"#$% &' B8&( )*+tree ,-./01 recursion #BFS,4 38+" 86-7 N node -8$"1/01,9+/$9:$
7S/ <$%=>5#$-/$= 2+,/$  <:$%' 415%-+@!"1 ARdea /Oltree )CO® N ()*$+,-.$/("
10-#$12-%0,*#*$304 *5 $0607 83 &5D#+,-)*+ EF1%G/?3$56)7$@

H5)+ N " 10#$% [1,23] /01>K&0$ 38B!8M$ (permutation) !0-#$ N1-$56" <019:¢[1,2,3]
1,32 , [213] ..O)PO@¥056-7$@6)P 0QOP6"P7$89+,-. <. B 256:$%R5B2c /()
10-#$ C*%9- 25D#+,-./01 brute force (/1#$ 8)$Y#BKL01:$,5)738 S01 %UB0Eorce /
)4 @ 3)$%,G/+:$%,-.56 8)$%)040P 0#$601/1#$56-7$@

Backtracking <01-+ N brute force N 2 smart search pattern >K8%$56-7$@,9.%
(Try/Choose)! 8)$%Explore)! )99:$ >5#$>KQ3ndo)" EF1%<:3$KE $-4 2 2415$R5B%=
0* $; 8; 8 815$%/60;.$%/3<0,- /*;/*;  ()3$=*$ (pruning) 4019-+ >KB8$56-7$@AB!"#3$%)*+
backtracking 92'ChoosebExplorebUndo" pattern/01,434+R5B%lassic >5D#+ ( "1,>K
G/?3$56)7$@

Backtracking >,-3; ?:1 :N Choose, Explore, Undo

Backtracking /01">2-%()3$"40$@*$=.$(decision tree)" 1>K8$ >):$9:$!4.7$<F1%56@<:3$
-01:$%)*49.%89+' ,-. C*ORSBM&ESB/0Y) $o'qbranch)-8$"11>K8$ <:$%G/?3%-+ N <:$%4079
-+39:$ >5#$-/SREBES>"+%64) $0'B)$%-+ >K8$56-7$@

[1,2,3] 9Ppermutation C%- lecision tree N

[1( ) ).9.%9,E% )
/ | \
[1] 2] [3] I 5N) #9+ +N? B 2
IN LN
[1,2][1,3] [2.1][2,3] [3.1] [3.2] I A1-07 #9+
(I
[1,2,3][1,3,2]... I 07 ( >5?3$RBBI>K & ")

E8 $: 8l 2)$%,G/+:$%-83"18B/0k: %o-B6 @2-%>8$$"6 4158E?$ N

1. Choose (/9<% ,9.%89+-8%"1/017V=4/$C*0!,>K (path) N N?3$@
2. Explore (*5%% ! 39 %"P7$¥B0$A=B%+/$/01 recursion <:$%@

3. Undo ((=#$()C3%: recursion >5#$-/$4+9:$ N 1<:3$ & )*+N?3$N+%-+/01 (=#$D-3%(path
J01)VAI-01:$% >SHENCHHHS ,9.%89+8)$%KOT @



ARJndo / backtracking 9RIE/$56 N " AB)$%,G/+:$%68)$%R5BYR5B# BC*:$%>5#$4158R
H+/$-83"1 8)$%)7$ < @ XE,+>K8$E?$@

path =[]
choose 1 " path =[1]

explore... (1 HBR/B-+ Y1#$  8)$%
undo 1 " path =] I >BH#SEH# FB
choose 2 " path = [2]

explore...
undo 2 " path =]

=2-/@Pattern (Template)

Backtracking >5D#+ !)P+%81/ Choose ! Explore ! Undo < @ Jattern -8$"1-?$%/01
I,>""FN+%-+56@ Problem ,5X)V-?$R5B%E%80-$ logic 52>5+:$%E.+%-+>K8$56-7$@

5N) 1+/$/ code / pseudocode idea >K8$R3BYA code )Y1-$56 N structure /01>):$KOT
E+@

backtrack(path):
if 4/$C*0!,>"1 #/ 1,>K9R5B:
result.add(path [0lcopy /N%
return

for ,9.%89+ -8$"18B

if ),9.%E:3%9:$
continue

path N 2N?33% /I 1. Choose
backtrack(path)  // 2. Explore

path N 2 >5#$KP/$// 3. Undo

| BRdea /01Java )*+,9%G/?3$9:$AB4OKSSE?$N H5)+ | ## Zength n 9Ebinary string
10-#$ (000 , 001, 010 ,..)N 1 $ 3>5+:$%>K-$G/?3$REmBI0se ! Explore! Undo /01
G/?3%$56)7$@omment F "-/ backtracking 9RIE/$>K8SR5BYABH SBS5D#+ /1#$4F1%/
ABtructure -VN?$% EF1%-+56@

import  java.util.*;

class Main {

static  List<String> result = new ArrayList <>();
public  static void main (String[] args) {
backtrack( 3, new StringBuilder 0);
System.out.printin(result);
// [000, 001, 010, 011, 100, 101, 110, 111] 1 2#= Z )POQ%

static void backtrack (int n, StringBuilder path) {



if (path.length() == n) { /I base case N n 4F19%5?3$R5B

result.add(path.toString()); /I copy  IV%R5B%
return
}
for ( char ¢: new char J[{ '0" , 1" }D{ /I ,9.%89+ [ "1(0 EOT)
path.append(c); /I 1. Choose
backtrack(n, path); /I 2. Explore
path.deleteCharAt(path.length()- 1); //3.Undo
}

}
}

-.56 ,>5+:$%E.+%56)73@t EF1%¢E new ArrayList<>(path)
#Bopy /V%956-7$@ undo 1,-3,-.$%o0py 17$% 1,-56@

Undo ?;/60;.8% 1 3;1
H5)+ path =1, 2] C*0,#-7$<015680T @

3 /01,9.%401/$9:$

(1, 2]
$ Choose
[1,2,3]

| 2ABranch /018)$%R5B%E.+ 3 9$1>5#$KP/$956-7$@

[1,2,3]
$ Undo
(1, 2]

AG)* #+I$N5$ 4 /01</$8)$%L01:$)>K8$56-7$@

[1,2]
$ Choose
[1,2,4]

Undo )415%$9:$
[1,2, 3, 4]

401)P GPBSE. +%REERUH !,Y+: $oRlata ,-. /P# B B

path.toString() (copy 0G%(".$ resut N Zpath /01-01/$S01/3N?3$956 N path /
-8$"1-7$% >5#85:8- 2Dbject >K8%4opy )/V%9:$ #+/$R5B%-+ resut N 2 1,>K

=String EF1%:¢ .toString()

[ $,>K)*+%E.+%5640)3%$)7$@



path.removeLast() (Undo) 0 Backtracking 9EH,0 '*,3%!=-.$% ()*$=I3J%$K
Choose 4153R5B%-Ekdese 415%)7$=Explore R5B%-0Wi1sd6 415%)7$@ABattern /01
Backtracking >5D#+ !)P+%81)*#R) 2 956-7 &

Backtracking vs Recursion:  Backtracking / Recursion 0,-!@ 2(=C3Algorithm
-8$)P 0Q9K8%$56-7$@E+)#$ Recursion (H5)+ factorial, tree traversal) /  4)$%,G/+:$%-8%
"1 BX:$%E.+%-+ )P+%56-7$@acktracking /,-+3  15%$%/60;.$%!54 C%54 C%b6$%h
99.$ (=#$()C3HUndo)L93 8() !;%12-%0,* -+ >K8$56-7$@\6,G/+:3%hoose !
Explore ! Undo < @ ZPattern/ Backtracking 9R1)*-$!E+%  >K8%$56-7$@

Pruning N 51 3 815$%/60;.$%()3$(".$%

Brute force / >K8$LO01:90-#$ 8)$%-+)0TL*%56-7$@Backtracking 9RI+%E+"P/$/ N
4) $628$"1/01<: $-B6 "AB/# </$E.+%9:$ valid |, >K 2J$/3;85M 5()*$+,-.$/3;82G%<01
-+ EO09:$N ! Zubtree -8$"14F1%/040$"4.$%()3$=*$ (prune) 400-+ >K8$56-7$@

H5)+ N" 56:$3%4A% >K8$,!+:$ 1J#$% 9.9 )+[2,4,..] ,9.%R589M=6 >K8$E.+%9:$
"5 N/$ /P+$E.+%R5B ABubtree  </$<:$%89+ )401 " prune

Pruning/ decision tree 92)/ B6)+%-3/01:$%,-./01 >K-$"P40N !)*#$-/7$ 8) $09- 3
4)$%,G/+:$%!,9!-./$ EOEOE+E+ ,4P+3/PE.+%56-7$@ A6/ backtracking /01" S01 %80t
force" N/$ >)#B- 3°0/ !"P/$56@

Complexity: A6,-/  >K8$LOL:§/2#$ N 1 9- 25D#+,-)0T N 1<01%<FI%mplexity
I )GI+"J  exponential (O(2"), O(n!) 8E?$ ) >K8$56-7$@Pruning /  4/$,-\)*+
S)#$,1+:$ /V,5)73% <01%<FBbund /01),>5+:$3%L01:$-1P+%56-7$@

Real-world Examples

Backtracking Y+ "valid ()*$+,-.$/(" |0-#$ C*+ constraint (=7 8 8*B*N$ C*+4 @ 3#9+
-01:$%)*4956-7$ N

e Permission / Role Combinations N user -8%_%/01,5%L0$ Zermission set |/1#$ (EOY
rule >5? 8 Zombination ,-. N1-$>":$%@

e Form Rules Combination N peld ,- 92'A6,9.%9:$Y0),9.%9" )P 0@&fstraint >5? $ 2
valid form !, >"1 # /1#$ C+@

e Search All Valid Conbgurations N feature Rag, settings, pricing rule 8- Zonbguration
- N2 rule>5?8 3>"1# 11#$ C+@



e Scheduling Options N !"P G#fresource )N5$,!1+:$  (constraint) event ,-. 8BMEO$ #7230
4)$%!/1#$ C+@

e Puzzle Solver N Sudoku (/./$-01:$3%&D >K?3%sw/column/box )N5$ ), N-Queens
(queen ,-. )-01/$,!+:$ "P), crossword N !/1#$ "9.%! 8)$% ,K+/$9:$ >5#$>KQ-$
pattern @

e Maze / Path Finding N 4)$%,G/+:$%-01:8)$%50-$,#9:$ >54#$<1-$R5B%6"+%4)$%8)$%@

ABattern ,-.  V1#$4F1%V56-7$ N "/9<%"4J$*9: >.8 8 :/=1.$%9.$%tonstraint /);:0$9.$
(=#$>-33L(=78%$9.9/() 5M3%AA6/ backtracking 9RIEF1%"PE18$"PQ5$56 @

Questions

Backtracking /01>5D#+ ( " #8134+G/?3$9,!+:$3@ >5D#+- Q%RE+3"P/$/ N Choose
I Explore ! Undo pattern /01)*#$)*#$$<:$--$KOT #Base case / pruning /01C*+--$KOT>K8$E
-71$@

&K Subsets

N5$-V )C® F0#P%rray nums ,5%N+%E?$@>K& DS Zubset (I* * ¥!0-#$ (power set) /01
>5#356@

Example 1:

Input: nums =[1,2,3]
Output: [[1, [1], [1,2], [1,2,3], [1,3], [2], [2,3], [3]]
(subset Z "1=2 #)

OM .$%1.$%"40$

subset -8$"18B!-./$ N element -8$"18B/01D78$51;% / 5D78$?G%1;% <F1%>K-$956-7$@
A6/ index -8$"18B/;# "N? 8 dranch" #23N? 8 dranch" [ "X: $o- 2lecision tree
>K8$E?$@

58 7 $ 2):$5RL start index /# 8RGB%+#/$/ element,-. -8%$"18B/0path N N?3$
(Choose)! </$<:$% (Explore)! >5#$>KQi$ndo)@node -01:$%/valid subset >K8$46T <:$%
-01:$96-$56-7$ (base case EB%E#)3)@

Time Complexity: O(n!2") - subset 2" "1=8%$"18Bcopy 7V O(n)@
Space Complexity:  O(nN) - recursion depth + path (output ),9-./$ )@

Java Solution

class Solution {



public  List<List<Integer>> subsets (int [ nums) {

List<List<Integer>> result = new ArrayList  <>();
backtrack(nums, 0, new ArrayList <>(), result);
return  result;
}
private  void backtrack (int [] nums, int start, List<Integer> path,
List<List<Integer>> result) {
result.add( new ArrayList  <>(path)); /I node  -01:$%alid subset "O*-$
for (int i =start;i<nums.length;i++) {
path.add(numsli]); /I 1. Choose
backtrack(nums, i + 1, path, result); /I 2. Explore (i+1 8 )
path.remove(path.size() - 1); //'3. Undo
}
}
}

PK Permutations

N5$-V )C ® Z0#$%array nums ,5%N+%E?$@>K&ND$ 3*B!*N$  (permutation) !0-#$ /01>5#%
56@

Example 1:

Input: nums =[1,2,3]
Output: [[1,2,3],[1,3,2],[2,1,3],[2,3,1],[3,1,2],[3,2,1]]
(permutation 0O "1=3))

OM .$%1.$%"40%

Subset #B+-+ N permutation )*+!*BI*N$  1/9%QO0BYR5BI6ment 10-#$12-%EF1%9E ?$@6
,G/+:3$"EF1%R5B%EM%Nt /01N5$ )EF1969< @ Arack 415K used] (EOTcontains 889 40156
-71$@

e Base case: path !C*?$ = nums !C*?$ ! permutation >5?3$R5B*-$@

e element -8$"18BN EF1%R5B%E+$0:$ | Choose (mark used + path N?3$)! Explore !
Undo (unmark + path >KQ-¥@

Time Complexity: O(n !'n!) - permutation n! "1=8$"18Bcopy O(nN) @
Space Complexity: O(n) - recursion depth + used array @

Java Solution

class Solution {

public  List<List<Integer>> permute (int [Jnums) {
List<List<Integer>> result = new ArrayList <>();
backtrack(nums, new boolean [nums.length], new ArrayList  <>(), result);

return  result;

private void backtrack (int [] nums, boolean [] used, List<Integer> path,



List<List<Integer>> result) {

if (path.size() == nums.length) { Il base case N >5?3$R5B
result.add( new ArrayList — <>(path));
return
}
for (int 1 = 0;i<nums.length;i++) {
it (used[i]) continue I/ pruning N EF1%R5B %PH%
used[i] = true ; path.add(numsii]); /I 1. Choose
backtrack(nums, used, path, result); /I 2. Explore
used[i] = false ; path.remove(path.size() - 1); // 3. Undo
}
}

FK Combinations

JO#$Y n #ik 5%N+%E?$@ (1.n] N2 /O#$9 k 12-99 %- Zombination 10-#$ /01>5#$56
(8BI8MS$ ),9% )@

Example 1:

Input: n=4,k=2
Output: [[1,2],[1,3],[1,4],[2,3],[2,41,[3,4]]
(combination O "1=C(4,2)

OM .$%1.$%"40%

Permutation #B+-+ N combination )*+*BI*N$ 5/9% ([12] #:[21] -V)@A6,G/+:3$
Subsets 401 start  index /01EF1%R3B9$>5#%$)4*?3%" ,1+:$ 41539:$N5$ #-+
1401!,4P+/$ ,C*+:$56-7$@

e Base case: path !IC*?$ = k ! combination >5?3$R5B*-$@

o stat /8= /[0#$%-8%"18Bhoose! Explore (i+1 /8 )! Undo@

Pruning: "/P#$/0#$%4+/$,-+39:$ " </$<:$%89+ )401N for loop 9RI<F1%/0: n-
(k - path.size()) + 1 INO /# BE-SN+%9:$ )4 @ Dranch ,-. )8)$%9,-+356@

Time Complexity: O(k ! C(n, k)) @
Space Complexity: O(K) - recursion depth + path @

Java Solution

class Solution {

public  List<List<Integer>> combine (int n, int k) {
List<List<Integer>> result = new ArrayList <>();
backtrack(n, k, 1, new ArrayList <>(), result);

return  result;



private  void backtrack (int n, int Kk, int start, List<Integer> path,

List<List<Integer>> result) {
if (path.size() == k) { Il base case N k 4F19%%5?3%
result.add( new ArrayList  <>(path));
return
}
int  remaining = k - path.size();
for (int 1 =start;i<=n-remaining + 1;i++) {
path.add(i); /I 1. Choose
backtrack(n, k, i + 1, path, result); /I 2. Explore (i+1 " HH$)>5H#$)
path.remove(path.size() - 1); /I 3. Undo
}
}

}

RKCombination Sum
N53$-V )C® 30#%$%4rray candidates #2B8$)*-$ target ,5%N+IWE?S@,56:$%4AS target  >KE
combination '0-#$ /01>5#356@%3$%8$"1/01!Q0,53Q0,58=#3$@2-BIERS@

Example 1:

Input: candidates = [2,3,6,7], target = 7
Output: [[2,2,3],[7]]
(2+2+3=7, 7=7)

OM .$%1.$%"40%

A6/ Combinations #2:$,5)73% [ "P/$ /.+E?$ N (&)-8%"1 >5#$EF1%400T Explore )*+

i+1 )Y 1 $ Zi /8 (/01733/045#%,9.%"\@P) base case/ count)Y 1 $ Zum@

e 56:$%9:% target /01,4a+3E.+% remain )@

e Basecase P54 Clremain==0 ! I>K )*$@ remain<0 ! pruning (/P+$R5B >K-$)C
e candidate -8%$"18BChoose ! Explore (i /8 N >5#3$EF19d".:3hdo@

Pruning T 1/9%-=I=2-: remain<0 >SK&t+# B/F)<:$%,-+3-+/ decision tree 9%
V' Bo)+%-3501:3%,-. >K-$"P,5%E?$@

Time Complexity: !<01%<FX¥ponential (target/candidate ,5X )V-?3$ )@
Space Complexity: O(tar get/ min (candidates)) - recursion depth @

Java Solution

class Solution {

public  List<List<Integer>> combinationSum (int [] candidates, int target) {
List<List<Integer>> result = new ArrayList <>();
backtrack(candidates, target, 0, new ArrayList  <>(), result);

return  result;



private void backtrack (int [] cand, int  remain, int start,
List<Integer> path, List<List<Integer>> result) {
if (remain== 0){ /I base case N target >573%
result.add( new ArrayList <>(path));
return ;
} ~
if (remain < 0) return ; /I pruning N ,/P+$R5B
for (int i =start;i<cand.length;i++) {
path.add(cand[i]); /I 1. Choose
backtrack(cand, remain - cand([i], i, path, result); /I 2. Explore (i " >H#$
EF1%
path.remove(path.size() - 1); /I 3. Undo
}
}
}
UK N-Queens

n %n chessboard ,5X)*+queen n /+:$/01 N -8 $+ $2B$/+$ 53,-03/;.$ (row,
column, diagonal )N5%$,!1+:$ ) "PLO$ 3#?$%4)$%I$+M54 G :(board !>573$!18FL)Y 1 $ 2
1,91-./$/01E+ >5#%$,5%)?9N count variant) @

Example 1:

Input: n=4
Output: 2 (4 % )*+ )-01/$,'+:$  "PLO$ 35F18F )P OR%

OM .$%1.$%"40%

A6/ backtracking 9Rtlassic >5D#+56@ queen ,-. row -8%"18B)*+8%,/+:$8B "P9)7$ <01-+
E"P+40T N row 3*$"-*B13<0$ "column ?J$V;5M; "451 “ /01,9.%9-+ >K8$E?$@

e Base case: row n ,9+/$ (queen n ,/+:$ V1#$ "PR5B%valid !,>K &"1@

e row -8$"18BN column -8%$"18B/0B)$%safe ()*$5Mcolumn / diagonal [ ;/$ )N5$)
Choose ! Explore (#+/$ row)! Undo@

e Pruning Nsafe )Y 1 $ Zolumn /01"P/$"P:$%/P+$ (A6/ N-Queens /01brute force N/$
)P+%]/B%>)#$,8E?$ )@

safe 88$KBrcolumn -8%"18Bdiagonal [ )P OQ row+col -V = / =row-col -V = \ ) EF1%N+%
E4+% )*-$N+%9:$O(1) #B8$409E?$@

Time Complexity: !<01%<FX9{Nn!) (row -8$"18Bcolumn ,9.%89+,4P+3E.+9@
Space Complexity: O(n) - column/diagonal set + recursion depth @



Java Solution

class Solution {
private int  count = O;

public int totalNQueens (int n) {

boolean [] cols = new boolean [n]; /I column EF1%R5BY%E+%4+%
boolean [] diagl = new boolean [ 2 *n]; /I™\" : row - col + n
boolean [] diag2 = new boolean [ 2 *n]; /1" : row + col
backtrack( 0, n, cols, diagl, diag2);
return — count;
}
private void backtrack (int row, int n, boolean []cols,
boolean [] diagl, boolean [] diag2) {
if (row ==n) { count++; return ;} /I base case N n J+:$  "PR5B%
for (int col = 0;col<n;col++) {
int  dl1 =row -col+n, d2=row + col;
if (cols[col] || diag1[d1] || diag2[d2]) continue ; // pruning N -01/$)7%
cols[col] = diag1[d1] = diag2[d2] = true ; /I 1. Choose
backtrack(row + 1, n, cols, diagl, diag2); /' 2. Explore ( S row)
cols[col] = diag1[d1] = diag2[d2] = false ; //3.Undo
}
}

}

Sudoku Solver >0$*=$5W Sudoku ,>K-+4?$% N-Queens #®Rlea -V56-7$ N /./$
4.-$ -8%$"18B)*- 1p9 -8%$"18B8)$%Choose)! row/column/box )N5$)* </$ (Explore)!
)99:$ >5#$>KQ¥ndo)@'constraint ,K+/$9:$ "P/$"P:$%rune” -+/ [ "4 ®Y
IE/$56@




I"#3$% &' - Graphs

'#$%&'()*+ #-tree *+/0 !1 2-& 85*6 { node !*+ parent! child 8.(94(:4;)< %!4=8>0)
#-root ? &0eycle ," # Structure 457@5'4,62(real-world relationship %,A-)90. tree !1-.(
IBB4( ,C,"#/45DE)Facebook #-A. B F3BEG6(&AG(EK. CF3C. HA'(4AFS
BEG6(&AGHI9(!™*-,AL0) <:/KI*+L.-). 1,0+ . *9(&0./0*9(&0. #;&®  LA0)452%7

"()$*+, 0 $+# 4, 9138#3 8 P Zelationship *+/0 model 104(INN Graph ./0 B>0)4
*6(7  *.6(1*-2 tree 8/0*- graph F3!45% !6789%!0+%(cycle ,"#/<8. 04 (* Zraph) *9(
AJ)458 Graph . -2 Node %H&G()H&E(B+6(,C !*+ .JO "#/45%6(7

Graph /8:;+ (+3 -N Vertex #-Edge

Array, linked list I*+.  sequential (*9(&0:4;)*9(&0 HI9(:4;)&ee *+.  hierarchical (parent !
child) HI9(*6(7 Graph .!*-2  non-linear data structure  *9(,A 0)457vertex *+L.-)
relationship /OD6 ( A®>RB 0/06(9-)H4IIMF*6(7 Graph 8/0*- %4/0GH &0 P8P JQ-)*-
HI19(45*6(7
e Vertex (node): %&A.(*9(&0 N R4,- user *9(S)< :/K*9(:/K< task *9(&07
e Edge: vertex N &0L.-) /,$<=)$6> (connection) N R4,- "BEGG6(&AGHI(*6( "<"1,) "#/
*6( "< #,&/0%6(7

Node A

Edge Edge

Edge Edge



e Node/Vertex: A,B,C,D
e Edge: ADB, ABC, BbD, CbD

%!4=. R4,-#- Nuser TS) (A, B, C, D)"#/:4;,)AU(Xedge) *9(&09;. "BEG6(&AGHI9(*6( "
/0 8/01/045*6(7 Tree' FE*-. graph #- root ,"#/*-457

D6( vertex. ,8/0 91MF<cycle (ADBDDDCBAOcycle) "#/1MA5*6(7

Tree vs Graph

%&'() ?V #-H4-&% H4'(B*FI9&AG(45*6( N tree /8:;+ graph ?@45% !67 89%!0+%69(
,A0)45Tree */0G()W-graph *9(&0 HI9(14,62( graph */0G(). tree ,HI9(457*.6(!*-2 Linked
List, Tree, Heap !,:#$3A:%, graph ?@45%1A:0A 4543

Tree Graph
Structure hierarchy (parent! child) D6(1/0 8. Q-)1 F
Root %!4=8>0)node ? &0#/ root ,"#/
Cycle SH# "HIXI0G(
Parent node *9(&0. parent %,A-)Y.;) F parent 8/0*- "#/N D6( vertex D6 K&03B/0 8.(
R4,- folder structure, DOM tree social network, 1,()4>0Q dependency

12B™A"791% N graph #-rule 'P()!1< 4/@eneral 117 Tree. rule !*+ 4/0,A-):4{root ?
&0cycle ,"#/, parent ? &P structure 4/0BB4(*6(7 Rule *+ */Q)*-. graph ./0 4/0:4;)
Q/'()&AJ4(1+6(19:4;)<algorithm *+/01P()  Z/0)'#G()!9*6(7 R4,- N tree #- cycle ,"#/1M
traversal . 4/@/0)"#G()*6(7

Graph 167 89%!0+%67+%

Directed vs Undirected
e Undirected graph Nedge . C D,$03A:%B+-)IMF7"A. B F3BEG6(&AG(B/OB .
1P() A F3BEG6(&AG(Facebook friend)7

o Directed graph N edge #- E%;F$'7,$ (direction) "#/7A . B ./0 follow 104(*6( " 8/0B
A /O follow 104(*- ,WO0*(!B) (Twitter/Instagram follow)7



Directed (follow)

®

Undirected (friend)

&)

