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1. CiE= Review
++a: BIEEE, LEEEER.
a++: FEBE, LEREAE.

scanf()

Reading input from user
#include <stdio.h>
int main(void){

int numl, num2;

printf("Enter two integers: \n");
scanf("%d%d", &numl, &num2);

printf("numl = %d, num2 = %d\n", numl, num2);

return O;

user BILUEEFIFEINTTIE

123 456

&
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123
456

FRIBA=IEAHE TS ORI, REERNEFO TR

Type Conversion

Rule: An operand with "simpler" data type will be converted to a more "expressive/complex" data type.
EtEBiE, SRBMMRBMEHTRER (ELByte) AIRE

B2, 52185TF 2, EAWNER int, REHIRE

Explicit Type Conversion (Casting)

BB

(new_type) operand

double d = 4.2;
int y = (int) d; // y becomes 4, no warning
int x = d; // x becomes 4, compiler warns
// because of missing type casting

Operators
Basic arithmetic operators
+, -, %, /., %
Relational Operators
<), =) E3) G2 B) U=
Logical Operators
&&, ||, !

Assignment Operators

&= RUSHEEER.
=~
#include <stdio.h>
int mainQ {

int a = 6; // iy 110
int b 3; // A 011

a & b; // HHTF a=a&b
printf("a KMERZ %d\n", a); // #4458 2, —gHJy 010

return O;

& BRI TSN, RERNMER SR 1.
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Increment and Decrement Operators
arar i ==
The increment operator ++ can be placed in either prefix or postfix position, with different results.
k = ++i @ prefix, Bk, SoilEMHE
i++ @ postfix, [F4%, SCMHERN

k

Bitwise Operators
&, ([ =), (A
Bitwise AND (&)

Resultis 1 if both corresponding bits are 1, otherwise 0.

int a = 5; // Binary: 0101
int b = 3; // Binary: 0011
int result = a & b; // Result: 0001 (1 in decimal)

Bitwise OR (| )

Resultis 1 if at least one corresponding bitis 1.
int a = 5; // Binary: 0101
int b = 3; // Binary: 0011

int result = a | b; // Result: 0111 (7 in decimal)

Bitwise NOT (~)

Resultis 1 for each 0 and 0 foreach 1.

int a =5; // Binary: 0101
int result = ~a; // Result: 1010 (in binary, -6 in decimal due to two's complement)

Bitwise XOR (A)

Resultis 1 if the corresponding bits are different.

int a = 5; // Binary: 0101
int b = 3; // Binary: 0011
int result = a A b; // Result: 0110 (6 in decimal)

These operators are useful for tasks like setting, clearing, or toggling specific bits.

Comma Operator, Parentheses, Conditional Operator, Member Operator, Pointer Operators, ...



If Statement

if (expr)
statement;
next_statement;

if (expr)
statement_1;

else
statement_2;

next_statement;

expr AAtrue (RE 1) BHIT

An else statement attaches to the nearest if that has not been paired with an else

Indentation and Compound Statement

1E£ C H1, Indenting code does not affect a program. It only makes it easier to read. 30 if FESMEAEHIT, &
Compound Statement

if (x>0){
printf("A");
printf("B");

}

printf("c™)

Common Mistakes

Using = instead of == as equality operator

if (a = 0) // MEBEAREESALNE, TEb a = 0 XMRZEALZER 0 (False)
some_statement;

Placing ; after the condition of an if statement

if (a 1= 0);
some_statement;

SHEEERXA if

Conditionally performing 1 of N tasks

if (exprl)
statementl;

else if (expr2)
statement?2;

else if (expr3)
statement3;

is the same as
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if (exprl)
statementl;
else
if (expr2)
statement2;
else
if (expr3)
statement3;

Looping

whiTle (condition)
statementl;
statement?2;

for (init; condition; update)
statementl;
statement2;

do-while loop

]

Structures

struct struct_name {
typel memberl;
type2 member2a, member2b;

typeN memberN;
i

This only defines a new data type called struct struct_name

For example:

struct student {
char id[11];
char name[40];
double gpa;

Y /7 s XHIEHEARERE

To define a structure variable:
struct student Peter;

FHENBIE student BI— DL
BT ATECIER R WAL RAYE

struct student Peter = {"10", "Peter", 4.0};

EMEERNENTLEZSE—ZE (5Ef) -
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struct student {
char id[11];
char name[40];
double gpa;

} Peter;

AR TFIEEN SR, BOESLf, EIRMEE R AIESLH, ZEMAEEEEE, ZEILABIEEhSTE:
#include <stdio.h>

int mainQ {
struct student {
char id[11];
char name[40];
double gpa;
} Peter;

struct student Steve = {"10", "Steve", 4.0};
printf("id: %s\n", Steve.id);
printf("name: %s\n", Steve.name);

printf('gpa: %.1f\n", Steve.gpa);
return 0;

AR CIESY, FRHEE (char) AJLAEABBRERIIAHSIRFITHE
char name[40] = "Peter"; // ¥IHILIRIE

—BEEERIIAN, FAREER = ARNESEHIE. FEFERREU strepy RIEHEERS.
#include <stdio.h>
int main() {
struct student {
char id[11];
char name[40];
double gpa;

} Peter;

strcpy(Peter.name, "Peter");
printf("name is %s\n", Peter.name);

return 0;

Variable Scope

T EERE

Variable are accessible only within the block in which they are declared.

Local Scope

[EEBIERREL
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void foo(int p){
int q;

p and g are only accessible inside foo().

int main(void){
int x;

ifC.0{
int y;

}

return 0;

x is only accessible inside main().
y is only accessible within the if-block

Accessing an identifier outside its scope will result in a compile-time error.

Global Scope (File Scope)

Variables that are not declared inside of any function are commonly known as global variable. They are accessible
anywhere in the same file.

int universe; // global

void foo(){
printf("%d\n", universe);
universe++;

int main(void){

universe = 1;
foo();
printf("%d\n", universe);

return 0;

Masking

An identifier declared inside a block masks or overshadows the same identifier declared outside the block.

int bar = 0;

void foo(){
bar = 1; // refer to the glocal "bar"

int main(void){
int bar = 3;
foo();
printf("%d\n", bar);
bar++; // refer to the "bar" declared in main(Q)
{
int bar = 3;
printf("%d\n", bar); // refer to the "bar" declared in the current block



bar--; // refer to the "bar" declared in main(Q)

printf("%d\n", bar); // refer to the "bar" declared in main()

return 0;

i

Global variable is a powerful tool available in C.

However, we should NOT use it in general.

When there is something wrong with the value of a local variable, we can easily look for the bug in its scope.

The value of a global variable is hard to tell and predict because it can be modified anywhere in any order!

Instead, we should use parameters and return values to exchange information between functions.

IELSMERRE, REAISEREMNE, st TREENER.

Passing Arrays to Functions

void printArray(int array[], int arraySize) {
int i;
for (i = 0; i < arraySize; i++)
printf("%d ", array[i]);
printf("\n");

int main(void) {
int A[5] = {1, 2, 3, 4, 53, B[10] = { 0 };

printArray(A, 5); // output "1 2 345"
printArray(B, 10); // oOutput "0 000000000 "
printArray(A, 3); // Ooutput "1 2 3 "

return 0;

Pointer

// Version 1
void swap(int *a, int *b) {
int tmp = *a;

*b = tmp;

// Version 2
void swap(int *a, int *b) {

int *tmp = a; // XEHEWUBEBEAEHEEE tmp, EAREBOXAMEH.

R
a = b;
b = tmp;

-

int main(void) {
int x =5,y =2;
swap(&x, &y);
return 0;

A DA FH A S R

1 EL
N

TREH AR B A 1 3 AR IR AR
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*SHRMEE.

FEREIFREE, swap(int *a, int *b) f * F3TFSER a 0 b J9iSM@ int AOIEET (a 70 b /2itlE) . =AM, a f8@ x, b 18
@y . REiER, CRESPSHZEHRE.

SETMEE, EREUAN, *a f *b ZMESIERME (a0 b Fht, BSIRERAMIREE) . BFREiERsEFT
EMRE. TR, MERMNEMEIRERTEN, BRI TRERETHE, REESEIHE R RENEE.

Version 2, fE swap B#HIT/E, a 8@ y, b A x, BR x M y RHERBEZE. Version 1 ATLUERESEIIIRTIRE.

ERETEE
gsort(arr, n, sizeof(int), compare);

A4k compare 2—MREL

e

#include <stdio.h>
#include <stdlib.h>

int compare(const void * a, const void * b) {
return ( *(int*)a - *(int*)b );
}

int main() {
int arr[] = {10, 5, 15, 12, 90, 80%};
int n = sizeof(arr)/sizeof(arr[0]), i;
gsort (arr, n, sizeof(int), compare);
for (i=0; i<n; i++)
printf("%d ", arr[il);
return 0;

Type Conversation

Explicit Type Conversion (Casting)

SRR

Syntax
(new_type) operand

Note that not every type conversion is possible.

Increment Operator



a=1;
b = a++;

a=2,b=1KIREBENR

a=1;
b = ++a;
a=2,b=2 SEHEME

{} : compound statement

Common Mistakes
— FEBH =
if EEAEN ;

Structure

struct student {
char id[11];
char name[40];
double gpa;
Is
Bt main FNE
TENX T —MFR0EHEZEE! struct student

To define a structure variable:
struct student peter;

B main BHE

2. {dsth

Data Elements (#@Ec2) #0 Data ltems (FFEIR)
Data Element: ¥iEEAR(I, IO EUEN. BEBS MHIEEEN.

Data Item: ¥UEE/\RIT, FREH—LDE. BEIRTRAVERMBS.

i
— (4] YETETEESNEN, mEE. ME. HEBE. NFFHF GPA,
{fsa: "=, MR UHU, HEEM: "2000-01-01", A%:4EfGr: 2018, GPA: 3.5}
IR LR [24] $iEnE+, 8 EEHE— 8RR,

e (K="

5 ("58")

HARER ("2000-01-01")
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NFER (2018)

GPA (3.5)

Logical Structure

Linear structures (Linear List, Stack, Queue) and Non-linear structures (Tree, Graph)

Physical Structure
Sequential storage structure and Linked storage structure (using pointer)
Sequential storage structure:
o ALEEEN (AHE)
RR: FRESNRT, METHRE
Linked storage structure:
s ETRRE (EKE)
B BREANTER, SEMTTREM

Programming and Algorithm
Complexity
Space Complexity: storage spaces

Time Complexity: number of steps

BRERNEERE

Asymptotic Analysis
Worst case: O
Average case: ©

Best case: (2

B8 Worst case

Big-O Analysis
An algorithm takes %n2 — %n + 10 steps to run. We say that it is O(n?).

#[8 leading term, E5IR

RIBEEEEN, O(g9(n)) 9 g(n) MEFIEREHFESIH
HTFEXT c (IFE, FRERES
small o BFRHIER

21 5SS

BB ENGG 2440 BB . HUREARE Big-O.
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2.1.1 Big-0

FRREIB KA R

f(z) =0(g(z)) if Fc¢>0,x9>0 suchthat Yz >wxzy, [f(z)<cg(x)
BA-NEHAILIESA Big-O, EREGEERENLER, LURHEBFRIIS KL,
IR cKTFO.

2.1.2 Big-2
RAREIE KT
flz) =Q(g(z)) if Fe>0,z9>0 suchthat Yz >=zo, [f(z) > cg(z)

Theorem 1

f(z) = O(g(z)) is the same as g(z) = Q(f(z)).

f(z) =0(g(z)) =3 ¢>0, g >0 suchthat Yz >wzo, [f(z)<cg(x)
f(z)

& 3e>0, 290 >0 suchthat Vr>uzg, g(z)>

By taking ¢’ = < > 0, z{ = g > 0, we have g(z) = Q(f()).

2130
FEEE O 1 2 WS, FRREHKIHREIMN.

flz) =©(g(z)) if f(z)=0(g(z)) and g(z)= O(f(x)).

f(z) = 6(g(z)) % f(z) = g(x). It just means that
Jep,e0 >0, g >0 suchthat Vo >z, cig(z) < f(z) < cag(z)

Reeird f(z) 70 g(z) B

2.1.4 Small-o
FIEIE LR (FRERN) | b Big-0 EFBNRE.

f(@) = olg(a)) if lim L8 —o0.

EihT
f(z) =o(g(z)) if Ye>0,3zo>0suchthat 0 < f(z) < cg(x) forall z > x.
FERMARUBRER ¢, g(z) Bl f(z) BN HE.

f(z) = o(g(z)) = f(z) = O(g(z))
f(z) = O(g(z)) # f(z) = o(g(z))

2.1.5 Small-w
TS TR (PSSR | LE Big-Q BEFAEHIARE.
_ . . og(@)
f(w) = w(g(:c)) if Zlglolo @) 0.
EMTF
fl@) =w(g(z)) if Ye>0, Izy > 0suchthat 0 < cg(z) < f(z) forall z > z.

FERMARUBRES ¢, g(z) Bl f(z) RN HE.

f(z) = w(g(z)) = f(z) = Qg())
f(z) = Qg(z)) # f(z) = w(g(z))
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2.2 t%[{

Properties for Asymptotic Analysis
HIREAE.
o (LM (Transitivity)
If f(n) = II(g(n)) and g(n) = II(h(n)), then f(n) = II(h(n)), where Il = O, o, 2, w, or ©.
o IMEZEM (Rule of sums)
£(n) + g(n) = T(maz{f(n), g(n)}), where I = O, 2 or ©,
* JEEEN (Rule of products)
it f1(n) = (g1 (n)) and fo(n) = T(ga(n)), then f1(n) fa(n) = T1(g1(n) ga(n)), where I = O, o, 2, w, or 6.
o HEEYIFRM (Transpose symmetry)
£(n) = O(g(n)) iff g(n) = Q(f(n))
£(n) = o(g(n)) iff g(n) = w(f(n))
o Bt (Reflexivity)
#(n) = TI(f(n)), where I = O, Q, or ©.
o XFRIE (Symmetry)
f(n) = ©(g(n)) iff g(n) = O(f(n))

2.3 fIF
We will care about the following functions that appear often in data structures:
BH POE linear nlogn R polynomial b=t
o(1) O(log n) O(n) O(nlogn) O(n?) O(nk) O(a™)
" 1
i= @ — 0(n?)

z":i2 _ n(n + 1)6(2n +1) — o)

< i 1-—4" n
Y 4 =4 — = 0"
log(n® +1) _ 2log(n)

log(n) "~ log(n)

Zl = H, =~ In(n) + v = O(log n)

—2-0(1)

Example: Running Time Analysis

Count the total number of operations and deduce the big-O.

int sum(Cint n){ // no operations
int i, psum = 0; // 1 assignment
for(i=0; i<=n; i++) // 1 assignment, n+2 checking, n+l increment, n+l assignment
psum += i * i * i; // 2 multi, 1 plus, 1 assignment
return psum; // 1 return
}
Total:

1+0+n+2)+(n+1)+(n+1)+2+1+1)(n+1)+1
™+ 11
O(n)
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Example: Constant Time O(1)

int multipleCint n){
int product = n*n*n;
return product;

Example: Linear Time O(n)

double mean(int n, double *values){
double sum = 0;
int i;
for(i=0; i<n; i++)
sum += values[i];
return sum / n;

Example: Quadratic Time O(n?)

struct matrix{
int n, m;
doubTle **mat;

T

void scale(struct matrix *M, double factor){
int i, j;
for(i=0; i<M->n; i++)
for(j=0; j<M->m; j++)
M->mat[i][j] = M->mat[i][j] * factor;

Example: logarithm Time O(log n)
“HlEER

int binarySearch(int arr[], int size, int x){

int first, last;

first = 0; last = size - 1;

while (first <= last) {
int middle = (first + last) / 2;
if (arr[middle] < x) first = middle + 1;
else if (x < arr[middle]) last = middle - 1;
else return middle;

}
return -1; // Not found

SRR, BRGNS +, BORKERSA: [logs(size)] + 1
BREM, HUTANIRIEIEHR O(1)
REIAIEZER O(log(size))

EEHENTE, REEAEE, B=asREn O0(1)

Example: Exponential Time O(2")



int fibonacci(unsigned int n) {
if (n == 0) return 0;
if (n == 1) return 1;
return fibonacci(n - 1) + fibonacci(n - 2);

BRI ATXIR, flgn, & fibonacci(5) :

fibonacci (5)

— fibonacci (4)

— fibonacci (3)

| — fibonacci (2)

| | }— fibonacci(l) (returns 1)
| | L— fibonacci(0) (returns 0)
|

L— fibonacci (1) (returns 1)
L— fibonacci (2)

— fibonacci (1) (returns 1)

L— fibonacci (0) (returns 0)

L— fibonacci(3)
— fibonacci(2)

| }— fibonacci (1) (returns 1)
| L— fibonacci (0) (returns 0)
L— fibonacci (1) (returns 1)

MESHRE: 8N AR RREAR, BESRERNIERS O(1). A, SEESRESTRANNTREE O(2")
TEASHE: SRBTPASSEERTE, BRRERE. HNEAREA n, BL=EASHER O(n).

Example: Better Fibonacci

Tong fibonacciIter(int n){

Tong result = 1;
Tong prev = 1;

if(n == 0)
return 0;

if(n == 1)
return 1;

for(int i=2; i<n; i++){
Tong current = result;
result += prev;
prev = current;

return result;

ESRE: SRERRIHT O(1) RIBE. HEHASRER O(n).
SEENE: EESENTE, REEMRA, SFEREN O(1).