Undirected: A" BNI.( *E7 Directed: A! B B-< B! A ,WO0*(7

Weighted vs Unweighted ( 123%"7 8#$GH&GHI 8
e Unweighted graph N edge . "8.(Bl-) / ,8.(DE)1-) " 43/01/07

e Weighted graph N edge *9(&09; #-;#$D8:%veight) "#/45*6(7 N R4,- :/KN:/KL.-)
,=+121%  <network link F$latency <1,()'L.-G() ,:#$,7078;$ 7

©

Al B=5km, B! D=2km ... (edge weight = %.+-%![) )



Weighted graph ./0 %B B&A* Zhortest-path algorithm (Dijkstra 9BP( ) *+./0 %&'()
A\ #-1121-45,6(7

Complete vs Incomplete ( 'B1F.$ / 6B1F.$

o Complete graph ( K,,) N vertex *0G(). ,7#$ vertex |,  #8-38.(1"*6( (,8. t 2
%/,(')&AGHO(&0,] ,"#/)7 vertex n &08/0F@(ge 9090!45G0(Nn ! 1)/2 &Qtriangular
number) 457R4,- 1E™ S). %&AG()&AGHO'( B [, I  269P()%![)7

e Incomplete graph N %'P()8>0) vertex N &0L.-) edge ," # Zyraph (real-world network
I+ %,A-)%-)HIG2@;%,A 0)%9-)48

K notation N K 9-1>0). "A-'( komplett (H4P2(9p0'C 8G()B.(*6(IM  %&AK.
8/0L.:4;)<graph theory 45!8-G F+ &2 XKazimierz Kuratowski ./0 ‘0a(H4J,AAP() 4545
*6(7 (Wikipedia)

K5 N 10 edges (nonplanar,

K4 N 6 edges (tetrahedron)

. o | | e, e
(B)

Edge 12?7!;=$ sequence (triangular numbers):
Kn K1 K> Ks Ka Ks Keg K7
edges 0 1 3 6 10 15 21

vertex n &09;F@egree = Nn! 1 HI9:4N K, W- regular graph (vertex %.0'( degree *E)
*9(,A 0)457

Geometric 1J 8K) N K3 . triangle<K 4. tetrahedron (VD.( 4}0® edge skeleton
HI9(45%6(7 K1 #K 4 %Q/ planar (AUQ)™+ HI* D B 3 WF)HI9(14,62( N K5 ,0L1IM%
nonplanar HI9(45*6(7 (Kuratowski's theorem )7

Real-world #- complete graph W- "#-)45*6( (1E%-)1>0)%&AG()&AB(MB/0*- HI9(
X/0G('HR%) )7 @5!L.-G2(eal-world network *+.  sparse (incomplete) HI9(:4;N
Adjacency List ./0 default %HI9( B>0)L.*-457




1229%N,M%Term 67+%| Degree, Path, Cycle

e Degree Nvertex *9(&0,#-8. [* 2dge %!F%*+.(7 (Directed graph #- N %[G(
edge = in-degree <%Q+.( edge = out-degree 7)

e Path Nvertex *9(&0.' = I'-(*9(&0BM edge I*+ 8.(:4;) B #* &,()IL.-G()7 R4,- A
I B! D. A. D BMpath *9(&07

e Cycle N vertex *9(&0.!" Q+.(:4;) B1#3?+, 8+, :path(A! B! D! C! A)7 Tree #-
cycle ,"#/<graph #- "#/X/0G(7

e Connected Components N *9 &039(&0 8. Q4(* Fertex %04(903raph *9 &Q 3#
*9 R03B.  2004(9D>,A-)Y.;) "#IXI0G(*6(7

Component 3

©

Component 2

Component 1

® ©

G . degree 0 (B;)B'Z)7! Connected component V &){A,B,C}, {E,F}, {G}



Graph ,8: Code 4 -()$38: , 8 8+%B1963

Graph ./0 memory Q 3B/,)IMP()1,() N ,A0pc/. "#/45*6( N Adjacency List ' Rdjacency

Matrix 7D6(W- IF 31 3B/0*- graph . dense (edge 67+%il-) sparse (edge #F$%1-)
14= E*P(45*6(7

Adjacency List (vertex ;0 $0RKD!86$#M%"7 QFAOP %

vertex *9(8&09;%*+.( N B EXO0.(20.( 8. ([* ertex !* FSlist /0 B/,()*-7 Real-world #-

I<A:%!67+%/A:%l19(45*6( (edge'P §* Jraph %*+.( memory B.(B- )7

A: [B, C]

B: [A, D]

C: [A, D]

D: [B, C]

/I vertex 0..n-1 %*+.( adjacency list

List<List<Integer>> graph = new ArrayList — <>();

for (int i = 0;i<n;i++) graph.add( new ArrayList <>());
/1 undirected edge QP2(*- N N 1.(91>0)

graph.get(u).add(v);
graph.get(v).add(u);

Adjacency Matrix (n ! n P)+%)

matrix[i][j] = 1 8/0vertex i "¢ 8.(I'< 0o 8/0,8.(7 vertex 'P():4;) edge ,A-)* 2
(dense) graph %*+.(  "#G()1G():4N"i ' 8.(1-) " J0O(1) ' (INMF*6(7 @5'4,62(
vertex n &08/0F- O(N?) %:, BEBP(7

ABCD
A0, 1,1, 0]
B[L,0,0,1]
CI[1,0,0,1]
D[0,1,1,0]

QHB O$%)HRS"7,$

Adjacency List Adjacency Matrix
Space O(V + E) o(V?)
"ubv8.(1-) " 99( O(deg(u)) o(1)
%/,(")&AG6.0'( "#- O(deg(u)) o(Vv)

BG2(!*-( edge 'P() (sparse) edge ,A-) (dense)



V = vertex 12?!;=$S E = edge 12?2!;=$T Real-world graph %,A-)90. sparse
(edge 'P() )HI9(INN Adjacency List ./0 default %HI9( B>0)L.45*6(7

Real-world Examples
Graph W- "0 $#-0$" /, ®18# ¢data #(B,]# !*OF45*6( N
e Users and Friends N social network N user = vertex <friendship = undirected edge 7
"common friend "#-"<"B/._,()H&G() %8G2(N 8G2( *+.  graph H4d'-7
e City Routes/Maps N :/K=vertex<l,() = weighted edge (%.+-%![) )7 GPS route
Pnding. graph !4=3#- shortest path "#-*-
e Package Dependencies N npm/pip package = vertex <'A . B ./0 # &0 directed edge 7
install order "#-*-< circular dependency "#/,"#09(*-7
e Permission Graph Nrole ! permission! resource 8.(94(,C< permission inheritance
(admin . editor F3permission %.0'( F)7
e WorkRow / State Machine N order status (pending ! paid ! shipped ! delivered) 1/0
state I*+ .E)!H4-G(),CN state = vertex <transition = directed edge 7

e Task Dependency N projecttask '*+ N "task A :4;)#task B 91MF" N directed graph
HI9(:4;)scheduling/build system #- %B>0)[G(7

~

@pattern *+ 9%.0'(1>0) *E45*6( N "!?+IJ9 (vertex) 2; #-<5;8VWX,+%/,$01$6> (edge)
,8: model 3:1$L1IMABB1$6> 21YEH26%"=#BBD 7 @5. graph F$%B>0)&A4ERH#9(&AIA(457

Graph ?@+%<+"7,$67+%

e 3 = 81 $ -structure N array, linked list, tree *+1/0 .' IB*(&A.(  (sequential /
hierarchy) " ® N 8.(94(,C D6 ( 88> 0/06(9-)HAIINFA5*6(7

e Real-world problem 2:=,8: model 3:1$Q8$athbnding, data clustering, network
analysis, machine learning 9* 26(46( %,A-)%H4-).#- BG2(*-(7

e /,$01$6>,8: GHO$%GH 0$%3662BOHERAN vertexDedge B!D-*F-). N eB(Q ¥ 2
relationship *+./0 H,G(B-1%-G( H4G(!4)*6(7

e ()$ data 6/8: graph BDO$QS8I@8m !'* +BE*MTFL.-). 8.(94(,C !4=1-* ® graph
*9(&0 HI9(B+-)45:4;7

Questions



Graph /O H4d'- T &0321-L.P2(FI%-G(7 H4d- %,A-)90. N graph ./0 adjacency list
%HI9('H4-G():4;)¢ertex I*+./0 traversal (DFS/BFS) 104(FG(Visited #*(Q-)*- HI9(45*6(7
(DFS/BFS ./0 %&'() ?g #-%!'B)9/*(  8.('121-,6( N @;#graph %!4= 4Q,8>0) %B>0)&
L.P2(45,6(7 )

&T Find if Path Exists

vertex n &J o.n-1 )' &ndirected edge list edges !4)Q-)BP(7 source .I' destination
BMpath GH&H®4' (457

Example 1:

Input: n =4, edges = [[0,1],[1,2],[2,0],[3,1]], source = 0, destination = 3
Output: true
© 11 13 10IL-GO) '#/BP()

GH 0$%30%$%"7,$

edge list ./0 adjacency list %HI9(!H4-G():4;N  source .I' DFS/BFS' 2.('B,] vertex
%.0'( 'F-.(L.P2(45*6(7 destination JOIF-(FG( tue 7 visted set. N 8G():4;)B-)
vertex ./0 H4'(,8G()!%-G( (cycle 'L.-G2( inPnite loop ,HI9(1%-G( ) *-)BP(7

e adjacency list 18-.(  (undirected N N 1.(91>0) QP2()7
e souce .9 DFSN visited #*<%l/,(")&AGHI(&09;8.(8G()7
® destination *OFG( true <%.0'( 8G():4;) ,'*OFG( false 7

Time Complexity: O(V + E) - vertex ' dge *9(&09;*9(&59; HI*(7
Space Complexity: O(V + E) - adjacency list + visited + recursion stack 7

Java Solution

class Solution {

public ~ boolean validPath (int n, int [][] edges, int  source, int  destination) {
List<List<Integer>> graph = new ArrayList <>();
for (int 1 = 0;i<n;i++) graph.add( new ArrayList  <>());
for ( int []e:edges){ // undirected N N L(
graph.get(e[ 0]).add(e[  1]);
graph.get(e[ 1]).add(e[  0]);
}
return  dfs(graph, source, destination, new boolean [n]);
}
private boolean dfs (List<List<Integer>> graph, int node, int dest, boolean [] visited)
{
if (node == dest) return  true ; I 'F-.(:4
visited[node] = true ;
for ( int next: graph.get(node)) {
if (lvisited[next] && dfs(graph, next, dest, visited)) return  true ;



return  false ;

CT Number of Connected Components

vertex n &J o0.n-1 )' #ndirected edge list edges !4)Q-)BP(7  connected component
(*9 &03D(&08. 0O4(* 2004(9D6(X# &0'#& FH4'(457

Example 1:

Input: n =5, edges = [[0,1],[1,2],[3,4]]
Output: 2
({0,1,2} ' &3,4} N %04(90

GH 0$%30%$%"7,$

vertex %.0'(/0 *9(&0&AG().P2(45*6( N 6 visit 22<%; -vertex *9(&0 *OFG( !
component !<0$ ;0% 9:4;! count */0)<4;)!*-2 DFS' & Zomponent Q 3 vertex %.0'(
0 visited  #*(49(7 @P [ Romponent *9(&09;./0;0 H1-IF*+.(45%6(7

e adjacency list !8-.(7
e vertex 0.n-1 loop N visited  \WO*(FG( count++ + DFS ©604(90*9(&01Y )7

Time Complexity: O(V + E)7
Space Complexity: O(V + E) - adjacency list + visited 7

Java Solution

class Solution {
public int  countComponents (int n, int [J[] edges) {
List<List<Integer>> graph = new ArrayList <>();
for (int 1 = 0;i<n;i++) graph.add( new ArrayList — <>());
for (int []e:edges){
graph.get(e[ O]).add(e[  1]);
graph.get(e[ 1]).add(e[  0]);
}
boolean [] visited = new boolean [n];
int  count = O;
for (int i = 0;i<n;i++){
it (visited[i]) { /I component %B9(
count++;
dfs(graph, i, visited); Il %04(90*9(&01>@(
}
}

return count;

private void dfs (List<List<Integer>> graph, int node, boolean [] visited) {
visited[node] = true ;
for (int next: graph.get(node)) {



if (lvisited[next]) dfs(graph, next, visited);

[T Detect Cycle (Undirected Graph)
vertex n &0 &ndirected edge list edges !4)Q-)BP(7  graph Q 3#cycle GH&H®A'(457

Example 1:

Input: n = 4, edges = [[0,1],[1,2],[2,0],[2,3]]
Output: true
0 11 12 10 [OGOH4(BP()

GH 0$%30%$%"7,$
Undirected graph #- N DFS 8G()FG() visited ~ LIM%<+U9t Fertex *9(&0./0 H4'(*OFG(cycle
HI9(X/0G(*6(®5!4,62(B* NA ! B8G():4)B.I' A.JOH4L.P2(*-  (undirected 8/0!*-2
AbB edge. NI.( )cycle 6*;% 7 @5'L.-G2()$, 3+3 ~(parent )./0 #*(Q-):4;) N visited
HI9t Zrertex. parent 6*;$?70$6Hcycle WOB*(,#*(BP(7

e DFS #- parent parameter QP2(7

e %/,()&AG(next N , visit FIB)JFG( 8.(8G() (parent = node)<visit :4;)B-) + parent

6*;$ 8/0! cycle7
e component %.0'(./0 99(INertex %.0'( loop7

Time Complexity: O(V + E)7
Space Complexity: O(V + E)7

Java Solution

class Solution {
public  boolean hasCycle (int n, int [][] edges) {

List<List<Integer>> graph = new ArrayList  <>();
for (int i = 0;i<n;i++) graph.add( new ArrayList  <>());
for (int []e:edges){
graph.get(e[ O]).add(e[ 1]);
graph.get(e[ 1]).add(e[  0]);
}
boolean [] visited = new boolean [n];
for (int i = 0;i<n;i++){
if (lvisited[i] && dfs(graph, i, - 1, visited)) return  true ;
}
return  false ;
}
private boolean dfs (List<List<Integer>> graph, int node, int parent, boolean ]
visited) {

visited[node] = true ;



for (int next: graph.get(node)) {
i (Ivisited[next]) {
if (dfs(graph, next, node, visited)) return  true ;
} else if (next!= parent) { /I visited + parent ,WO*( ! cycle
return  true ;

return  false ;

~

Directed graph \ cycle . 'PO)'P() .+-BP( N"1.("#/ DFS1,)L.-G()'4=#- "#/"
* Zin-progress) vertex" ./0 H4'(1*O,#cycle (back-edge) WOB*(,#*(BP(7 @5./0
topological sort ' 2 #) %&'() ?\ #-8.(1121-45,6(7

]T Clone Graph

connected undirected graph F3node *9(&0 ( node ) !4)Q-)BP(7  graph *9 &Q B3deep
copy (clone) ./0!8-.(:4;) H4'(45hode *9(&09; #- val ' Jo/,(";)&AG()st neighbors  "#/BP(7

Example 1:

Input: adjList = [[2,4],[1,3],[2,4],[1,3]]
Output: [[2,4],[1,3].[2,4],[1,3]]
(node 1 " 2,4 node 2 " 135 .. * BY Zopy %BY()

GH 0$%30%$%"7,$

@H4d-F  3%&.(8>0) %4/0G(). N graph #- cycle "#/1Mwede *9(&0./0 clone 104(*/0G(Bh
neighbor *+/01P()  clone 104(FG(}/A:%6GHB0p HI9(X/0G(*-@®5./0HIIMN "65?080de !
clone node" mapping (HashMap)./0 B/,()Q-):4;)< node *9(&0./0 ;0 %1 -clone 104(45*6(7
H4'(*OFG(map Q 3 clone ./0 H4'(B>0)7

e node ./0Oclone!8-.(:4;) map Q P2(7
e neighbor *9(&09;:N map Q 3#/FG{4'(6E<#/FGfecursion ' Rlone 18-.(7
e map. Vvisited %104(45104(!14)1IMN cycle "#/1P() loop ,HI9(7

Time Complexity: O(V + E) - node ' 2dge *9(&09; *9(&57
Space Complexity: O(V') - map + recursion stack 7

Java Solution

/I LeetCode 14)Q-)*  Node definition 10 B>0)45*6(:

/I class Node {

/I public int val;

/I public List<Node> neighbors;

/I public Node(int val) { this.val = val; this.neighbors = new ArrayList<>(); }



11}
class Solution {
private  Map<Node, Node> cloned = new HashMap<>();

public  Node cloneGraph (Node node) {

if (node == null ) return null ;
if (cloned.containsKey(node)) return  cloned.get(node); /I clone 4;)B-) ! H4'(B>0)
Node copy = new Node(node.val); /I clone %B9(
cloned.put(node, copy); /'map Q 3QP2((cycle ~+6( )
for (Node nb : node.neighbors) {
copy.neighbors.add(cloneGraph(nb)); /I neighbor I*+ clone

}

return  copy;



"#%% &' - BFS and DFS

I"#$% &' ()* graph +,- 0*+$,-%./0 N adjacency list/ matrix +,-./ 0" @345 §728#* .79
4 03 N"source +: +$.#<(= vertex I+-#$ >*+$?2+@0FA'component !-2$:- .>4B+$ " :
4 G>*4  BY graph +,- 1234$/5$62-78@raverse) " @345 6 Clraversal E (F G%N BFS
(Breadth-First Search) #DFS (Depth-First Search) 236

CDH):$"-graph/tree I/ 28 } $3!7."  79:$2345$ N +B*4*+ "vertex .4B+,- +$!,<$  #1
K¥< 86/ 1; 4*2 N

o DFS N /($%.2+*I1$%4:$"+,- 1=*%>) #($H#($ ;I$%L2DYHI+$/($% 72#3$))@0B+SMN, 1$%!
>1$)6

e BFS Nstart +.# #?%=*%@4$vertex .4B 1>I1$ AL2D%GH+$:10$ (24%$/@%
479@3$%79@$56$ )6

CD!"#$%()N DFS/BFS +,-code O P5%$/,- .>%(/ AP5$!"F #$ P5$Q* .> Bo(/ AL2D%.4*0
classic 728#* R " (islands, 3ood Pll, rotten oranges, course schedule, shortest path) +,-.79
?+@0$23(5%6

DFS N #($AB) @$%!(@pth-First)

DFS+ Nvertex 4:$"-+A ,($#D%"FI$%4:$"-+B%L2DBE $o( F=*%>) #($H$ ;1$%<B*%
45$6 2,4$3<B*%([+$(<B*%H,-1$.4*0() ) 7#-($./#$1234$(backtrack) L2D% $.<%4 0#*+$
1($%+,- ;+$::$45%$6

DFS!S$ :A! B! D(T-%)! backtrack ! C

DFS +,- >%#@%$% (F G&N recursion (call stack +,- <T-P#Bxplicit stack (+,-5%$4,-1$stack
<T-YoH):$"-/T-% " #*+$;T-%.>*+$ vertex +,-1>1$;+$ " ; 4 WQLIFO (stack) <.P*4>*%2 B



DFS N Recursion

IM,-%K) 1$%: B9#@$% function + <U+,-5$<V72#$."W L2p@gkamming language >ZXall stack
+ backtrack +,-!/,-L./F*+$ 1-2%$.2%45%$6

void dfs (List<List<Integer>> graph, int node, boolean [] visited) {
visited[node] = true ; /1 visit 04%
/I ... node +,-process  /-2$
for ( int next: graph.get(node)) {
if (Ivisited[next]) dfs(graph, next, visited); Il ( visit >.<%>1$ +3$;1$%

DFS N Explicit Stack
Recursion #+$/B#3$%>I§tack overBow 79:$H,-1$45$6 ©3+;.K)*I$9Xl stack +,- +,-5%4,-1$<T-%
L2D#4rative .>%H,-1$45$6

void dfs (List<List<Integer>> graph, int start, boolean [] visited) {
Deque<Integer> stack = new ArrayDeque <>();
stack.push(start);
while  (Istack.isEmpty()) {

int  node = stack.pop(); Il #4$;T-%0@0%4* 1>I$0B+$ (LIFO)
if (visited[node]) continue ;
visited[node] = true ; // visit 04%

for (int next: graph.get(node)) {
if (lvisited[next]) stack.push(next);

BFS N /5$13$!IC@$ (Breadth-First)

BFS+ N startvertex +# #?%="%@4$(distance 1) vertex !+-#$+,- >I$K)*A L2D%()
distance 2 L;I0$A :<7910%$ 4/Y*'FI$% 24$/@%$ +F5$<B*%45%$6 C3+,-queue (FIFO) #102%
453 N > @ 8 Wertex +,- 1>1$0-4$L2D%+$::$6



BFS!IS$ :A! B! C! D(l0%/,-+$ )

e I'IO$ O:A
e ll0$ 1:B,C

e IlIO$ 2:D
void bfs (List<List<Integer>> graph, int start, boolean [] visited) {

Queue<Integer> queue = new LinkedList <>();

gueue.offer(start);

visited[start] = true ; // queue 010@ 8 #%+21()4%

while  (‘queue.isEmpty()) {

int  node = queue.poll(); Il 1>1$0@0%4* I1>I1$0B+$ (FIFO)
/I ... node +,-process  /-2$

for (int next: graph.get(node)) {

it (lvisited[next]) {
visited[next] = true ;
queue.offer(next);

}
}
}
}

F5) :BFS()* vertex +,-queue > D3 8 BG #E2 visted ()4$23N poll / 28 BF #$
(Q-4%$236 (Q-4%>1$ vertex 4:$"-4@%$%+,- queue O 1Z+,($(F*%:B*O@0%(,H,-1$45%$6

Visited Set N Cycle (-(9+%$."@%$%

Graph ()* cycle K),H,-I$<@®#®*+$ visit L2D%<*értex +,- 72#3(::$.1*I$  visited  set +,-
04%0*%9,K.8 $E7# 1)2345%6 (Q-4%>1$ A! B! A! B...inPnite loop 79:$3<B*%(5%6

e Tree ()* cycle (K),/ XN visied (/ P draverse /X >45% (parent;D 72#3$(<B*%>6
e Graph 0* N visited  (79:$(# /,-6

e Grid (matrix) ()* N visited array <T-%4*&3()(Q-4$ cell +,- 4#$9,-%.72*1§A* '1° !
o )\ "visit L2D%- ()4$4*6

+$I"G#$ BFS, ;+$!"GW$ DFS
H):$"-/T-6rtex 1+-#$ >*+$4*  4V.2(50$% N 62F 965B<$ +B*<@$04B+$ 728#*
I/,-+$ . >B%"F5$>45%6
BFS DFS
Structure Queue (FIFO) Stack / Recursion (LIFO)

K)*2T- LI0$/,+$  243/@$ /($%4:$"- 1 T-%0, #$#+$



Shortest path (unweighted) | C (#D%;T-%I$ ) >

Memory 1;10$4:$"-/T-% queue O +F5$>I$ (F*% [($%.2+*1$% 1#+$  #+5>1$ (F*%

<10$.4*$ nearest / level / shortest path exist / cycle / backtracking
119+$E25%:

o "I#H?%=*%#3$%=*%=@4$/ shortest path " ;,- | BFS6

e "path 62)1-% !(*#%62- / cycle / backtracking " ;,- ! DFS (recursion .>%> /B5% )6

Real-world Examples

e Search Dependency Tree N package/task dependency +,- DFS #10$%L2D%®5$
package .4B (Pf 1!+-#%K)*Ainstall order K)*6

e Find Nearest Item N map/grid ()* "1#D%;T-tospital / ATM" K)*4* N BFS (#D%;T-%I$
S*+$/X )6

e Crawl Linked Pages N web crawler N page 4:$"-+:  link .4B+,- BFS/DFS #1)-+$9BI0$/
visited URL set #102$(9BI10$.!*1$6

e Permission Inheritance N role ! permission graph +,- DFS #0$%L2DUser CD
permission K),/*%' inherited !+-#$::$6

e Social Network N " Chser#B5$H) ;I 6 B Xdegrees of separation)" N BFS #DI0$
>4B+$6

Questions

Graph/grid 728#* !(F*%:-+ N DFS/BFS template E" O % 4:$"-+,- /,-+$.9*$L2D visited
(% @326 classic R "- .79?2+@0%$>.!*1$6

&HNumber of Islands

1 (+#SYE 0 (> ) 234 @D grid .2%0*%<@$6island (P%"FI$S%+2$+-#$%!-2$N L.2W /
*+$  /P5$ /@* ;+$.# )PS5$H) "- KJ IT72#$236

Example 1:

Input: grid = [
[1""1","0""0Y,
[1""1","0""0Y,
['0"0","1",0"Y,
['0","0","0","1"
]
Output: 3
( P5$L2wW  1-2$:-A /5% 1A$@* 1N ] +%$%

S 33S



62 @$%1@$%"G($

cell +-#$+,- loopN 1 4$" 4 >I$ ! island IF,$ 5$™ :L2D count 4,-%B2D%.41DFS
#D Osland #13  $4 (10 +-#$+- 0 .72*$%2:K"visit L2DPA$7"1$96 CB@ $od3land
4:$"-:D+,- 4: $321>4B+$45%$6 (connected component .>4B+$4* N grid version 236

e cell ¢y loopN 1 ;- count++ + DFS6

e DFSN 1 +- 0 .72*I1$%KP% ° 9+$ ;+$;I$% (grid !721$ (OB+$.*I1$ :$)6

Time Complexity: O(m ! n) - cell 4:$"-:D 4:$"36
Space Complexity: O(m ! n) - worst case recursion stack (grid '+-#$ 1 )6

Java Solution

class Solution {
public int  numlslands (char ][] grid) {
int count = 0;
for (int r = 0;r<grid.length; r++) {
for (int c = 0;c<grid] 0].length; c++) {

it (grid[r][c] == T ) { /l'island <:$
count++;
dfs(grid, r, c); I+ $H4 0+-#$%+-#S #:$52:$
}
}
}
return — count;
}
private  void dfs (char ][] grid, int r, int ¢) {
if (r< OJ|r>=grid.length || c < 0 || ¢ >=grid[ 0].length
| grid[r][c] != 1" ) return ; Il 1721$0B+$ /| > [ visit L2D%
grid[r][c] = 0o I visit 04$ (> .72*1$%
dfs(grid, r + 1,c¢);
dfs(grid, r - 1,c);
dfs(grid, r, c + 1);
dfs(grid, r, ¢ - 1);
}
}
IH Flood Fill
image +,- 2D grid image (cell 4:$"-:D =!.>*I$ ) #12%O*%<@$6start cell (sr, sc) + N
5 3 3 B7C-@% .P%"FI$%+2%cell 1+-#$+,- 1.>*$!<:$ color  #X¥2*1$%2@paint bucket
tool)6
Example 1:

Input: image =[[1,1,1],[1,1,0],[1,0,1]], sr = 1, sc = 1, color = 2
Output: [[2,2,2],[2,2,0],[2,0,1]]
(1) o+ $H4 WM +#$ 1 2)



62 @$%1@$%"G($

start cell >I(V>1$%!.>*1$+,- )4SADFS#1>x $4 BI3?'7C-@$ cell 1+-#$+,-  color
Number of Islands #8BVN " ;+ $4 GOegion" +,- DFS#10$4*6 F5) : | >*$l<:$+
> $BV>I$SN .72%1$%:>* (/,- (inPnite loop .K)*I$)6

o start cell >T(V>1$%!.>*1$ old ()4$A old == color - "F+$"FI$S9B2#36
e DFSN od !>*1$ cell +,- color .72*1$%HP% ~ 9+$ ;+$6

Time Complexity: O(m! n)é6
Space Complexity: O(m! n) - recursion stack 6

Java Solution

class Solution {
public int ][] floodFill( int [I[] image, int sr, int sc, int color) {
int  old = image[sr][sc];
if (old != color) dfs(image, sr, sc, old, color);
return  image;

}
private  void dfs (int [][] image, int r, int ¢, int old, int color) {
if (r< O] r>=image.length || c < 0 || c >=image[ 0].length
|| imagel[r][c] != old) return ; 1721 1 L>*$4V
image(r][c] = color; Il 72*1$%visit 04% 23
dfs(image, r + 1, ¢, old, color);
dfs(image, r - 1, ¢, old, color);
dfs(image, r, ¢ + 1, old, color);
dfs(image, r, ¢ - 1, old, color);
}

KHRotting Oranges

12*1$%6
(V>1$9

grid 0* o =a*A 1 =/4 $ S0 (B8 B2 =22%4 KD%GEH#$4,-ISUW 2-23<DRo
"FI$%+28 9+$) 15$=5$F?%759 MH/S(#B5$6 <D%I*%/T-B2$923$%=*%+$L2 E)4Y ¢ 1

72#$23@9:$H -1$>1 -1 6

Example 1:

Input: grid = [[2,1,1],[1,1,0],[0,1,1]]
Output: 4

62 @$%N1@$%"G($

C3+ multi-source BFS 23N /#/$F?2%(*#$1:*% +,- start (queue O 14V4V O@O0B.20%6!;10$
4:3;108"FI$%((,#:$4:$"-"FI$% 24%/@% 2F TI<B*%4BFS + "!;10$/,-+$ +F53$" 4* 79:$/ XN

10$  1.>14B+$ = ((#:$6 #*+$;T-%/4%,4$<D% +F#$>1$ -1 6



o 2-23<D%#$ queue O O@0%AS$;4$<D% !.>!4B+$ fresh

>6

e BFSN 5:10$4:$":D (minutes++ )(* Nqueue O & 22% B.4 BI.P% /4$;4$<D%+,-

2-2%.: + queue O 0@0$ fresh- 6
e [2D%.4" fresh==0 ;- minutes A(Q-4$>1$ -1 6

Time Complexity: O(m! n)é
Space Complexity: O(m! n) - queue6

Java Solution

class Solution {

public int orangesRotting  (int [J[] grid) {
int  m = grid.length, n = grid[ 0].length, fresh = 0;
Queue< int []> queue = new LinkedList — <>();

for (int r = 0;r<m;r++)
for (int ¢ = 0;c<n;c++){

it (grid[r][c] == 2) queue.offer( new int [Kr, c}); /I source I+-#$
else if (grid[r][c] == 1) fresh++;
}
if (fresh == 0) return 0;
int  minutes = O;
int I dirs = {{ 1,04{- 1,0}{ O, 1}{ O, 1}}
while (lqueue.isEmpty() && fresh > 0){
minutes++;
for (int i =queue.size();i> 0; i--) { I 510$4:$"IT-% ( & (#9)
int [] cell = queue.poll();
for (int []d:dirs){
int nr =cell 0]+d[ 0], nc=cell 11+d 1],
if (nr< O]lnr>=m]||nc< 0 || nc >=n || grid[nr][nc] != 1)
continue ;
grid[nr][nc] = 2; I 2-2%.
fresh--;
queue.offer( new int [{nr, nc});
}
}
}
return  fresh == 0 ? minutes : - 1;
}
}
MHShortest Path in Binary Matrix
n " n binary grid )* o =<B*%/XA 1 =2,4$6P5%.2W.0*10$ (00 +.# @*.!*+3$

O0*0$ (n-1n1) <XN ' 8($ (7>-@4$.859N) <B*%/ X4 05)*=*% 1E$%70(-@$cell

1.>14B+$ 72#$23K),>1$ -1 6

Example 1:

Input: grid = [[0,0,0],[1,1,0],[1,1,0]]
Output: 4



(000 1(01) 1(12) (22  /($%2+4$% Ncell ™)

2 @3$%1@$%"G(S

Shortest path (unweighted) ;- ! BFS6startcell +: N ;10$/,-+$ 24%$/@$ +F5$<B*%
45%A destination +,-/>E=*% 7C-( $ B=@4%$+ !4,-;T-%6 CD()¢ 9+$ ((O*10$794%$23 .>BJ/ X
>45%6 DFS (< To>40.2+41$% N DFS + "20(4 4 0($%" +,- 72#$4*N4,-T-% (Q-4%$
H,-1$6

e start 0,00 2,4$.#>I1$ -1 6

e BFS Ncell (cdist) queue O I0@0¢ visited  ()4$6

e destination .>*+$>I$ dist 72#%eue +-#H @S >*+$>I1$ -1 6

Time Complexity: O(N?) - cell 4:$3™:D 4:$"36
Space Complexity:  O(Nn?) - queue + visited 6

Java Solution

class Solution {

public int shortestPathBinaryMatrix (int )0 grid) {
int  n =grid.length;
if (grid[ O][ 0]== 1]|grid[n- 1In- 1]== 1) return - 1;

int [][] dirs = {{ 1,04{- 1,04{ O,1}{ O,- 1}{ 1,1}{ 1, 1}{- 1,1}{- 1,- 1}}

Queue< int [> queue = new LinkedList <>();
queue.offer( new int [{ O, 0, 1}); /I (r, c, dist)
grid[ o] 0]= 1; /1 visit 04%

while  ('queue.isEmpty()) {
int [] cur = queue.poll();
int r =cur[ 0],c=curf 1], dist = cur[ 2];
if (r==n- 1&&c==n- 1) return dist; Il 20(GT-% >*+$ = 14,-T-%
for (int [Jd:dirs){
int nr =r+d[ O,nc=c+d] 1];
if (nr< OJlnr>=n||nc< 0 || nc >=n || grid[nr][nc] != 0)
continue ;
grid[nr][nc] = 1; I visit 04%$ ( O@O0$4-#$%+
queue.offer( new int [{nr, nc, dist + 1});
}
}

return - 1;

PH Course Schedule

course numCourses - ((0.numCourses-1 ) #Prerequisite list prerequisites 2%0*%<@$ N
[a,b] ;- "course a 4+$9X b !>I1$L2D%>(5$6 course +-#$ 4+$/X C/EC (cycle (K)/K),
72#$236



Example 1:

Input: numCourses = 2, prerequisites = [[1,0]]
Output: true
(course 0 I>I$A L2D%(N  79:$H}IS$

prerequisite (K),! 1 +,-4+$/X >6 Cycle (K),6

Example 2:

Input: numCourses = 2, prerequisites = [[1,0],[0,1]]
Output: false
(0 #1 #0 d,-1$%78#K79:$H,)$

0! 1! 0d,-I$%7RHS$I):$"-/T-IFI$% FI$%)D"- Cycle K),6

2 @3$%1@$%"G(S

C3+ directed graph E2<cycle 62E62)$4* N cycle K),>I$ourse !+-#$ P5%$.4*0() (L2D%H,-I
CD()topological thinking  +,- (,4$;+$23(5$ N BFS topological sort (Kahn's algorithm)  <T-¢
(5$6 prerequisite (K % @in-degree 0) course +:  4+$A 4+$L2D%4,-I$h.2W( P4 &ourse .4B
>Jin-degree ./=*0A 0 79:$>I%queue O I0@0$6+*+$;T-%4+$L2D%ourse !.>14B+$ =
numCourses ;- N cycle (K),(tue )6

adjacency list + in-degree array .;*+$6

in-degree 0 course !+-#$ queue O 6

BFS N course 4:$"- 0-4$4,-139 taken++ Aneighbor in-degree ./=*0A 0 ;,- O@0$6

® taken == numCourses <Z true 6

Time Complexity: O(V + E) - course + prerequisite 6
Space Complexity: O(V + E)!

Java Solution

class Solution {

public ~ boolean canFinish (int numCourses, int [][] prerequisites) {
List<List<Integer>> graph = new ArrayList <>();
for (int i = 0;i<numCourses; i++) graph.add( new ArrayList  <>());

int [] indegree = new int [numCourses];



for ( int [] p: prerequisites) { b 1vaf(b I>1$ )
graph.get(p| 1]).add(p[  O);
indegree[p[ 0]]++;
}

Queue<integer> queue = new LinkedList  <>();
for (int i = 0;i<numCourses; i++)
if (indegree[i] == 0) queue.offer(i); /I prerequisite (K),N 1>1$4+%

int taken = 0;
while  (lqueue.isEmpty()) {
int  course = queue.poll();

taken++;
for ( int next: graph.get(course)) {
if (--indegree[next] == 0) queue.offer(next);
}
}
return  taken == numCourses; /I \+-#$ 4+$H,-1$= cycle (K),
}
}

Topological Sort (dependency order K)*4* ) #10ourse Schedule Il (4+$>(50$% !:S$ 72#3%
4% ) +,-1"#$% &e N Advanced Graph Algorithms ~ ()* 1.<%:,4$  ;+$./0/*23(5%$6



"#$% &' - Advanced Graph Algorithms

"#$% &' ()* graph +,$"!+./$%()* O} Zertex 4+.51- #,$+56 7 B 9+ B)y4: + Jtraversal)
#8 $07( $o4+;:, $ BFS (Breadth-First Search) #BFS (Depth-First Search) 4<5*/$%51-
14=%,1+$ 47 3** 25>9%:,$9@+ASBC@49(A385A33 75%$4+D 5(E* (real-world) ;9F#*
4+.()* "vertex 4+. +, $#B $-G5$MH=T*% " Gl-+*H5$ 91-(DK9$4H.%H#9?%R 2(%".#$%4
51-4;:0)/$%:11-19%7*9@+A$B

MO(*1*%::/3% N

e Dependency Ordering: "Software package 4+.N=1L (O-+$task 4+.51- install 7 9% B@
PAS$IQ*51- 1Q/$7-9$>9?RASIQ*51- 4#*58() 7 9R(7 2

e \Weighted Shortest Path: ">(1R 54# >(1B 51-= *%+B@ "Q?%!5.*14S% =1L (O-+$
=*%07*,QL+$ I=5$=*GT-% 7($%4<5*/$%5IRA$71- 0¥ (7 2

e Minimum Spanning Tree: ">(1R)),$>(1R3Y9$, SW@+$!*%71-/3% (O-+$:-#$%71-/$%4+.
"6 HE5 $ B@ 5-#356,Q1+$#83%GT-%;:,$4!*/$ PAS71- "64 &5 & 2

C?"#$%()*4+*Jeal-world developer +, $A*5 $i## B# IXK5 Y4+ D47 B 34Q%9@GT-%
Graph Algorithm 4+.51- 14;"'T(),Z  75%$4+D5656 0)/$%;9=.*%9@ (A&Borithm +,$"-,?

I+.5%  [/$%+1K;:0)/$%49%=83RF#*N 17-9$7-9$9T=4P*+Q*%  (Intuition)N+,$G/3$"6/$%
7-9%4G*/$9T(Step trace)NCode implementations U)/38me/Space complexity 4+.51- 14=%,1+$
4737*=.*%<59@(A$B

C21"#3$%()%737*=.*%(A3$ W15 Algorithm (6*%U)[E#6+1L\IW15 =4P*+Q*%(6*%()*
41*530@!1+1-/3% 1, $9@+A$ N

Algorithm 0%+ -$%(.%/01$ ).2#3 1456 /(73893%  /6595:3
Topological Sort Dependency order (DAG) In-degree + Queue (Kahn's Algorithm)
. Weighted shortest path (Edge weight ! )
Dijkstra 0) Min-Heap (Greedy approach)
A* (A-star) Goal-directed shortest path Min-Heap + Heuristic function
. ) . Edge relaxation (Dynamic
Bellman-Ford Shortest path with negative weights

Programming)

3-nested loops (Dynamic

Floyd-Warshall All-pairs shortest path i
Programming)

Union Find Disjoint sets grouping / Cycle detection Parent array with Path Compression



MST (Kruskal / Minimum cost connect-all tree Union Find / Min-Heap
Prim)

Topological Sort N Dependency Ordering

0™ /(73893%<,-1$ /;=%>-$.;=

Topological Sort G1-+* Directed Acyclic Graph (DAG) N G1-71-+*5 ]%+8%"65$0)1>92%6le
(S1-/1$%9HKKE Yraph +,$"-()* vertex 4+ QR"PAS$!IQ*5 IQ/$N PAS!IQ*5 4#*5$" G + 3
+Q*%S/$7-9$4G*/$(K!,?!,X$  (valid ordering) 51-0f4: 49%-+ 2&lgorithm ;:, $9@+A$B

graph H R¥ directed edge A ! B 0)14#+A3$G1-Q/B 51-(7-9%$"/$ A 51-1Q/$>97%A41*/$ 7-9$Q
(A$ " (A >9?9K) 71LlW 2 @ARI@+A BC@4<5*/Ippological Sort ;:/38H 5 B*+ 3,2 X$()*
node A O* node B Q40)7()* !'>( 2( $#Q*5$0)14#Q9@(A$B

package dependency MO(* :
(A) "
$"% (C) "% (D)
(B) &

-C 51- =T-%AL #B !Q/$71-195+A%$B
-D 51- =T-%@L !Q/$71-195+A$B

+Q*%S/$4=* 121,X$  (Valid Order): A, B, C,D ( =1l (O-+$ B, A C,D
(+Q*%S/$4=* 121X$  (Invalid Order): C, A, B, D (C 5 AIB Q240N AQ*5$4AHZ  ()*%A.I1$%=8F

75%4+D 5(E*()* Software Package Management (npm, pip, maven) 4+.()* package 4+.
install 7-9$(A34,?!,X$  0)*+*N Build tools (Make, Bazel, Webpack) 4+.()* source ble 4+.
compile 7-9$(A34,?!,X$  =+$()+$+*N +5 =1-7$ P*=*Q9$ prerequisites 4+ #ZBask
Scheduling ;9F#*4+.()*  Topological Sort 51-'W15 =T-%<59@+A$B

1(9%?6@%(/3 !"A6$ : Topological Order Q0)1:1L !+.58Graph ()* Cycle (>5=-$%.85B=%>
B+59.HDAG;;,3Q9@(89B!5SASZ  "A >9?29BN\B >9?%) G1->9CYtle ;:,$4#Q/$ circular
dependency ;:,$49a4#+* 4<5*/38PA$0*51-() ,+/$ 7-934G*/$71LQ4+*3(8% (O-+$9@B

Kahn's Algorithm (In-degree  #0$%DB$%

Topological Sort 51-4Q%=*%:1ET-%!(6*%GT-®8%$%7($%()Kahn's Algorithm ;:,$>9?V/$%=8%
In-degree =4P*+Q*%51- !4;"TH*%9@+A%$B

e In-degree: Vertex +,$"-G?=1LS/$4Q*5$7*4=* edge !4Q!+.5% 1 $9@+ASBC@0O*'C?
task 51-(7-9%"/$ 'Q/$>97%41*/$ 7-98Q(A3Prerequisite 14Q!+.5% " 51-G1-71-+*;:,$9@
+A$B



e In-degree = 0: Prerequisite +,$"-() (0 @i+* 3 B 5 E¥ertex 51-1"="A6$"A-$%F8-$
D=.$(G3-$D5MI.@71L.G1-71-9@+A%$B

ID=.$D=.%.;=#0%$%DB%$%

1. Graph +./$%0)1lvertex *%7T-%)\ in-degree 51-,+/$ +.5$"6539@+A%$B

2. In-degree o ;;,$4=*

vertex 4+.51- Queue H 2 IH83%$=./$%9@+A$B

3. Queue H R)vertex (6*%51+,$"-"6/$%,H-+$Ab5* topological order ,*Q/ $oH2 H83$9@

+A$B

4. H-+$Ab71-5%84=* vertex U)/36 1+$G5$H*%=83%!1($#?%"6/$mtex (6*%)\ in-degree 51- 1
47V*349%9@+A$BASZ 11($#?2%"6/88ftex \ in-degree =8% 0 ;;,$=.*%9@5 [/$%51-
Queue H 2 IH9$(TH83%=./$3%9@+A$B

5. Queue c7*

;1,$=7%=8%!H1  C?7-9$/#%$% XFH$" @HI$" @-9$4G*/$9@+A$B

I5A$Z  Graph H 2¥ Cycle 0)14#9@€%€ycle H 2 [ @S/$4=*vertex (6*%\ in-degree =8%

0 ;,$7*(8% (O-+$9@BC@4<5*/3%5%7*4=*  topological order \ Q7C$
--49@/$%rtex 14Q!+.5% n H5% #8%%4#9@71(3%(83@51-<583%$>9?%

Graph H 2¥ Cycle 0)1(0)19@9@+8%%,,$4G%U1-/$9@+A$B

PA$4+*3()
14Q!+.5$=8%

Step-by-step Trace

IH5$9@ MO9(* (Aic, B!, C!D)51-Kahn's Algorithm ;:/3$#,$+56  71-5$9@583$Q4!*/$ N

&BlIn-degree

(6*% ,+/$+.5%"

65%;"/$% :

in-degree: A=0,B=0,C=2,D=1
Queue: [A, B] (in-degree 0

014=*A U)/& "% H83$H*%=8%)

dBQueue () A 51- H-+$Ab=8$% (Order = [A]):
-C Qin-degree 51-1

47Vv*3=8% (C in-degree: 2 -> 1)

eBQueue () B 51- H-+$Ab=8% (Order = [A, B]):
-C Qin-degree 51-1

-C Qin-degree 0

H9$(T47V*3=8% (C in-degree: 1 -> 0)

i,$=%%>97;.,$ZC "% Queue H 2 1H83%$=8% (Queue =][C])

fB Queue () C 51- H-+$Ab=8$% (Order =[A, B, C]):
-D Qin-degree 51-1

-D Qin-degree 0

47Vv*3=8% (D in-degree: 1 -> 0)

1.$=%%>97;.,$ZD "% Queue H 2 LH83%$=8% (Queue = [D])

gBQueue () D 51-H-+$Ab=8% (Order =[A, B, C, D]):

G5$75%

Q7C$ 1,21,X$

Java Implementation

import  java.util.*;

public class TopologicalSort

public

List<Integer>

7-9$4G*/$,Q* Edge (0)14+*39@B

:[A, B, C,D](size=4==n ;,$Z Cycle (0)19@ )

{
topoSort (int n, List<List<Integer>> graph) {



int [] indegree = new int [n];
I Vertex +$",?\ in-degree 51- ,+/$+.5$"65%;"/$%
for (int u = 0;u<n;u++t){

for ( int v:graph.get(u)) {

indegree[v]++;
}
}
/I In-degree O 0)14=*vertex  (6*%51Queue H 2 LH83$;"/$%
Queue<integer> queue = new LinkedList <>();
for (int i = 0;i<n;i++){
if (indegree[i] == 0) {
queue.offer(i);
}
}
List<Integer> order = new ArrayList  <>();

while  (lqueue.isEmpty()) {
int  node = queue.poll();
order.add(node);

I 11($#?2%"6/B8tex  (6*%)\ in-degree 51- 47V*3"6;"/$%
for ( int next: graph.get(node)) {

indegree[next]--;
if (indegree[next] == 0){
queue.offer(next);
}
}
}
/I Q7C$!Q.A$!,*% n U)/3$b8?9@5 valid order 1, $=83N (+h9@5 cycle  0)14#=8%
return  order.size() == n ? order : new ArrayList <>();

Complexity Analysis:

- Time Complexity: O(V + E) N Vertex U)/Eige +,$"-,?251-+,$h51($,2=* ;:+$=#%$%
<583%IIK=*4<5*/3% ::,$9@+A%$B

- Space Complexity: O(V + E) N Adjacency list Nn-degree array U)/33ueue !+.5$
A#Q*Ab 4=*4<5%/3% ;: $9@+A3$B

Dijkstra’'s Algorithm N Weighted Shortest Path

0™, /(73893%<,-1$ Greedy Logic



I"#$% &' | 47 3* B=* BFS =8% edge 4+.)* '47%"6 #$(weight) (0)1=83%unweighted
graph (6*%+./$!+1-GT-% ($%4<5*/$%shortest path) 51-0¥4: 49%U$3@+A B=1L 4=*$78%%+
5A3$ 75$4+D  4;(9T-(6*%+./B($%4<5%/$%$" 2\ 15*14S%N =1L (O-+$+#$:1-Yedge
weight) (6*%=8% (+b8?<59@BC?71veighted graph (6*%+./$Single-Source Shortest Path
(+/%0+$ +$"-() 56#3vertex *%7T-%=11-GT-9% ($%4<5*/$%0)*4:.:1L QBijkstra's
Algorithm 51-= %0259@+A B

e A() C=1+1-5$J1-5 1
o A()B=1+1-5$J1-54 (FlL4=*¢ A>C->D->B 5 2 IO1-@5$=*4=*  7($%4<5*/$%0)1
U1-/$9@=7%%

Dijkstra J 1456 Greedy /(73893%
" H$O+$  (Start node) () 75$0)115.414S%  #8$%GT-PB=5$=*GT-% ) 0)14#=83%ertex 51-
I>( 2( $OH(%,*%49% 4Q.%"6AS>PHize 7-9$=.4%;"/$%: $9@+A$B

CBreedy logic ()#$5#$:1L 1+.5$14Q%h5?2%4=* 5# $=+$"65% +,$"-0)19@+AN Graph !+./$%0)]
Edge weight BA3%/0$!<=8%65#%BK=8%$9.E (Non-negative: edge weight ! 0)BEdge weight
(6*%049@/$%51#8% (O-+$) ;:,$4#=(V 5*79+$7T-%N 75%$0)1!+1-GT-%4Q*5$0)14#4=* vertex
\ distance 51-1;"*% (8$=83% 7($%4<5*/$%5() HI$(T47V*3"649%U1-/$4+*3(8D-+$9 @K
14<5*/$%()* (8$=83% edge 51-(G1HI$(T5b%;:+$9@5weight =85 +1-%7*JT-="0)1>%7%*356
=.*06(8% (O-+$4=*4<5*/3% ;:,$9@=8% )B

I5%14S%  1#83%GT-%ertex 51-I;(#3CT-% Bl + PARH#Min-Heap (PriorityQueue) 51-= o2
<59@+A%$B

Relaxation /(73893%



Shortest-path algorithm 4+ 2!W15 !U),$=*Q()* Edge Relaxation ;:,$9@+A$B

if (dist[u] + weight(u, v) < dist[v]) {
dist[v] = dist[u] + weight(u, V);
}

C@O*start () v =175%0)1=1H*%4=* !+1-GT-%($%4<5*/$%H5$M u 51-;:+$=#3$%>970 v
=1l=%4=* 7($%4<5%/$%5 91-@1-4+*/$%9@E v \ 15414S%  +#$:1-Ylist[v]) 51-1=,$
:9/$G/$ (update) (A$" G & Z=4P*+Q*% ;;,$9@+A%$B

Step-by-step Trace

IH5$9@ Graph +./$ A () ,+/$Z Dijkstra algorithm ;:/33+1-GT-% ($%4<5*/$%0)*9T-511-5$9(
<583%$Q4!*/$ N

,+$"6 1#3$ dist = {A: 0, B: (,C: (,D: (}, PriorityQueue = [(0, A)]

&BPQ () (0, A) 51- H-+$Ab=8% (A "% Finalize 7-9$=8% ):

- Edge A->B (weight 4): dist[B] = min( (,0+4)=4 ->PQ H 2 4, B) H83$=8%
- Edge A->C (weight 1): dist[C] = min( (,O+1)=1 ->PQ H2 1, C) H83%$=8%
- Edge A->D (weight 2): dist[D] = min( (,0+2)=2 ->PQ H 2 12, D) H83$=8%

dBPQ () '4=%GT-%(1, C) 51- H-+$Ab=8% (C !*% Finalize 7-9%=8% ):
- Edge C->D (weight 5): 1 +5=16 ( =1l 4=*%dist[D] = 2 1.$>97%="%llupdate  (7-9$9@)

eBPQ () '4=%GT-%(2, D) 51- H-+$Ab=8% (D !*% Finalize 7-9$=8% ):
- Edge D->B (weight5): 2 +5=7( =1 4=*%dist[B] = 4 $3>9?2%="%llupdate  (7-9$9@)

fB PQ () (4, B) 51- H-+$Ab=8% (B "% Finalize 7-9$=8% ):
G5%75%  7-9%$4G*/$,Q* edge (0)19@B

Q7C$ +1-GT-%!5.%14S%(6*% :dist={A:0,B:4,C:1,D: 2}

Practical Problem: Network Delay Time

Node n " (1 () n 'H1 )U)/3R*5$0)1Q#%*;(/3$"6 1#$(63% S/$4=* directed weighted edges
times  ( [u, v, w] =u () v=114Q*53Q#%v ,5 # F51-49%H*%=8%$B ,+/$()+$ Node k ()