Example: Better Recursive Fibonacci

i3



Tong fibHelper(int n, long p0, Tong pl){
if(n==1) return pl;
return fibHelper(n-1, pl, pO+pl);

}

Tong fibnacci(int n){
if (n==0) return 0;
return fibHelper(n, 0, 1);

EESRE: O(n)
SESME: EREENAREANK, N O(1); BREMEEARRL, S O(n).

7 BERBILL
Tail Call Optimization, TCO. R

BREA: M RHESE—SBERR— R (HEE8)  AEEREER.
ERRREMIMEEREESTM, R AEERSEERIEREM.
Ee—SEAESREEI.

EgidAth, SRXBIRBABSERRK LT — MM, BT RTRERES, ERREHRTTMEBE] return 1EE/E#EH
. INRBITERARERK, TEEMAMKELIER (Stack Overflow) .

WAmIFERR (20 GCC) IFRBEAML:

@ BRI MRLURRLERER, WEFSFBIXMMEN, FORRERANERER (Hx) HEik, mARoEHs
Bil.

@ BIEREM, BREBAMKERSIONEN, BEEFERTER.

Example: Maximum Subsequence Sum Problem
BAFEFFIFOERR
EE—EEEE (FTLIESEH. REEE) | SH—NESRFFS, FEHIRZRER, FHREXNMRAF.

@ BIEE

int maxSubsequenceSumBruteForce(int arr[], int n) {
int maxsum = 0; // =74
for (int i = 0; i < n; i++)
for (int j =1; j <n; j++) {
int currentSum = 0;
for (int k = 1; k <= j; k++)
currentSum += arr[k];
if (currentSum > maxSum)
maxsum = currentsum;

}
return maxsum;
}
n—1n—1
RESRE: > > (j—i+1) =0(n?)
i=0 j=i

=Sz O(1)

@ MENE
EREERT, 4EPSRIFFYIREND, BRESItE.



int maxSubsequenceSumoptimized(int arr[], int n) {
int maxsum = 0; // RVFEF4
for (int i =0; i < n; i++) {

int currentSum = 0;
for (int j =1; j <n; j++) {
currentsum += arr[j];
if (currentSum > maxSum)
maxsum = currentSum;

}
}
return maxsum;
}
n—1n—1
WEERE: Y, 3 0(1) = 0(n’)
i=0 j=i

=EERE: 0(1)

O TSHNE

Kadane's Algorithm, BXE8, RER.

int maxSubsequenceSumkadane(int arr[], int n) {
int maxsum = 0; // R¥FZFS
int currentSum = 0;

for (int i =0; i <n; i++) {
currentSum = currentSum + arr[i];
if (currentSum < 0)
currentSum = 0;
if (currentSum > maxSum)
maxsum = currentsSum;

return maxsum;

miEEZE: O(n)
SEERE: 0(1)

@ it

int max(int a, int b, int ) {
int maxval = a > b ? a : b;
return maxval > c ? maxval : c;

int maxcCrossingsum(int arr[], int left, int mid, int right)
int leftSum = 0, rightSum = 0;

int tempSum = 0;
for Gint i = mid; i >= left; i--) {
tempSum += arr[i];
if (tempSum > TeftSum)
leftSum = tempSum;

tempSum = 0;
for (int i = mid + 1; i <= right; i++) {
tempSum += arr[i];
if (tempSum > rightSum)
rightSum = tempSum;



return leftSum + rightSum;

}

int maxSubsequenceSumDivideAndConquer(int arr[], int left, int right) {
if (left == right)
return arr[left] > 0 ? arr[left] : 0;

int mid = (left + right) / 2;

int leftMax = maxSubsequencesumDivideAndConquer(arr, left, mid);
int rightMax = maxSubsequenceSumDivideAndConquer(arr, mid + 1, right);
int crossMax = maxCrossingsum(arr, left, mid, right);

return max(leftMax, rightMax, crossMax);

RASHRE: T(n) = 2T(%) + O(n). BEFEE,
O(nlogn)

=EgzE: O(logn). He log n RiBIIFRE.

24 FFEH

Master Theorem, Eif{ %

FEERSTFRENEERERNEATE, EBRTUTEIEXER:

n

b

B p = log, a F1d B9K/N, SJLMRIESHAESFENMASER:
e d<p=0(nP)

T(n) =aT ( ) +0(n?)

e d=p= O(nPlogn)
e d>p=0(n?)

LU 4B,
T(n) = aT (%) +0(nd)
BN

o T(n): FREEHUESA n RFHIEITRTIE.

o o FIOEMSE (SRS ERFIERL)

o n/b ENFIEDEOIE. (DEHELIDA bSH)

o O(n?): PRAAFHFIERMN. (RBITEAES, BRI FUNTIERMN)
FEIBESE nd M nlo8e (ol8") HIBKEESRIRERAISZE. T
EX p = log, a: TP FIERANERERE.

Ltk p M d:
@®d<p
SEFIAFIRMN O(n?) LLBRFEMPBAMN N, WEASAERFIRES.
T(n) = O (n?)
@d=p
RELFRRERNAERE, SFLE—IUHET (FEBEFHEE log, n) .
T(n) = O (n”logn)

®@d>p
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DIRFIAFHORM O(n?) LLBRAFEBORNA, HESRERSBISHES.
T(n) = O (n)
FEEZOBERRIFIM ST
o BNBITEABESHEN o MFER, BNFIAFRANARZTL 1/0.
o BIANHIEENR log, n (EARBHEANSE), BEHIER 1) .

IR
@ 9Bk
AR
T@):T(%>+OU)

e a=1 (R&ER— T

o b=2 (FIIEMERE)

o d=0 (BRAFHEUMUN RS O(1))
& p=log,a =logy 1 =0.

Hed = 0Fp =0, HREd=p.

Bitt, FEERER:

T(n) = O(n? logn) = O(log n)

@ GHHIF
Merge Sort
BIFRE:
T(n) =27 () + O(n)
° a =2 (ERMNFER)
o b=2 (FIEAURHE)
o d=1 (DEFREFHHILMNE O(n))
& p=log,a =log,2=1.
tgd=1fMp=1, #HEd=p.
FHit, ESHEN:
T(n) = O(nflogn) = O(nlogn)

® Strassen $BP&5REiE
BAXER:

o a=T (&pk 7 NFIARR)
° b =2 (FIEHUERE)
o d=2 (PBMEFHHNKME O(n?))
& p =log,a = log, 7 ~ 2.81.
tigd = 2% p ~ 2.81, BRI < p.
Eitt, BESHEN:
T(n) = O(n?) = O(n'*®2") ~ O(n**")
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R
FTEEHNERRERARR, TR —LRs:

9IS TEEREFIWNES, SRUDH b EH. MRMWHFESE W T(n) =T(n— 1)+ 0(1)) , WEEEFRE

A

FHMEMAESTR: FEREIREVNTIER O(n?) ST, RGN TIERMEMSESH (1 O(nlogn)) , NEFENE

A

BAFEEYETN: WRFIRYE o FEE, BLFERENAEEE

2.5 FHiE{E

function name typical value
|z] floor [3.14] =3
[z] ceiling [3.14] =4
Ig N binary log lg1024 = 10
Fy Fibonacci Fip =55
Hy harmonic Hyg~2.9
N! factorial 10! = 3628800

lg(N!) 1g(100!) =~ 525

binary log FLE2IAZARAINTEL.
@ = /5 ~ 1618
e =2.718, v = 0.577

e . |
Stirling's formula: lim ——%— =1
n—oo V2mn(L)n

2.6 FHERER
= REEEEN
Data Time Complexity (Average)
SR Access Search Insert Delete
Array o(1) o(n) o(n) o(n)
Stack o(n) o(n) o(1) o(1)
Queue O(n) O(n) (1) (1)
Singly-
Linked o(n) o(n) o(1) o(1)
List
Doubly-
Linked o(n) o(n) o(1) o(1)
List
Skip List O(log(n)) O(log(n)) O(log(n)) O(log(n))

approximation
T
&

1.44In N

N

V5
InN +~

VorN(Z)N

1.33+ (N +1)lgN — 1.44N

Time Complexity (Worst)

Access Search Insert Delete
o(1) O(n) O(n) O(n)
O(n) O(n) O(1) o(1)
O(n) O(n) O(1) o(1)
o(n) o(n) o(1) o(1)
o(n) O(n) o(1) o(1)
o(n) O(n) O(n) O(n)

Space
Complexity
(Worst)
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Data
Structure

Access

Hash
Table

N/A

Binary
Search
Tree

Cartesian

N/A

Tree

B-Tree

Red-Black
Tree

©(log(n))

Splay
Tree

N/A

AVL Tree

KD Tree

ERMEERFEE
Algorithm

Quicksort
Mergesort
Timsort
Heapsort
Bubble Sort
Insertion Sort
Selection Sort
Tree Sort
Shell Sort
Bucket Sort
Radix Sort
Counting Sort

Cubesort

3. iR

Array and Linked List

Linear Structure
predecessor gi3K

successor g4k

©(log(n))

©(log(n))

©(log(n))

©(log(n))

Search

o(1)

©(log(n))

©(log(n))

©(log(n))

©(log(n)

©(log(n))

©(log(n))

©(log(n))

Time Complexity (Average)

Insert Delete
o) o(1)
O(log(n))  ©(log(n))
O(log(n))  ©(log(n))
O(log(n))  O(log(n))
O(log(n))  ©(log(n))
O(logn))  O(log(n))
O(log(n))  ©(log(n))
O(logn))  O(log(n))

Time Complexity
Average
©(n log(n))
O(n log(n))
O(n log(n))
O(n log(n))
O(n?)
o(n?)
0(n?)
©(n log(n))
©(n(log(n)y)
O(n+k)
O(nk)
O(n+k)

O(n log(n))

Time Complexity (Worst)

Access Search

N/A O(n)

N/A O(n)

O(log(n))

O(log(n))

Worst
0(n?)
O(n log(n))
O(n log(n))
O(n log(n))
0(n?)
0(n?)
0(n?)
0(n?)
O(n(log(n))?)
0(n?)
O(nk)
O(n+k)

O(n log(n))

Insert Delete
o(n) O(n)
O(n) O(n)
O(n) O(n)

O(log(n))  O(log(n))
O(log(n))  O(log(n))
O(log(n))  O(log(n))
O(log(n)) ~ O(log(n))
o(n) O(n)

Space Complexity

O(log(n))

Space
Complexity
(Worst)
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3.1 fEREN

List is a type of linear structure.
Elements in a list are of the same data type, and neighboring elements form ordered pairs.
Denote a list (size m) as (ag, a1, -+, ap_1). For each <a; 1, a;>:

e a;_1isthedirect predecessor of a;

e q; is the direct successor of a; 1
The number of elements n (n > 0) in the list is called the length of list. List is called an empty whenn = 0.
Each element in a non-empty list has a certain position, a; is the ¢-th data element.

The length of list can be increased or decreased (Insert, delete, etc.)

List B9HR(E
Operations Condition Result
InitList(&L) create an empty List L
DestroyList(&L) List L exists destroy (free) List L
ClearList(&L) List L exists rest L to be an empty list
ListEmpty(L) List L exists return TRUE if L is empty, return FALSE otherwise
ListLength(L) List L exists return the number of elements in L
GetElem(L,i,&e) L LodEs, return ¢-th element in L with value stored in e

1 <i < ListLength(L)

. . . return the position of the first element which
List L exists, compare() is a

LocateElem(L,e,compare()) satisfies compare() with e. If none satisfies, then

predicate function
return -1
if cur_e is an element in L, and not the first element,
PriorElem(L,cur_e,&pre_e) List L exists then return its predecessor in pre_e; otherwise,
operation fails, pre_e is undefined.

if cur_e is an element in L, and not the last element,
Nextltem(L,cur_e,&next_e) List L exists then return its successor in next_e; otherwise,
operation fails, next_e is undefined.

. . List L exists, insert an element e at the ¢-th position in L; length of
Listinsert(&L, i, e) . 3 ;
1 < i < ListLength(L) L increase by 1.
ListDelete(&L,i,&e) List L exists, delete the i-th element in L and return its value in e;
istDelete(&L,i,&e . .
1 <4 < ListLength(L) length of L decrease by 1.

sequentially apply visit() to each element in L; the

ListTraverse(L,visit()) List L exists ) ) o .
operation fails once visit() fails.

For the List Abstract Data Type (ADT) defined above, we can perform some more complex operations.

Example: Suppose we use 2 list L 4, L g to represent set A and set B, respectively (i.e. data elements in the list are elements
in the set), please compute a new set, such that A = A U B.

18 BE ARBHTREAN A, BE—1NHES GhER) .
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La abcdef--

SCI: For each element in L g, check whether itis in L 4; if not, insert the element into L 4.

void union(List &La, List Lb) {
La_len = ListLength(La);
Lb_Ten = ListLength(Lb);
for (int i=1; i <= Lb_len; i++) {
GetElem(Lb, i, €);
if (!'LocatetElem(La, e, equal()))
ListInsert( La, ++La_len, e )

3.2 $4HEm

Sequential representation of List: Array Implementation

store data elements in a List with a group of memory units of consecutive address.

Suppose each element takes M memory units, then
e Location(a;+1) = Location(a;) + M

e Location(a;) = Location(ay) + (1 — 1)M

Declaration

KA T oERESES (Dynamic sequential storage allocation)

#define LIST_INIT_SIZE 100 // Initial storage size of List
#define LIST_INCREMENT 10 // Incremental storage size of List
Typedef struct {

ElemType *elem; // Stores the Base Address

int length; // Current length of List

int listsize; // Current total memory allocation size of List
} sqList;

Tistsize LA sizeof(Elemtype) AEE{iL.

Once not enough due to insertion, re-allocate storage, add additional storage of size LIST_INCREMENT .

Initialization


af://n736

status InitList_Sq(SqList &L) {
L.elem = (ElemType *)malloc(LIST_INIT_SIZE*sizeof(ElemType));
if(!L.elem) exit(OVERFLOW);
L.length = 0;
L.listsize = LIST_INIT_SIZE;
return OK;

Insertion
(ala"',ai—laai,"'aan) = (aly""7ai—l7e,ai"",an)

<ai-1,0;> = <a;j-1,e>,<e,a;>

status ListInsert_Sq(SsqList &L, int i, ElemType e) {
if (G<D) || (i>L.length+1)) return ERROR;//VERTMLITAG, #4 FArAOTTUR
if (L.length >= L.ListSize) {
newbase = (ElemType *)realloc(L.elem, (L.ListSize+LISTINCREMENT)*sizeof(ElemType));
if(!newbase) exit(OVERFLOW);
L.elem = newbase;
L.ListSize += LISTINCREMENT;

}

q = &(L.elem[i-1]);

for(p=&(L.elem[L.Tlength-1]); p>=q; --p)
*(p+1l) = *p;

*q = e;

++L.length;

return OK;

FE, void *realloc(void *ptr, size_t new_size); BEDHENE, 2 new_size NFERATE, RIFIE new_size LUK
HEIEEN (RERBREUE) .

FR, FHEHEIR
q = &(L.elem[i-1]);
for(p=&(L.elem[L.Tength-1]); p>=q; --p)
*(p+1) = *p;
b, *(p+1) RIEMSE, TAHASER *(p+sizeof(ElemType)) . ENIESHVBEEIZESETISERE B R
fign, SR p #8M int 2B, p+l SEERBED sizeof(int) NFEH (—HKRA4) .
W p $8M double 2EHE!, p+l SCFREEN sizeof(double) NFE (—EH8) .
p+l 5pk p+sizeof(ElemType) RMEEIR, Batn] sizeof (ElemType)*sizeof (ElemType) PNFET.

BRIRIE RER:

q=1-1;
for(p=L.length-1; p>=q; --p)
L.elem[p+1] = L.elem[p];

Delete

((11, oty A1, Ay Q41,0 'aan) = (ala ety A1, Qg1 '7an)



<ai-1,0;>, <4, Q11> = <Ai-1, Bi+1>

status ListDelete_Sq(SqList &L, int i, ElemType &e){
if ((i<1) || (i>L.length)) return ERROR; // VEEAl Insert HIXJ|
p = &(L.elem[i-11); // WXEZMERECE HHE
e = *p;
q = L.elem + L.length-1; // Huhbiz%, HE|HJE - Aiciibit
for(++p; p<=q; ++p)
*(p-1) = *p;
--L.Tength;
return OK;

MFMRMEERERESBRD a,, BEFHINTITRIE, EF --L.Tength.

SRESR
Time Complexity Analysis of Insert

Assume that P; is the probability of inserting an element before the i-th element. Then when inserting an element to a list of
size n, the average number of data element movement is:

n+1
Einsert e ZPI . (’n—z—l—l)
=1

Assume that inserting an element at any position is of equal probability, namely:

Hence,

E —§ L n—itn=2
insert — - 5 - - 5
p n+1 2

Similarly, we can get:

n
Edelete = E

i=1

3|~
=
|
=
I

So, for a List of sequential storage structure, inserting or deleting an element requires moving about half of the data
elements. If the list length is n, then ListInsert_sq and ListDelete_sq have time complexity of O(n).

TR,

This is significant when the List length is large. This drawback is because sequential storage requires that all elements stored
consecutively.

FoRMHES.
So sequential storage is usually used in cases where elements in the list is stable, requiring little insertion and delete.

SMEIEM B FR4ASEIN. SARIMBETRHSEIERS .



3.3 HEFRIEM
Linked list: a basic data structure where each item contains the information that we need to get to the next item (the link)
FE CiESY, FLUEREECIL.

Advantage: the capability to rearrange the items efficiently.

— > > ——> NULL

A Az A; As As

In theory, linked list can be infinite and cyclic
Ways to denote the end of linked list:
e NULL pointer (&&E )
e Dummy node (WHRA, MAEEEXNAER, (NATEAEIABERLE)

W REEEBEE— N AMME, 008 NULL, ERPESEFAXTREETR, BTEUEN. MRERE AaEErR
18, THRPIRMIENR, RRZEAREFE.

e First node, the list becomes circular.

Declaration

typedef struct node {
int data;
struct node *next;
} Node;

Insertion
Insertion is implemented by changing the links

We need to search the position for the insertion

—I— S B - 1| T N

Ay

5
¥
®
z

// we need to return a new head of linkedlist because
// the head may change after insertion
Node* insert(Node* listHead, int dataToInsert) {
if (listHead == NULL) {
// list is empty, insert at first element
Node *newNode = malloc(sizeof(Node));
newNode->data = dataToInsert;
newNode->next = NULL;
return newNode;
}
// list is not empty, Tet's insert at the end
Node *current;
for (current = TistHead; current != NULL; current = current->next) {
if (current->next == NULL) { // if it's end of Tist...
Node *newNode = malloc(sizeof(Node));
newNode->data = dataToInsert;
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newNode->next = NULL;
current->next = newNode;
return listHead;

}
}
}
XERABEREE.
Deletion

Deletion is also implemented by changing links

Remember to release the memory (free) of the deleted nodes

I S N = » —— NULL

// we need to return a new head of linkedlist because
// the head may be deleted
// Let’s remove all nodes have the value dataToDelete
Node* delete(Node* 1listHead, int dataToDelete) {
Node* current, * previous;
previous = NULL;
current = listHead;
while (current != NULL) {
if (current->data == dataToDelete) {

if (listHead == current) { // if the listHead to be deleted
TistHead = current->next;
free(current);
current = listHead;

} else { // if delete some middle nodes
previous->next = current->next;
free(current);
current = previous->next;

}

} else { // if we do not delete this node
previous = current;

current = current->next;

}

return TistHead;

Find k-th element:

typedef struct node {
int value;
struct node * next;
} Node;

int find_kth(Node * TistHead, int k) {
for(int i=0; i<k; i++)
TistHead = listHead->next;
return listHead->value;

XE TistHead BVZ, ENEASHIMELAVERENN (BEHTS0) .

= kA0 FEA.



3.4 $4ASCHR vs HEARECIR

Operation Array Linked List
create() o(1) 0(1)
insertQ O(n) 0o(1)
delete() O(n) O(n)

findO O(n) O(n)
find_kth(O o(1) O(n)
previous () 0(1) O(n)

free 0(1) O(n)

ERHERAY deleteO , MREBHMSMKTIAAGEE, SRERE O(1);, MRRMESMAYE, HEFUNHTER, SRE
O(n).

3.5 157 HER
@ fEFHER

Circular Linked List

Connect the last node to the first node

- : Y - B )

@ WrHER

Double Linked List

Add a link to the previous node

e Y - EEEEY - -

3.6 %6F%

Matrix Abstract Data Type
A matrix is a table of elements.

(2D) Matrix lllustrations

e T 01 5 0 0
Hayn a2 .. an,
2l azy a2 ... Qo 3 0 0 0 0
dlasr  Qsn ... gy =0 0 7 0 9 =
0 0 4 0
m| @y @z e G L0 2 0 0 8._

Sparse matrix
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SEPFIRIE

Operations
print_matrix()
clear_matrix()
addition() multiplication() dot_product()
insert() delete()
scale() rotation()

find_pos(Q

¥EpFsEIR

Matrix Implementation
@ ZHEAASCH

2D array implementation

Declaration

int matrix[col][row];

ERI TR, AERITE.

@ THEhERSCH
2D linked list implementation

Declaration

typedef struct node {
int data;
struct node *next;
} Node;

typedef struct row {
Node * row_start;
struct row *next;
} Mat;

@ PIEERTH

Content
print all elements of the matrix
clear all elements of the matrix, and return zero matrix
some basic numerical operations of matrix
insert or delete an element from the matrix
some basic transformation of matrix

return the element at position

An array of linked list implementation (Also known as adjacency list, will be discussed in graph)

Declaration

typedef struct node {
int data;
struct node *next;
} Node;

Node* mat[row];

@ =JcéE¥asc
An array of trio implementation

trio =7otH, H=IFE.



(X, y,

(1,2,
(1,5,

(2,1,
(2,3,

value)
1)
1)
1)
1)

(2,4,1)

typedef struct trio {
int row;
int column;
int value;

} Trio;

Trio Mat[size];

size EREMELDITE ML

® = TiEERTI
A linked list of trio implementation
typedef struct trio {
int row;
int column;

int value;
} Trio;

typedef struct node {
Trio data;
struct node *next;
} Node;

4. {EFEiE

sorting
XEMICHFHE, EFEREEER, RER—THS.

We are going to study methods of sorting data ¢tems containing keys

Each item (record) contains a key, which is a small part of the item, and is used to control the sort.
The remainder of the item is called satellite data

Sorting: rearrange the items such that their keys are ordered

e.g. numerical order, alphabetical order, lexicographical order

Internal Sort: sorting takes place entirely within the main memory of the computer.

External Sort: handle massive amounts of data that cannot fit into the main memory. It requires a slower kind of memory
(like hard-disk) for the sorting.

We assume the following in our discussion of the sorting algorithms:
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e [nternal - Each algorithm will be passed an array containing the elements and an integer containing the number of
elements stored entirely in the main memory.

e Validity - We will assume that 1, the number of elements passed to our sorting routines, has already been checked and
is legal.

e Ordering - We require the existence of the < and > operators, which can be used to place a consistent ordering on the
input.
Internal sorting is the process of gradually expanding the length of ordered sequence of elements.
Different ways that the ordered sequence gets expanded:
HEFE A A ORES . A, i, MR, &
e Insertion: Insert one or multiple items from the unordered elements into the ordered sequence.

e Swap: swapping records in the unordered sequence to find the one with the largest or smallest key, and add it into the
ordered sequence.

e Selection: from the unordered sequence, find the record with the smallest or largest key, and add it to the ordered
sequence.

e Merging: merging two or more ordered sequences.

e Others

4.1 {HN

MEEGHE

Unordered Seq. R[i,..., n]

Unordered Seq. R[i+1,...,n]

Three Steps for Insertion

e Find the insertion position for R[¢| in R[1, ..., i — 1]
R[1, ..., jl.key < R[i]. key < R[j+1, ..., i —1]. key
e Moveallrecordsin R[j+ 1, ..., ¢ — 1] back by one position.

e Insert (copy) the value of R[i] to R[j + 1]

@ HHNHER

Insertion Sort
Consider the items one at a time.
Insert each into its proper place among already considered (and sorted)
In computer, we need to make space for moving larger items one position to the right.
Clearly, insertion sort consists of n — 1 passes.

e For pass p = 2 through n, insertion sort ensures that the elements in position 1 through p are in sorted order.

e Insertion sort makes use of the fact: Elements in positions 1 through p — 1 are already in sorted order.
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Illustration

iter 34 8 64 51 32 21 #swap | #comp.
1 8 34 64 51 32 21 1 1
2 8 34 64 51 32 21 0 1
3 8 34 51 64 32 21 1 2
4 8 32 34 51 64 21 3 4
5 8 21 32 34 51 64 4 5

Main Idea: At i-th iteration, insert the i-th element to its right position

void insertionsort(int n, int a[]){
int i, j, tmp;
for (i =1; i <n; i+:){
tmp = afil;
for (j =1; j > 0 & a[j - 11 > tmp; j--)
alj]l = alj - 11; // shift down
a[jl = tmp; // the insert

NBZATEREFHARER, SRE— I EREEHFFRIES.

FHEHER.
Initially a[0] may be thought of as a sorted array of one element.
After k iterations, the elements a[0] through a[k] are in order.
Time complexity in various cases

e If the initial array is sorted, only one comparison is made on each iteration, so that the sort is O(n).

RN CEH ISR R R .
e |If the array is initially sorted in the reversed order, the sort is O(nz), since the total number of comparisons is

n(n —

1) 2
5 = O(n”)

I1+24+--+(n-1)=

SERERFRK. TTRERIR, tBATsERIE.

The space requirements consists of only one temporary variable tmp O(1)

@ ZHHENHERE

Binary Insertion Sort

FEEBARFEM E, SRBANSHEAZSEREA.

void binaryInsertionSort(int array[], int size) {
for (int i =1; i < size; i++) {
int key = array[il; // Hui#iAmcH
int left = 0, right =1 - 1;

// AR ERER PR E
while (left <= right) {
int mid = (left + right) / 2;
if (key < array[mid]) {
right = mid - 1;
} else {
left = mid + 1;
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}

// BN E GG R A B

for (int j =1 - 1; j >= left; j--) {
array[j + 1] = array[j];

}

// BRI EEGALE
array[left] = key;

HEWBACIERS, left 7 right AIA—1EfL, H left SEMARIGIE.
B PorhiE), BRI, FHTIERR.
RESZE: O(n?)
BREHIED, BREBNDATERNTER EETERRGE)
MRREEN — LRZHEHK, RE O(nlogn), BEEEIENGHE O(n?).

BR_HEKEZES O(logn)

® HRHF

Shell Sort, B%.

4.2 336
@ B

Bubble Sort

Compare neighboring records, and
swap the record with the largest
key to position n-i+1

The i-th pass

Unordered Seq. R[1..n-i] Ordered Seq. R[n-i+1..n]
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void bubbleSort(int array[], int size) {
for (int i =0; 1 < size - 1; i++) { // AMNEEIEGEDIIRE
for (int j = 0; j < size - 1 - i; j+) { // PRI LA
if (array[j] > array[j + 1]) {

[/ ZHAERIFA TR
int temp = array[j];
array[j] = array[j + 1];
array[j + 1] = temp;

BRRERER, EOF—MEHEIERUE CREFRIIRRAAIED) .
RAFFI P EIEEE KRR —EEIERAE, FATEFERXSEAEIRIEINEIDAT.
NEIEEHRE, RAYSCHET.

iter 34 8 64 51 32 21 #swap | #comp.
1 8 34 51 32 21 64 4 5
2 8 34 32 21 51 64 2 4
3 8 32 21 34 51 64 2 3
4 8 21 32 34 51 64 1 2
5 8 21 32 34 51 64 0 1

Main Idea: The largest number (bubble) floats to the end of the array in each iteration

HEgsxE: n—-1)+n—-2)+---+1= ”("2—1) _ O(nZ)

AILABIRE AR EIE

void bubbleSortoptimized(int array[], int size) {
for (int i = 0; i < size - 1; i++) {
int swapped = 0; // Fribfs, idse kA
for (int j =0; j <size -1 -1; j++) {
if (array[j] > array[j + 11) {
int temp = array[jl;
array[j] = array[j + 1];
array[j + 1] = temp;
swapped = 1; // B KAEZH, KBRS
}
}
if (swapped == 0) {
break; // &G RESL:, WHBACHT, #ATEH
}

The end condition is that: there is no swapping in the last pass.
ZAS T EISHFF RIS +2BM, REBRRE O(n).
MESRE: &EO0(n), & O0(n?).
Bubble sort requires little additional space

little 2RVHER, AATCE2—FEHEFEEL (In-place Sorting Algorithm)



@ RIEHERF

QuickSort

N . A
OB Diaik

// S IXERE: BRI N Sy, R I B 2 B

int partition(int array[], int Tow, int high) {
int pivot = arraylhighl; // i&#Eja—AoalE i
int i = Tow - 1; // i FRRNTEHER R — A iR

for (int j = Tow; j < high; j++) {
if (array[j] < pivot) { // WAmioos /b TakifE
++;
// X array[i] f1 array[j]
int temp = array[i];
array[i] = array[j];
array[j] = temp;

// EIEAEREERBAE (B 9+ D
int temp = array[i + 1];
array[i + 1] = array[high];
array[high] = temp;

return i + 1; // JREEAERRAAE

// BEEHE T R
void quickSort(int array[], int low, int high) {
if (low < high) {
// S XEAE, R R B
int pivotIndex = partition(array, low, high);

/7 KA AT A 08 VA HE
quicksort(array, Tow, pivotIndex - 1);
quicksort(array, pivotIndex + 1, high);

J EEMRIE T TERAEEERAT, | K | BIEAVER/NTEERN, 1 REENBEATSTEEN (BAREE/NTH, sawiEz)
i+ BE)  MEENERTE, RIWEREREGEEN i+1 AERE i+1 BAREEVE.

SEEFTEERERMER— array LT, tBAEELGIIMSE.

FRDIREBEREEREM, Bl Tow >= high B4R (LR EBRWHER, low==high BITZHHFFR Tow==high+l ;BT
ELHE, BRIXAMERDISEN— MO HERT) -

Quicksort is one of the fastest known sorting algorithms in practice.
Its worse-case performance is O(n?) and its average runtime is O(n log n).
A divide-and-conquer recursive algorithm
Quicksort algorithm:
e If the number of elements in S'is 0 or 1, then return
e |f the number of elements in S is 2, then direct comparison and return
e Pick any element v in S as the pivot.
iR aLER.
e Partition S’ = .S — {v} into two disjoint groups
—MBLGE, — MBI
Si={zecSz<v} Sy={zcS|e>v}
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e Return {quicksort(S1), v, quicksort(S2)}
fmmaz, B1E.
Ideally we want half the keys to go into S; and another half into Ss.
The choice of pivot can strongly affect the relative sizes of the partitions
We can implement the partitioning to be performed in place and very efficiently.
[RitbHERr, FREFRINE.
Ways to select pivot:

e The first/last element: bad choice. Keep making bad partitioning when the array is sorted or reversed.
e Arandom pivot: safe, but you take extra time to generate the random number.

e Median-of-Three Partitioning: pick the median of a[0], a[n — 1] and a[%] to be the pivot.

L2t REBSANTERIERE, —NEMHEFSAN, —MEEN.

ZHENRE

Median-of-Three, QuickSort BUEL/EIEIRESHS.

[/ =R AEE
int medianofThree(int array[], int Tow, int high) {
int mid = (low + high) / 2;

// CEGFA e, Hift array[low] <= array[mid] <= array[high]
if (array[low] > array[mid]) {

int temp = array[low];

array[low] = array[mid];

array[mid] temp;

}

if (array[low] > array[high]) {
int temp = array[low];
array[low] = array[high];
array[high] = temp;

}

if (array[mid] > array[high]) {
int temp = array[mid];
array[mid] = array[high];
array[high] = temp;

// BB array[mid] sEehirg, K HAE L iE

return mid;

// X

int partition(int array[], int Tow, int high) {
// AEH = EO gk R s v
int pivotIndex = medianofThree(array, Tow, high);
int pivot = array[pivotIndex];

// IR e E

int temp = array[pivotIndex];
array[pivotIndex] = array[high];
array[high] = temp;

int i = Tow - 1; // i fam/ATEENRE-NTR
for (int j = Tow; j < high; j++) {
if (array[j] < pivot) {
++;
// e array[i] Al array[j]
temp = array[i];
array[i] = array[j];
array[j] temp;
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}

// R R AL E

temp = array[i + 1];
array[i + 1] = array[high];
array[high] = temp;

return i + 1; // REIFEAERGRAALE
}

// PEEHET R
void quickSort(int array[], int low, int high) {
if (low < high) {
// A XEAE, R R E
int pivotIndex = partition(array, low, high);

// R FEHEA MRIAS 3 VA HE
quicksort(array, Tow, pivotIndex - 1);
quicksort(array, pivotIndex + 1, high);

=EEPE, IBREEFIRESE, BTRRAENRR—H.
REFEEEARMNTEEL, A LERHER.
AHEERE:
81t O(nlogn)
4 O(nlogn)
B4R 0(n2)
BEAEREIA R R ETHE.

Quicksort Analysis - Average Case

Self study

4.3 1%iF
@ iEEHER

Ordered Seq. R[1..i-1] Unordered Seq. R[i..n]

Select the one with the
smallest key

The i-th pass

Ordered Seq. R[1..i] Unordered Seq. R[i+1..n]

BRERAFRFSIRIEHENG, EECHIFFIIRAL.
SEATENZ, CERISIRENSHBAIEREISEAEE
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#include <stdio.h>

// EBHET R
void selectionsort(int array[], int size) {
for (int i =0; i < size - 1; i++) {
int minIndex = i; // fRBCAHCERZER/ME
for (int j =1 + 1; j < size; j++) {
if (array[j] < array[minIndex]) {
minIndex = j; // #RIHE/NHIE

}

// TR AR B ) & AME
int temp = array[minIndex];
array[minIndex] = array[i];
array[i] = temp;

EEHEFEM index 0 FHiR, BIIEACEHIFFFIZ=H.