+I$Z  5.#3$Q5%!+./$%0) Node 13%D;=%1L=+/$%!"65$!75% (signal) 4Q*5$0) 1 QES F=(.E-$¢
7:$<,F$ Fa_# ¥b*;(/3$(8$#8%$%BNode *%7T-%=14Q*5$0)1U1-/$9( -1 51-:94$49%9@B

Input: times = [[2,1,1],[2,3,1],[3,4,1], n=4,k =2

Output: 2
( Explanation: 2->1 =1ll1s <5*=8$N 2->3->4 =112s <5*=8%B signal =8% +$>91Y/$#58€6 TU)'T =NGe

*067T-%4Q*5$Q#S$!14S%GT-MWlode \ "6 W$;:,$4=* 2s <5*(/3%(8% ;:,$=8% )
Java Solution

import  java.util.*;



class Solution {

public int networkDelayTime (int [][] times, int n, int k) {
/I Adjacency list 4G*5$7-9%;"/$% u -> List of (v, w)
List< int []>[] graph = new List [n+ 1];
for (int i = 1;i<=n;i++) graph[i] = new ArrayList <>();
for (int [Jt:times){
graph(t[ OJl.add( new int O{tf 11, tf 21}
}
int []dist = new int [n+ 1];
Arrays.fill(dist, Integer.MAX_VALUE);
dist[k] = 0;
/I Min-Heap: (distance, node) 171-5% 2, X$H*%=8%
PriorityQueue< int []>pg= new PriorityQueue  <>((a, b) -> Integer.compare(a[ 0],
b[ OD));
pq.offer( new int [I[{ O, K});

while  (!pg.isEmpty()) {
int [] cur = pg.poll();
intd =cur[ 0],u=cur] 1];

Il 40*/$%U.($%4#4=t 91-(1-h5?%(*%4kistance 0)14=* entry "% 456*$7.#8$;"1$%
it (d > dist[u]) continue

for (int [] edge : graph[u]) {
int v =edge[ 0], weight = edge[ 1];
if  (dist[u] + weight < dist[v]) {
dist[v] = dist[u] + weight;

pq.offer( new int [|{dist[v], v});
}
}
}
/I Node  "9%67 JoHR [ $!4S%GT-94Q*530)1=83%"6 1#$!*% 0)*4:..;"/$%
int  maxDelay = 0;
for (int 1 = 1;i<=n;i++){
if (dist[i] == Integer.MAX_VALUE) return - 1; //  (4Q*5%U1-/$4=*node 0)19@5L
maxDelay = Math.max(maxDelay, dist[i]);
}

return  maxDelay;

Complexity Analysis:

- Time Complexity: O(E logV) N Edge +,$"-,2=8% Min-Heap HH 2 US/$H.5$
7-9$4G*/$>9?Min-Heap operation +1-/$%=8¥0(log V) <5*;(/3$4=*4<5*/3$ ;: $9@+A$B

- Space Complexity: O(V + E) N Graph 51-Adjacency List ;:/3$=1($%G8%%;"/$%U)/3%
Heap memory +1L!+.5% ;;$9@+A$B

A* (A-star) Search N Goal-directed Pathbnding



Dijkstra <,-14* Search 85HJ 6M3)"3%"A6$

Dijkstra's algorithm =8% ,+/$()+$() 9+$S#3$%56/H)95Q9$=1U9DC5-$%BABKN BLL/6 O B
87+83% 56A3;9# Ik 0)*4:.=.*%473 0)19@+AFB@ O*' 9#$%+1(@oal)5 PA$A#Q*()* 0)1()#S%D
4=%+ B:9F#*4+.()*  =/3$4+*$49(A3SN;(9T-49a()'Goal QR+8$4#Q*51- ?65P8-$/5+5Q3%
/01$ Grid /SHBK=8%Game Pathbnding ;9F#*(6*%+./$ !70F 0)*4:.(K(6*991-(6*%;9*%4,
9@+A%$B

A* Search Algorithm =83$ Dijkstra 51-91-(1G/ ! 8/ H*%;"/ $4:,$>9?%Kde +,$"-51-
40Q.%"6A$=833!"@',+/$()+$() 75%$0)14#Q*=115-#$56,Q1+$ +,3$"-+8%$%51- (<583%P;9/$N"R@
(#93B, .#3%85=-$C@HD36$ 6A#$+5S%BOSHOBH-=83%# 18B,#3$%"EESuristic function)
51-9@83$=./$%.5$"65$5* Goal 0)1QP5$=1L |%+8$Z !:(#$GT-9%0)*4:.49%9@+A$B

Dijkstra vs A* + 3(*M.;=,» -$%:,T$"A6$

B s st (45048 ) B G coa (9s%+)is B« wai (%ice% )
. Explored (0)*4:.>9% D O Shortest Path (1+1-GT-% " N Unexplored ( (0)*4:.Q4=% )
Dijkstra's Algorithm A* Search Algorithm
9+$788 P5$Q9$Q9$=15-#$ 0)*4:=8$ Goal P5$=1L |%+8$Z 0)*4:.=8$
4Q7 K$652 1S () P5$Q9$Q9$=1h82+8%% 96 T"U)T 0)*4:.=8% Heuristic h(n) 4<5*/38Goal 0)1QP5$=1L =* ]%+8$0)*=8%

Explored: 42 nodes N Node !BA3%!).3% +,3(*M9/0$ Explored: 12 nodes N Node  1#0$%-:$/3 + 3(*M9/0$

0O 185=G;=MB$%(U63-$¢Ghortest Path) <,F$"=DiBU8V.-$ )*F$(/3$D0$%
A*=8% 0)*4:.Q=83% Node !4Q!+.5% =1=1=*=*  #8%%9@%4=*4<5*Bfjkstra H5$ 91-(I#$G#$9@=8%$B

A* Search S 12 nodes

. 1456 Insight
¥ Dijkstra=8$ g(n) +,$"-+8%%:;:/3$ priority H*%>9M5$Q9$Q9$=1h8?+8$% 96 T'U)'T 0)*4:.=8$B
¥ A*=8% f(n) = g(n) + h(n) ;:/3$Goal P5$=1L 1%+8%0)*4:.=;:/3% (71-19%4=* Node (6*%51456*$7 #$U1-/$=8%$B
¥ h(n) = 0H*%71-5$9@5A* =8$% Dijkstra !;:,$  ;9#%$4;9*/$%=.*%9@=8%Mijkstra =8% A*\ special case ;;,$=8$B

U),$"-7T-%Blin-Heap + Relaxation !4;""T9T- +b49(A3$NHeap H 2 Node +,$"-51- 4Q%+3
priority value #B3(* Bl G%80%$"A6$ 5=* 5.*;"*%9@+A$B

1"ABS Dijkstra A\* Search



Priority value g(n) N Start () 75$0)1 Node 'H1 f(n) = g(n) + h(n) N ,Q1+$+

+5A B #$ 3Q1+$ Goal H1 "# B()#$%4;"
P5$(4Q.%N5$S1-/$%;98-8% +b8? Goal P5$=1L =* 1%+8$N I"6 1Y%56
+ 3(*MS%80%$"A6%
+8%% 96 TU)T 1%,*%49%
Ed ight ! O #@oal +8$4#Q*
D5=1.$"A6%$ Edge weight ! O ge welg oal +834#Q
h51Y+/$=1Q(A$
Heuristic h(n) (=T-%=1L (O-+$h = 0) Admissible h(n) (;:$(4# H833$Q

Explore D =8 Mlode
(6*%9@+A%0) 1=(V7($%4<5*/$%8U)") #8%$%9@%9@(BPal G? +83$+83%)

1(918M6$
Optimal (!85=G;=¥()*
ptimal ( %0 1>( %="6" h(n) Admissible ;;,$Q/$ 4="6*
(/"A3D3%
Goal 4#Q* (=1Q/$NMultiple targets Goal 4#Q* =1Q/$N-,$]%
/-1 83 ® 5W
®s 8 *7T-% +,$4A*5$+8%%

1456 Insight: h(n) = O H*%71-58Q/® O* Dijkstra /;;,$,9#%$4,9*/$%=.*%9@+ASE@
4<5%3ijkstra 5 A\ Hb%;9Y (special case)+,$"-O- ()+$AbU1-/$9@+A3$B

f(n) = g(n) + h(n) 1456 0@BX)"-$%
A* Search +./$ Node +,$"-,?!+.5%  +#$:1-%"-51-,5$S1-/$%78%.5$"65$9@+A$B
e g(n): Start Node () 75$0)1Node n =114Q*530)1Q86:$ 6 #BA" $9583%(Dijkstra
\ dist  +#$:1-9%%$=8% )B

e h(n) (Heuristic): 75$0)1Node n () Goal Node =114Q*5$0)1Q#% 1$B,#$%0#$6AB01S$
Fo588B

e f(n) = g(n) + h(n): 75%0)1Node n 51-:+$=#3$%=*%I@5-,-49@/$%#$56U1-/$(83%
"# B()#$%,QL+$B

Min-Heap H 2 [ ®(Nn) ',*% f (n) 8#$*5=3¢%G;=% 0)14=*Node 51-]%,*%49%C B + $
7-934G*/$4=*4<5*/3$ 9#$%+1-/$HUAQ*5$,.* 1;(#I$GT-9%4Q*5$0)14,9@+A$B

Admissible Heuristic G 8373D O

A* Search () 49%4=* 14;:=8% 1+1-GT-%UMBBS5#SGT-Yoptimal) ;:,$4,Q#3!+.58  Heuristic
function h(n) =8$ Admissible ;:;,$Q9@(8$BAdmissible ;: $+A$G1-=83()* "# B()#$%"6HH)
=8% +5A3% !5.*14S%H5$ BO$/01$!"EBX .5=EBR26@ %B3%¢Never overestimate) B

2D Grid Pathbnding (6*%-+./$1=T-%(6*%4=* Admissible Heuristics (6*%6()*

e Manhattan Distance: '"r{# ro"+ "Ci # C" (f :55 W*+$G# $56/8Q./76*%U 1-/$x@R8%0
+1-/$%ost =1 ;:,$7VI$)



e Chebyshev Distance: max("r1 # rp","ci # C") ( :5$ 4H*/3$;:+$9@4Q."76*%U1-/$>9
move +1-/$%ost =1 ;:,$7V/$)

e Euclidean Distance: \/(rl# r)2+ (Cp# )2 (95+1 4H*/3$;:+$ 15.414S%  cost =
V2::$7VI$)

Practical Problem: Shortest Path in Binary Matrix (A* Implementation)

m)n grid +$"-+./$ 0 =8% = %7*ULl-/$4=*7($%4<5*/$%;:,$>9 1:=8% [+*%!G?%
;. $=8%$B PAS$!49a4H*/3$ (0,00 () 8*4!*5$4H*/3$ (m-1n-1)  =1Uf 58 4Q. 76*%NZAQ*5$
0)1U1-/$485=G;=%,B$%!(9!8M6$ 51-A* Search =T-%2)*4:.9@B

Java Solution

import  java.util.*;

public class AStarGrid {

public int shortestPathAStar (int [I[] grid) {
int  m = grid.length, n = grid[ 0].length;
if (gridf O][ 0]== 1||grid[m - 1[n - 1]== 1) return - 1;
int  targetR  =m- 1,targetC=n- 1;
/I gScore]r][c]: Start 0 (r,c) =1L +5A$ 4Q*5 BL38=* 17)($% !4Q!+.5%
int [][] gScore = new int [m][n];
for (int [] row : gScore) Arrays.fill(row, Integer. MAX_VALUE);
gScore[ Oo][ 0]= O;

/I Min-Heap: (fScore, r, €)

PriorityQueue< int [I>pq= new PriorityQueue  <>((a, b) -> Integer.compare(a[ 0],
b[ 0]));
/I f=g+ h->0+ Manhattan Distance
int  startH = Math.abs( 0 - targetR) + Math.abs( 0 - targetC);
pq.offer( new int []{startH, 0, 0}

int 1] dirs = {{ 1L, Oh¢ 1, 0h{ 0, 1h{ O.- 1}
while  ('pq.isEmpty()) {

int ] cur = pg.poll();

int r =cur[ 1],c=cur| 2];

if (r==targetR && c == targetC) return  gScore[r][c];

for (int [Jd:dirs){

int nr =r+d[ O],nc=c+d[ 1];
it (nr>= 0 && nr<m && nc >= 0 && nc < n && grid[nr][nc] == 0){
int  tentG = gScore[r][c] + 1;

if (tentG < gScore[nr][nc]) {
gScore[nr][nc] = tentG;
int h = Math.abs(nr - targetR) + Math.abs(nc - targetC);
pg.offer( new int [|{tentG + h, nr, nc});
}
}
}
}

return - 1;



Complexity Analysis:

- Time Complexity: Worst-case +./$ O(V log V) (Dijkstra U)/3%8?=8$ ) ;:,$
4=*$78%% 75%$4+Dm+./$45*/$%(.#$4=* Heuristic 4<5*/3%0)*4:.Q=83% Node
14Q!+.5$51-  4;(*5$(6*%,.* 47V*3"649%9@=8$B

- Space Complexity: O(V) N Grid matrix +#$:1-%(619/3%cap memory '+.5$ ;.$
9@=8%B

Bellman-Ford Algorithm N Negative Edge Weights

Dijkstra J 13%#0$%"A63$<,-B#llman-Ford

Dijkstra's Algorithm =8% Greedy "6X$%59%(K5T-%H*%=;:/3Edge weight (6*%+./$!<=8365#3$%
(Negative weight) 9@S/$7*9@5!4;:()*%A./1$%=.*%++$9@+A$B !4<5*/$%()* Dijkstra =8%
Node +,$"-51- Finalize 7-9$>9?%9@%$78% ,,$4G%;"/$%(0)14+*349B=1L 4=*$\egative weight
0)14#9@%Finalize 7-9$>9?7%=146de =1L4#*5$() 91-@5$=*4=*  7($%4<5*/$%4Q*5$0)17*U1-/4
4=*4<5%/3% ;:; $9@+A%$B

C?7Negative weight (6* Y0 @S/$4=* Graph (6*%!+.5$ Dynamic Programming =4P*+Q*%
51-14;"TH*%=83% Bellman-Ford Algorithm 51-=T-%Q9@+A$B

V # 1 ?65BRelaxation D=.$(G3-$)"-$%

Vertex 14Q!+.5$ v "- 0)14=*Graph +,$"-+./$ Cycle (9@S/$4=* +1-GT-% ($%4<5*/$%*,$
"i 1(6*%GT-%@S/$U1-/$=Bafe !4Q!+.5$=83% V-1 "=.39@+A3$B

Bellman-Ford Algorithm =8$% Graph !+./$%0)1Edge !3%D;=%6 v-1 ?65B$85=-$85=-$
Q$"EQ.$"E Relax D=.$(G3-$(.%)"-$%:;:/39+1-GT-% ($%4<5*/$%510)*4:.49%9@+A$B

fori=1toV-1:
for each edge (u, v, weight):
if dist[u] + weight < dist[v]:
dist[v] = dist[u] + weight

Negative Cycle Detection



I5A$Z v-1 h51$%BP v ?65B$()B36%.$B; Relax D=.$/01$!"E8M-$.-$ 8#$*5=%BA3%
Q.$B; (DA31#03%$%/M3%(/%.E6H1-Graph i Negative Cycle ( D0$.8$(D  !6M3!(>%
(DA31#0$%(D)*F$(/3 Cycle) 0)14#4<5*/$%8%$;9YU1-/$9@+A$B\egative Cycle 0)14#9@5
+1-GTEY%A<5*/$%r#5:1-%=8% $ =11]%+8%$=.*%(8$ ;:$Z 14;:0)*Q#$ (;:,$U1-/$4+*39@B

Dijkstra vs Bellman-Ford:

- Dijkstra: Edge weights ! 0=* 75%$'T=83N ;#$G#$=8% O(E logV)B

- Bellman-Ford: Negative edge weight (6* 0@ S/$U1-/$=8%dyative Cycle 51-,,$4G%
49%U1-/$=8%M-(1-4U)%45.%€36V % E)B

Floyd-Warshall Algorithm N All-Pairs Shortest Path

0™ /(73893%

Dijkstra U)/3ellman-Ford +1L=8% Node +,$"-+8%%() 56#$Node (6*%=1+1-GT-% ($%4<5*/$%
(Single-Source) 51-0)*4:.49%:;"/$%,$9@+A$B =1L 4=*8Node 85=-$%@R\#INode 85=-$%0(Zki-
Pairs) 1+1-GT-% ($%4<5*/$%nA*%+,$"-7T-%=10)171-9@3oyd-Warshall Algorithm  51-=T-%Q¢
+A$B

Floyd-Warshall\ W15 =4P*+Q*%()* Intermediate Node DP ;;,$9@+A%$B

"Node i () j =1=7*%Q*+./$<5*%"TNode k 51-;:+$=#3$%"./35;9Y71-5$9@5-@5%$="4="*
7($%4<5*/1$90)17*(8%7*% " G1-=8$51-<5*%"TNode k +,3$",?1+.58 +.5$"65%$=.*%;"/$%;:,$
9@+A$B

dist[il[j] = min(dist[il[j], dist[i][k] + dist[k][j])

Java Implementation

public  class FloydWarshall  {
public  void floydWarshall (int 'V, int ][] graph) {

int ][] dist = new int [V][V];
Il nA*%1*% +/$  ;9/$G/$;"/$%
for (int 1 = 0;i<V;i++){

for (int j = 0;j<V;j+H){

distfi][j] = graphl[i][i;
}
}

/I Intermediate node k %0 <5*00"T!;1$ ;1 +$=#$%<583$%;"/$%
for (int k = 0;k<V; k++){
for (int i = 0;i<V;i+t+){
for (int J = 0;j<V;j+H){
if  (dist[i][K] != Integer.MAX_VALUE && dist[K][j] !=



Integer.MAX_VALUE) {
dist[i][j] = Math.min(dist[i][j], dist[i][k] + dist[K][]);

Complexity Analysis:

- Time Complexity: O(V 3) K 3-nested loops =T-%H*%4=*4<5*/3%,$>9?¥ertex
14Q1+.5$  H8$%/A$ (MI(* V" 400)0)14=*Graph (6*%!+.5$ 17.4$ =/3$4+*$
9@=8%B

- Space Complexity: O(V?) N 2D distance matrix 1+.5$% ;:,$9@=8%B

Union-Find (Disjoint-Set) Data Structure

0™ /(73893%<,-1$ Operations

Union-Find ( /5H BK=8%Disjoint-Set Union - DSU) G1-=8%()* !,1+$!91-/$% (elements) !(6*%
1:9%0651- HO$+b(564=* 1-9$,- (disjoint sets) (6*;:,$ " 2*0%=1-47)*/$H*%>928K18$9@
IW15 Operations U),$"-517 #$ ;(#3G#$,.*7-934G*/$49%U1-/$=8B%ta Structure ;;,.$9@+A$

~

N

1. findx) :Element x 9@S/$4=*1-9%,-\ 9/$( 51-A$,*%7)A$Root 51-0)*4:.49%=8%$B

2. union(x, y) :Element x U){y +119@S/$4=*1-9%,- U),$"-51-9%,- +$"-+8%%!;:,$
(.E-$%F0$%49%=8%B

union(1,2), union(3,4), union(2,4) 7-9%4G*/$>9?%4#*5%,$9/$ 9T-=0*#$:
1 (Root 1 =8$ 1-95,-+$"7T-%\ 51-A$*%7)A$;,$=8% )
/\
2 3
I
4
find(4) -> 4 -> 3 -> 1 (Root = 1)
find(2)->2->1 (Root=1) * 2 U)3 =8% !-9%,-+b8?7<5=8%

Optimizations: Path Compression  <,-1$nion by Rank

J1-%0IRfAn-Find =8% =$9/$ 9T-=0*#$41*5$=1L 0)8%$76*%=.*%9@%(N) !H1 4U)%45.%=.*
U1-/$9@+ASBD55*5.A$:1L 14Q%h5?%4=* Optimization #8$%7($%W),$"-5% 5 FET-%QI@+A
N



e Path Compression ( find 8M-3;=%/0% ): Root 51-0)*4:.=83%$ 7($%4<5*/$%49a0)bde
1*067T-%5Root =1L+1-5$J1-5% 1+$G5$49%71-5%;"/$%;:£3$9/$\  !;(/3$51- ;9*%=.*%4,
9@=8%B

e Union by Rank ( union 8M-$;=%/0$% ): 1-9%,- U),$"49@/$%,9$=83%!"@(/3$#1(3%4=*(Rank
#8%9%4=*) =,$9/$51- 1;(/33;(/3%4=* =$9/P\ AIE$=IL=* =*%4Q*5$"6 1+$G5%4,
9@=8$B

CDptimization U),$"-5ET-%71-5$9@peration +$"\  1"6 #$<5*;(/3$"6 #$=89(! (n))
(Inverse Ackermann function) =1L4Q*5$0)1=.*%>%8%#+Dm+./$O (1) #?%9@¥%$ ;(#HSG#S=.*%¢
+A$B

Practical Problem: Redundant Connection (Cycle Detection)

Node n "- 9@S/$4=*undirected tree +./$ edge +,$"- 91-@83%$=./$%71-5%=;:/38ycle ;:,$49a
=.*%=8%B 49%H*%4=* edge (6*%HR ):A$0)*%71-5$9@%H7 tree ;9%4$78$ ;:,$49a4,(83%
redundant edge 51-Union-Find =T-%2)*4:.9@B

Java Solution

class  UnionFind {
int [] parent, rank;

public ~ UnionFind (int n) {
parent = new int [n];
rank = new int [n];
for (int i = 0;i<n;i++) parent[i] =i;

public int find (int i) {
it (parent[i] '=1) {
parent[i] = find(parent]i]); /I Path Compression
}

return  parentfi];

public ~ boolean wunion (int x, int y) {
int  rootX = find(x);
int  rootY = find(y);

if  (rootX == rootY) return false ; /I 1-9%,- +b8?>9?%=*%;: $€ycle ;;$49a4,=8%

/I ' Union by Rank
if  (rank[rootX] < rank[rootY]) {
parent[rootX] = rootY;
} else if (rank[rootX] > rank[rootY]) {
parent[rootY] = rootX;
} else {
parent[rootY] = rootX;
rank[rootX]++;

}

return true ;



}
}

class  SolutionRedundant {
public int [] findRedundantConnection( int [][] edges) {
int  n = edges.length;
UnionFind  uf = new UnionFind (n+ 1);

for (int [] edge : edges) {
if  ('uf.union(edge[ 0], edge[ 1]){
return  edge; // Union G, ® zZycle ;:,%4,4=* redundant edge 1*0%  ;9#$49%:;"/$%

return  new int [ O];

Complexity Analysis:

- Time Complexity: O(N & (N)) ' O(N) N Edge +$"-,?51-Union-Find 7-9$4G*/$
"1$%:,$9@+A%B

- Space Complexity: O(N) N Parent U)/3ank array (6*%!+.5$ ;:$9@+A$B

Minimum Spanning Tree (MST)

Spanning Tree <,-1Gut Property

Weighted undirected graph +,$"-+./$ Vertex *%7T-%5X55%,9$(K 0)14,Q#&onnected ;:,$4,
Q#BEdge (6*%514Q.%"6A$Q*Edge weight F=F=(.E-§#0$%G;=9F$(13-$ 4Q.%"6ASH*%p4=*
=,$9/$ structure 51-Minimum Spanning Tree (MST) O- 4"a9@+A$BNode n "- 9@S/$4=*
Graph +,$"-\  MST +./$ Cycle (9@S/® ZEdge !+1!56 n-1  "=9@S/$Q9@(8%B

MST 51-0)*4:.Q*+./$ Greedy logic ()#$5#$4<5*/$%5$4=;9=83% W15 =?11-Q?()Cut
Property ;:,$9@+A$ N "Graph *% !-9$,- U) $" 2*%<58 $@5 H1-!-9$,U),$"-<5*%516 1+$G5¢
49%4=* Edge (6*%HR)I6M3!(>% 1#0$%G;=%/6$/3G;=% ) Edge =8% MST\

1,1+$!91-/$% ;:,$Q(8%$ "B

MST 0)*4:.Q#%*(8$456*$ Algorithm U),$"0)19@+A8 Kruskal's Algorithm  U)/3%im's
Algorithm B

Kruskal's Algorithm vs Prim's Algorithm



1. Kruskal's Algorithm (Edge-centric):
o Graph !+./$%0)1Edge *%7T-%5Edge weight !71-5% /A$,X$() h5?7%,X8,X$71-5$9@
+A$B
o Weight #8%%GT-%dge () ,+/$Z Cycle (;:,$49a9@5 (Union-Find ;:/3%,,$4G%Z )
MST H 2 IH83%=./$%9@+A$Bdge '4Q!+.5% n-1 "-;983%9@39%+# FO@+ASE
o Sparse Graph (Edge !4Q!+.5$% #8%$%4=* Graph) +./$ =T-%;9Y Q1 -@3%4+*$
9@=8%$B
1. Prim's Algorithm (Node-centric):
o Node +$"() ,+/$Z 75$0)1MST =,$9/$U)/3% 1+$G5$U1-/$4=Edge (6*%HR)!=5%
=*GT-%Edge 51-Min-Heap =T-%4Q.%"6A%9@/$%,8%$%=.*%:;"/$$8 @+A$B
o Dense Graph (Edge!4Q!+.5% (6%%;9*%4=*Graph) +./$ =T-%;9Y Q## - @3%$4+*$
9@=8%$B

Practical Problem: Min Cost to Connect All Points (Kruskal's MST)

2D plane 49a0)toordinates points  51-49%H*%=8%B Point U),$"-<5*%6 1+$G5$(KQ1+$=8%
Manhattan distance ( |x1 - x2| + |x1 - x2| );:,$=8%B Point !3%D;=%6 1+$G5%(14,Q#%H-#$56
(833%!1#03$%G;=%958%51-Kruskal's Algorithm ;:/3%0)*4:.9@B

Java Solution

import  java.util.*;

class SolutionMST {

public int  minCostConnectPoints (int [][] points) {
int  n = points.length;
List< int [|> edges = new ArrayList <>();
/I Point "67T-%<5*%@dge (6*%U)Manhattan Distance (6*%51-+.5$"65%;"/$%
for (int 1 = 0;i<n;i++){
for (int | =i+ L1;j<n;j++){
int dist = Math.abs(points[i][ 0] - points[j][ 0]) + Math.abs(pointsJi][ 1]
- points[j][ 11y
edges.add( new int [{dist, i, j});
}
}

Il Edge  (6*%51Weight 171-5¢ /A$,X$() h5?%,X$?,X$;"/$%
edges.sort((a, b) -> Integer.compare(a[ 0], b[  0]));

UnionFind  uf = new UnionFind (n);
int  mstCost = 0;
int  edgesUsed = 0;

for (int [] edge : edges) {
int  weight =edge[ O];
int  u =edge[ 1];
int v =edge[ 2];



it (uf.union(u, v)) {
mstCost += weight;
edgesUsed++;
if (edgesUsed ==n - 1) break ; //Edgen-1 "~ ;983$9@5VIST Q0)1>97%=8%

return  mstCost;

Complexity Analysis:

- Time Complexity: O(N?1og(N?2)) = O(N?logN) K Point *%7T-%<5*%&dge
--49@/$04 2 "-1*% Sorting 7-9$4G*/$Q4=*4<5%/3% ;;,$9@+A$B

- Space Complexity: O(N 2) N Edge List =1($%G83$%Q#$9@+A%$B

Real-world Applications Summary

AII_

I"#$%i 47 3* 8=* Advanced Graph Algorithm (6*%=8% =?!1-Q25%=5%$ (O + 8 2

Software Engineering #A$9A$ 1=2%=2%-+./$!W15 [-+$;($!;;$ 9@S/$4#9@+AR

1.