The algorithm consists of a selection phase in which the smallest of the remaining elements, min, is repeatedly placed in its
proper position, i

min is swapped with the element a[é]
The initial n-element unordered sequence is reduced by one element after each selection
The first pass makes n — 1 comparisons, the second pass makes n — 2, and so on

Therefore, total number of comparisons is

(n—1)+(n—2)+--+1=201 _ o2

4.4 &H
@ AFHHES

Merging: Merge Sort

[/ EFHBATHA N R

void merge(int array[], int left, int mid, int right) {
int nl = mid - left + 1; // ZE7¥AMKIAN
int n2 = right - mid; // HTFEEAEPI KA

// G 2 H
int leftArray[nl], rightArray[n2];

// R B

for (int i = 0; i < nl; i++) {
leftArray[i] = array[left + i];

}

for (int j = 0; j < n2; j++) {
rightArray[j] = array[mid + 1 + j];

// I e H e 2 i A
int i =0, j =0, k =1eft; // i BETFHART, ] RATFHHAES], k BAIFFHANES
while (i < nl & j < n2) {
if (leftArray[i] <= rightArray[j]) {
array[k] = leftArrayl[i];
443
} else {
array[k] = rightArray[j]l;
joe
}

k++;
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}

// SHIFERE TR (WA

while (i < nl) {
array[k] = TleftArray[i];
++;
k++;

}

while (j < n2) {
array[k] = rightArray[j];
je

k++;

// VAFEHET R
void mergeSort(int array[], int left, int right) {
if (left < right) {
int mid = left + (right - left) / 2; // it&rdsh GE%EiE)

// BRI A W IR HE T
mergesort(array, left, mid);
mergesort(array, mid + 1, right);

/] BTN FHH
merge(array, left, mid, right);

BHRIEERIE T FEHNE N FRIIRE .

SHRRTRERNCAREO TR KERERE. KIBMas ks, EREMIENT, EASHERNFHREEERE
BFT.

EEDIARBIAERIHEREM. KBS Teft>=right MR, XBELRMIZRE Teft==right BB, MRTTHRIFFFM
RNERTER, RERESEy, AEFREH. RE.

The classic example of divide and conquer strategy:
e Divide: Split the array into two halves and solve the sorting problem independently
e Conquer: Merge the sorted sub-array to get back a whole sorted array.

The fundamental operation is merging two sorted lists

Since the lists A and B are sorted, the merging can be done by simply a linear can through the input and put the output to an
auxiliary list C.

TRIXBEEEMIMIEEISEE. FERES, RMNESERTERTEE. iR R T,
AHEEZE: O(nlogn)
O(logn) EnfR, BEEHE O(n) AL
HEHES:
T(n) _ T(3)

T(n)=2T(%) +en= —= =

T
n 2

+c
B8 T(n) = O(nlogn)
A EEERE W 2.4 FEn.

B merge sort FTEISZE/N, {82 it uses up O(n) extra space.

5. teFIPASY

Stack and Queue, HEFEFIBAZI
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Stack and Queue are both linear structures, but with limited operations.

5.1

Stack

[t (Last In First Out, LIFO)

Pop Push

top = a,

bottom —s a;

One side to insert and delete values: Stack Top
The other side: Stack Bottom

Push: JETEEANMEL.

Pop: 15N AT,

Peek/Top: EEMEINARAITER, BT,
ISEmpty: HEHKEFHE.

Operations:

InitStack(&s);

= DestroyStack(&s);
Clearstack(&S);

StackEmpty(S);

» StackLength(S);

= Top(S,&e); // Get top value

» Push(&S,e); // Insert to top

= Pop(&S,&e); // Delete from top
= StackTraverse(S,visit());

Operation Stack Return value
1. push('C') C -
2. push('S") CS -
3. push('C) CScC R
4. push('l') Ccscl =
5. pop() csc -
6. top() CcscC C

7. push('E") CSCE -
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Operation Stack
8. pop() CcscC

9. pop() CS

5.1.1 #4485

Stack: Array Implementation

Pros: Less pointer manipulations

Cons: Need to declare an array size ahead of time

Key idea:

e tos (variable) is defined to be -1 when the stack is empty
e push(x) - increase tos and assign x to stack[tos]

* popQ
« topQ

FFmIRE:

- decrease tos
- return stack[tos]

1. Declaration

#define
#define

typedef
int
int
} stack;

EMPTY_TOS -1
MAX_SIZE 100

struct stack_s {
tos; // top of stack, THyCHEXS TAr, MOHLE. EHiMkMtos-1
data[MAX_SIZE];

int stack_is_empty(Stack* s) {
if (s->tos == EMPTY_TOS)

return 1;

return 0;

}

2. Init, Clear

void stack_init(Stack **s){ // create a new stack
*s = (Stack*) malloc(sizeof(Stack));
stack_make_empty(*s);

}

void stack_make_empty(Stack *s){ // make the stack empty
S->tos = EMPTY_TOS;
memset(s->data, 0, sizeof(char)*MAX_SIZE);

3. Push

Return value
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int stack_push(stack* s, int x){
if (s->tos+1 >= MAX_SIZE){

}

perror("stack is full.\n");
return -1; // return -1 if unsuccessful

S->toS++;
s->data[s->tos] = x; // HoRMEALGE, JEitsth
return s->tos; // return size of stack if successful

4. Top, Pop

int stack_top(Stack* s){
if (!stack_is_empty(s))

return (s->data[s->tos]);

return INT_MIN; // upon error, return some undefined value (???E#4Rk4L)

void stack_pop(Sstack* s){ // one loophole here, what is it?

s->tos--;

pop REMEH tos AIE, FRAERIARERERTE.
TR push X BRIMHMRSEMNEBERTNS.

5. topandpop, Free

int stack_topandpop(Stack®* s){
if (!stack_is_empty(s))

return (s->data[s->tos--]);

return INT_MIN;

void stack_free(Stack** s){
free(*s);
:‘:s = 0;

*s=0 F *s=NuLL ZN. {BHEFF NULL.

5.1.2 (R

Linked List Implementation

Pros: The size of stack is flexible

Cons: Pointer manipulations may be a problem to program beginner

Key Idea:

Keep a header node

e push(x) - insert the element x to the front
o pop() - delete the element at the front

e top() - return the element at the front

FARIRE:

SHR(ER], TENERET AT,

CFHEH pop 4 Il i)
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1. Declaration

typedef struct stack_s {
int data;
struct stack_s *next;
} Stack;

int stack_is_empty(Stack* s){
return (s->next == NULL);

2. Init, Clear

void stack_init(Stack **s){
*s = malloc(sizeof(Stack));
(*s)->next = NULL;
(*s)->data = INT_MIN; // INT_MIN 27 <limits.h> SL30fbhsE XK, Fom int RABE&E/ME.

void stack_make_empty(Stack* s){
if (s == NULL) return;
while (!stack_is_empty(s))
stack_pop(s);

HEAAEFERENE, ERSE— IR EERANTRAES IMERNITR (BFHERIRILITE top) .

3. Push

void stack_push(Stack* s, int x){ //XBK*s/EHER LR, MEER AT RALE7HAA X 5
stack *t = malloc(sizeof(Stack));
t->data
t->next = s->next;

X3

s->next = t;

AT HERNFTHEMER, push F0 pop #B3T *s FEFARITR (top) FHITELE.

4. Pop, Top

int stack_top(Stack* s){
if (!stack_is_empty(s)) return (s->next->data);
return INT_MIN; // raise error value

void stack_pop(Stack® s){
Stack *t = s->next;
if (Istack_is_empty(s)){
s->next = t->next;
free(t);



5.1.3 N

Base Conversion
Balancing Symbols
BEMNES., PIESEEREE

We can use a stack to help checking:

« If a character is an opening symbol, push it onto the stack

« Ifitis a closing, pop the stack and check if it matches to top

Line Editing
Maze
ERE

Postfix Evaluation

5.2 A%

Queue

Feitset (first-in, first-out, FIFO)

Dequeue
— a; a, as

Front

Enqueue: EITERIMABAG.

Dequeue: REITEHEMFIFREER, FREEERAYE.

Front: EEMNSIRNRIITTER, (BFBK.

IsEmpty: EIFIETHZE.

= InitQueue(&Q);
= DestroyQueue(&Q);
» ClearQueue(&Q);
QueueEmpty(Q);
= QueuelLength(Q);
GetHead(Q,&e);
EnQueue(&Q,e);
DeQueue (&Q, &e) ;

Operation
. enqueue(‘C’)
. enqueue(‘S’)
. enqueue(‘C’)
. enqueue(‘I’)
. dequeue()
dequeue()
. enqueue( ‘E’)
. dequeue()
. dequeue()

.

W 00 N O VT H W N R

Rear

Queue

m H O O n O 0O 0O 0

Enqueue
<—

Return value

n N
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5.2.1 {EIELESEIR

Queue: Array Implementation with Circular Array
Queue: Naive Array Implementation

Space can get unused...

rear
—
5
4 front
—_
3 rear rear
e e
2 front
R ———
1
rear
front
front 0 front

TEHES REREZTE. ZEMEAEEE (Circular Array)

front
rear
- ;

front
front rear

#include<stdio.h>

#include<stdlib.h>
#include<string.h>
#include<limits.h>

#define MAX_SIZE 100 // & XB\FIIE A7 E HNL00
// € LB\FI G A

struct queue {
int data[MAX_SIZE]; // fFA#BAAIEE 5

int front; // BAFISkFRZE 5]
int rear; // BFIRHZR T
int size; // BAF TR

bE
typedef struct queue Queue; // NEZEHURE 4 Queue

// FIRBAT

void queue_init(Queue** q) {
Queue* tmpg = malloc(sizeof(Queue)); // MNBAAIGTELHAT
queue_make_empty (tmpq); // FIASIPILG LA
*q = tmpq; // HWILAIE IS HUEE IR (E 45 Fia gt

}

// FaBAFIE A7
void queue_make_empty(Queue* q) {
if (q != NULL) {
g->front = 0; // PAFISLEERSIEANO
g->rear = 0; // BA\FIRHZRIIE RO
q->size = 0;  // BAFI4HTR/ANEHO

}

AR R UN I E PN
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int queue_size(Queue* q) {
if (q == NULL)
return 0; // WlRBANZINZE, i&[FIO
return gq->size; // iRBEBAFIRI TN

// FIWTAFIR S A
int queue_is_empty(Queue* q) {
if (g->size == 0) // WHRHIIKDHO

return 1; // BFIL, RRBAFIAZ
else
return 0; // R0, FIRAGIA N

// PSR 15 i
int queue_is_full(Queue* q) {
if (g->size == MAX_SIZE) // WRIAFIKNET KA
return 1; // RIEL, FRBAFIE
else
return 0; // REO, FRBAIIA

// BB AR G ER
void queue_enqueue(Queue* ¢, int x) {
if (queue_is_full(q)) { // WiRPAAIC

return; // APATAEATEEAE
}
g->data[g->rear] = x; // TEBNRAL B iR TCE
g->rear = (g->rear + 1) % MAX_SIZE; // HHAEZ5], 5B
gq->size++; // BAFIR/NnL

// MBAFIHE e 3R
int queue_dequeue(Queue* q) {

int x;
if (queue_is_empty(q)) { // WmHERII N
return INT_MAX; // BREI AR R RER (INT_MAXZFRR TEAUE D
}
x = g->data[q->front]; // RIAF SRR
g->front = (g->front + 1) % MAX_SIZE; // HHi\FISLERZR S, TEIARAG
g->size--; // BABIR/NEL
return x; // REEHICER

// FETEATI N A7
void queue_free(Queue** q) {
if (*q != NULL) {
free(*aq); // BIABAFIRIAAE
*q = NULL; // K4REHENZ, B et

// ATERBAFINZ
char* queue_print(Queue* q) {
int len, index = g->front; // lenf T FrAHMKE, indexH T
char *output; // fREFTFAEBNI A 75
Ten = g->size * 12 + 15; // TASFRF AT AT RN
output = malloc(sizeof(char) * len); // NFFFHEIENA
memset (output, 0, sizeof(char) * len); // WItHiL 745k
output[0] = '\0'; // WH{RERFHR LS FRIFUG

strcat(output, "(front) "); // @#hn“(front) ks RBAAiLas

for (int i = 0; 1 < g->size; i++) { // #Jip\4|
char temp[12]; // WikIZEmP X TAARERA TR

snprintf(temp, sizeof(temp), "%d ", gq->datalindex]); // ¥4B\¥|ocEid)y

strcat(output, temp); // KICmRIHERIRE TR D
index = (index + 1) % MAX_SIZE; // HHi=5l (JEHIASID



strcat(output, "(rear)"); // #In“(rear)”bnsge mBagh s
return output; // R[S

5.2.2 H§3RCM

Declaration

// Array implementation
#define MAX_SIZE 100

typedef struct queue_s {
int data[MAX_SIZE];
int front;
int rear;
int size;

} Queue;

// Linked Tlist implementation
typedef struct node {

int data;

struct node*next;
} Node;

typedef struct queue_s{
int size;
Node* front, *rear;
} Queue;

Init

// Array implementation

void queue_init(Queue **q){
*q = malloc(sizeof(Queue));
queue_make_empty(*q) ;

// Linked Tist implementation
void queue_init(Queue **q){
*q = malloc(sizeof(Queue));
(*q)->front = NULL;
(*q)->rear = NULL;
(*q)->size = 0;

Is Empty
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// Array implementation
int queue_is_empty(Queue* q){
return g->size == 0;

// Linked Tist implementation
int queue_is_empty(Queue* q){
return g->size == 0;

Enqueue

// Array implementation
void queue_enqueue(Queue* q, int x){
if (queue_is_full(g)){
printf(“Error”\n”);
return;
}
q->size++;
g->rear = (g->rear + 1) % MAX_SIZE; // frontAfilreard RN F#, SErearfii Himax{H 2 5Lhr Equeueitixk
full, ZAEHENmax_sizeBUa] LLEAE A B AT CRER)
g->data[g->rear] = x;

// Linked Tist implementation
void queue_enqueue(Queue* q, int x){
Node *tmp;
tmp = malloc(sizeof(Node));
tmp->data = x;
tmp->next = NULL;
q->Size++;
if (gq->size == 1) {
g->front = g->rear = tmp; // #AE, MFHBAE
return;
}
g->rear->next = tmp;
g->rear = tmp;

BASE—TRE, KEMEAZTR ZEEHPTRIAN, BT RIET. BBk, Bakh=istt

Dequeue

// Array implementation
int queue_dequeue(Queue* q){
int x;
if (queue_is_empty(q))
return INT_MIN;
q->size--;
X = gq->data[g->front];
q->front = (gq->front + 1) % MAX_SIZE;
return x;

// Linked Tist implementation
int queue_dequeue(Queue* q){
int x; Node *tmp;
if (queue_is_empty(q))
return INT_MIN;
if (gq->size == 1)
g->rear = NULL;
q->size--;
x = gq->front->data;
tmp = g->front;



g->front = g->front->next;
free(tmp);
return x;

other operations

= Make the queue empty

= Free the queue

= Print the queue

= Check whether the queue is full or not (Circular array implementation)

5.2.3 K

Applications
= Printer queues
= Process queues
= Customer service ticket systems

= Anything that requires FIFO (First In, First Out)

6. I5#%

Hashes
Many applications requires a dynamic set that supports only the dictionary operations insert, search and delete
e The set is often called a symbol table (ST)
A hash table is an effective data structure for implementing dictionaries.

Though searching an element in a hash table can take as long as © (V) in the worse case, the expected time to search for an
element is only O(1).

6.1 FH

Dictionary Abstract Data Type

Direct-Address Tables
BEESUER, key BEEEAERSI

In direct address tables, records are placed using their key values directly as indexes

Direct addressing is a simple technique that works well when the universe U (the complete set) of keys is reasonably small
key MUEEEMEN, FILIEERS|, SNHRF

Suppose that an application needs a dynamic set in which each element has a key drawn from U ={0, 1, ..., M- 1} and M is
not too large

If we assume no two elements have the same key, then we can use an array, or direct-address table, in which each position
(slot) corresponds to a key in U
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Direct-address Table

A Dictionary is used to store data values in (key, value) pairs.
Value can be an object (struct).
Operations:

e search(key): return the value based on the key

e insert(key, value): insert the (key, value) pair into the dictionary

o delete(key): delete the value based on the key

e contain(key): return true when dictionary contains the key

e size(): return the total number of (key, value) pairs in the dictionary
e keys(), values(): return all keys / values in the dictionary

e entries(): return all (key, value) pairs in the dictionary

Time complexity of the elementary operations is ©(1)
e Insert, Search, Delete, Contain
Storage of the elements

e With the direct-address table itself

e Externally with a pointer from a slot in the table

6.2 IRARSIGHEL

Hash Table and Hash Function
Hash Tables
Hash table is one of the data structure for dictionary
The difficulty with direct addressing is obvious: if the universe U is large, storage a table of size |U| is impractical
key BUFFBRIBEAYEES AR, Direct Address Table BIAT
e e.g. ASCIl string with 10 chars: 26
The set K of keys actually stored may be so small relative to U
e e.g. actually words with 10 chars

When the set K is small, a hash table requires much less storage than a direct address table Memory required: ©(|K]|)
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h(ky)
hiky)

h(ky) = h(ks)

hk)

Hash Table

Hash Function

With hashing, an element with key k is stored in slot h(k)
We use a hash function to compute the slot from a key k

Let M be the size of the hash table, then
h:U— {0,1,...,M— 1}

We say that an element with key k hashes to slot h(k) while h(k) is the hash value of key k
Hash function reduces the range of indices needed to be handled: M instead of | U |
IERREE—IRG, AT EERETE.
AREETERRRGIZIERAE (IR%R) , FEIMIE
TRERSBECHFEERLINE, ERRHMAREACIIEINTRZE.

The performance of the hashing depends on how well the hash function distribute the keys to the M slots
Simple uniform hashing: any given element is equally likely to be hash into any of the M slots
BIERSSNAES: SHER key, 1A%(E h(k) SR
Collisions: two keys may hash to the same slot
e We need to find methods to handle collisions - collision solution (handling)

MBFIMR: B4 key BHERMIGEE



U

universe of keys

K

actual keys

h(kz) = h(ks)

hik,)

h(k,)

Choosing a Good Hash Function
The hash function hhh should be:

e be easy and quick to be computed

e achieve an even distribution of the keys

o deterministic that a given input k always produce same output h(k)
Itis a good idea to ensure that the table size is prime. Why?

The modulo (%) operation used to map hash values to indices in the table will distribute the key more uniformly
across all slots.

Non-prime sizes can lead to clustering(B8£5), where certain indices are more likely to be hit due to patterns in the
keys and the hash function.

BN, NRFERINE 10, BBARTEEHIIEEISSECE] same slot.

Hash Function for Integers
o If the input keys are integers, then simply returning K mod M is generally a reasonable strategy
—MNMFRRE BB H R ERENIEHRRA/NKE.

e When the keys are random integers, this function is simple to compute and can distribute keys evenly

Hash Function for Strings
— NREFHIGIF -
unsigned int hash(char *key, unsigned int m){
unsigned int hash_val = 0;
while (*key != '\0")

hash_val += *key++;
return (hash_val % m);

This hash function sums up the value of each character

Problem: This hash function does not hash evenly

Example: ABC and CBA return the same hash key
ALhRA:

unsigned int hash(char *key, unsigned int m){
return (key[0] + 27 * key[1] + 729 * key[2]) % m;



It examines the first three letters of the keys
Problem: English words are not random
Example: “Advantage”, “Adventure”, “Advertisement” return the same hash key
PR EREYNEN (Horner's rule)
apx” +a, 1z P+t az+ag = (((anz + an 1)x +an 2)x+ - +a)z +ag
EONSTABT T ARTRITE (EH «" WEHRBEBAT o' 82" ' WER, ERFIEHREFTNR)  TRUNGLR
Era.
N-1 )
FHERIDH k. W—PFEFEE, & Y k[N — 1 — ] x 32" where N is the length of the key.
i=0

NEEEITE, 32 2I0E, #iEE (FaFrk) #x

unsigned int hash(char *key, unsigned int m){

unsigned int hash_val = 0;
while (*key != '\0') hash_val = (hash_val << 5) + *key++;
return (hash_val % m); // iXHyEEHus

It is common not to use all characters - the length and properties of the keys would influence the choice
RPN ST

The hash function might include a couple characters from each field

M (Truncation) : ignore part of the key and use the remaining part directly as the index
e.g. 62,538,194 hash to 394 by taking 1st 2nd and 5th digits

& (Folding) : partition the key into several parts and combine parts in a convenient way

e.g. 62,538,194 maps to 625 + 381 + 94 = 1100 and is truncated to 100

6.3 Ig & M3

Collision Resolution

@ FEHEE

Seperate Chaining

Separate Chaining (2B#&E) E—MBRISHERTIGFHEMSE (Hash Collision) FIERSE. HE MEWIREIZEIERIA
IRHERZESIN, DEEEABSEZES P —MER (SEMEUREN) RIFE PSSAEERT.
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Key Hash function h(x) 110 118 |Joe
[staff ID]
12 Mary
15
Sam
28
44
John
17
Jane

In separate chaining, we put all elements that hash to the same slot in a linked list (or normal list)
Slot j contains a header node of the list that stores ALL elements that are hashed to j

contains a NULL link if it is empty

e

#include<stdio.h>

#include<stdlib.h>
#include<string.h>
#include<limits.h>

[/ 5 SEERAT AR, F TG EE X
typedef struct node {

int key; //

int value; // 1A

struct node *next; // &I AN s e
} List;

[/ ESEFEREGEN, B (Separate Chaining)
typedef struct hash_sc {

int size; // WEARRMIRA (FEREE
List ** slots; // FEEH, AR AR LIRS
} Hash_sc;

// N B B R R AR X
List* Tist_insert(List *L, int key, int value) {
List *tmp;

// WRBECARAE, TR

if (list_find(L, key) != INT_MAX) { // @ikt S/i(
tmp = L;
while (tmp->key != key) // PRI E) H bri
tmp = tmp->next;
tmp->value = value; // HEHHE
return L; // R [EEE Sk

[/ WORBEARAEAE, BUEHTY ORI BER L

tmp = malloc(sizeof(List)); // BN
tmp->key = key; // WHEB
tmp->value = value; // WEHE
tmp->next = L; // FE SR AR Sk
L = tmp; // FEHHERK

return tmp;

// MEREER PR BAE X



List* Tist_delete(List *L, int key) {
List *tmp, *prev;
tmp = L;

// IR E H bR

while (tmp != NULL && tmp->key != key) {
prev = tmp;
tmp = tmp->next;

[/ WRARRB AR, EEORERER K
if (tmp == NULL)
return L;

// AL E bR R Sk A
if (tmp == L) {

prev = L;
tmp = tmp->next; // BEHEER K
free(prev); // RERRESKAT B
return tmp;
}
// G E bR B R ) R
prev->next = tmp->next; // Bk H AR R
free(tmp); // BEMEFRT R
return L;

// EAREERPIEEXS, RIEME; REAFLE, JRE INT_MAX
int Tist_find(List *L, int key) {
List *tmp = L;
while (tmp != NULL && tmp->key != key) // iJifE44E] HArtE
tmp = tmp->next;

if (tmp == NULL) // WARRIKEF], RE INT_MAX
return INT_MAX;

return tmp->value; // R[] B AR B

// WIRARE TR

void hash_init(Hash_sC **T, int size) {
Hash_scC *tmpT = malloc(sizeof(Hash_SC));  // Zr-Bimads #2417

tmpT->size = size; // WEIEARERKAN

tmpT->slots = malloc(sizeof(List*) * size);// MHIELL /N A7

for (int i = 0; i < tmpT->size; i++) // VIRALREA R
tmpT->slots[i] = NULL;

*T = tmpT; // BHREARIRE

// T AR TR B XS
void hash_make_empty(Hash_sC *T) {
for (int i = 0; i < T->size; i++) // A
while (T->slots[i] != NULL) // ETERER R
T->slots[i] = Tlist_delete(T->slots[i], T->slots[i]->key);

// TG A Fe AN B AR

void hash_insert(Hash_sC *T, int key, int value) {
int hash_value = hash_function(key, T->size); // RS AE
T->slots[hash_value] = list_insert(T->slots[hash_value], key, value); // {fi N#i#%

// MNRE A 2 H I 53 A %

void hash_delete(Hash_SC *T, int key) {
int hash_value = hash_function(key, T->size); // EGEE
T->slots[hash_value] = Tist_delete(T->slots[hash_valuel, key); // JHl[a4 2 e



// KRG AR R A A g
int hash_contain(Hash_sc *T, int key) {

int hash_value = hash_function(key, T->size); // HEGAE

if (list_find(T->slots[hash_value], key) == INT_MAX) // U8 fiie
return 0;

return 1; // AR 1

[/ FERET AR EE R 1

int hash_find(Hash_sC *T, int key) {
int hash_value = hash_function(key, T->size); // EGEE
return list_find(T->sTots[hash_value], key); // BERBERPHE

/] TR NAF
void hash_free(Hash_sC **T) {

if (*T == NULL) return; // WRERRA, EHEERE
hash_make_empty (*T); // ETEGAR
free((*T)->sTots); // FETRSEE N A7
free((*T)); /] FETBG A5 R G5 AT
*T = NULL; // ¥tektEa

// VEARA: ARAE AR NS A (E
int hash_function(int key, int size) {
return ((key % size) + size) % size; // W AR

Load Factor o
Given a hash table T" with M slots that stores N elements, load factor & = %

e Worst-case:a = N

® Average-case: x = %

@ FRSULE
Open Addressing Linear Probing, Quadratic Probing, Double Hashing

Ele%F &+, Open Addressing (FFRISHEE) B AT RRIEFHDPRAEKE. CHROBIER: JPRA4R, BiEAR
FERPSET AN ESRUEFREUE, MARE PRt FREEIERE bR+ (ANSeparate Chaining) .

In open addressing, all elements are stored in the hash table itself.
e Each slot contains either an element or NULL
The hash table can fill up so that no further insertions can be made «¢ can never exceed 1
Advantage: pointers are avoided
We compute the sequence of slots to be examined
Insert: successively probe the hash table until we find an empty slot to save the key

Probing in fixed order 0,1, ..., M — 1is unwise since it requires © (V) search time

Linear Probing
MmN
index = (h(k) + 1) %o m

i BRERWREL, N O FHAEMMEIN, BUHBAFERRN.
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mEZERBRNN, BEZEEH

Hash function hix)

000

001 | 15 Joe

002

111

112 |12 Mary

M3 17 Sam

114

220 | 22 Peter

221

R BRHHIEER (Primary Clustering) : S NHMRABSIELFIRERT, SEIRNBEERK, NMRMEHIE.

Quadratic Probing
RN
index = (h(k) +c1-i+cy-i?) %om
BEc =0,co=1

R WD T EMERNFPHIERETR (Primary Clustering) , EARRNEEERBRESDN.

WMRFAIAN M TREE, TRESHTEHE=RUE (ERATRERNRE slot) .

Double Hashing
ZIRIGFE
LSRR, FRAB—MNATRE hy (k) RHERUSEK, WMERT—ME.
index = (hi(k) + - hao(k)) %o m
hi(k) R¥DSANSFRERE, AT RERARERSI.
ho(k) REZMAHRE, BTRELSK, BEEE—S m TXRARE
IRESEIERAKR/N, EATE kBERLIEFER, FERMAHERNEE
RTHEREA slot &BRgiipE, Z3K:
ho(k) # 0 (HEAEES 0, BRRMEL)
ha (k) FIRAIAN m BIR.
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eEEs

#include<stdio.h>

#include<stdlib.h>
#include<string.h>
#include<limits.h>

#define HASH_NULL_KEY 2100 // S —MHERME, HTERonmaRb sl CRED

[/ E AR R
typedef struct node {
int key; // Tt
int value; // f/i#fE
} Node;

// SIS A R 451
typedef struct hash_os {

int size; [/ WEARRKAN (REHE

Node *sTots; // TERET A

int (*hash_function) (int, int); // T skEdest

int (*hash_function2) (int, int); // kWA EEdRE (T XUEA)
} Hash_oA;

// WG AR
void hash_init(Hash_OA **T, int size, int (*hl)(int, int), int (*h2)(int, int)) {

Hash_OA *tmpT = malloc(sizeof(Hash_0A)); [/ HVGA KGRI AT
tmpT->size = size; // VLB RKAN
tmpT->slots = malloc(sizeof(Node) * size); [/ REEUEE S TN AE
for (int i = 0; i < size; i++) // WG FE RS
tmpT->slots[i].key = HASH_NULL_KEY;

tmpT->hash_function = hil; // VLB ERGA R
tmpT->hash_function2 = h2; // WB IR R

*T = tmpT; // BHVEARIRE

// EEWGAR
void hash_make_empty(Hash_0A *T) {
for (int i = 0; 1 < T->size; i++) // A R
T->slots[i].key = HASH_NULL_KEY; // BRI N

// N B A X
// REUE: 1 RoREUAEAN, 2 RoREH T OAR, 0 RRBAERCHE
int hash_insert(Hash_OA *T, int key, int value) {

int hash_1 = T->hash_function(key, T->size); // W EWE R BT EAYIG RS
int hash_2 = T->hash_function2(key, T->size); // fER RS AR K
int i = 0; // TEMRE

/7 fE RS A A 5
while (T->slots[(hash_1 + i * hash_2) % T->size].key != HASH_NULL_KEY) {
// SRR BAHE R, SR HE
if (T->slots[(hash_1 + i * hash_2) % T->size].key == key) {
T->sTots[(hash_1 + i * hash_2) % T->size].value = value;
return 2; // #COAAE, HHHHE
}
s/ BRI A

if (i == T->size) // WRRMKBUERIEARKAD, FoRBARCH
return 0;

// WURIRBERE, A

T->slots[(hash_1 + i * hash_2) % T->size].key = key;
T->slots[(hash_1 + i * hash_2) % T->size].value = value;
return 1; // RIhHEAN

[/ RERHRETLE A



// REE: 1 RoREAETE, 0 RREEAIELE
int hash_contain(Hash_0A *T, int key) {

int hash_1 = T->hash_function(key, T->size);
int hash_2 = T->hash_function2(key, T->size);

int i = 0;

// R E AR

// SRR R BT I R 5
// RS R R B REK
// HEMRE

while (T->slots[(hash_1 + i * hash_2) % T->size].key != key) {

ity // WIS

if (0 == T->size) // WRFEMKECERGHRRA, TR

return O;

return 1; // $8471E

// PSR E

// RIEME: EEXTNAE; WREARTELE, RE INT_MAX

int hash_find(Hash_OA *T, int key) {

int hash_1 = T->hash_function(key, T->size);
int hash_2 = T->hash_function2(key, T->size);

int i = 0;

[/ IS A A R

// SR R EOT A R 5
// SR =R B RO
// EMRE

while (T->slots[(hash_1 + i * hash_2) % T->size].key != key) {

// IRIEF Y, FOREAAE

if (T->slots[(hash_1 + i * hash_2) % T->size].key == HASH_NULL_KEY)

return INT_MAX;
A+; /7 BRI

if (i == T->size) // WRRMNRBUEREARRA, RREAE

return INT_MAX;

// BEHREIRE

return T->slots[(hash_1 + i * hash_2) % T->size].value;

/] RETRE AR NAF

void hash_free(Hash_OA **T) {
if (*T == NULL) return;
hash_make_empty (*T);
free((*T)->slots);
free((*T));
*T = NULL;

// FTENRGAE RN ES
[/ BRE AR, RREARNTAE KN
char *hash_print(Hash_oA *T) {
int i, len;
char *output, buffer[50];
len = 36 * T->size + 2;
output = malloc(sizeof(char) * len);
memset(output, 0, sizeof(char) * Ten);
for (i = 0; i < T->size; i++) {

if (T->slots[i].key == HASH_NULL_KEY)

sprintf(buffer, "%d:\n", i);
else

//
//
//
//
//

//
//
//
//
//
//
/7

WA RN, HER
THEEMA RN
BB N F

RIS A R AN AT

B IRE 2

Al S5 A R AR BE
i T R A
HIsRAC S A e
I3 A A
SRR
FATENREIZR 5]

I RAMAN g2

sprintf(buffer, "%d:(%d)%d\n", i, T->slots[i].key, T->slots[i].value); // FIEIFEIIH %

strcat(output, buffer);
}

return output;

//

//

ELEE SENEIE TR SRS

I8 [l H 4%
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self study

6.4 BIg%

Rehashing

Rehashing RIS ZRAT—MEIET RIGI, EERTRRIGHRTIHE PRGNS AREFIBRARR. S5HRAHET (
o = L) BESREARLEN, BWHERREY SHERSETRAFAHERS, X MIEHRA Rehashing,

%
5

1.8 S MURREANIRER (BERFERA/NMI2 M) .
2. BT BIRRAERTAEN T RENT R R EFBAZERET.
3. EHEIA: BIRHRERS | BIEAERER.

e

#include <stdio.h>
#include <stdlib.h>
#include <string.h>

#define INITIAL_CAPACITY 8 // WIthMA £ K/
#define LOAD_FACTOR 0.75 // f#H 1

// VEAE AT L
typedef struct Node {

char *key;

int value;

struct Node *next;
} Node;

/] WAL

typedef struct HashTable {
Node **buckets;
int capacity;
int size;

} HashTable;

// BIET

Node *create_node(const char *key, int value) {
Node *node = (Node *)malloc(sizeof(Node));
node->key = strdup(key) ;
node->value = value;
node->next = NULL;
return node;

// B R

HashTable *create_table(int capacity) {
HashTable *table = (HashTable *)malloc(sizeof(HashTable));
table->buckets = (Node **)calloc(capacity, sizeof(Node *));
table->capacity = capacity;
table->size = 0;
return table;

// Ve R
unsigned int hash_function(const char *key, int capacity) {
unsigned int hash = 0;
while (*key) {
hash = (hash * 31) + *key++;
}

return hash % capacity;


af://n2563
af://n1543

// TENBAEXT
void insert(HashTable *table, const char *key, int value);

// Rehashing %

void rehash(HashTable *table) {
int old_capacity = table->capacity;
Node **old_buckets = table->buckets;

// AR RAH R

int new_capacity = old_capacity * 2;

table->buckets = (Node **)calloc(new_capacity, sizeof(Node *));

table->capacity = new_capacity;

table->size = 0;

// ER, XHE table->buckets #&H 7 HAMYAFAHEE, AMRERNFARBSNEE T . EFRIRFED Efreefik AL,
{HAEXHAME BB A, Frblfefi®] old_buckets B, R GIdEE, UABREHIT L2 Eifree

// BEHFHEANAIAGER
for (int i = 0; i < old_capacity; i++) {
Node *node = old_buckets[i];
while (node) {
insert(table, node->key, node->value);
Node *temp = node;
node = node->next;
free(temp->key) ;
free(temp);

free(old_buckets);

// FENEEXT
void insert(HashTable *table, const char *key, int value) {
// KEREHHE Rehashing
if ((float) (table->size + 1) / table->capacity > LOAD_FACTOR) {
rehash(table);

// EMEAE
unsigned int index = hash_function(key, table->capacity);
Node *node = table->buckets[index];

// RWERT R
while (node) {
if (strcmp(node->key, key) == 0) {
node->value = value; // Hil

return;
}
node = node->next;
}
// TN A

Node *new_node = create_node(key, value);
new_node->next = table->buckets[index];
table->buckets[index] = new_node;
table->size++;

// BIREEX

int search(HashTable *table, const char *key, int *value) {
unsigned int index = hash_function(key, table->capacity);
Node *node = table->buckets[index];

while (node) {
if (strcmp(node->key, key) == 0) {
*value = node->value;



return 1; // &%
}

node = node->next;

return 0; // K43F|

// FTENMG AR
void print_table(HashTable *table) {
for (int i = 0; i < table->capacity; i++) {
printf("Bucket %d: ", 1i);
Node *node = table->buckets[i];
while (node) {
printf("(%s, %d) -> ", node->key, node->value);
node = node->next;
}
printf("NULL\N");

// BEREAR
void free_table(HashTable *table) {
for (int i = 0; i < table->capacity; i++) {
Node *node = table->buckets[i];
while (node) {
Node *temp = node;
node = node->next;
free(temp->key) ;

free(temp);
}
}
free(table->buckets);
free(table);
}
// FERBOHK

int main(Q) {
HashTable *table = create_table(INITIAL_CAPACITY);

insert(table, "keyl", 10);
insert(table, "key2", 20);
insert(table, "key3", 30);
insert(table, "key4", 40);
insert(table, "key5", 50);
insert(table, "key6", 60);

printf("Before Rehashing:\n");
print_table(table);

// FEANEZuEMK Rehashing
insert(table, "key7", 70);
insert(table, "key8", 80);

printf("\nAfter Rehashing:\n");
print_table(table);

// BRITE
int value;
if (search(table, "key3", &value)) {
printf("\nFound key3 with value: %d\n", value);
} else {
printf("\nkey3 not found\n");

// BEREAR
free_table(table);



return O;

malloc RDEHRTF, TR,

calloc DERFESBENFHIHREAE.