Package Management & Build Systems (Topological Sort): npm, pip =1L (O-+$Gradle
+1L p+.Bependency |, X$71-5% Install / Compile 7-9$4G*/$U1-/$Q#F028 B

GPS Routing & Navigation (Dijkstra & A* Search):  Google Maps, Apple Maps =1L (O-+$
Game Al Pathbnding +./$ 1+1-GT-%.*%7*U1-/$(83H$%4<5*/$%0)*4:.Q* = %28 B
Network Routing Protocols (Dijkstra & Bellman-Ford): Internet Router (6*%!<5*%
Packet 4C+*(6*% !;(#$GT-%U)Q8S5#$GT-%b%4;9*/$%U1-BFHE8 B

Infrastructure Grid Design (Minimum Spanning Tree): 7V9$, SW@+$!*%7 1-/$% (& Q8-£
71-1$%(6*%BHER5$Cable 71-/$%(6* %K)t +$!1#8$%GT-%;:/3%H($%; T L+$G5$U1-/$O#%0 2
=8%B

Social Network & Image Processing (Union-Find): Social media 975%$4:*/$%(6*%+./$
=b/A$"6/$%1-9%,-(6*%" 2*%:;"/ $oPBmage Segmentation +./$ !Q*S+ Y(6*% ! 9%: B"/ $oHii
= %28 B



"#3$% &' - Greedy

" %8 ()*+ ,-"&1.+&.0 123456.878,8)8+4$3,/3"1*; '<&I=+&  56%&+)= %9,3"& ).?2.&
N1 1) S+ - 1/-0$%12(% 30$45- /3 [@?4AB@D?+AE, +BFG  HA(<&I?,&@J&
9D,&D+1234 1/3J&,/8)&.<&K 9IL, 5B"&9)&4@IM,C41239@? &,/35B"83.&!B4.<&G NC=/
"I=+l=+1<&  91,+J&41234,/3 |@74. #H8%&4,B&"O&4dRjorithm '+D+$,+4"  Breedy =0

I7PBF.<&G

97"&4 QR, Kruskal, Prim L.L?S+ "973 16/$6-12(%  edge" /3 !@?4Bijkstra ,!.+#  "start
" distance 1.6%12(% vertex" /3 1@?4ABC4dge !.?,/3 relax N 9,3"&=234greedy
algorithm 1.?BFG .$&1J#&78J&4=+1=+1<& 91+J&41234" /3 '@?4D?+4.+BICIO7"&4)*+!.+#
greedy ,/3 pattern .$&73 9563$& DC45744#=+BF)<&G

Greedy @idea, U/34*J&4!B){¥&784-9% .$&73*/.<&G "973 9!,+1&41234 |@?4./3)84
91234)*491 +J&41234 @.<& " =01+ +"27*BEGH&TF.$&@973!=+1=+1<& "0&4"0&4
"$&"+AB@?4=/3,&.+, N 91234)*+BB+J & #!56 !B4..&.<&G  NFIE,+J#§reedy ,/3 DJ&
87F N code !|@4"08&41,& ":; <=>#-+,- greedy 5/9% +#3DA-%1 B #)47?"&4, B/3
9!@4M,C4BF.<&GNC97"&4)%4 greedy '<&=/3 9= B& B& K<&!.+# )*'8ABCM.+# 8N4

= Kpattern W)8Y4#%&=/3 D 8= KABCA4!.+#lassic 5BX"+ Y 73,/3=#=+D?+4BF)<&G

Greedy 1*(5- B-A N Local vs Global

Greedy algorithm @92/, =3B&!1+J&78,&,/3greedy choice =0!7P.<& N 123456.&78,&
SRIIHESC)HK)*+ '+1,  B6H= . 2?2 & K'( 1/-03%12(% 30 85 ®ption /3 !|@?4ABC
1,&D?+4.+G '@?4ABC40D23456.&478,&,/8'+,&5B"&)5BJ&!.+#[4 (NF, back-tracking "# ®. %
978,&BF )G

NC!I"@+)*+H4=0&I+4@)<#& 9!@4M,CAWT73,

e Local optimum N 123456.&78,&D$"(5E$%9.2,& 9!,+J&41234 |@?478<&B)+ N
"973 157=*)&4)*+95)J#&123&,/3 .& "G

e Global optimum N 5BX"+ 5D$"(A2(®.?2,& 9!,+J&41234 9156 (B)+ N"!+J & »
95)J#&8128B&.,/3'@+,&")G

Greedy @927/, )47?"&4, N "local optimum .5F 1/$5*(/$ .4F %6F-%4Q$cbal optimum
1, 4/ BBWAW 13.+BFGlL.+J & & AB)+" E O0#&@!9+IJ&

B"&4./3]895)J#&1234B& | /3 1@+&78J&
greedy  $0&4)8%&4 973 157=*)&4)*+9.,&1234 '&/3 D?+4



! " global optimum ( 95)J#&1234B&)

a / "greedy , ). &+ & ## /3 9@J&.&)K
[\ / local I/B&)*+ B/.&N | 1C )I@+&!.+#

NC]B)+)*+N " 973 9.,&1234 '& D?+4. #Hocal choice , N BB) & #.+J&I/B& (local
optimum) )*+B/.&!SABC4K#& 95)I#&128dlobal optimum) O 1C)!@+,&56%$&!$.<&G NF
IE,+J#&greedy /3 D234./3J84":; <=>#-+,- local .4F%5- global 1; 5/9% .4-/ $®@A-%,/3
ID78+ 123456.&/3-/3BF.<&G

B9%$.5-C Greedy A ESHDBA 2

1+ & & #B)+, greedy, @=N&*"&"&)\)*/.+/3 5B.<&G NFLUgreedy '<&!.+# +#:
D= 3$5BX"+.$&73)*+ 19+,&  978& W73*/)*greedy, 9!56 )*"&BF.<&N

1. Greedy choice property N 973 |@2= 8 & #ocal optimum , N global optimal solution
| P#l+ 2=2JKOS.#59% 1/3.+ D,&!DSB’\/3J&@)<&G$&"O&4!SB+@JE§1 " 91,+3&41234
|@?478<&)\E,+J#&"+,&B/3J&U+J&.@$@+ ):*/K5B"&5BJI&$@BG

2. Optimal substructure N !1@?478<&%&73= BAR. #+ & ,8" & HBBX"'+, =09 $ €
<=>#- 5D$"( 56$&D?+4ABGK BO & P C #reedy "O & #&!56=0 @@)<&G

NQV73*/@Jgeedy , Dynamic Programming (97"&4 WW=/3possibility 9,3"& )$$ & K$&1I#&
78J8484!@7 4D?+4=0(<+PB+4!D+9+456I#&(N) NF)*)S3.& O(n logn)) ~/338B@*mory
=084 D,&D+.<&G  NFIB)<#89 #\V78,& )*/@J& greedy , ) #4. #9156 IB4..&=0K DP =/3
BBs #8B& #0&4,/3D234@.<&G

When Greedy Fails N Coin Change  L=+-

Greedy ))*"&+/3 9*J&41238B. 4B)+, OIL,!$# 5BX"+BFG OIL,!$# 9)8N49$+4 [1,3,
4] (8B&) */.<& 13BFH0 6 ,8B&/3!.M.DC !.4I5F/$ HE$%12(% BF8I& &

Greedy (" 9M,C41234$# 9@J& !@7%:
6 $4 < $ .82 $1 < $ ,8'&1 $1 <[ $ ,8'&0
@=N&4+1+1 = S Ig#

Optimal ( 9)*"&):
6 $3+3 = WI$# % ( B/3"0§4

Greedy, "9M,C41234 ,/3 9@J&!@?4 #Hocal choice |E,+J#8N 3+3 1 B #BR+J & #
9156,/3 =?.&D?+4.<&G N@enomination [1,34] )*+greedy choice property )*/=0 N greedy
, ))*"&.+BF (NC=EBX"+/3 DP"¥56@.<& N 97"&4 WWG

D/I+4DJ#&.+, N [1,5, 10, 25] 1 B #N@denomination set )*+!.+# greedy, )*"&BF.<& (N
denomination .?,  greedy choice property */!"=0)GNF!B)<#&enomination set ./3J&4)*¥"&
+ )S3.&T[4 N 134  =/3set)8 NA)»W"&BF[4G



greedy / <=>#- 1.=N +O5E$59$G 62(%"0%t+ #$++#B0$ DD$4+9%5

Greedy 4@Pattern & +)*P%

Greedy choice , )*'&<& 123456.&ABCH@I&&.$&1I#&, "9 #hoice /3 code | 3<&=/3
95)"'& |@31 3 ¥ >BF@QReal-world greedy 5BX"+ 9)8+4%3, !9+,&, pattern W78 > .$&
73¥6=0 @.<&G

QRSorting + Greedy

greedy choice , 'D/5E$%/ =2(.6 (IB)+ N " 9!D41234 cookie 9@J&K'9!$+1234 AR. #
meeting 9@J&) 1/3@J& data ,/3 60CH- 5 ey #BD$"J sort = B& B B2H 9$%&=/3,&.$&
7378J8@7? AD?+4%.<&G

N@attern @97/, 9=3B&, N "B9$ key #Bort A(=$40$reedy choice SOB6FRHLA? /3 *+
+BFG ]B)+ N meeting scheduling )*+start 9=/3,& sort =3B&.+1,& end !A*(/$ sort =3B&
A+, B/39=3B&56$&.<@9!$+1234 ABC4.0@J&!@?4@I89.?,& "@+ 9)8+412348"&"
=0)GTime complexity , sort 'E,+J#&0(Nn logn) 56$&!=#*/.<&G

&R Priority Queue + Greedy

greedy choice , !l+ 2<=-0%%.#<& 1/3@J§B)+ N" 973 =&,8"& 9)8+41234ask ,/3 run"
N task .$&73run ABC4./33&48"& 5B+J&4DHY .$&7F.0&4 sort =3B&I+4=0)@!.+#[4G

9 ME7F min/max heap (priority queue) /3 D234ARNCIHLI#&./3J&4A)*4=,&*/ 9!,+J&41234" /3
I/B&,!" 1 P 3 Bupdate =3B&ABBA&IO#&.<&GCGheap operation .$&73, O(logn) 56$&=A
overall O(nlogn) 56$&!=#*/.<&G

N@attern W73S+N 97"&4 QQ(Sorting) " #7"8&4 QW(Heap) )*+DJ &# #ool 1.?,/3
greedy logic "# B 8.+ 56$&BF.<&@reedy @"7, & #B/3J&4 algorithm )S 3 & N
"B9%$ greedy choice / +#& ?1/3.+ 5)J&.+BFG

Real-world Examples

e Schedule Maximum Meetings N 97"84.$&73.0&4)*+ meeting 9)8+412340#&6/MN
"01$+1234 AR. #neeting 9@J&! @74(activity selection) G

e Assign Resources N server/worker 9," 8D. &¥#H request 1.?,/3 size 9=/3,& 7X
(greedy bt)G

e Minimize Waiting Time N queue )*+"978/'&./3123db 9@J&=3B&1/3@J&ustomer 9+4=23.
@$3$3'BFIS4 I#&789'®&41234shortest job Prst)G



e Choose Cheapest Option N Right / hotel booking )*+"973 9D,&D+1234 @?XK
retry/backo! )*+"9@J&123@"8& #lot <[ "G

e Data Compression (Hu ! man) N character frequency 9=/3,& "9M,/)&9"0&41234N739
@J&BFJI&4N priority queue + greedy (ZIP/DEFLATE " #aseline JPEG )*+Hu! man coding
component 956$& D236

Questions

Greedy 5BX"+ 156. §7F N 9@J&12389$% greedy choice / +#$A ? /3 *+(sort key NF)*
)S3.& heap)KABCA4!.+g #hoice /3 .$&7378J843,&!@?4.+BF@lassic Y 7356E,0#&@!9+J&G

QRAssign Cookies

J=4 n I<+,& "ookie m 73B41+4DO& N =4 i )*+1-.A-08+T g[i] Kcookie j
P+14F9$8!ID-% s[]  */.<&G s[j] >=g[i] 56%$&)1=4 i 1,8"B&.<&K cookie .$&73,/3
=4 $ &+, BIB4A=D @.<&G +)-%12(%B9$7,.9-/$ !,8'B & B ©

Input: g =[1,2,3], s = [1,1]
Output: 1
(cookie 2 73%$=231ze 1 N 1+=+J&\ 1 =4 $ &+, B>18"B&)

S, 0$%A0$%")/$

Greedy choice: "9!D41234 cookie /3N 9 MF'*#8"'B &B& #+=+J&)\ 9"0&41234!=4

/3 1BA"G'+IE,+J#& ) *R= N cookie 9!D4/3 1+=+J&)\ 9)8+4 ,=41C  56V"&4B$&@Jé
"$&"+.<&G NFIE,+J#8/73$=23brt (J<&!' M,C=3B&ABOgbinter W73%/3,&@J&N6,8./34K)
J/3,&@J&o00kie ',  8>/34' (two pointers)G

9=1123]  s=[L1] *( A*(/$UIEC$4.1-03 N (sort ABCADH4
i (A% ) glil j (cookie) s[i] s[i] >= g[i]? A(=$.1-0$")/$
0 1 0 1 1>=1 S3& J=4  18'B& ! i=1,j=1
1 2 1 1 1>=2 )S3& cookie ,3"&! j=2
i , cookie 9,3"& ,3"&ABC @B&B"B & #'=4 = j=1 |

Time Complexity: O(nlogn + mlogm) - sort W73G
Space Complexity: Java in-place Arrays.sort I O(1) extra (sort stack 95BJ&G

Java Solution

class Solution {



public int findContentChildren (int o int Is) {

Arrays.sort(g); I 1+1=+J&)\  J<&$M,C4
Arrays.sort(s); /I cookie size J<&$M,C4

int i =0,j= 0; INi= J=4 ,j=cookie

while (i < g.length && j < s.length) {

it (s[i] >= glil) i++; o3& N =4  18B&
jH+; /I cookie , 'S & B56%!*;./34

}

return i; /I 1,8"B & #,!=4 91@9.?7,&

&R Jump Game

array nums !B41+4DO& N numsfii , index i ,I" .S @6%)-%12(%' ¢30% Q@F-
LK% Gindex o ,$ N #/$12(%index /3 !1@+,&"/30%@+,&"/3)&B"&BFG

Input: nums = [2,3,1,1,4]
Output: true
© $(2 73)%2 $.. NF)S3.&0$1$4 91234 1@+8)

Input: nums = [3,2,1,0,4]
Output: false
(index 3 Y*+value 0 N '<&=/3)* 1,8+&=0 )@Kindex 4 )@+,& )

S, 0$%A0$%")/$

Greedy choice: "973l/ '@+, &B& #.K%12(%index (reach) ,/3)*.&I+4K index .$&73%$G6.&
@J&4pdate" G'+IE,+J#& ) *R= Nindex i ,/3!@+,&"3I&@i<=reach )N 9 HT' i+

numsfii I/ 1,&'@+,&"3J&.<&G reach , !"+,&1234index ,/3)C@. true Gindex i

reach 1,& 1,8+&D?+4@J i> reach )N 9 Mndex /3 '<&=/3)* )@+,&"3J&!.+#= false G

nums = [2,3,1,1,4] *( A*(/$U/EC$4.1-0$ K

i numsli] reach (+<H5$"09 i > reach? reach (<H5$1=;% max(reach, i+numsli]))
0 2 0 )S3.& max(0, 0+2) = 2

1 3 2 )S3.& max(2, 1+3) = 4 " index 4 )JCABC
2 1 4 )S3.& max(4, 2+1) = 4

3 1 4 )S3.& max(4, 3+1) = 4

4 4 4 )S3.& 91234!@+,& ! true !

[3,2,1,0,4] 1/3@J&index 1,2,3 )*+reach, 3 BY. Bl+ % Ki=4 )+ 4>3 56%$&=0
false G



Early termination: reach , !"+&1234index (n-1 ),/3)G" # 8" & #rray 1,&
56.&3@+)= B+ # >8,&78J& true 5B"&=M®.<&G worst case complexity )!5B+J&4!B
)<#&N 9156 1$+!$+ | @J&loop 9!$+1234 @B&=H&!. )*+ B/35)"&.<&G

Time Complexity: O(n) - .$ &F, B%6.&G
Space Complexity: O(1) - reach .$ &BS

Java Solution

class Solution {
public  boolean canJump(int [Jnums) {

int reach = 0; /I 973l '@+, &B& #9!(41234

for (int i = 0;i<nums.length;i++){
if (i >reach) return  false ; /I N@dex )@+8&"3J& B/.&

reach = Math.max(reach, i + numsli]); /I reach 3 78>
if (reach >= nums.length - 1) return true ; /| 1"+&1234 )CABC !$+$C4$?@B&
}
return  true ; /l'loop ABG4 '"+,&1234 '@+,&"3J&
}

WRGas Station

(/3J84B &)&AE,+J&4!BP)*+gas station n 73*/N station i )*+1C gaslii 560#&"/SikN |
g i+1  DIOD?+461C cost[i] ,3"&GlICa=+ tank " $.J&ABCH (/3J&4.$&B.&B"&=08&B.&"/=
)<#&D+,5% station index 5B"&BRH&6$&"3I& -1 (956 */@I&&73.0&4 */)<&=09+)72 )G

Input: gas =[1,2,3,4,5], cost = [3,4,5,1,2]
Output: 3
(station 3 $  $tank: +4-1=3 $+5-2=6 $ +1-3=4 $+2-4=2 $ +3-5=0 B.&ABC4

S, 0$%A0$%")/$

IX*  &")/$ N

1. 1C$3$3!IBFJ sum(gas) ), ,3"&8 $3$3!IBFJ sum(cos) )1,& "O&IQI& '<&,$$  B.&

=N)@! -1 G
2. Greedy: station .$&73$56.&@J§ tank (=,&,8"&1C )IBFJ&MN tank<0 56%& #'@+
1@+,&@J& 9 #tart ,I"  NCUB9$.#4-/+,  start =0)@'[4 (E,+4] >C5B.&GNFIE,+J#!

start ,/3 #-/$ station ( i+1 ) ,/3!@b;Al tank resetGN® &"8)*.&,/3 .$&!7F,&.0&4 (
O(n))" #+.<&G

gas = [1,2,3,4,5] , cost = [3,4,5,1,2] I*( A*(/SU/EC$4.1-0$ N

i diff=gas-cost tank ( IBFJ&4ABGdnk<0? start
0 13=-2 -2 S3.& $reset start=1, tank=0



1 24=-2 2 S3.& $reset start=2, tank=0
2 35=-2 -2 S3.& $reset start=3, tank=0
3 41=3 3 )S3.& start=3

4 5-2=3 6 )S3.& start=3

total =-2-2-2+3+3 =0 &0 $ answer=start=3 %

tank , index 0,1,2 )*+"3.8&56%&=dlart ,/3 .56084560&4@b ;D?+4ABGMex 3 ,$!.+#  tank
W3.&.+4#=0 Nstart 3 , 956G total &0 56$&=M<& B.&=0 @.<&G

Time Complexity: O(n) - .$ &F, 8%6.&G
Space Complexity: O(1)G

Java Solution

class Solution {

public int canCompleteCircuit (int [] gas, int [] cost) {
int total = 0, tank = 0, start = 0;
for (int i = 0;i<gas.length;i++) {
int  diff = gas]i] - cost[i];
total += diff; Il $3$31BFJ&4&,8"& ( 56%&MBBSY
tank += diff; Il =&* start g =&,8"&
if (tank < 0){ /I NCI/ B.&=0 )@
start =i+ 1; /I start /3 1"+,& station 1@b;
tank = 0; I reset
}
}
return  total >= 0 ? start : - 1; /l total <0 1/3 '<&=/3)* )56%$&

YRMinimum Number of Arrows to Burst Balloons

balloon .$&73$C,/2D axis |BP)*+ [start, end] (9=8+4=/3.& 9,8<& )"¥BAI+4DO&G 5)¢4
$8$I&4/3 x I"@+)*+).&).& BI&@I& start <= x <= end 56$& #alloon 9,3"& BF &.<&G
balloon (#$ .=JSHV<+RUHESW12(V<&™* $I&4& B &

Input: points = [[10,16],[2,8],[1,6],[7,12]]
Output: 2
(x=6 )*+[1,6],[2,8] IBF,.& ; x=12 )*+[7,12],[10,16] BF.& $ W $J&}

S, 0$%A0$%")/$

NF, activity selection pattern BFN "overlap 56$& #alloon .2,/3 5)¢4.$ & &0 &'#
IBF,& "GGreedy choice: balloon 1.2,/3 end !A*(/$ sort ABGUBI) balloon @ end )*+5)¢4
B$&®+,& balloon @ start , 9 #H)ed x 1,& M,C4!")*(overlap )56$&!.+#)*) N 5)¢49D$ &
IB&B$&GHE,+J#& end "dort = N " 91$+1234 1 B. #balloon @91234)*+B$& @JI& !"+.&,
overlap 56$&"/3J&®B+41234BF,&=0G



points = [[10,16],[2,8],[1,6],[7,12]] *( A*(/$U/EC$4.1-0$ K

end 9=/3,& sort: [1,6] [2,8] [7,12] [10,16]

balloon start>x? =3B&!1+J&78,&

[1,6] ( Bl) ) arrows=1, x=6

28] 2>67? )S3.& 5)e4x=6 " #BF,&ABCA4D+4kip)
[712] 7>67 S3.& arrows=2, x=12

[10,16] 10>127? )S3.& 5)¢4x=12 " #HBF,&ABC4D+4kip)

$ 5)ed2 $J&4x=6 "H=12) %

Time Complexity: O(nlogn) - sortG
Space Complexity: O(N) - points , objectarray (infip ) 56$&=0ava
Arrays.sort(..., comparator) (TimSort) O(n) D234G

Java Solution

class Solution {

public int findMinArrowShots (int [][] points) {
if (points.length == 0) return 0;
/lend  9=/3,& sort N overflow I*+J&6Mhteger.compare

Arrays.sort(points, (a, b) -> Integer.compare(a[ 11, b[ 1))
int arrows = 1;
int  x =points[ O] 1]; /I BIl) balloon @end )*+ B$&
for (int i = 1;i<points.length; i++) {

if  (points[i][ 0]>x){ /I overlap )56$&!.+#
arrows++; /I 5)e4 9D$&
X = points][i][ 1];
}

}

return — arrows;
}
}

[R Task Scheduler

task 1.? (tasks N D-A2(%\;%'a° £z character) " ¥ooldown n !B41+4DO&G CPU,
unit time .$&73)*+task .$&73 run KNF)*)S3.& idle I""/3J&6 @ 5 @ask & "(U/-% '#E$%12(9 n
unit <"-%4+93Gtask 9,3"& ABC48IB$%12(%init time '<&!=+,& =B S

Input: tasks = ["A","A","A","B","B","B"], n = 2
Output: 8
(ABidle ABidle AB $ 8 unit; AA E,+4 &2 57+%

S, 0$%A0$%")/$



NF, Priority Queue + Greedy pattern BFGsreedy choice: "=,&,8"& +)-%12(%task ,/3 9@J&
run" N NF)frequent task ,/3 56" {ReAR®I0&84123566$&.<8&G"9)8+41234, run ABC4./3)&4
I5B+J&4!"=/0N max-heap "# P 3 @< &

9=3B&=3B&BR®uUNd .$&73$C)*slot n+1 73*/(task + cooldown)Ground .$&73$® heap | 3>

9)8+41234n+1 73,/31 P 3 Bcount !=d+#K 0 )S3.&!D4@J& 5B"&IOH#&KBap ,3"&@JABEGH )
3"&DA@J&ound .$&73, n+1 unit (idle BAG

1.4%\V;% Nround 3 ?; heap /(#$40$ break : cooldown n M,CAABGHK "O & §7F

(B)+ [aA7 , n=100 )Nround | >slot n+1 739,3"& iterate @J& heap a=+ slot
129.2,&  9=SX loop 56$&ARIMN | n) 56$&D?+4)<&@G!E,+J#& heap , 3&" #
break =3B&ABAH /3 @B&@.<&idle slot 1.? )56V"§8NF)pop 91@9.2,&  $3$3!BFJI&4
=task N 7H6$&ARIN ) @.<&G

tasks = ["A","A","A","B","B","B"] , n=2 [ A*(/SU/EC$4.!-0%3 N (round .$&73= n+1 ="
slot)

freq: A=3, B=3 heap (max): [3,3]

round 1: A run(3 $2), B run(3 $2), idle $ time +=3 (heap ),3"& $ n+1)
heap 5B"§2,2]
round 2: A run(2 $1), B run(2 $1), idle $ time +=3
heap 5B"§1,1]
round 3: A run(1 $0), B run(1 $0) $ time +=2 (heap ,3"& $ done=2)
$C$%&B2B _|AB_|AB $ total time = 3+3+2 =38 %

I"+ &1234round )*+A, BW78>8"&!.+# Nidle )= B >done=2 B3BFJ&4=R 9 )S 3 & >
8 @.<&G

Time Complexity: O(N) -task N 73Keap size " 26 (constant) 56$&=Heap op ,
O(1)G
Space Complexity: O(1) - count array / heap " 26G

65 N .#-/$12(%round: task ,3"&7F"C%,&1234round )*+idle )=/3GNF!E,+J#&und
$&733® heap ,3"&D?+4@38$ run 5 @ask !.4!5F/$ ( done ) B¥BFJ&4K
,3"&!D4A@J&)idle BF. # n+1 'BFJ&4.<&G

Java Solution

class Solution {
public int leastinterval (char [] tasks, int n) {
int []freq= new int [ 26];
for ( char t:tasks) freq|t - A+



/l max-heap N =,&,8"& 9)8+41234ask 9!BP (overflow I*+J&Integer.compare)

PriorityQueue<integer> heap = new PriorityQueue  <>((a, b) -> Integer.compare(b,
a));
for (int f:freq) if (f> 0) heap.offer(f);
int time = O;
while  (heap.isEmpty()) {
List<Integer> temp = new ArrayList <>();
int  done = 0;
for (int i = 0;i<=n;i++){ // round = n+1 slot
if (heap.isEmpty()) break ; /lheap ,3"&@J&ICGund !$+$C4$?@Bldle
iteration )56V"§4
int cur = heap.poll() - 1; /1 run N =&,8"& Q !=d+#
i (cur> 0) temp.add(cur);
done++; I .<& run . #ask
}
for ( int c:temp) heap.offer(c); /I =&,8"& 5B"&IO#&
time += heap.isEmpty() ? done : n + 1; /I 1"+&1234round N idle )BF
}
return  time;
}



I"#$% &' - Intervals

I"#$% &' ()* greedy +,- ./$0-#$%N "balloon +,- end 1,-+$ sort 2348%erlap (567$80*9() 5(*%
17$ " P S3=#*+- 856"8>07 @ B>+ interval (1)*+$%!,"-%)53=#* 07$(B C%3>@
Interval 53=#*80D+  real-world developer !0D+$ !1D#$ !.E-%F/$0?$@ calendar booking,
hotel room, subscription period, promotion date, shift schedule 70 @!".}#$ / 1()*+$%!,"-%" #<9
; {8 deature 0,-/3%()80GH0?$@

Interval ;,-0* N [start, end] © P 917 BE-% !0 B®07$"-3>(13(* N meeting |9, 10]

+ J #HA+7 K #HAE-9@A4!"#$%()N interval 80D overlap (/($ ),0192,01$ L?$1,- 773 ™
L? $B+ $Sort 1-38H/$H63=#* N $. D61&P34%80%veep line ; P 903$%+(;0$;+$234%
classic 53=#* P "- 8563>(?$@

Interval 3)*4- 5-6 M Start, End, Overlap

Interval = [start, end] N number line 83Q+ 13,-/$%07$"-@

meeting A[1,3] meeting B [2, 5]

g 1] I g
1 3 2 5
number line 83Q()*A #8 + 2.3 13,-1$%()* R3$8# (overlap)

Overlap Detection N 189%::<%3=*%8,""'=
Interval 53=#* 1+ #$ ®IET)7$"BC3$+N "interval & - /($6-% 2/($5>%6-% " +,- 77$0*3>@
703$%(BUS%A%N)/$%00$

A=[al, a2], B=[bl,b2] (al $a2, bl  $b2)

overlap 567$6,d1l $b2 AND bl $ a2
(A HS8I7 + B HS!; BR+$(8+B*$ + B HS!7 + A HS!, BR+ $(8+B*$)

07$#0$%853*H/M " /($2,01$ 6W N 07$"-+ 07 $HSBN)S(O1E-%E34%.D*%H(A a2<b1  A>
0(X-0% b2<a1 )@A>(X-03H/$ R33$0?$@

R3$0?% : [1,4] #48,6] %1 $6 AND 3 $4 &
(R3SLY% [1,2] #45,7] %2<5 (A 2349R) 7)

Sort by Start vs Sort by End



Interval 53=#* 1(B*%7-+,- 8566\W 'H/$:E-%sort 1-3$H0?$@L? ®B+ %Sort1l 3¢l <.-
0*+ 53=#* 11-+$ + 8?2 N A>+ I8HW!Z+4%;E-%E-%560$"B+$3>@

e Sort by start N "interval 80D+,-L?$+7 L?$1,- O# %B#1 X[+O B/ &> N
merge, insert 53=#*80DI0D+$@ 7 11,-+$ 74R*%H/$l 8L%"B/$%nterval 80 B<
overlap 567$T,-/$I¥$H1D?$0?$@

e Sortby end N"!(B*%;E-%4.?$T) "- R3$(567$8!*/$ S8HEOT$ %(greedy activity selection)
N non-overlapping 53=#*80D!0D+$@ "!87*E-% 234%0tH/$8HD % H/$8#*+$!0D+$
8#H* |(B*%;E-%+B#3$1W @

2?24$9%#%nerge / insert | start !11,-+$@ count/ remove (greedy) ! end !1,-+$@ A& "-
+,-" BP R*%H/ $nterval 53=#* |(B*%7- N)/$%.D*%0?$@

Sweep Line N 1" #$4#$%41$86@-;$ 6?ABS$C;ABS,"+$%

Sweep line ;,-0* N interval 80D+,-07$"-1E-%+O 8 <« number line ( !". #$4#$%
41$86@-;$ 5D$;A- 6?ABSER234 %Mt (start / end) 07$"-74()*"!"-  07$23,C/SHHS?$T) "-
active 5678#1 ¥8HO B § 90$%3>@

N+ ideaNinterval [s,e] 07%$"-74+-event& " 1567$ " BN

e s ()* +1 (interval 07$"- 7 N active 0,-%
e e ()*!1 (interval 07$"- ;E-98 active 81B*9
event 80D+,-1"B #$!1,-+$ sort 2348brunning count +,- [+O9$H/IN " 07$"B #$00$% (){B*%;E-¥

L?$T) "- R3 8#1 ¥+,-.,0?7$@ A>+ meeting room !89!4F;$ , minimum platforms  1,-
53=#*80 BS85"E3>@

meetings: [1,4] [2,5] [7,9]
events (sort 11,-+$ ) 1:+41 2:+1 4:-1 5:-1 7:+1 9:-1

running count: 1 2 1.0 1 O
CIBY%E-Y%=2 % I'#$% & " 1,-

Real-world Examples
e Calendar Booking N Google Calendar ()* event!.7$ RO9$H/$N),234%.&%ent #B3$
1*%" (overlap) 77$0*Mfree slot N)*0*@

e Hotel / Room Booking N date range [check-in, check-out] 80D R3$(567$8!*/$M A>()
(X-0% "07%$"B #$00$%#$% L?$T) " 1,-" (sweep line) 0OD+$0*@

e Subscription Active Period N user HSsubscription [start, expiry] 80D merge 1-3$234
"7-7-83>/%86tive H+$" OD+$0*@



e Promotion / Discount Date Range N promotion  [from, to] 80D R3%$8#H/$mergeM
conBict N),(Ny,7$0*@

e Employee Shift Schedule N shift [in, out] 80D N 07$"B #$00$F#IR($%?$T)
872*+$ 1,-Mshift R3$8#1*% 77$0*@

Questions

Interval 53=#* 8560 &> N IH/$;E-%"start 16)*;$ sort 6-% end !6)*;$ sort 6-%"
;E-%560R34%80tW¥erlap rule +,- .E-%0*3>@lassic P "- 856[+09%$H8!*/$@

‘G Merge Intervals
interval list intervals ([start, end] ) 83%R*%.0$@/( 8#4 Hoverlap) interval 84F
8(H+$%1AE8480 R3 $67 80* O 9nterval list 53#$3>@

Input: intervals = [[1,3],[2,6],[8,10],[15,18]]
Output: [[1,6],[8,10],[15,18]]
(I1,3] #4€2,6] R3$8# 9%][1,6] 83>/$%

1?7 +$%6+$%".;$

Sort by start N interval 80D+,-17 11,-+$ 741,-+$H/$l 83>/$%7Hmterval 80D 85%".+$%:;($
1*07$@ 234%80t6sult list R 07$"-"B/$YROISH/$% " 1+$N), interval HSstart + result HS

8#*+$;E-%nterval H&Nd R+$ ! ;- (R3$)"! end +,- max #<BSKR3$H/$ interval 1.7$ RO9%(
[[1,3],[2,6],[8,10],[15,18]] )* 6)*;$C;AB$98!-+$ N (start!1,-+$ sort 234%.*V

cur result 8#-;$3=*% cur.start > last.end? 6*($83-+%$".;$

[1,3] ) N result = [[1,3]]

[2,6] [1,3] 2>3 ?(X-08 (R3$) end "BR  [[1,6]]

[8,10] [1,6] 8>6 ?X-0$ (R3%$) 17$ 1 [[1,6],[8,10]]

[15,18] [8,10] 15>10 ? X-0$ (R3%$) 1.7$ ! [[1,6],[8,10],[15,18]]

I [[1,6],[8,10],[15,18]] !

Time Complexity: O(nlogn) - sort + dominant@
Space Complexity: O(n) - result list (sort '10D+$ O(logn))@

Java Solution

class Solution {



public int [J[] merge( int [J[] intervals) {

/I start 11,-+$ sort N overflow 8N)*/dnteger.compare
Arrays.sort(intervals, (a, b) -> Integer.compare(a[ 0], b[  0]));
List< int []> result = new ArrayList — <>();

for ( int []cur:intervals) {

I result 11*  A>()(X-0$ R33%(567% %interval 1L.7%
it (result.isEmpty() || cur[ 0] > result.get(result.size() - D 1D {
result.add(cur);
} else { II' R3$ %end "BS
int [] last = result.get(result.size() - 1);
last[ 1] = Math.max(last[ 1], cur[  1]);
}
}
return  result.toArray( new int [ O][);
}
}

&GlInsert Interval

R33$(567$8!*/$ sort R*%234%.*¥aterval list intervals #48 interval 1.7$ newlinterval 83%
R*%.0$@ newinterval  +,- RO9$238PR3$H/$merge 1-3$NR3 6567 80* O Qist 53#$3>@

Input: intervals = [[1,3],[6,9]], newInterval = [2,5]
Output: [[1,5],[6,9]]
([2,5] + [1,3] #<R3$ %[1,5] 83>/$%

17 +$%6+$%".:$

list + sort 234%.*%{M3,-/$%" 3,-/$%67$ 560$073$@ (K) newinterval HE8I? J2?- 6=*%K(<%
E Ro4Bnterval 8ODN 0,-+$V,-+ROI$S@) newinterval  # $ Bnterval 8ODN start min
end max #83>/$%.D*UD newinterval HS8#-:$; interval 8ODN 0,-+$V,-+RO9$@ort 234!
*9(WN sort 53#$(1,-KD(N) #934%0?7$@

intervals = [[1,3],[6,9]] , newlnterval = [2,5] )* 6)*;$C;AB$98!-+$ N
13,-1$9%( K) N newlnterval [2,5] 8N)S(*LE-%R34%0fend < 2):
[1,3] %end3<2?  (X-08 % A4I3-/$h*) (RO9S

13,-/3%( &) N [2,5] #ER3$0* (start $5) +,- 83>/$%

[1,3] Y%start 1 $5? X-0% %merge: [min(2,1), max(5,3)] = [1,5]
[6,9] %start 6 $5? (X-08 % H3$

result = [[1,5]]

13,-/$%( ~) N +B#$0* 0,-+$V,-+$R0O9$
[6,9] %result = [[1,5],[6,9]]

%I[[1,5],[6,9]] &

Time Complexity: O(Nn) - 07 8">+ $560$(sort 234%.* )@
Space Complexity: O(N) - result list@



Java Solution

class Solution {

public int [][] insert( int [][] intervals, int [] newlinterval) {
List< int []>result = new ArrayList <>();
int i = 0,n=intervals.length;
/I ( K)newlnterval I8N)S()* 1E-%R309nterval N 0,-+$V,-+$RO9%
while (i < n && intervals[i][ 1] < newlnterval[ 0]) result.add(intervalsfi++]);
/(& R3 ® anterval N start min, end max #<B3>/$%
while (i < n && intervalsfi][ 0] <= newlInterval[ 1D {
newlnterval[ 0] = Math.min(newInterval[ 0], intervalsl[i][ 0));
newlnterval[ 1] = Math.max(newlInterval[ 1], intervals[i][ 1]);
i++;
}

result.add(newlnterval);

I ") +B#8 g !8#*+$+ )interval N 0,-+$V,-+$RO9$
while (i < n) result.add(intervals[i++]);

return  result.toArray( new int [ O][);

MGMeeting Rooms (Can Attend All)

meeting interval list intervals ([start, end] ) 83%R*%.0$@1Y07$8?*+$+ meeting
L*#$6="04;3N)*+$24;5N)*+$53#$3¢meeting & "- R3$8#H/S (0+3T,-/$)@

Input: intervals = [[0,30],[5,10],[15,20]]
Output: false
([0,30] #8,10] R3$8# % !+-#$ (0+3T,-/$)

[? +$%6+$%".;$

Sort by start N meeting 80D+,-17 11,-+$ 7423808L%"B/$9meeting & "- R3$1*% 77$VE-3>
"1+$N), meeting HSstart + 8N) &nheeting HSend R+$ /?$H/$ ( cur.start < prev.end )l R3%$
8# ! false @7%"-() (RIBH/S true @

Time Complexity: O(nlogn) - sort@
Space Complexity: O(1) (sort !53/$ )@

Java Solution

class Solution {

public  boolean canAttendMeetings  (int [J[] intervals) {
Arrays.sort(intervals, (a, b) -> Integer.compare(a[ 0], b[  O]); /I start 11,-+$
for (int i = 1;i<intervals.length;i++) {
if  (intervalsfi][ 0] < intervals]i - 10 1)) return false ; Il R3$8#



return true ;

OGMeeting Rooms Il (Minimum Rooms)

meeting interval list 83%R*%.0$@meeting !;*#$ ;.+3%(0)P#A$%3=*W#$% S5DIN?™ 1 1 <
53#$307%"'B #$00$R3 8#0 9neeting 80D+ !"#$% .4%.# F$74,-)@

Input: intervals = [[0,30],[5,10],[15,20]]
Output: 2
([0,30] 07$"#$% [5,10] #415,20] +  B#*+$07$"#$%()* ;+$0,-+$ % & "#%%

I? +$%6+$%".;$

A>+ sweep line 53=#* 3>N" 07$"B #$00$%B*%;E-%d_?$T) meeting R3 $#1 %=1 13 9 &
I"#$% ISH!IOD+$@ #O$%: (B o

1. Sweep line (start/end " Bort): start array #6nd array +,- .4%.# Isorthpointer & " #9,-+$
560$N meeting 1.7  70,-/$% start<end ) I"#$%0,-%8K*/$%07$"- ;E-%H/B#$%53#$
81B*9@unning max = answer@

2. Min-heap: start !1,-+$ sortMheap ()* active meeting 80 B&end .,($%N meeting 1.7 $#
start + heap R,35(87%E-% end)" ;,- ! !"#3$%8X*/$% 53#3$.E{pop)MX-0$H/$ "#3$%
.7$@ heap size = active room@

8!*+$()* sweep line version 53R*%0?$ (heap (1,-M3,-5(3®

[10,30],[5,10],[15,20]] )* 6)*;$C;AB$98!-+$ N
starts  SOrt: [0, 5, 15] I'|' ends sort: [10, 20, 30] I |' i =startpointer, j =end
pointer
i starts|[i] ends|j] starts[i] < ends][j]? rooms maxRooms
0 0 10 0<10 X-0%! meeting 7 1 1
1 5 10 5<10 X-0%$! meeting 7 2 2
2 15 10 15<10 (X-0$ ! 8X*/$%;E-% (% ) 1 2

' maxRooms=2 (07$"B #$00$%B*%0;E-%& "- R3$) !

Time Complexity: O(nlogn) - start/end sort @
Space Complexity: O(n) - start/end array @

Java Solution



class Solution {
public int  minMeetingRooms (int [][] intervals) {
int  n =intervals.length;
int [] starts = new int [n], ends = new int [n];
for (int i = 0;i<n;i++){
starts[i] = intervals[i][ 0J;
ends[i] = intervalsi][ 1];
}
Arrays.sort(starts); /I start 80D .4%.# Fort
Arrays.sort(ends); /lend 80D .4%.# %sort

int rooms = 0, maxRooms= 0,j= 0;
for (int i = 0;i<n;i++){
/I meeting L7 $iSstart + 187%E-% end R+$ /7% % R3$ % !"#$%0,-%
if (starts[i] < ends[j]) {
rooms++;
maxRooms = Math.max(maxRooms, rooms);
} else { I 8X*1$%07$"- ;E-%234 "#$%53#3$.E-%
j++;
}
}

return  maxRooms;

QGNon-overlapping Intervals

interval list 83%R*%.0$@+B#8 9nterval 80D /($2,01$84-B8!-+$ 6\ 1#A$%3=*BDIN?"*
OD$R-%H(1 534$3>@

Input: intervals = [[1,2],[2,3],[3,4],[1,3]]
Output: 1
(11,3] +,- 6?$H/$ +B#$0* R3$(567$80*9 % K "- 67%)

I? +$%6+$%".;$

A>+ greedy activity selection 3>N" R3$(567$8!*/$ 12.-%3=*%d_?$T) "- R*%Ti $ < N)*234%0
+B#3$0* 6723$0*@ Sortby end N " 187%E-% 2309nterval IH/$ R*%" H/$N 8#*+$10D+$
8#H* 1(B*%;E-%+B#$1 WR3$(567$0* 1(B*%;E-%UR*%T ,-/$0?$@#*+$ interval HSstart + R*%

R*%0 @nd R+$ /?$H/$ (R33$)! 67% (count++)MX-08H/$ R*% (end update)@
e end !1,-+$ sort@
e prevend R*%Mnterval 07$"-74N  cur.start < prevEnd - 1 6?28 (count++ )MX-0$H/$

prevEnd = cur.end @

[[1,2],[2,3],[3,4],[1,3]] )* 6)%$C;AB$98!-+$ KN

end !11,-+$ sort: [1,2] [2,3] [1,3] [3.4]
"'end3 0Y83(79%...[2,3] 1H/$

cur prevEnd cur.start < prevEnd ? 1-3%$8;*/$"B+$
[1,2] ( 3R( ) K prevEnd = 2
[2,3] 2 2<27? (X-0% R*% %prevEnd =3



[1,3] 3 1<3? X-0$ ( R3%) 67$% %count=1
[3.4] 3

% 6?2 $0 9nterval = 1 ([1,3] +- 678) &

Time Complexity: O(nlogn) - sort@
Space Complexity: O(1) (sort !53/$ )@

Java Solution

class Solution {

public int eraseOverlaplntervals (int [][] intervals) {
if (intervals.length == 0) return  0;
/lend 11,-+$ sort N overflow 8N)*/dInteger.compare
Arrays.sort(intervals, (a, b) -> Integer.compare(a[ 1], b[
int  count = O;
int  preveEnd = intervals[ oy 11;
for (int i = 1;i<intervals.length; i++) {
if (intervals[i][ 0] < prevEnd) { /I R3$8# % 67%
count++;
} else { /I (R3% % R*%
prevEnd = intervals][i][ 1];
}
}

return count;

3<3? (X-0% R*% %prevEnd = 4

1)



"#3$% && - 1-D Dynamic Programming

I"#$% &' (Greedy)()* N 1+ -+/ 1,34 #(e 1@ 04 greedy- 4+1+1 (5 +./)6789:;06%
<=*0p3* +3 2M3> KIOH#S$ 3+3 =& +./)?"1"8 1+ *@$%6A8Y+B=%3(C BC* $ N D;C78
E:F#*+3=-78 +E117G E1.$H78@%H#E" ))$ 17G783>$?D4+:(>/$ -8#$ brute-force .$B@HN

3 0 3 0C8:$-78 *+$"*+$",  C8:$(79:;86=#3$ +H)%3>$?

Dynamic Programming (DP) - D;E:F#*78 +E13>$ N " *+$-. /+0#123 8- BB!4/9"(
$",-8% -5'8<+=06:7$%*1%/@H A (626-#$>B(% B Odea :4? DP K* beginner !(L*%.8
13=-$ 1"-$6A8% topic C7G78M-+:(>/$ N 3->$+3*/ recursion ! memoization !
tabulation 6 8 Mow !378@$3656@/$"L QERS-$<=*%BMIC=#$ #. $3 (pattern 3.$"8<*
E1.$:43>$? D;!"#$%()*! O;Row -78Fibonacci #03@$9:;9% classic E:F#* N" 8GC/C*<=*%
4(>$?

DP C:(-1 D1A W D3$4-1E > B&A7

E:F#3.$"8-78 DP #G-E1C7BL78 'OP 4B:$& "8Q)7B3>%N

FGOverlapping Subproblems ( *+$-. /+0#123% )

E:F#*R-;%-78 EF#@>$+3= "G8E1304 N - ; = F+0#123$% -78!R-7($R-7($E:#S+E1+#E
3>$? Fibonacci (F(n) = F(n! 1)+ F(n! 2))-78M-J/$B+*@$ N



' F@) &"4SF@2) 5"4..T:$3=-$+# (+E*@$%+B=@%H3l EF#@>$ )

F) 37CFE) 37G-78$"*+$", 3=-$+#3* N Dd4overlapping subproblem :4? D;l+E1+3=
<7($%T*%B@3$ $¥: B=-$B+3*/(>$?

&G Optimal Substructure ( 14'12$%CB(YOF %o

E:F#*R- 9%BI4'12$3%CB(%4/9 K* N E:F#*@> $3 BQ4'123%CB(%d4/9 +3=-+#
3J$+6*-$C7G B3>$? Vi(* N'n T.$ 3-$17G#I$%C($%BI3=-$ "- N"n-1 T.$" #0Un-
2T.$ " BU+E1+3= +:4@%3*: O

D:& "8Q)7BDBP <A8%BB5$? (greedy #G=*3* N greedy ()* optimal substructure Q)7+:
(>/$ "3.$"83J%% +B=%*S DP ()* "E1.$H78@$3ED ..$9:;%U+-*@F$%6A8%l "3* )?

DP | C2E$l Recursion ! Memoization ! Tabulation

~

DP E:F#* 3.$"8-78+E1304 N 16@/$ 5 6@ $B78%3-$+*@$C8:$<=*%3*- +-*@$%6A8%
C($%+M-*@%$%Bbonacci #M-J/$B+*@$?

IC2E$ F N Plain Recursion ( 4JKY6

E:F#*-78 378-$W78ekursion #GB%3* N ()#$+:(>/$ overlapping subproblem +M-*@/$
exponential O(2") N IC=#$ +H)%?



int  fib (int n) {
if (n<= 1) return n; /I base case
return  fib(n - 1) + fib(n - 2); /I T:$3l EFF@>$ T:$3=-$%

IC2E$ & N Memoization (Top-down + Cache)

recursion -78T*%9:;90 3=-$9:;%<*%4+E1-78 cache (memo) T G<7($%S#$C7SHEBH<ADEH
EF#@>$ 3.$'8-78-) $+ B=-$B+3*/C7TGN O(Nn) E1.$<=*%3>$7"top-down" N E:F#*
R-;%-. 6@%$%+E13?

int  fib (int n, int [[memo) {

if (n<= 1) return n;
if (memo[n] != 0) return memoln]; /I 3=-$9:;%<*%! E:#3$<A8%
memol[n] = fib(n - 1, memo) + fib(n - 2, memo); I 3=-$9:;%<7($%

return  memo[n];

IC2E$ | N Tabulation (Bottom-up + Array)

recursion +1L*-$9:;;90 /+0#123$") (base case-. )array dp[] -783E1J$%E1I$®1I/S
3-$3*?  "pottom-up" N 1+<%-. IR-;%6;? recursion stack (C78C7#ack overRBow +Q)*@$

H78@$28E(8$3>$?

int fib (int n) {
if (n<= 1) return n;

int [Jdp= new int [n+ 1]

dp[ 0]= O;dp[ 1]= 1; Il base case
for (int i = 2ji<=n;i++){
dpli] = dpli - 1]+ dp[i - 2]; /I transition

}

return  dp[n];

dp  E1J/$:448-6):
dp[0]=0 dp[1]=1 dp[2]=1 dp[3]=2 dp[4]=3 dp[5]=5 dp[6]=8
st dpli] = dpli-1] + dp[i-2] HEHHEHHS

IC2E$ L (bonus) N Space Optimization

dplil - dp[i-11  #(dp[i-2] & " 80C783*(7@ array 3.$"8CA86 X Ovariable & "(#B3>$
Nspace O(n) " O(1)?

int  fib (int n) {
if (n<= 1) return n;
int  prev2 = 0, prevl = 1;



for (int 1 = 2;i<=n;i++){
int  cur = prevl + prev2;

prev2 = prevl;

prevl = cur,

}

return  previ,

?K-$6#8Memoization (top-down) #0rabulation (bottom-up) & "SCA&KN) :4 N +B=%"L>$(Y
: @ Recursion #0Z$%.*%E=>$B@%iemoization Sstack overRow / speed '+B%R-;%B@%$
tabulation? D;!"#$%- E:F#* !(L*%.8-78tabulation (1-D array) #@E:<=*%:4(>%$"

DP 46%#:$%ramework N State, Transition, Base Case

DP E:F#* 378@$WEBLTG +!*-$- +(%"=#$%8+E1H78@§EB@$9PEI

1. State (dplii C:(-1 D1:( ' 8 H%W/+MAYN V:(* "dpi] =index i T7 +-*@$%6A8%
I+E1 "?D4- 1"-$6A8% !:78@%¥state ()#$+*@FK3I$()3SH78@IB@E* C=>$<=*%63>$?