IR, BEEERRE, IRRRETTERIRERMNT, EANRNANKRE, MROANET. RLAER insert 75i5——E#tEIGH

FHEN, MABEERE copy REINMAA.

LA self-study

If you are interested in this topic, you can continue to search for the terms

1. Random probing
2. Extendible hashing

3. Application of Hash Table: Cryptography (e.g. checksum, password encoding)

7. 14

LS|

The tree structure means a branching relations between nodes.

A finite set T" of one or more nodes such that

e There is one specially designed node called the root of the tree

e The remaining nodes are partitioned intom > 0 disjoint sets 17,

subtrees)

7.1 Kif

Tree Terminology

Terminology
Root RT3
Subtree ¥

Degree &

Leaf (Terminal node)
HFHR (EiHTR)

Internal node (Non-
terminal node)
WET R (AFERIRTR)

Height BE
Depth (Level)
RE (BHR)

Parent
RIEA

Siblings
TR

Children
FPR

..., T, and each of these is a tree (I’; are called

Meaning Example
The distinguished node of the tree A
The tree partitioned by any internal nodes {C, H}
The number of subtrees of a node deg(A) =4
Nodes of degree 0 D,FHILLK
Nodes of non-zero degree A B CEG
The height of leaves is zero. The height of a parent is greater
& ‘he neig P & height(C) = 1
than that of its children by 1
The root has depth 0. The depth of a child is greater than that
. depth(C) =1
of its parent by 1
BEEAEHE EHRRHER parent(F) = B

EEHERXTRIE A sibling(B) = {C, D, E}

BEAETNSITR child(A) = {B, C, D, E}
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Terminology Meaning

Grandparent — R
s RO TRAOPER
TR
Grandchild . .
s RESTRAHA

Path
A sequence of node in which ny, is the ancestor of n. 1

BR1R
A R
";ﬁe;gm M (1) B (n_2) SR, (1) & (n_2) B85
Descendant .
M (1) B (n2) FERR, (n22)2(n_1)BER

B

di. 45

o I G )

b A4
7.2 93

Types of Tree

@ =X

Binary tree: each node has at most 2 children, BN R&RZE 2 1M FPhR
Full Binary Tree

WX R FTRS, BANTRIEE 2 MR

Complete Binary Tree
TEZXIN: BRTREE, B EHER R ETRNEREH.
AILIERSRE—EA—E#HIH_ .

Property of Complete Binary Tree

MR n MRNTEZXN, NEET, NEFRETRRS.

o Ifi =1, ¥/ root, no parent, otherwise, Parent (i) = L%j

o If2i > n, TRGHRAE left child, otherwise, Lchild (i) = 24
o If2i + 1 > n, BRRAE right child; otherwise, Rehild(i) = 2i + 1

Example
grandparent(F) = A

grandchild(A) = {F, G,
H, I}

path(B, K) ={B, G, K}
ancestor(G) = {A, B}

descendant(G) = {J, K}
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Full Binary Tree
X
e Def 1: A binary tree of depth k, with 2% — 1 nodes (77).

k
" . _9k+1
B Y 2 = A =2k 1
i=0

MFEaEg: 2"
BT s 28 — 1

e Def 2: Any parent node in the binary tree has 0 or 2 children.
BARMFPR, BEABRMFIR

In other words, BE_XMFBNAEBLTREBERNTFIR, BIREBEAMHTR

Complete Binary Tree
e X

e Abinary tree in which every level, except possibly the last, is completely filled, and all nodes in the last level are as far
left as possible

FEEHHTLER, RERE—BNTRATYTSIER, EeiIVANERAIESHS (WNEEGE)

OF:F ]

Search tree: each node has a (unique) key, descendants on the left has smaller key, while descendants on the right has

larger key, BMPRE— (E—HY) B, CANENERNE, GUNERNERAIE

® FiEtH
Balanced tree: the height of the tree maintains automatically after each insertion or deletion. The height of all subtrees

of a node can at most differ by 1, WHEEESEASMIREEDER. — M HRNFIBEFHNEERSIEE 1

@ tRiY

Rooted tree: a tree contains a root, MBS —METIR

© BFH

Ordered tree: the relative order of the subtrees is important (i.e. left subtree and right subtree has different meaning),

FRAENIIFREE (EFRIAFRERRNEN)
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© ZFFR

Oriented tree: the opposite of ordered tree: S5HFHER

7.3 RS

Atree is a collection of nodes with parent-child relations in a hierarchical manner without any cycles
Operations

e Search(nodeN): To search for nodeN in the tree

e Add(nodeP, nodeN): To add nodeN as children to the nodeP, if possible

e Remove(nodeN): To remove nodeN from the tree

e GetParent(nodeN), GetChildren(nodeN), GetSibling(nodeN): To get the parent/children/siblings of the nodeN

e Traverse(): To go through all elements of the whole tree

Left-child Right-sibling implementation

e Each node contains (key, value) pair, pointer for first child and pointer for next sibling


af://n2639
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typedef struct node {
int data;

struct node *next;
struct node *child;
} Node;

// init a Node
Node* init_node(int data) {
Node *tmp = malloc(sizeof(Node));
tmp->next = NULL;
tmp->child = NULL;
tmp->data = data;
return tmp;

Node *addSibling(Node *n, int data){
if (n == NULL)
return NULL;

while (n->next != NULL)
n = n->next;

n->next = init_node(data)
return n->next;

Node *addChild(Node * n, int data){
Node *tmp;
if (n == NULL) return NULL;
// Check if child Tlist is not empty
if (n->child != NULL){
tmp=addSibling(n->child, data);
return tmp;
}else{
n->child = init_node(data)
return n->child;

Left-child, right-child implementation

e Each node contains (key, value) pair, pointer for left child and right child

e For general tree, it is modified as list of pointers for all its children



LCHILD R CHILD

RIS
Array implementation (binary tree only)

e Root is stored at 0-th position

e Children of 2-th node are 2¢ + 1-th node and 27 + 2-th node

Heap 5718,

7.4 BB

The algorithms for walking through a rooted and ordered tree

These methods to examine the nodes of the tree systemically so that each node is visited exactly once

@ HIFFER

Preorder Traversal

e Visit the root
e Traverse the left subtree

e Traverse the right subtree

@ HFER

Inorder Traversal

e Traverse the left subtree
e Visit the root

e Traverse the right subtree
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(Only applicable to binary tree)

ERERTFHE.

® BFiER

Postorder Traversal

e Traverse the left subtree
e Traverse the right subtree

e Visit the root

Preorder

+ 8,3,1,6,4,7,10,14, 13
Postorder

e 1,4,7,6,3,13,14,10,8
Inorder

 1,3,4,6,7,8,10,13,14

Inorder Traversal with Stack

FFHNTE.

7.5 JLHS%

@ *ZRiEF=H

Binary Search Tree

BERER

Each node in the binary tree is assigned a key

For every node with key k, the values of all the keys in its left subtree are smaller than k, and the values of all the keys in its
right subtree are larger than k

Binary search tree is also a rooted and ordered tree

Application: tree sort
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#include <stdio.h>
#include <stdlib.h>

[/ €SN R

typedef struct Node {
int data;
struct Node* Tleft;
struct Node* right;

} Node;

// BUEE— AT
Node* createNode(int data) {
Node* newNode = (Node*)malloc(sizeof(Node));
newNode->data = data;
newNode->Tleft = NULL;
newNode->right = NULL;
return newNode;

// TN
Node* insertNode(Node* root, int data) {
if (root == NULL) {
return createNode(data); // nSm =S, GIEH A

if (data < root->data) {

root->left = insertNode(root->left, data); // A/ [Hf
} else if (data > root->data) {

root->right = insertNode(root->right, data); // ffiAfi [H

}
return root; // iR[EIARTY AT
}
// BHATR
Node* searchNode(Node* root, int data) {
if (root == NULL || root->data == data) {
return root; // RENT HEEAM T A
}
if (data < root->data) {
return searchNode(root->left, data); // fi/c ik
} else {
return searchNode(root->right, data); // 4 [#ffadk
}
}
// W

void inorderTraversal (Node* root) {
if (root == NULL) {
return;

inorderTraversal (root->left); // )i/ M
printf("%d ", root->data); // S 4R
inorderTraversal (root->right); // ili4 /i



@ Fixz

Expression Tree

It represents an arithmetic expression or a boolean expression
All internal nodes are operations, while all leaves are values

Expression tree for arithmetic expression is an ordered and rooted tree, while that for boolean is an oriented and rooted tree
#include <stdio.h>

#include <stdlib.h>
#include <ctype.h>

[/ &SRR

typedef struct Node {
char data; // RN BAERFEERIES
struct Node *Tleft; /] TR
struct Node *right; // BT

} Node;

// BIEF A
Node* createNode(char data) {
Node* newNode = (Node*)malloc(sizeof(Node));
newNode->data = data;
newNode->Teft = NULL;
newNode->right = NULL;
return newNode;

/] RA R NERAERF
int isoperator(char c) {
return (c == "' [ ¢=="-" || c="*" || ¢ == "/");

+

// WHEFEA ONFHRIERD

Node* constructTree(char postfix[]) {
Node* stack[100]; // AIECHEHIAL
int top = -1;

for (int i = 0; postfix[i] != '"\O'; i++) {
char ¢ = postfix[i];

if (isoperator(c)) {
// RS, SR AT AR N T
Node* right = stack[top--];
Node* left = stack[top--];
Node* newNode = createNode(c);


af://n1716

newNode->left = Teft;

newNode->right = right;

stack[++top] = newNode; // M4BTt s AL
} else if (isalnum(c)) {

// WRGRERAEEL BRI SO

stack[++top] = createNode(c);

// FRING R By ik =R AR 5 A
return stack[top];

// R (AR ERIE D
void inorderTraversal(Node* root) {
if (root != NULL) {

[/ WMHSREAERE, WINES
if (isoperator(root->data)) printf("(");
inorderTraversal(root->left);
printf("%c", root->data);
inorderTraversal (root->right);
if (isoperator(root->data)) printf(")");

// R (ARG HEREFD
void postorderTraversal(Node* root) {
if (root != NULL) {
postorderTraversal(root->left);
postorderTraversal(root->right);
printf("%c", root->data);

// KA GBIFTHHERIEARED
int evaluate(Node* root) {
if (root == NULL) return 0;

// MR (RO, REIHAA
if (!isoperator(root->data)) {
return root->data - '0'; // fEAEEUR RAECS

// VAR A TR
int leftval = evaluate(root->Tleft);
int rightval = evaluate(root->right);

[/ WRAEBRIER AR

switch (root->data) {
case '+': return Tleftval + rightval;
case '-': return Teftval - rightval;
case '*': return Tleftval * rightval;
case '/': return Tleftval / rightval;

return 0;



® *B
B-Tree
HRER

0, Assignment 3

B-Tree is a generalization of binary search tree to multiple children

TR REEIZ children

B-Tree is a self-balancing rooted search tree

ERECEREEN T

Application: Databases, file systems

48 50 79 128 | 140 168 | 200 270 | 290
/ v \ / \ \
105 | 17 120 145 250 | 264 269 300 | 320 | 439
iR :
2. This question is about the B-tree, with m = 3. (20%)
10 | 30
5 20 40 | 60
3 7 15 25 33 | 37 45 | 50 61 | 62

a. Show the results of inserting 9 into the original B-tree

b. Show the results of inserting 72 into the original B-tree.

c. Show the results of deleting 20 from the original B-tree.

d. Show the results of deleting 40 from the original B-tree.

Note: The four parts are independent. You should perform the action based on the

original B-tree.
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Because there are multiple possible implementations for insertion and deletion in B-
trees (such as choosing the largest predecessor or the smallest successor, choosing the
left sibling or the right sibling), the combination of these choices results in even more
possible answers. Therefore, I will first limit the implementation in my answer to ensure
uniqueness (see the parts marked in red).

According to the lecture and online information, the main logic of B-tree is as follows:

1. For an m-order B-tree, every node has at most m children (and m-1 keys). A non-

leaf node with k children contains k-1 keys. The root has at least 2 children and 1

key (if it is not a leaf node). Non-root-and-non-leaf nodes must have at least [m/2]

children and [m/2] - 1 keys. Leaf nodes must have at least [m/2] - 1 elements but

without children. All leaves appear in the same level.

2. For the insert operation, first, follow the rules to reach a leaf node and insert the

key. If there is no overflow in the node being inserted, the process ends normally.
If overflow occurs (more than m-1 keys after insertion), the middle key ([m/2]) moves

up to the parent node, and the node (being inserted) splits into two. Note that the

parent node might also overflow, in which case the process of "moving the middle key



up and splitting" repeats (of course, the subtrees also split evenly). If overflow
continues up to the root node, the middle key (of the root) moves up to become the new
root (increasing the tree height), and the original root node splits.

3. For the delete operation, when deleting a key from a non-leaf node, convert it to
deleting a key from a leaf node: find its largest predecessor/smallest successor,
replace the key (to be deleted) with the largest predecessor/smallest successor, and
then delete the largest predecessor/smallest successor from its original position.
Here in my solution, I just use the smallest successor for implementation (Otherwise,
there would be too many possible answers, but not much significance).

For deletion of a key from a leaf node, if there is no underflow after deletion, the

process ends normally. If underflow occurs (fewer than [m/2] - 1 keys after deletion),
consider two scenarios:

The first scenario is to check if there are any keys that can be borrowed from the
left or right sibling nodes of the underflowing node. Determine if borrowing is

possible by checking if the sibling node will not underflow after being borrowed a
key from. If a borrowable sibling exists (For my answer, prioritize the left sibling; 1f
the left cannot lend, check the right sibling; if neither can lend, proceed to the second
scenario), move the key from the parent node, which is between the current
(underflowing) node and the sibling node, into the underflowing node. Then, move

the borrowed key from the sibling (the largest key from the left sibling or the smallest
from the right sibling) into the position of the moved key in the parent node.

The second scenario occurs when neither sibling can lend (borrowing would cause

them to underflow), thus, consider merging. You can merge with either the left or right
sibling (For my answer, prioritize the left sibling; if no left sibling, merge with the right
sibling). If merging with the left sibling, find the key in the parent node between the
current (underflowing) node and the merging sibling node (left sibling), move it into
the left-sided node (left sibling), and then merge. If merging with the right sibling, find
the key in the parent node between the current (underflowing) node and the merging
sibling node (right sibling), move it into the left-sided node (the current underflowing
node), and then merge.

If the parent node underflows due to a reduction in keys, then reconsider the two
scenarios for this parent node. Note that if a key is borrowed from a sibling node, the
subtree corresponding to that key must also be moved to the corresponding position of
the current underflowing node to maintain the properties of the B-tree.