2. Transition ( dp[i] ":( !62$ state 4-5'4# D3$A:( - 5 & YN V:(*  dp[i] = dp[i-1] +
dpli-2] ?D4- DPBO'6-$..3(Y :A8+<#J$¥%®

3. Base case (14>%CB(%state 68-#$9:(9N V:(*  dp[o]=0, dp[1] =1 ?recursion B: 8 0
+#B*?

Diframework -78E:F#* N"8()*T:$"4 <A8%<=*%:4(Mbstate Q)*®ansition +B%Base case

<3%$()3%$?

Real-world Examples

e Best Reward / Points N 16@/$6@/$%6A8%E13$"L¢¢:(* N " Dilevel -78>IB@$eward + SD¢
+:(>/$ +#*-$ level skip") 0* N +-*@$%6A8%8.8+:4@%ward 3=-$3* (House Robber
pattern)?

e Retry / Cost Optimization N operation 3.$"8.; retry cost (3IB@$N " 1#I$%6A8%B#$-L(Y
#06A8%T7+B*-317G!6 @/$6@/$3=-$3* (Coin Change / Min Cost pattern)?

e Step-by-step Decision N " D;!6@/$()*X>$ option +B=%B@$$6A8%-*@ $0680C0 678
3 fplanning N >"@$6 BE1¥ - BOBCD$-787($%9:6453=-$3*?

e Text/Message Parsing N SMS/code -78decode C 88 D4 "E1.5I88 B:J$%C($%>$
H)'8' 3=-$3* (Decode Ways)?

e Analytics N transaction stream ()* "!E(3$!(L*%6A8% B3 (6-$378-$ -*C " Q)*3*
(Maximum Subarray)?



Questions

DP E:F#* +E13D04 N IB@$6A88tate (dplil X*C P<3$()3$S 9:;%(ransition #base
case Q)*3*:4? classic N "8+E1M-J/$B+*@$?

FGClimbing Stairs

+C)-%(0)* n T.$ QR 3$'4 F*$ D4A()(K83$& *)$ 3-$H78@$7:$6Aq n ) T7 3-$17G' B-19
- BE$9A?$9D3$IK 2N MIB 0

Input: n =3
Output: 3
(1+1+1; 1+2; 2+1 I 5 #I%%

OK 2$3%A2%$%"N'$
e State: dpii =T$ i T73- &HBB HIS%C($%+B!I3=-$?

e Transition: T.$ i -78N T.$ i1 -+# ([ T.$)D4()(K83$T$ i2 -+# &TS$)
+B*-$H78@$C" dpli] = dp[i-1] + dp[i-2] ? (Fibonacci #@®I !)

e Basecase: dpoj=1 (X*) (8- X (qQ #I$YSdp1j=1 ?

n=3 "( A('$P;E$64112$ N

dp[0]=1 dp[1]=1
dp[2] = dp[1]+dp[0] = 1+1 = 2
dp[3] = dp[2]+dp[1] = 2+1 = 3 %

Time Complexity: O(n) - T.$3.$"8.; 3.$"4?
Space Complexity: O(1) - variable & " 8 qspace optimized)?

Java Solution

class Solution {
public int climbStairs (int n) {

if (n<= 2) return n;
int  prev2 = 1,prevl= 2; /I dp[1]=1, dp[2]=2
for (int i = 3;i<=n;i++){
int  cur =prevl + prev2; /I dpli] = dp[i-1] + dp[i-2]
prev2 = prevl;
prevl = cur;

}

return  previ,;

&GHouse Robber



17($3#$% nums N 17($3.5CA8%.;()78-364 nums[]  Q)TDA+:(>/$ +SAN'S  1:25 & AB(¥L*$B@S
alarm E(J$3>$? alarm (E(J $.X (N +('$CB!?N1%CB(M%$+C*$ BHgE 0

Input: nums = [2,7,9,3,1]
Output: 12
( 7602+ 73209+ 784(1)=12; -$CL-$  (+1%% )

OK 2$%A2%$%"N'$

e State: dpii =!7($ o0.i T O +1*$C7GB3 078-$6A(L*%6A8%"?
e Transition: 17($ i !3=-$ +B=%"L>$.B&"8N ([)?2491'$ ! dpli-i] (B@$!T7

I+-*@$%6A8B(&) 491'S | dp[i-2] + numsli] :$CL-$ (E1L.$+*@% -1  +L*$)?&" & |
- max >l ! dp[i] = max(dp[i-1], dpli-2] + nums]i]) ?

e Base case:. dp[0] = nums|0] S dp[1] = max(nums[0], nums[1]) ?

nums = [2,7,9,3,1] "( A('$PE$64!12$ N

nums[i] dp[i-1] dp[i-2]+nums[i] dp[i] = max

|

0 2 N N 2

1 7 2 N max(2,7) =7

2 9 7 2+9=11 max(7,11) =11

3 3 11 7+3=10 max(11,10) =11

4 1 11 11+1=12 max(11,12) =12 %

Time Complexity: O(n)?
Space Complexity: O(1) - variable & "8(space optimized)?

Java Solution

class Solution {
public int  rob (int [Jnums) {

int  prev2 = 0, prevl = 0; /I dpli-2], dp[i-1]
for (int num:nums) {
int  cur = Math.max(prevl, prev2 + num); /I (+1*$ vs +1*$
prev2 = prevl;
prevl = cur;

}

return  previ,;

IG Coin Change
I+,-+./ I(LA%!*% coins (-# B3  $0+B!3=-$% )#0(*] amount +:9%T*%<J$?
amount 1Q@BAQA)E  1461-5%  #:$%UCB(YE#$4TL MEBE 1 ?

Input: coins = [1,3,4], amount = 6
Output: 2



3+3=6 I & +./; greedy BM+1+1= 5 +./ T-$ 78+*@$%

OK 2$%A2$%"N'$
D4- I"#$% & ()* greedy -L \WoB (E:F#*:4 N DP #G-E1B@®$3>$ (E1.$H78@%B#ES ..$
Cchz

e State: dpla] =:(*] a 10@+,-+./ 1#J$%6A8%7?

e Transition: coin ¢ 3.$"8.;!13=-$ N a -781@Gcoin ¢ >19:%L#$ ac 18! dp[al=

min(dp[a], dp[a-c] + 1) ?
e Basecase: dpoj=0  ((*] " 1AG +./)?-L#$3* & ((1 eijB<%) #07?
coins = [1,3,4] , amount=6 ":( dp /9;E$P"E$64!12% N

aa 0123456

dp: 01 21122

dp[3] = dp[0]+1 =1 (coin 3)
dp[6] = min(dp[5]+1, dp[3]+1, dp[2]+1) = min(3, 2, 3) =2 (coin 3) %

Time Complexity: O(amount # cans) -:(*]  3.$"8.; ! coin 3.$"8.;?
Space Complexity: O(amount) - dp array?

Java Solution

class Solution {

public int coinChange (int []coins, int amount) {

int Jdp= new int [amount+ 1];
Arrays.fill(dp, amount + 1); 0 & 1x% N X>$+3*() (+B* B8 OR-%3#$
dp[ 0]= O /I base case

for (int a = 1;a<=amount; a++) {
for (int c:coins){

if (c<=a){ /I coin - (TS (R-%()
dp[a] = Math.min(dp[a], dp[a - c] + 1);
}
}
}
return  dp[amount] > amount ? - 1 : dp[amount]; /I (+B*$B@$%$-1
}

LG Maximum Subarray (Kadane's Algorithm)

integer array nums (IH83$ :4) +:%T*%<J$? C'$-:('$ subarray (i#J$%6A8% "9T 0 N
4+,23%AREPN1%CB (B6#$:47?

Input: nums = [-2,1,-3,4,-1,2,1,-5,4]
Output: 6
(subarray [4,-1,2,1] BU +:4@$%CB$)



OK 2$%A2%$%"N'$

e State: dpii =index i ()* C Bo- Bubarray BO+:4@$%CRB%6A8%?

e Transition: index i ()* 6 8630+ *@$%6A8%ubarray - N ([) numsfi 3.$"83J$%
I<$.S (&) !'B@$subarray (dpi-1] )-786-$9:% numsfi +4@%&"F 0 max !
dpli] = max(nums]i], dp[i-1] + numsli]) ?(dpli-l] - HB3$EL$+#B@B-$3*  #.$#*
C7¢<.$. 78+-*@%%

e Base case: dp[0] = nums[0] ?answer- dp] !~ 8BQmax (+#*-$6A8%p (K83$% )?

[-2,1,-3,4,-1,2,1,5,4] “( A('$PE$64112% N

nums: -2 1 -3 4 -1 2 1 -5 4

dp: -2 1 -2 4 356 15
“HHHHHTHHHTS

dp[i] = max(numsJi], dp[i-1]+nums[i])

global max =6 (dp[6]) %

Time Complexity: O(n) - 3. $"4- $E13$?
Space Complexity: O(1) - cur #(best & " 8(Qspace optimized)?

Java Solution

class Solution {
public int  maxSubArray (int [Jnums) {

int  cur =nums[ 0], best = nums[ 0]; // dp[0] = nums|0O]
for (int i = 1;i<nums.length; i++){
cur = Math.max(numsli], cur + numsi]); I1<$. vs 6-$
best = Math.max(best, cur); /I global max
}
return  best;
}
}
SGDecode Ways
A1, B 12t L., 7 1726 6 8 Omapping #N OJ#$%string s -78+:%T*%<J$? s -78
*CA8¥EL.$ decode A (30$ B:ESWA?$ID3SIK 2N MIB E:#$:4% 0 - <%<# H*CASYQ)N

10, 20 'E1.$<* )?

Input: s = "226"
Output: 3
("226"=BBF; "22 6"=VF; "2 26"=BZ I 5 #I$%

OK 2$%A2%$%"N'$

e State: dp[ii = string BUT( i CA§ s[0..i-1] ) -78decode C 888 B+J$%C($%
1+B!13=-$?



e Transition: CA€i 13=$ N ([) si-i] - 0 (K83$B@¥ CA834"83J$%

dp[i] += dp][i-1] S(&) sli-2..i-1] - 10.26 M-*%678& CAS30H!

e Base case: dp[0]=1 (string ~"C* N [ #J$US dp[1] = (s[0]='0) 2 1:0

s="226" "( A:('$SP;E$64!12$ N

dp[0] =1 ( nC* )

dpl1]=1 (2" ! B)

dp[2]: "2" ( (0) ! +=dp[l]=1; "22" (10..26) I +=dp[0]=1 I dp[2]=2
dp[3]: "6" ( (0) ! +=dp[2]=2; "26" (10..26) I +=dp[1]=1 | dp[3]=3

Time Complexity: O(N) - CA8%3.$"83;$"4?
Space Complexity: O(1) - variable & "8(space optimized)?

Java Solution

class Solution {
public int  numDecodings (String s) {

dpli] += dp[i-2]

%

if  (s.charAt( 0)== '0" ) return 0; 11'o' #0. ! decode (B
int  prev2 = 1,prevl= 1; /I dp[0]=1, dp[1]=1
for (int i = 2;i<=s.length();i++){
int  cur = 0;
if (s.charAt(i - 1)!=  '0" )cur+=prevl; /I [ CA8%.9)
int  two = Integer.parselnt(s.substring(i - 2,1)); /I & CA8% &
if (two>= 10 && two <= 26) cur += prev2; /1 (10..26)
prev2 = prevl;
prevl = cur;

}

return  previl,;



I"#3$% &' - 2-D Dynamic Programming

"#$% && ') N dplii * # /( )#$%(1-D) state #.012#)3-4  305"06-7 g'index i 8+
139):$%*;,% ")<=631'7/$ 012#) !'>)%?9@%'(N 1305 -A$" 9+, B-$'(-$5+C I*+#$%8& ", D+,
-7 N

e Grid 31E'() D'$%3F9):$%5()-) N"row i ,column j 8+" (IHI#$%& "))<

e String & ", J(K+ :$%K "string A LM8' i D;%dringB LM8' | D;%(HI#$%& ",)<
—@D0H,2#)3-49+, 2-D DP #.805-7$ N state 9  dpfij] * & [-/% (table) 05A$D)-7$<
2-DDP9 1-D89$ "9$-7$ 8:$L31'7/$ N -97$3-)/ table 01,23 B28A0$%A)%ID8#$
0:$B)-78< =@!"#$%'(N table 5RQ $oNransition R%-Q$">9$ (I31E /S7$ /38):/$05-$ NT1@
3-)/ Grid DP, String DP, Knapsack * # [classic 012#) U", 305B4)%16'7$<

2-D State #®P Table

2-D DP LMstate 9 dpJi][j] N IHI#$%& " #.B- $¢ $ /table -A$",16< i 9 row (1)#$% )N
i 9 column (:0/$;3 )< dpli *+,-) "row i ,column | !30"13#8+ 3L)9 $/
139):$%*;,% 1305 " 9+,9+,73A)%01K-7$<



2-D DP Table (m ! n) N dpli][j]

column (j)

row (i)

dp[1][2]

° ° X <—

row|1, column 2

cell -A$",A@= "row i, column j 130"13#8+ 139):$%%,% 1305 "N +'$#@%">cBM03-493# -49$

1-DDP () "index i 8+"-49$BD+, N 2-D DP ‘() cell )<$",<801,N =>$ cell ;)5 (11?$#8%"@
0:# )50%$728%able 01,ABC9%$)0$)16<

Transition D%)C$'"@O0$N 1:2E /F.$ /:G/>93$AB)$

2-D DP LMJ(A$B)L9 N dpli[] 9+,F.$ cell :)50:#

) B $ 6+,-)16< I'>)%*,%
B 2%01KA R%-Q$">9% N

dp(i-1](-1] dp[i-1][]

( 38):/$05-$) ( !31E )
! .
dplili-1] # dp[i][]
( S7$)

e I:2E  ( dpli-1][j] YN I31E-#$%93# *:$%D)-)<
e F.$ (apil-yy )N S7$S9$93#  D)-)<
o :G/>9$AB)$( dpli-1][j-1] YN 05-$D)-)<

012#) D+9% N =@"8 9 S7$W) B %D .9 & 8Gridpath 9 !:2E

+F.$ Nstring
J(K+ :$%-)3-49 :G/>9$AB)$16'>)%-7$< =69 2-D DP 012#) 305- I'6 IL:$*,% G(L'7/$
I">9$16<



Grid DP vs String DP
2-D DP 012#) I'>)%A,9 I'>+K%!A)%& >+

e Grid DP N dplij] 9 gridcell i) O+,-+,98 X+, 98+,7$A)%01KInique Paths, Min
Path Sum)<table size = grid size<

e String DP N dpil[j] 9 "string A =6RG? i ;3,%#®tring B =6RG? | ;3,% 9+,
9+,7$A)%01KCS, Edit Distancex =0 / j=0 9 "string YD) " 9+,9+,7$A)%01KBH@ble

Size = (m+1) $(n+1) <

?1)$=#$ String DP '() row/column 9+, 0 9A 3L- 8 $ I'6 N dpjif LNi 9
"string A LM8' i ;3,%(index 'W,-$ ) 9+*+ D+,-7$< =63F9):/$character 9+,7 O$ /
"6 A1 #.B[1 (ZJ,-$) 9+,B;,%L-7$< =@! -by-one" 9 string DP LM'()%
I05A$*;,%!">9$16<

Space Optimization N Overview

2-D DP table 9 space O(m! n) 7[-7$<  =631'7/$ dpji[j 9+,-49$5+C2EW#$% (i1 )#
0$J1)#$% (i ) & -# $01D+,3D/G(+-7$<=6*+ N table -A$",D;,%B +$S.N )#$%& ", (=6'(
'W,-$  ()#$%9+,B-  #.bverwrite) 1.B+'$%L:$l space 9+,0(n) 18+ 3D\)/D+A-7$<

=69 "rolling array" technique 16<Logic 1+,]X*1$D«@!"#$%'(D12#) !'">)%A,9+, full 2-D table
#.01#)%DQ$D473$3!):$ NTL@®@(imization 9+,'(-$">9% !05A%$ 8Q/$16'7$<

Real-world Examples
e Text Comparison/Di ! Tool N git diff , editor LMS7$A)3F9):$% 301): $B®P6D! N
string & ",F9)%Longest Common Subsequence / Edit Distance 31E'() 130™;-7%<
o Spell Check / Autocorrect N " X9 $+ [A)D;,%¢t.1#@%AL1$* %$ [A)D;,%N Edit
Distance (S7$J( D;%1:8'D )#./+,:$%-)<
e Route Costin Grid N warehouse / map grid 31E'() "19,#$9> #Q%$%*;,%D'$%' N Min
Path Sum <

e Budget/ Resource Allocation N budget 19# ®B- 8.Ivalue !'>)%*;,% L3!):$ S73$
item 3L%'D " N 0/1 Knapsack <

e DNA/ Sequence Alignment N bioinformatics '() DNA sequence & ", J(K+ :$%N LCS /
Edit Distance LMP9@%84)%1;,<

Questions



2-D DP 012#) 305- I"6 N table 01,23 1@l dpli S)D .(state)N&) S7$ cell 93#
- @ ® .(transition)N\V) 18'  row/column (base case) N *+,-) G()-)16< classic U", 305F9Q/$
L3!):$<

(K Unique Paths

msn grid'() N S7$131E38):/$  (00) 9A N C/ =6(W,-$ :1/0$ 1.3L4MI+, ST1@%
31)9$38):/$  (m-1,n-1) 8+ 3L)9$5+D B2/%)8?$% F.$LI 2@ IGP6<

Inputt m=3,n=3
Output: 6

J>$%;>$%"@0$

e State: dp]i][j] = 00 93# cell () 8+3L)9 $ /D'$%!3L!-49%<
e Transition: cell )  9+N :2E (1)) 93# (3)9%$*$% )=6'(W,-$ F.$ i
1) 93# (Q)B4)%) 3L)9%$J+,:$D+C dplilli] = dp[i-1][j] + dpi][-1] <

e Basecase: 18 row #.18' column 19#$ 1 (D'$%3F9):$%A$",-Q$% N -#$%B4)%6
'(W,-$  -#$%*:$%<

m=3,n=3 table ABCO$NOC9%=:!/>$l

=0 j=1 j=2
i=0[1][1][1] %18 row 19#$ 1
i=1[1][21[3] dp[1][1] = 1+1 =2, dp[1][2] =1+2=3
i=2[1][3][6] dpl[2][2] = dp[1][2] + dp[2][1] =3+3 =6 &

Time Complexity: O(m ! n) - cell -A$",A@A$"6<
Space Complexity: O(m! n) - table (rolling array #.0(n) 3D\)/J+,%

Java Solution

class Solution {
public int uniquePaths (int m, int n) {

int [J[1dp = new int [m][n];
for (int i = 0;i<m;i++)dpl[i][ 0]= 1, /[ 18" column
for (int j = 0;j<n;j++)dp[ ol = 1; /I 18" row
for (int i = 1;i<m;i++){
for (int j = 1;j<n;j+H){
dplil[i] = dpfi - 1101 + dpfilf - 1, /1 1B1E + S7%

}

}
return dp[m-  1][n- 1];



&K Minimum Path Sum
m$n grid () cell -A$", A@#$5+,%60ost) G(+S7$!31E38):/$9A N C/ /:/0$  1.3L4AMTR@%
Q)3N9%$38):/$8+ N AB) ® Bb) &ell 1) 56t2P>%$%;Q$HC$%43,9%91#$16<

Input: grid = [[1,3,1],[1,5,1],[4,2,1]]
Output: 7
( D'$%1 #3#1#1#1=7)

J>$%;>$%"@0$

Unique Paths #.4[ N 94)-)9  "D'$%3L-49$ "'W ; $ ."cost 1#Q$%*;,% <

o State: dpfil = (00 93# () 8+N 316:3%D=HQI%*; %<
e Transition:  dp[il[i] = grid[i][j] + min(dpi-1](i], dp[il[i-1]) N 131E #.87% &"8
9 100$0/)/ 3L4%<
e Base case: dp[0][0] = grid[0][0] N18' row/column 9 N -A $9 $Q $91.D)J+,$
D+®9%$316:$%<
grid = [[1,3,1],[1,5,1],[4,2,1]] table N
grid: dp ( 316:3%D=3#Q%%*;,%):
131 145
151 # 276
421 687
dp[2][2] = 1 + min(dp[1][2]=6, dp[2][1]=8) = 1+6 =7 &

Time Complexity: O(m! n)<
Space Complexity: O(m! n) - table (in-place *+, O(1))<

Java Solution

class Solution {

public int  minPathSum (int [][] grid) {
int  m = grid.length, n = grid[ 0].length;
int [I0dp= new int [m][n];

dp[ O]f 0]=grid[  OI OJ;
for (int j 1;j<n;j++) dp[ 0][] = dp[ 0][ - 1] + grid[ o1il; /I 18  row
for (int i 1; i< m;i++) dp[i][ 0] = dpli - 1][ O] + grid[i][ 0]; /[ 18  column
for (int i 1;i<m;i++){

for (int j = 1;j<n;j++){
dpli][j] = grid[i][i] + Math.min(dp[i - 1101, dpfilf - 1D;
}
}

return dp[m-  1][n- 1];

'K Longest Common Subsequence (LCS)



string & ", text1 , text2  31%8)%BQ%$< & ",AD;,%'()16- /N 1JC$43,%common
subsequence (IAO$!-+,:$%N*9$-+,9% '05A$DQ$% )LMICS 01#3$16<

Input: textl = "abcde", text2 = "ace"
Output: 3
(common subsequence "ace" N 1G(Q$ 3)

J>$%;>$%"@0%

=69 String DP 16N table size (m+1) $(n+1) (row/column o = string YD) )<

e State: dp]il[j] = textt LMSE i D;%.tex2 LM8 | D;%F9)%CS !G(Q%$<
e Transition:
o </;3,%)R ( textl[i-1] == text2[j-1] )! :G/>93AB)$+ 1! dplil[i] = dp[i-1][j-1]
+1 <
o 2R ! I131E #.B57% &"8 9 max ! dp[ili] = max(dp[i-1][i, dp[i][j-1]) <

e Base case: dp[0][*]=0 N dp[*][0] = 0 (string YD)# .LCS =0)<

textl = "abcde” , text2 ="ace" table N

LCS DP Table N textl = "abcde", text2 = "ace"
A)D;,%[L:$ | 38):/$05-% dp[i-1][]-1] + 1

text2 (j)
a c e
. . 5 0 :G/>9%AB)$Match
a==a! dp[0][0]+1=1
0 1 1 1 c==c! dp[2][1]+1=2
e==e! dp[4][2]+1=3
0 1 1 1
"\_";) common subsequence
% "ace" " LCS=3!
0 1 2 2
“[L:$ ! max('31E , S7$)
0 1 2 2 cell -+,:$% 8 *30'¢$#- /139):$%*,% LCS




Time Complexity: O(m! n)<
Space Complexity: O(m! n) - table<

Java Solution

class Solution {

public int longestCommonSubsequence (String textl, String text2) {
int  m = textl.length(), n = text2.length();
int [J]dp= new int [m+ 1][n+ 1] /I row/col 0 = YD) (base =0)
for (int 1 = 1;i<=m;i++){
for (int | = 1;j<=n;j+H){
if (textl.charAt(i - 1) == text2.charAt(j - ) {
dpli][j] = dpli - 100 - 11+ 1 Il -[ # 38):/$05-$ +1
} else {
dpli][j] = Math.max(dpli - 1101, dplill - 10); /I [ # max
}
}
}
return  dp[m][n];
}
}

SKEdit Distance
string wordl 9+, word2  05A$3!):$ 301):$%HNCoperation #C$%43,%91#$163peration V "> Ho
insert (8Q/$)Ndelete (5>99Nreplace (IA)%8+,9<

Input: word1 = "horse", word2 = "ros"
Output: 3
(horse # rorse (replace h #r) # rose (deleter) # ros (delete e))

J>$%;>$%"@0%

String DP N "spell check / di ! tool" L MJ(A$B)L<

e State: dplilli = wordl 18 i D;%9 word2 18 | D;%5A%$3!):$ N operation
1#Q$%*;, %<
e Transition:
o </;13,%)R ! S)( 'D+,! dplilj] = dp[i-1][-1] (38):/$05-% )<

o ?)R ! operation V'>K%® min+1:
= replace !  dp[i-1]j-1] (38):/$05-% )
s delete !  dp[i-1][j] (I81E )
= insert !  dp[i][-1] (S7%)
e Base case: dp[ij[0] =i O;,%i ", 5>99N dp[o]f] =j D;%j " 8Q/%)<



word1 = "horse" , word2 = "ros" table N

Edit Distance DP Table N word1 = "horse", word2 = "ros"
JL:$ | 38):/%05-$ " [L:$ ' 1+min(/31E , S7% , 38):/%05-8)

word2 (j)
r (0} S
0 1 5 3 Edit Distance Rules
base N dpli][0]=i ( 5>9%
dp[O][j]=j (8Q/$)
1 1 2 &
0==0
S I dp[i-1][-1] =1
= I31E " S7$ " 38):/$05-$
—
'E e ¢
2 horse ! ros
3 2 2 2 dp[5][3] = 3 steps !
4 3 3 2 cell +,:$% | [130"1348+
D ¥ $ /operation 1#Q$%*;,%
5 4 4

Time Complexity: O(m! n)<
Space Complexity: O(m! n) - table<

Java Solution

class Solution {

public int  minDistance (String word1, String word2) {
int  m = word1.length(), n = word2.length();
int [J1dp = new int [m+ 1][n+ 1]
for (int i = 0;i<=m,;i++)dp[i][ 0] =i I/ base N i D;,%5>93%
for (int j = 0;j<=n;j++) dp[ ol =1j; Il base N j D;,%8Q/$
for (int i = 1;i<=m;i++){
for (int j = 1;j<=n;j++){
if (wordl.charAt(i - 1) == word2.charAt( - ) {
dplil(i] = dpfi - G- 15 i -[ # S)( 'D+,
} else {
dpli][il = 1 + Math.min(dpli - 110 - 1], I replace
Math.min(dpli - 1101, /I delete
dpli][j - 1); /I insert



return  dp[m][n];

TK 0/1 Knapsack

item n ", N -A$", A@'()3D%"> #$ weight]i] # 4#$5+,  valueli] G(H«-$ (knapsack)9
13D%"> #t$ w 8+ */< item -A$",9+, R QP?I1?U)$?.R (& 1+,:996-$ )*+ L:$N | + 8 .8Q/$D+C
L- N#$B1,%<,:2P>3@/%43, B1#$16<

Input: weight = [1,3,4,5], value = [1,4,5,7], W=7
Output: 9
(item 1 (W3,v4) + item 2 (w4,V5) = 13D% 7, -#$5+,%)

J>$%:>$%"@0$
=69 "budget !9# B- $.Value I'>)%*;,%" 012#) N dpiw] table #.B05-7$<
e State: dpliw] =18’ i " item8 9 3L4%TN@ID%">#3w 8+ N -#3$5+,¥)%*;, %<
e Transition: item i 1-49% & 3L4%
o 2R ! dp[i-1][w] (L:$ item 3-4 !-+,:$%)<

o R (weight*/'( N weight[i-1] <= w )!  dpli-1][w - weight[i-1]] + value[i-1] <

0 &"8 9 max! dpliwl=max( 7[, 7[) <

e Base case: dp[0][*]=0 (item 'G(H -#$5+,%)<
weight=[1,3,4,5] , value=[1,4,5,7] , w=7 N dp[iw] table (3#)9%*;,% dp[4][7] =9) 05Q/$
B4)%-7$<

Time Complexity: O(n! W) -item " weight<
Space Complexity: O(n! W) - table (rolling array #.0(W') 3D\)/J+,%

Java Solution

class Solution {

public int  knapsack (int [] weight, int [] value, int W) {

int  n =weight.length;

int [J[1dp= new int [n+ 1]W+ 1] /I row O = item 'G(Hbase =0)
for (int i = 1;i<=n;i++){

for (int w = 0;w<=W,;w++){
dplil[w] = dpli - 1][w]; /N
if  (weight[i - 1] <=w){ I *I'( N 7[D+CL
dp[i][w] = Math.max(dp[i][w],
dpli - 1][w - weight]i - 1]] + valueli - 10); I 70
}
}



return  dp[n][W];



I"#$% &' - Bit Manipulation

I"#$1%&$'()*+,-  data ./0 array, hash table, tree 1) Structure () &3 8% # $86)4 3$86(5
+43%computer 9 2; 8:data .0&$,<0'=- (&-.$><0'+,- bit (0 & 1 )()* ?7@1$A- B,/(&)-567
Bit Manipulation >/0)- N ! 8:bit ()*/O )/0.$C/0.$. B% # $ KD$'5D-567

Bit manipulation ./0 (& 3E&pp development +,- IF+ 2+A<0'(5+434 permission / role Rags,
feature Bag, compact settings, low-level optimization 1) Z&"-()*+,- L;*&$ A<0'G#$
Y4$7 H5+- Nuser )1 $-.  $Ppermission J +KL'/0l boolean J %01- N integer ()$"
(+$% &B/+$;M")4$  (bit J ;<0)7 8:1%&$'+,-N binary !(?%%<Mitwise operator ()*N bit mask
;058 (>-#$%K.$()*N F5:'()-3 classic ?50&- P %(?@A*-'56+4%$7

Binary !1,-"".