#include <stdio.h>
#include <stdlib.h>
#include <stdbool.h>

// BRI /NER (AT RO E -1 KT, BEE2t-11KEE)
#define T 3

// BRI R
typedef struct BTreeNode {

int keys[2 * T - 17; [/ REETHUH

struct BTreeNode* children[2 * T]; // - iilidabr4u4l
int n; // EWTRE T E
bool Tleaf; [/ BT A

} BTreeNode;

// BUEE—ASHBAR Y A
BTreeNode* createNode(bool Teaf) {
BTreeNode* node = (BTreeNode*)malloc(sizeof(BTreeNode));
node->leaf = leaf;
node->n = 0;
for(int i =0; i <2 * T; i++) {
node->children[i] = NULL;
}

return node;

// TETTEXPIE AT SRR BT sy
void insertNonFull(BTreeNode* x, int key);
void splitChild(BTreeNode* x, int i, BTreeNode* y);

// BWFEA
void insertBTree(BTreeNode** root, int key) {
BTreeNode* r = *root;

if (r->n =2 * T -1) {
// AR, BUEETR
BTreeNode* s = createNode(false);
*root = s;
s->children[0] = r;
splitchild(s, 0, r);
insertNonFull(s, key);

}
else {

insertNonFull(r, key);
}

/] ARTAAY, TRAXTF Ay RS

void splitChild(BTreeNode* x, int i, BTreeNode* y) {
BTreeNode* z = createNode(y->Teaf);
z->n =T -1;

// KyRIET-14 7 i 3z
for(int j = 0; j < T-1; j++) {
z->keys[j] = y->keys[j + T1;

// Wy AR AL WERYRETA T RSz
if (ly->leaf) {
for(Cint j =0; j < T; j++) {
z->children[j] = y->children[j + T];

y->n = T -1;



[/ XTI sz

for(int j = x->n; j >= i+l; j--) {
x->children[j+1] = x->children[]];

}

x->children[i+1] = z;

// By s BT #X

for(int j = x->n -1; j >=1; j--) {
x->keys[j+1] = x->keys[j];

}

x->keys[i] = y->keys[T-1];

X->n += 1;

// TEAEHT Ax i A key
void insertNonFull(BTreeNode* x, int key) {
int i = x->n -1;

if (x->leaf) {
// HEHANALE
while (i >=0 && key < x->keys[i]) {
x->keys[i+1] = x->keys[i];
i--;

}
x->keys[i+1] = key;
X->n +=1;
}
else {
[/ ENFA R
while (i >=0 && key < x->keys[i]) {
1==5
}
i +=1;
if (x->children[i]l->n == 2 * T -1) {
splitchild(x, i, x->children[i]);
if (key > x->keys[i]) {
++;
}
}
insertNonFull(x->children[i], key);
}

// BWHZE

BTreeNode* searchBTree(BTreeNode* x, int key)
int i =0;
while (i < x->n & key > x->keys[i]) {

T++;

3

if (i < x->n && key == x->keys[i]) {
return x;

}

if (x->leaf) {
return NULL;

}

return searchBTree(x->children[i], key);

// TP B
void traverseBTree(BTreeNode* x) {
int 1i;
for(i =0; i < x->n; i++) {
if (Ix->leaf) {
traverseBTree(x->children[i]);
3
printf("%d ", x->keys[i1);



if (Ix->leaf) {
traverseBTree(x->children[i]);

@ {dREH

Splay Tree

self study

SRS

A binary tree in which we move more used nodes towards the root, a process called "splaying"

BRpE—PRE, SEE—FIIEEERPERZT R PR ZINARES, XFTLMRERIDHET REREKINE, MR
& TR RERERIEERERE.

Splay tree is a self-balancing binary search tree
B ERN

Application: Caches, Garbage Collection Algorithms

#include <stdio.h>
#include <stdlib.h>

[/ & SRR BT A
typedef struct SplayNode {

int key;

struct SplayNode *left, *right;
} splayNode;

// BRI R
SplayNode* createNode(int key) {
SplayNode* node = (SplayNode*)malloc(sizeof(SplayNode));
node->key = key;
node->left = node->right = NULL;
return node;

// HiERAE
SplayNode* rightRotate(SplayNode* x) {
SplayNode* y = x->left;
x->left = y->right;
y->right = x;
return y;

// AR
SplayNode* TeftRotate(SplayNode* x) {
SplayNode* y = x->right;
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x->right = y->left;
y->left = x;
return y;

// BBEAE, K key XFRIRT A TEEE B
SplayNode* splay(SplayNode* root, int key) {
if (root == NULL || root->key == key)
return root;

// key fEKFR
if (key < root->key) {
if (root->Tleft == NULL)
return root;

// zig-zig (kEK)
if (key < root->left->key) {
root->left->left = splay(root->left->left, key);
root = rightRotate(root);
}
// zig-zag (kAi)
else if (key > root->left->key) {
root->left->right = splay(root->left->right, key);
if (root->left->right != NULL)
root->Tleft = leftRotate(root->left);
}
return (root->left == NULL) ? root : rightRotate(root);
}
// key fEAiTHrR
else {
if (root->right == NULL)
return root;

// zag-zig (#i7%)
if (key < root->right->key) {
root->right->left = splay(root->right->left, key);
if (root->right->Teft != NULL)
root->right = rightRotate(root->right);
}
// zag-zag (HH)
else if (key > root->right->key) {
root->right->right = splay(root->right->right, key);
root = leftRotate(root);
}

return (root->right == NULL) ? root : leftRotate(root);

// TENEAE
SplayNode* insert(SplayNode* root, int key) {
if (root == NULL)
return createNode(key);

root = splay(root, key);

if (root->key == key)
return root;

SplayNode* newNode = createNode(key);

if (key < root->key) {
newNode->right = root;
newNode->left = root->left;
root->Teft = NULL;

} else {
newNode->left = root;
newNode->right = root->right;
root->right = NULL;



return newNode;

// MRS
SplayNode* deleteNode(SplayNode* root, int key) {
if (root == NULL)
return NULL;

root = splay(root, key);

if (root->key != key)
return root;

SplayNode* temp;

if (root->left == NULL) {
temp = root->right;

} else {
temp = splay(root->Tleft, key);
temp->right = root->right;

free(root);
return temp;

// BEARIRME
SplayNode* search(SplayNode* root, int key) {
return splay(root, key);

// R T EDRY
void inorder(SplayNode* root) {
if (root != NULL) {
inorder(root->left);
printf("%d ", root->key);
inorder(root->right);

// REIBO I A A7
void freeTree(SplayNode* root) {
if (root != NULL) {
freeTree(root->left);
freeTree(root->right);
free(root);

® aEH
Red Black Tree
self study
Every node is colored either red or black
The root and all leaves are black
If the node is red, its children must be black

Every path from a node to a NULL pointer contains the same number of black nodes
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RB-Tree is a self-balancing binary search tree
B SRR
PISEHIARN AVL A78S, EIEIRRERRE T AVL . (BREABBRESR
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T RMAEN IR L BB RN S T BRI

#include <stdio.h>
#include <stdlib.h>

[/ € SULL BT B
typedef enum { RED, BLACK } Color;

// LR R
typedef struct RBTreeNode {

int key;

color color;

struct RBTreeNode *Teft, *right, *parent;
} RBTreeNode;

// &J& NIL g ((REZT LD
RBTreeNode* NIL;

// WAL NIL 55

void initializeNIL() {
NIL = (RBTreeNode*)malloc(sizeof(RBTreeNode));
NIL->color = BLACK;
NIL->Teft = NIL->right = NIL->parent = NULL;

// BRI

RBTreeNode* createNode(int key) {
RBTreeNode* node = (RBTreeNode*)malloc(sizeof(RBTreeNode));
node->key = key;
node->color = RED; // HHEAMIT AERYCNA G (LEd K [H 15D
node->left = node->right = node->parent = NIL;
return node;

// Tl
void TeftRotate(RBTreeNode** root, RBTreeNode* x) {
RBTreeNode* y = x->right;
x->right = y->left;
if (y->Teft != NIL)
y->left->parent = x;
y->parent = x->parent;
if (x->parent == NIL)
*root = y;
else if (x == x->parent->left)
x->parent->left = y;
else
x->parent->right = y;
y->left = x;



x->parent = y;

// FilE
void rightRotate(RBTreeNode** root, RBTreeNode* y) {
RBTreeNode* x = y->Tleft;
y->left = x->right;
if (x->right != NIL)
x->right->parent = vy;
X->parent = y->parent;
if (y->parent == NIL)
*root = X;
else if (y == y->parent->left)
y->parent->Tleft = x;
else
y->parent->right = x;
x->right = y;
y->parent = X;

// HEANESE
void insertFixup(RBTreeNode** root, RBTreeNode* z) {
while (z->parent->color == RED) {
if (z->parent == z->parent->parent->Tleft) {

RBTreeNode* y = z->parent->parent->right; // U

if (y->color == RED) { // Case 1: HUFUZEZ (1
z->parent->color = BLACK;
y->color = BLACK;
z->parent->parent->color = RED;
z = z->parent->parent; // |8 1{&E

} else {
if (z == z->parent->right) { // Case 2: z 2RIV AMA 7

z = z->parent;
leftRotate(root, z);

3
// Case 3: z AR AL T A
z->parent->color = BLACK;
z->parent->parent->color = RED;
rightRotate(root, z->parent->parent);

}

} else {

RBTreeNode* y = z->parent->parent->left; // FUBUTT A

if (y->color == RED) { // Case 1: FURUZZ (4
z->parent->color = BLACK;
y->color = BLACK;
z->parent->parent->color = RED;

z = z->parent->parent; // 7125
} else {
if (z == z->parent->Tleft) { // Case 2: z RRIAME T A

z = z->parent;

rightRotate(root, z);
}
// Case 3: z &R AMIAF A
z->parent->color = BLACK;
z->parent->parent->color = RED;
leftRotate(root, z->parent->parent);

}
}
}
(*root)->color = BLACK; // M7 fihe e
}
// TN

void insert(RBTreeNode** root, int key) {
RBTreeNode* z = createNode(key);
RBTreeNode* y = NIL;
RBTreeNode* x = *root;



while (x !'= NIL) {
Yy = X;
if (z->key < x->key)
x = x->left;

else
X = X->right;
}
z->parent = y;
if (y == NIL)
*root = z;

else if (z->key < y->key)
y->left = z;

else
y->right = z;

z->left = z->right = NIL;
z->color = RED;

insertFixup(root, z);

// WREsE
void deleteFixup(RBTreeNode** root, RBTreeNode* x) {
while (x != *root &% x->color == BLACK) {
if (x == x->parent->Tleft) {
RBTreeNode* w = x->parent->right;
if (w->color == RED) { // Case 1: W4t
w->color = BLACK;
X->parent->color = RED;
leftRotate(root, x->parent);
w = x->parent->right;
}
if (w->Teft->color == BLACK && w->right->color == BLACK) { // Case 2: U115 falb/t i
w->color = RED;
X = X->parent;
} else {
if (w->right->color == BLACK) { // Case 3: WML T NRALMD, FTHHRtE M
w->left->color = BLACK;
w->color = RED;
rightRotate(root, w);
w = x->parent->right;
}
// Case 4: WBHIA T AEAAE
w->color = x->parent->color;
x->parent->color = BLACK;
w->right->color = BLACK;
leftRotate(root, x->parent);
X = *root;
}
} else {
RBTreeNode* w = x->parent->Tleft;
if (w->color == RED) { // Case 1: Wl#jiz(s
w->color = BLACK;
X->parent->color = RED;
rightRotate(root, x->parent);
w = x->parent->Tleft;
}
if (w->right->color == BLACK && w->Teft->color == BLACK) { // Case 2: Wil 15 fial it it
w->color = RED;
X = X->parent;
} else {
if (w->Teft->color == BLACK) { // Case 3: Wai4 71
w->right->color = BLACK;
w->color = RED;
leftRotate(root, w);
w = x->parent->Tleft;

-
z
&
Bt
-
=
S|
=

3
// Case 4: SLAHIET R4t



w->color = x->parent->color;

X->parent->color =

BLACK;

w->left->color = BLACK;

rightRotate(root, x->parent);

X = *root;
}
}
}
x->color = BLACK;
}
// B

void rbTransplant(RBTreeNode**
if (u->parent == NIL)
*root = v;

root,

else if (u == u->parent->left)
u->parent->left
else

= V;

u->parent->right = v;

v->parent = u->parent;

// MR KL

RBTreeNode* u, RBTreeNode* v)

void deleteNode(RBTreeNode** root, int key) {

RBTreeNode* z = *root;
RBTreeNode* vy;
RBTreeNode* x;

1 A

// EEIREMIR I

while (z !'= NIL & z->key != key) {

if (key < z->key)
z = z->left;
else

z = z->right;

if (z == NIL) {

printf (" %d AAfFfE! \n", key);

return;

y =2;

Ccolor yoriginalColor =
if (z->left == NIL) {
z->right;

y->color;

X =

rbTransplant(root, z, z->right);

} else if (z->right == NIL) {

x = z->left;

rbTransplant(root, z, z->left);

} else {
y = z->right;
while (y->left != NIL)

y = y->left;
yoriginalcolor = y->color;
X = y->right;
if (y->parent == z)

x->parent = y;
else {

rbTransplant(root, y, y->right);

y->right = z->right;
y->right->parent = y;

}

rbTransplant(root, z, y);

y->left = z->left;

y->left->parent = y;

y->color = z->color;



free(z);

if (yoriginalcColor == BLACK)
deleteFixup(root, x);

3

// W
void inorder(RBTreeNode* root) {
if (root != NIL) {
inorder(root->left);
printf("%d ", root->key);
inorder(root->right);

[/ FERUAL EER T
void freeTree(RBTreeNode* root) {
if (root != NIL) {
freeTree(root->Teft);
freeTree(root->right);
free(root);

® AVL #
AVL Tree

self study

" HERNNAE: MREEARSER, SERENS O(n)

The first self-balancing tree, invented by Russian scientists. We keep track of a tree's balance (difference in subtree heights)
and perform rotations when balance is off

THHFRFHERT (AFHEERAEFNESE)
AVL tree is a self-balancing binary search tree

ZOBE: A-XERNIE L, SR EEREREKE. RAE, R
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@ *H#
Heap
BERER

Tree representation

o,

(tog
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Array representation
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I 1tI1

Max Heap

5] L -
—

A max (min) heap, for any given node C, if P is the parent node of C, then P. key > C. key (P. key < C. key)
Heap is a self-balancing binary tree
Application: Heapsort, Prim's Algorithm, Dijkstra's Algorithm

TEXH: HRREE BRTRE—R) H#EHN, RE—BENTRNCRAIESER

S5”NERMNAR, #HEE MR

RAHE: 8MERIERATEFTEFIRE

RN BN ERIERNTEFTEFIRE

#include <stdio.h>
#include <stdlib.h>

#define MAX_SIZE 100 // & MMk %=

typedef struct {
int data[MAX_SIZE]; // frfifiEoca sl
int size; // HEF RN
} MaxHeap;

// WitaAHE
void initHeap(MaxHeap *heap) {
heap->size = 0;

}

// LA Gl NIAERD
void siftuUp(MaxHeap *heap, int index) {
while (index > 0) {
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int parent = (index - 1) / 2; // XA %ES5

if (heap->data[index] > heap->data[parent]) {
[/ BRI OIS A
int temp = heap->data[index];
heap->data[index] = heap->data[parent];
heap->data[parent] = temp;

// BRI

index = parent;
} else {

break;

// TAICREHE
void insert(MaxHeap *heap, int value) {
if (heap->size >= MAX_SIZE) {
printf("Heap is full!\n");
return;
}
// FHICEBEME RS
heap->data[heap->size] = value;

// PEEHELI 2 s R HEVE R
siftup(heap, heap->size);

// HERNI—

heap->size++;

// TR EEE R D
void siftDown(MaxHeap *heap, int index) {
while (2 * index + 1 < heap->size) { // W E&4 £ 10
int left = 2 * dindex + 1; // E7Tia%d
int right = 2 * index + 2; // A1 1iki#5
int largest = left; [/ AR TAT RO BRI

// WMRAFA A REKR, WHEHlargest
if (right < heap->size && heap->data[right] > heap->data[left]) {
largest = right;

// WRHET RO R TFE TR, LR
if (heap->data[index] >= heap->data[largest]) {
break;

/7 B AZ 2 T s R K1 A

int temp = heap->data[index];
heap->data[index] = heap->data[largest];
heap->data[largest] = temp;

// RS EORM T A
index = largest;

// MIBRMETICER GRIElRKE)
int deleteMax(MaxHeap *heap) {
if (heap->size <= 0) {
printf("Heap is empty!\n");
return -1;

int maxvalue = heap->datal[0]; // HTicz

// KRG — A TLR R B HETH



heap->data[0] = heap->datal[heap->size - 1];
heap->size--;

/7 VRREHE DA AL S R
siftbown(heap, 0);

return maxvalue;

// FTEERICR
void printHeap(MaxHeap *heap) {
printf("Heap: ");
for (int i = 0; i < heap->size; i++) {
printf("%d ", heap->data[i]);
}
printf("\n");

*HER
Disjoint Set

BERER.