Computer . QR&$()*/0 binary (base-2) N o & 1 () &2B04$1-'?5L)4%$7 position )1$%01
2 " P95%$./&% )&$@/N

80+ (decimal) 13 ! binary 1101
1 1 0 1

"8 "4 "2 "1 #2$2%28&2"
8+ 4+ 0+ 1 =13

bit )1$;<0'1:./0 position (index) &ZD$ST&$)4$ N ID-><0' (least signibcant). position o 7

H5+- 1101 +,-N position0,2,3 . 1 Npositon1l. 07

Bitwise Operators

bit )*/0 . B% & ¥ 3(?%%<operator U %0

AND (&), OR (| ), XOR (~)

bit VV ;<0'./0 position !;/0.$ W, #3$")N

a=5=0101
b=3=0011

a&b (AND R V %0:<@ +1): 0001 =1
alb (OR RN )1$%0%0 >/01): 0111=7
a’b (XORK HX+, 1): 0110=6

e AND (&) R bit V:<0'1:<0' 1 + 1 7"bit 11$90)$ (mask)" @M0'7



e OR(| )N )1$%0% 1 >/0 1 7 "bit @*#88&t)" @AK0'7
e XOR(~)N /(0/1 1 (X"#$ 0 )7 QORSA)Y /("Z.:' V%N ara=o0  (/043%$./04%./0

XOR=0Nar0o=a 786. "single number" ;/0 ?50&-() *P2(A-3%K.$567
NOT (-~)

bit 1.08&$:<0'./0 (?5-#$'?5&%$;,8 0(1 )7 signed integer +,- N sign bit 56 (?5-#$";M";8$.
WO0)$./&$?@13$)4%(two's complement) 7

~5 ! ...11111010 = -6 (two's complement: ~x = -x - 1)

Left Shift ( << ), Right Shift ( >> )

bit )*/0 [4$ /D- (TI- KN

5<<1 ! 0101 ! 1010=10 ( [4$(TI \ = "2
5<<2 ! 0101 ! 10100=20 (  [4$(TI 2= " 4)
5>>1 ! 0101 ! 0010=2 ( D-(TI \ =02, 1#% 519

o Leftshift n<<k = n"2k 7 1<<k . Nposition k +-bit)1$;<0)D$ 1 ?2@% 3
QR&$ (2) N bit mask (>-$@M !("Z.:'7

e Rightshift n>>k = no2k 7

Bit Mask N Bit  ()$2.*%"34$%6*4$(78$-"4$%

QR& $1 $®Pposition i 5 bit JON 1<<i > P Zmask" &IB6#$'F5:/0#$)*4$)4$7
1(?%%<;05$(>-#$%K.$ ~ %M

mask=1<<i (position i +,-bit  )1$;<0' 1)

Check (bit @*#3%9-+9-' ). (n>>i) &1l 'l >/0 @*#3%$9-'

Set (bit @*#33% n|(1<<i) ! position i J01
Clear (bit 5/)$): né&~(1<<i) | position i J00
Toggle ( (?5-#%$'?7584% n"(1<<i) 10(1 ;&%

n =1010 (=10), i =0

Check: (1010>>0)&1=0 I position 0 5/)$9-'

Set: 1010|0001 = 1011 I position 0 @*#3%1)
n=1010, i=1:

Clear: 1010 & ~0010 = 1000 I position 1 5/)$ (=8)

Toggle: 1010 ~ 0010 = 1000 ! position 1 ;&% (=8)

Permission Flags N 19.¥%!/3:%:.*% Real-world Pattern



bit manipulation " PIA<O'IG#$><0' real-world pattern . permission / feature RBag 567
permission )1$%01:./Mit ()$2.¥% 1?7@1$A)$+,)$F5:' Ninteger )1 $§D & Bermission !+K-'
Z.:' A+$"4$7

READ =1=001 (bit0)
WRITE=2=010  (bit 1)
EXEC =4=100 (bit2)

user permission = READ | WRITE =001 | 010 = 011 (=3)

"WRITE B/;-" ?" permission & WRITE !=0 1 B)J)
"EXEC  9D3$" permission | EXEC 1111 (=7)
"READ ?@L)$ permission & ~READ I 010 (=2)

8:&D$'. N boolean beld 1+K-'Z.:' 11-' integer (int =bit 32 :<0))1 $®Bag V +KAA/+S'
W/o#H\atabase column, network packet, conbg setting ()*+,- (&"'- 1*&$ A.$A-)4$
(Linux Ple permission chmod 755 =- 8:pattern 56)7

Real-world Examples

e Role / Permission System N user role /O READWRITE[DELETE... bit Rag integer )1 $&23
A/+$'Npermission 11$)- & )1 $oK. &ZD(1))7

e Feature Flags N app " Rfeature V +KL'/@nteger )1 $®8Bn/o! N A/B testing, gradual
rollout?7

e Compact Settings N loT device, game state, network protocol +,- N setting +K-'Z.:'
10 byte &D 8D R PBack ;05%)- (bandwidth/memory (%°)- )7

e Low-level Optimization N "2 11 <<1 Nw2 !1-' &1 Nhash function, graphics,
cryptography +,- bit trick 7
e Bitset/ Bloom Filter N element B,/+Bl/1$@Mlarray A<Q')- (database, cache)7

Questions

Bit manipulation ?50&- (?@) 66 N QR&S$'./0 binary !-<)$ -/4$F5:N XOR QORS$AY /
(a%a=0 )N n& (n-1) (ID-><0" bit @KIN 1<<i (mask)1l) 3Arick ()* A<0")-567 classic P %0
(?@a.D3$"(I-#$7

=> Single Number
integer array nums N element )/0#$'& "?)@6N1$%0)D$'A- ="? 56)4$7 | 8:)1 $06556) 3
element ./O B,-567(extra memory +A § 20(n))7

Input: nums = [4,1,2,1,2]
Output: 4



Al 4$%24$%"35%

XOR B*C$9D 6 a~a=0 & ar0=a 7array!.0&$/0 XOR (56#$:/0.$"#$ N V %6156) 3
element ()* 19%K#$'%KHBK.SF5 x~x=0 )N )1 $66%56)- .K&$)4$7 hash table +;/0ON
space O(1)7

nums = [4,1,2,1,2] 56*XOR N

0r4=4
471=5
5r2=7
7"1=6
6r2=4 #11 @KS$R2 @K$! 4 K&$)

Time Complexity: O(Nn) -)1 $06. $2@)$7
Space Complexity: O(1) - variable )1 $62

Java Solution

class Solution {
public int  singleNumber (int []nums) {

int single = 0;
for (int x:nums) single *=x; /I V %656)- 1%KH#$'%NKHIOK.$
return  single; /I )1 $6256)- .K&$

&> Number of 1 Bits (Count Set Bits)

integer )1$%0(5'9-'AD$7  Ab binary +,- 1 bit E8$F1 2.*9B} 25&$HEamming weight)7

Input: n =11 (binary 1011)
Output: 3

(bit position 0, 1, 3 N '1" ;<0)

Al 4$%24$%"35%

n&n-1) trick: 8:operation. N +:*% 1 bit 56* 0 ,-G:4%$%1$)4%$7 86(a.-#3$N n
0 +?@1$+%kK8tPperation 95$;05$F5: MSW, %6 BF )*$"#$ N 1 bit I(")*$
"4$7  bit 1.0&$ (V ;<0)loop+; P N 1 bit |,H!(75% 1(6*4%$9%b doop ;05$;M5/0?+&%$)4$

n =11 (1011) 56*26*5$I15+J$H,!:4$ N

n=1011, n-1=1010 ! n&(n-1) =1010 (count=1)
n=1010, n-1=1001 ! n&(n-1) =1000 (count=2)
n=1000, n-1=0111 ! n&(n-1) =0000 (count=3)

n=0 I "5$7 '1'bit=3 )



Time Complexity: O(K) - k = 1 bit I(")*.$ (" 32)7
Space Complexity: O(1)7

Java Solution

class Solution {
public int hammingWeight (int n) {

int count = 0;

while (n!= 0){
né&=(n- 1); /I 1D-><0' '1'bit @K.$
count++;

}

return count;

K> Power of Two

integer n (5'9-'AD$7 n . & HWGS$56#% 1,2 4,8, ... ) ?@1$? @ 185&$567
Input: n = 16
Output: true (16 =2 *)

Input: n =6
Output: false (6 =2 " 3)

Al 4$%24$%"35%

1065 196 :V"P95%./&$'()*. binary +,- 1 bit ()$2.*%(+$% B,/)4$ ( 1=0001, 2=0010,
4=0100, 8=1000 )7 86(a.-#3$N ne& (n-1)==0 (D-><0' 1 bit @K.$;/0.$"#$ 0 .K&$ >/ON

1 bit )1$;<0D$' B,Fpoweroftwo7(n>0 5611$")4% N o &0)$./&$+56(-#$ )7

16 = 10000, 15=01111 ! 16 & 15 =00000 =0 I true )
6 =00110, 5=00101 ! 6& 5=00100 +0 ! false

Time Complexity: O(1) - operation V %K. $2
Space Complexity: O(1)7

Java Solution

class Solution {
public  boolean isPowerOfTwo (int n) {
return n> 0&& (N &(n- 1)== 0; /11" bit )1$;<0)D$'



'> Missing Number

0.(& n 9 QR&$ n %9 2 N ()$™ ,G3:58,# ) Zarray nums (B,D$ n)(5'9-'AD$7
(5K-. &) KR&S$ ?5&$567

Input: nums = [3,0,1]
Output: 2
(0,1,2,3 92 2 (5K-$)

Al 4$%24$%"35%

XOR trick: index 1.0&$ (0.n )& nums value!.0&$./0 XOR (56#$/0.$"#$ N B) ZR&$()*
196KH#$' UKHBK Hvalue &Bdex )X)- @K.$F5:N ,G3:5 $4 BCH%KES)AST (ara=0
QORS$A)Y N Single Number &3X)7 Sum &D$' ( n(n+1)/2-sum ) &B  $"(5+43$ N XOR .
overf3ow +?@1$;M0;<0?7%<L7

nums = [3,0,1] , n=3 N
res = 3 (=n)
i=0: res ~ 0 * nums[0]=3 1 32073=0
i=1: res 1" nums[1]=0 I or1nr0=1
i=2: res * 2~ nums[2]=1 I 1r2nr1=2 12)

Time Complexity: O(n)7
Space Complexity: O(1)7

Java Solution

class Solution {
public int  missingNumber (int [] nums) {

int  res =nums.length; /I'n  &2A (index 0..n-1 1?5#% n 56
for (int i = 0;i<nums.length;i++){
res A= i numsli]; /I index &Balue V %0;<XOR
}
return  res; I @K$;M+") Z (BK-$) QR&$ .K&$

P> Subsets (using Bits)
95%)X +56) 3nteger array nums (IB,D$ n ) (5'9-'AD$7  ?@%¥B% Zubset '5*#3$2.*%(power
set) ./0 ?5&$567

Input: nums = [1,2,3]
Output: [[1,[1],[2].[1,2],[3],[1,3],[2,3],[1,2,3]]
(subset 2 $=8 %0

Al 4$%24$%"35%



element n %®2subset. 2" "™ B,N element )1$%01:)*$ "56(1) /+56 (0)"V (*'7 86. bit
G.*3B0.$>/0#$)4$! 0 (& 2m-1 9 QR&$)1$%01:./N bitmask ?@1%$a.D3$"#$N bit
i . 1 >/0numsii] 56Mo0 >/0+56 N subset )1$%01")4$7

nums = [1,2,3] Nmask 0.7 N

mask binary subset

0 000

1 001 [1 (bit 0 @*3%
2 010 [2]

3 011 [12]

4 100 [3]

5 101 [1,3]

6 110 [2.3]

7 111 [1,2,3]

Time Complexity: O(n! 2") - subset 2" %@ element n 11$7
Space Complexity: O(n! 2") - output (extra O(1))7

Java Solution

class Solution {

public  List<List<Integer>> subsets (int [Jnums) {
int  n =nums.length;
List<List<Integer>> result = new ArrayList <>();
for (int mask = 0;mask<( 1<<n); mask++){ //0..2"n-1
List<Integer> subset = new ArrayList <>();
for (int i = 0;i<n;i++){
if ((mask&( 1<<i)!= 0) subset.add(numsii]); /l biti @*#B$56
}
result.add(subset);
}

return  result;



1"#5 ®F % [* - P, NP, NP-Hard, NP-
Complete

"#$%& O#(+$-( N /0$)#(1&-2&  +-./"%l0#1%0(n%) ! O(nlogn)! O(n))*.3
04(5%)6 *+ F$1 B®): (19¥<:7(  developer %*00 FH(19)#(=> N 23%4,- optimize 4-+%
4-+%/"%I0#1%/5'  B'/0$*)6 )?=):(; @'<$ N "delivery truck )##'5- A<2BD-2&
%-&0(+4(A"5 %)2&E>&% BOO(*=$-(32F' N 19- G2&5HIJ(5HB2&'<:7( N )-:()<(5
computer %M-"5%)6*)$J( %1N 0(-&8t.30 & &'/0% BH#(*0):(;

P$*Q-$J F 8!*0%- E- | 8BN 23% .+7"#'($ "4(3%" 8+923%:#!'($ '$3%
"<$%' 4 )E & &heory -2&N developer %)6-( +2&%'(K*+$-(K$  HIJ(5."9<:(; 19- %R2-
KI(LOGHSH(1& *5):( N +7# '-1%:/=8+9+> @@F/" %PL.A [B=PS5J#(19)#(=>
"4 @H#$ % PI.A (good enough) " -2&*+-(1>))(32F +2&):(;

1='%5"%"%'2&J(5- main learning Row <U % P &N appendix '9; academic proof *)6
<Uxpal"!".os 1-(+$5T 1-(=J( P$+ &K+ BE2&)$E>&5.3)(02&3B2F 28
HIJ(5."9<:(;

Brute Force Explosion N 2#IC$#16%<D E +7"# <$ %)

J0$ )IN2BL- €) B*Q-$I(5=J(5- N .A?%F,-1%(possibilities) 0!50'($%$ input
G$a#'#"  )BrH$ % J(explode) K6$5+2F'9;

A<2n A<2B-2& | &<(5*Q-$J(5 (Traveling Salesman)-28Q-47(=*%$J( N .3#(0&] 8

+<(5*Q-$J(5 %*=%)6-(- nt (factorial) N
8/,E0I50'(3%  (n) A? B % BI%ICSH#1%: (n))  /=%<D$%
5 120
10 3,628,800
15 1,307,674,368,000  V.WL="+":>
20 2,432,902,008,176,640,000  C.XP"+":> P"+">

25 15,511,210,043,330,985,984,000,000 YZ0(5 C[ +>&5



n=25 E2&=J J#(#\ 0 1<I$ +<(5*Q-$J(5 KO(5*'9J(5 V,DDD## 0&f Zomputer 0§3J (N
2C$II#  K$%'/%:L$% C$#<:(; 19- "brute force explosion" N .3#(02&J(34-&0(##] D45
- input 04(504(5 M-5)$0 &-(*)?  <.3#(02&J(*)$7)$'9;

I"+2&/0$*)6-2& N computer scientist *)6-  %&'(#&PAB%<4( *5L$5):( N P, NP, NP-
Hard, NP-Complete ;

PN 4 8 %B+7"# (0./'% !.AF,-1%
P (Polynomial time) = polynomial time ( O(Nn), O(n?), O(n3) ...) " )BAF 1% §'/0$*)6; "
#5%&'(- ./0$  %<N$5#&UP L 89):( N

o list -2&sort +&'( (O(nlogn))

e array L &lement HI¥O(N) / O(logn))

e graph <I$shortest path (Dijkstra N O(E logV))

P .'/0$*)6- N input M-"5+$=J( %1N DKJI7()I7(#6%$)2&5):( (*9- ¢ BK6$T; 19%)6-
"43%!'M LAF 1% P (tractable) ./0$*)6'O;

NP N OLA /="%//="04"% ?2?2%F,-1%

NP (Nondeterministic Polynomial time) = 0LA  '?2%<- I+:L#:51% N 0 BH="%//="%$,-
polynomial time " )8./"% ?7? %l % §'/0$*)6;

%*=5M- 5) & B%$5IN- ( N"!1.A 32FL-(*<:7( "??92F6:)$ K

Sudoku @'<$ KN
* 332F E 8 (%-&0( <I0(%$J(.347(38F .3#(028I(*B<N$5M-"B#(= ( 1-( )
##(32F 347(A"5K$Budoku  )#(1& <IO(<<I®N )0/ *-$(+> /box ##(G¥&+6:( , polynomial)

NPL &SNP .70$  %-&0('9):(  (<0(.<0¢.302&I(R(.<0(.<O¢H(O28IKINS ); 19*'<:7(
"ILA 32F +4(5+ 6 €8+3$5" (P = NP +$5) E2&)$ N computer science =80L.A/B #:'  BG$9:
1#:8@-1/<("%:'9 ($1 KO(5 E&*Q-5 H)2 %<N$5#&-"P | NP" (*.3325-1( 1-0:( ) +2F>&Q-
)G

NP-Hard N 0">%:8&@-NP 14#%$% <$%

NP-Hard =NPL $ +7"%# 0$-"%4@-4#$% (0">%:&@)<$ % F'/0$*)6; 1996- N
%*.3 ##(32F *)$J(polynomial time 0&=02&J()P028J():((NPL &'9)$ '9 '9028J(

@'<$ N Traveling Salesman (TSP) 5)optimization version ("%)2&E>&5(5*Q-$J(5 HI$) -
NP-Hard '9 N *5L$5) &<(5*Q-$J(5 J#(1&- "%)2&E>&8R)(<U&)( " ##(32F*)$IN -NO { 8
+<(5*Q-$J(5 %- Q&I 2 I(5=1TF(;



NP-Complete N 0<$%&@-NP .+7"#/D#:

NP-Complete = NP L ) #+H8+9NP-Hard 4>%: .A? % B/0$*)6 N E2&+2&)$NP L 8
%1-(E>&5' .'/0$*)6 N

NP-Complete = NP ! NP-Hard
(NP L 89) (NP *+$( 1-()

%*=5M- 5) 8&Z(K) 2 N NP-Complete .+7"# '?%<-$,- polynomial time " )BAF,-1%5N/NP
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NP-Hard / NP-Complete .'/0$ ?2=J( N"A5.'4 §& $06*.3 " -28%1N D (-&0EI$*0<:7(%#3$5
N developer *)6- +-(*)?  04(5 C <N XK5&5):(;

Approximation ( <" 806/=0%A )

~

"%*-$J(5E>&5<U&)(*'<:7( N %*-$J bBE BOFP+ % Po*.3 "-2&polynomial time 08AI$)$;
@'<$ N TSP %)6-( "%)2&E>&5L-(%<NS$SE>EE <' R F<(5*Q-$J(5" -28%.<0(HB*'5) 8
approximation algorithm HI2):(;

Heuristic ( 0'MOC$@Q ">%:4/%:)

"WAKKIO():(+2F %$< <1>*<7( N +-(*)?<I$ *-$J B) $}*.3 *5*+ MR Frule of thumb;
@'<$ N TSP %)6-( greedy heuristic : "%1&HP #A<2B-*0N %0"5E>&52B-28=J(K6$5
(nearest neighbor), %A<®6*-$J(5E>&5<U&)(*'<:7( N %+60(.<O(A"5F(*)? + &$- | 8
%*.3 *5):(;

/I TSP N Nearest Neighbor heuristic ( %*-$J(5E>&5 <U&)(T 19*'<:7( .<0(+ good enough)
int  nearestNeighborTour (int []] dist, int  start) {
int  n =dist.length;
boolean [] visited = new boolean [n];
int  cur = start, total = 0;
visited[start] = true ;
for (int step = 1;step<n; step++){
int  next =- 1, best=Integer.MAX_VALUE;
for (int j = 0;j<nj+){ Il %O0"SE>&5visit  =*K5) §A<2B
it (lvisited[j] && dist[cur][j] < best) {
best = dist[cur][j];

next =j;
}

}

visited[next] = true ;

total += best;

cur = next;

}
return  total + dist[cur][start]; /I start E" .'0(

I" heuristic - O(N?) ' & n=25 %)6-()$J(  IN-(INJ(R"5):( (brute force -
#Q-ab$ K-O0<(5 ) %*.3- "%)2&E>&BU&)(*<:7( N +-(*)?  delivery app *)6<I$
I"+2&euristic + optimization *)6 *9J(5K>&5Q-)$'9;

Real-world Examples

""1- | 8./0%%)6- N academic theory <U % P &\ developer *)6 *0 #c(*) 2) &
'10$%)6'9 N



e Scheduling N aO(L<(5 shift, meeting room, CPU job -28%*-$J(5E>&5#"#c(3%F constraint
<N$5+$=J(NP-Hard (+-(*)?<I$ heuristic K>&5

e Route Optimization N delivery, logistics (" A<2B®-&0( +4(A"5 %)2&E>83N TSP N NP-
Hard (Google Maps, ride-share - approximation K>&5

e Resource Allocation N server / cloud capacity -2&equest *)6E" %*-$J(5E>&518a N
Bin Packing / Knapsack N NP-Hard ;

e Traveling Salesman Problem (TSP) N %L-('9  %$5+ 8=8">&#N NP-Hard =8classic
@'<$;

Practical Message N Developer  0'($% K1%<"%:?#

| *0$- E- | 88%R2- =4(=6:(IN-(- N proof *)6 -N-(32F<U % p & developer 0! )6
&@-:. A%<DHDF,-1BHAR

1. 47" ' -1%:/=8+9:.+>6%P@% P!I.A /B=,N )1N 2B./0$*)6- %*.11>-)4(5-
1-():( (NP-Hard), -2&:7(P-(- code <4>7+2U&)(;

2. "<$ %B+7# " &-# [='%/AR ./0$)#(1& TSP /scheduling / packing >&E2&=X
"perfect solution" HI$*0<:7(%#%$5 N approximation / heuristic E" IN-(INJ(5S5)$ '2&KJ7(
)G

3. "Good enough" $,- 43%<@"%AR +-(*)?  business <I$N " de % %*-$J b)) $*.3 V
#A0 T - "VDD% %*.3 VOHOBL-( %<N$5M-"B)(32&5HI2):(;

4. 23%!'#6 optimize 5+ %4 )K,AR over-engineering <+ &P &\ ./0$=  8KP$a
1- (8F B$5+4(A"5 N %1IN 2=J(5%.<#(-28KI7(*)$(#6$K>&5))(32F ;
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