éééé

11}, {2}, {3}, {4}, {5,6,7, 8}

Disjoint set stores a collection of non-overlapping sets
Disjoint set is a forest of rooted oriented trees

Application: Graph connectedness of undirected graph, Kruskal's minimum spanning tree Algorithm

#include <stdio.h>
#include <stdlib.h>

#define MAX_SIZE 1000 // Jh#r#Esm K5

typedef struct {

int parent[MAX_SIZE]; // FF#TEAICERMIT AT

int rank[MAX_SIZE]; [/ FEEANEEIIRE G
} UnionFind;

// WGBS BTN AiEmE T, #oN0)
void initunionFind(UnionFind *uf, int n) {
for (int i =0; i < n; i++) {
uf->parent[i] = i; // GNP AVIHLNE T
uf->rank[i] = 0;  // #4EEENO

// EIREAE CHBEEL
int find(unionFind *uf, int x) {
if (uf->parent[x] != x) {
// BIFEIRAE s, HRE BT AR AT s B AR R
uf->parent[x] = find(uf, uf->parent[x]);
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return uf->parent[x];

[/ EFEE dEREID

void unionSets(UnionFind *uf, int x, int y) {
int rootX = find(uf, x);
int rooty = find(uf, y);

if (rootX != rootY) {

// WARBREEAT &I, FRANIRHEERIRR R IR T

if (uf->rank[rootx] < uf->rank[rootY]) {
uf->parent[rootx] = rooty;

} else if (uf->rank[rootX] > uf->rank[rootY]) {
uf->parent[rootY] = rootX;

} else {
[/ WMRBARGE, FiE—ERRENIE, R ERmL
uf->parent[rootY] = rootX;
uf->rank[rootX]++;

// A CR R BIER —ANESH
int isConnected(UnionFind *uf, int x, int y) {
return find(uf, x) == find(f, y);

® BUEERY
Trie, A= gty

self study

f keys

A trie for keys "A", "to", "tea",
!ltedll’ Iltenll’ llil!’ "inll, and llinnﬂ.

Trie is used for locating specific keys within a set of keys

Trie is an oriented search tree
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Application: Dictionary representation

© REH
Suffix Tree

self study

3 1

Suffix tree for “SBANANA”

Suffix tree is a compressed trie containing all the suffixes of a given string
Suffix tree is an oriented search tree

Application: Solving longest common substring problem in linear time

8.8

Graph

8.1 EX
Graph Definition

A graph is a set of vertices plus a set of edges that connect pairs of distinct vertices (with at most one edge connecting any
pairs).

Graph Mathematical Definition

@ Agraph G = (V, E) consists of a set of vertices V' and a set of edges E
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@ Each edge is a pair (v, u), where v,u € V
® Vertex u is adjacent to vertex v if and only if (v,u) € E
@ An edge may have weight, direction

® A vertex may have weight

8.2 3%

Types of Graph

@ Directed Graph (unidirected graph): The pairs of node (edges) are ordered (or not)

@ Weighted Graph: The edge contains a third component, called as weight or cost

® Acyclic Graph: A graph contains no cycles

@ Simple Graph: No multiple edges between a pair of vertex, no edges connecting the same vertex
ZB&E, TEEHN

BRERERIFNEA, EFRRIFRAESE.

® Connected Graph: There is a path from every vertex to every other vertex in undirected graph

EEE

® Strongly Connected Graph: There is a path from every vertex to every other vertex in directed graph
SRERMSIEERE e mEHE.
SRERE: BREF, FERNER u v BFE—FM u B v BREN—FMN v 2l u NERE, izEREEEE.
S5iEE: WREERESTHREERVEETHLE, BIMEREEN, WRZERSEEE.

@ Complete Graph (Clique): A simple undirected graph in which every pair of distinct vertices is connected by a unique edge

TeE: WWiEL A

Planar Graph: A graph can be embedded in the plane, no cross among edges.

FHE: WMREETEHAFIASRRIEN, EEETRNEFE LERARY, BAXMEHE—FEE.
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8.3 BEL4SH

Graph Abstract Data Type and Data Structures

Graph Abstract Data Type
e Toimplement directed or undirected graph based on the definition of graph in graph theory
e QOperations:
o adjacent(x, y) :testwhether there is an edge from vertex  to vertex y
o neighbors(x) : list all vertices y such that there is an edge from vertex x to vertex y
o add_vertex(x) :add vertex
O remove_vertex(x) :remove vertex x
o add_edge(x, y):add edge from vertex T to vertex y
o remove_edge(x, y):remove edge from vertex x to vertex y
o get_vertex_value(x) : return the value of vertex ¢
o set_vertex_value(x, V) :setthe value of vertex =
o get_edge_value(x, y):return the value of edge (z,y)

o set_edge_value(x, y, V) :setthe value of edge (z,y)

Graph Data Structures

@ SPiEXER%

Adjacency Matrix

A two-dimensional matrix, in which the rows represent source vertices and columns represent destination vertices.

The adjacency matrix representation of a graph G consists of a [V'| x |V| matrix A = (a;;) such that
1 if(j)€E
ai]’ =
0 otherwise
o Memory requirement: O(|V|?), independent of | E|

e For undirected graph, the size of the matrix can be reduced to half (theoretically)

Adjacency Matrix Visualization

;
1] 0
20
3|0
410
5|0

undirected: FE vertices REH edge Fi 1

directed: row ¥§M column 773 1
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@ WPiER

Adjacency List

Vertices are stored as records, and every vertex stores a list of adjacent vertices.

 The adjacency list representation of a graph G consists of an array adj[] of |V] linked lists, one for each vertex
e The adjacency list adj[u] contains all the vertices v such that there is an edge (u,v) € E.
e The vertices are stored in an arbitrary order

e Memory requirement: O(|V| + |E|).

Adjacent List Visualization

Adjacent List Visualization

00“0 @ 9“0

— () (D—)
Array of nodes
4 ﬁ*/Z 5 Linked lists \ 1 |— >
2 |—* 1 —* 31— 4 —* 5 2 |—* 3 I 4
3|1 2 —> 5 3 |—* 5
4 [—1* 2 —* 5 4 |—* 5
5™ 2> 31— 4 5 |—* 2
undirected: — array LIS vertex AFSHUEE, 8@ list, B list @R51% vertex HBAYFTE vertex
R, Array hEHNEIEHETE, list BEMRTE—NE—D, —EHEEARKXE!.

Array RSB MESTEAR NULL, BEAEE—MERREE (B list AT A) .

directed: FEL, B list REEMIZ vertex Hi&, I5HEB— vertex UIS)
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® b5l
Edge List

A list of edges (linked list implementation, array implementation)

The edge list representation of a graph G consists of a list of | E| edges

For a undirected graph
o Linked list implementation is a list of a struct, i.e. pair of vertices

o Array implementation is a two-column matrix

The edges are stored in an arbitrary order

Memory requirement: O(|E]).

Edge List Visualization

Edge List Visualization

Linked list Linked list
‘ Implementation: ‘ Implementation:

Array| 1 2
Implementation:
Array 2 3
Implementation:

5 2

2 4

3|5

4|5

List B9 Node B8 —%% edge EHIFE vertices.

directed: BMNTRAEPHIFEA vertices EBFRY.

@ XEXER%F

Incidence Matrix
TEEFNSBEEEFX 5.

A two-dimensional boolean matrix, in which the rows represent the vertices and columns represent the edges.

e The incidence matrix representation of a graph G consists of a |V| x | E| boolean matrix that shows the relations
between |V| vertice and |E| edges
1 ’Lf Vi € €j
bij =
0 otherwise
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e The vertices and edges are stored in an arbitrary order
e Memory requirement: O(|V|- |E|)

e |ncidence matrix can be extended to loop structures, clusters, multigraphs, etc

Incidence Matrix Visualization

row i vertex, colomn & edge

SIF directed, HAERA -1, EASA1

8.4 BF%
Lecture 10 Graph Algorithms
Outline
e Search Algorithms
e Graph Connectedness
e Shortest Path Algorithms
e Minimum Spanning Tree
e Maximum Flow, Minimum Cut
e Maximum Bipartite Matching Problems
e Cycle Detection

e Graph Coloring

8.4.1 EEHZE

Search Problems in Graph

o o o | o
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Finish!

e There is a searcher (start position) and at least one target

e The problem is to see if the searcher can find the target in a path
e We need to ensure to explore every part of the map

e We do not retrace unnecessary steps

e Algorithms: Breadth-First Search, Depth-First Search

e Application: Maze exploration

@ *REMFER
Depth-First Search
e The strategy in depth-first search (DFS) is to search deeper in the graph whenever possible
e We explore out of the most recent discovered vertex v that still has unexplored edges leaving it

e When all v's' edges have been explored, the search backtracks to explore edges leaving the vertex from which v is
discovered.

e [f any discovered vertices remain, then one of them is selected as a new source and the search is repeated.

e The entire process is repeated until all vertices are discovered, or the termination condition is met.

1525355
At node 5, it is found that node 2 is visited

O—2—® (O—C—®
QS 0“0

1-52-53->5->4 No more new nodes are found
At node 4, it is found that node 2 is visited DFS is completed

o ® @ 6
© ® ®

Start DFS at node 1

@ *TEfkEE
Breath-First Search

e Breath-first search (BFS) is another algorithm for searching a graph

e Givenagraph G = (V, E), we pick a distinguished source vertex s, BFS systematically explores the edges of G to
discover every vertex that is reachable from s.
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e |t computes the shortest distance (smallest number of edges) from s to each reachable vertex
e Works on both directed or undirected graphs

e Breath: discovers all vertices at distance k from s before discovering any vertex at distance k + 1.

152535455
At node 2, it visit nodes 3, 4and 5

O—(—® O OmO,
0‘6 0“6

152532455 Similarly, at nodes 4 and 5, no more new
At node 3, it cannot find any new nodes nodes are found, and BFS is completed

Start BFS at node 1

(=)

® BiER

Graph Traversal

e Depth-first traversal is the generalization of pre-order traversal
o Starting at searching, and recursively traversing all neighbors of it
o eg. 12354
e Breath-first traversal is the generalization of level-order traversal
o Processing vertices in layers, vertices closest to the searcher are evaluated first
o e.g. 12345
e Time complexity for both DFS and BFS is O(|V| + | E).
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8.4.2 ERYEE
Graph Connectedness

AREREEEDE: WAFE, WHERRI.

@ *HEENA

@ Kosaraju &i%x

Kosaraju B2 —MATFEEBETKIFREESE (SCC, Strongly Connected Components) AUZMERTEIES L. — N EIEES
EE—TE, EPEEENIRZAESAIAEEZNA. KosarajuEiAL A EER MM (RAISRER o + E) ) M/ AAK

BB
1. SWREMITDFS, EENRMERA, BRAENST, £ B mS AT B NEIHE.
2. LR BESRERARRE, SRELE.
3. N E R HRIRFHTT DFS, Fra#isazlfRmEam— NaEEs E

8.4.3 RIBIEEEX

Shortest Path Algorithms

@ *Dijkstra HiXx
Dijkstra’s Algorithm

DijkstraliZ2—F 2 M RFRERERE, BT HENEFE—NRREEMAEIRHNISREREZ. CERTIMEREXER
B, (BEXKOAEIER.

ORI FLREE, SRERIAREERRRANT R, BEMAZRENREREESY, FERSZTBSHEMT RIvR
Gk

HEP—NEEEEZEF— previous [AE£:
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- 3. You are 99iG o Simuylate it s algorithm, ir

the SUERIR - Samrca 15 pode ;| SIRK IS node 3. (204,)

<, e. -" F
Frevious vector
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IVLmtax, INTaax, 2. o
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@4—%‘—-—-}(@ 20, £, 3. 2, z

3 3 Previous vertor
L=, 1, 2, 5., 5
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/ (200, 1. 4, 3, 3 9
\?/.Q_. @/—_4@2/ previowd vecter '
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!
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raypg
( | —s Previeuy vectoy
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@ *Bellman-Ford &i%

Bellman-Ford Algorithm

Bellman-Ford A2 —F2 HAVRIFRERERZE, ATHENEFENREREFEEMIRNSERS. CERTIMEREZRE

BB, FEZFERER, 2 Dijkstra BiEARNEZELNT. Bellman-Ford EiXIAEEENE R SFERIER.

B Bellman-Ford EIEETaISHEIRIE, BEM (Relaxation) FrEBAIMIE. BRRUERERTI=XBIRSRL, &
FEANTRZRIRERE, BRI RERENLL
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1. ¥08atk: & dijkstra

2. KNSRI MFERA (u, v, w) , WRBITRA u BIXTRA v WIESLLSRNERM distlv] B8, WEH distlv]
3. BEMD: ES EAMMRE v-1 0% (HP v A% | B RERESREES v-1 £

A MSMGERER: BYMATIRINSHRIE, SNRIENIAREEHENRRAIRAEEE, NEREFEGER

#include<stdio.h>

#include<stdlib.h>
#include<string.h>
#include<limits.h>

/*
You are going to implement the edge Tlist using Tinked Tist
for an undirected, weighted and simple graph.
*/
typedef struct edge_t{
int v;
int w;
int weight;
} Edge;

typedef struct graph_t{
int v;
int E;
int Emax; //max number of edge
Edge *edgelist;
int *vertexvalue;
}EdgeList;

/%
Return an empty list with at most V vertice and Emax edges
A1l entries in G->edgelist and G->vertexvalue are init as 0

*/

EdgeList *el_graph_init(int VvV, int Emax){
EdgeList *G = malloc(sizeof(EdgeList));
G->V = V;

G->E = 0;

G->Emax = Emax;

G->edgelist = malloc(sizeof(Edge)*Emax);
memset(G->edgelist, 0, sizeof(Edge)*Emax);
G->vertexvalue = malloc(sizeof(int)*V);
memset (G->vertexvalue, 0, sizeof(int)*Vv);
return G;

/%

Insert edge e to G

If e already exists in G, update the weight

If e not in G, edge e is inserted to the last entry of the edgelist
when you insert new edge ex to edgelist, make sure ex.v < ex.w

*/

void el_insert_edge(EdgeList *G, Edge e){
int v.=e.v, w=e.w;

//ifCvsw){

// vV = e.w;
// w = e.v;
//}

for(int i=0; i1<G->E; i++){
if(G->edgelist[i].v == v & G->edgelist[i].w == w){
G->edgelist[i].weight = e.weight;
return;



if(G->E == G->Emax) return;

G->edgelist[G->E].v
G->edgelist[G->E].w
G->edgelist[G->E].weight = e.weight;
G->E++;

V3

w3

/*
Remove edge e from G

You need to check all three entries of e

If e does not in G, do nothing

If e exists in G, replace current slot by the last edge in the edgelist

*/

void el_remove_edge(EdgeList *G, Edge e){
int v=e.wv, w=e.w;
if(e.weight == 0) return;

if(vs>w){
vV = e.w;
w = e.v;
}

for(int i=0; i< G->E; i++){
if(G->edgelist[i].v == v & G->edgelist[i].w == w & G->edgelist[i].weight == e.weight){
G->E--;
G->edgelist[i].v = G->edgelist[G->E].v;
G->edgelist[i].w = G->edgelist[G->E].w;
G->edgelist[i].weight = G->edgelist[G->E].weight;
return;

/%
Search edge e in G

Return the weight of e in G

Note: e.weight is don't care in this function

*/

int el_find_edge(EdgeList *G, Edge e){
int v.=e.v, w=e.w;

if(v > w){
vV = e.w;
w=e.v;

}

for(int i=0; i<G->E; i++){
if(G->edgelist[i].v == v & G->edgelist[i].w == w){
return G->edgelist[i].weight;

}

return 0;

/* Set the value of vertex Vv */
void el_set_vertex_value(EdgeList *G, int v, int value){
G->vertexvalue[v] = value;

/* Return the value of vertex v */
int el_get_vertex_value(EdgeList *G, int v){
return G->vertexvalue[v];



/%
Free the edge list
Return NULL pointer

*/

EdgeList *el_free(EdgeList *G){
if(G==NULL) return NULL;
free(G->edgelist);
free(G->vertexvalue);
free(G);
return NULL;

/%
compare the edge weight;

if the edge weight is the same, compare the node
find the index with the smallest value

*/

void el_sort_edge(EdgeList *G){
int minpos;
int u, v, w;
for(int i = 0; i< G—>E; i++){
minpos = i;
for(int j = i+1; j<G->E; j++)
if(G->edgelist[minpos].weight > G->edgelist[j].weight || (G->edgelist[minpos].weight == G->
edgelist[j].weight & (G->edgelist[minpos].v < G->edgelist[j].v ||(G->edgelist[minpos].v == G-
>edgelist[j].v & G->edgelist[minpos].w < G->edgelist[j].w))))
minpos = j;

u = G->edgelist[minpos].v;
Vv = G->edgelist[minpos].w;

G->edgelist[minpos].weight;

G->edgelist[minpos].v = G->edgelist[i].v;
G->edgelist[minpos].w = G->edgelist[i].w;
G->edgelist[minpos].weight = G->edgelist[i].weight;

G->edgelist[i].v = u;
G->edgelist[i].w = v;
G->edgelist[i].weight = w;

int main(int argc, char *argv[]){

FILE *fin, *fout;

int i, j, u, v, w, n, e, cnt;

int contain_cycle;

int distance[100], previous[100];
EdgeList *G;

Edge tmpedge;

fin = fopen(argv[1l], "r");
fout = fopen(argv[2], "w");

/* Input format */
fscanf(fin, "%d%d", &n, &e);

/* You may need some initialization */
G = el_graph_init(n, e);
for(int i = 0; i<n; i++)
distance[i] = INT_MAX;
distance[0] = 0;
for(int i=0; i<n; i++)



previous[i] = -1;

/* Input format */

for (i =0; i <e; i++) {
fscanf(fin, "%d%d%d", &u, &v, &w);
/* Your code here */
tmpedge.v = u;
tmpedge.w = v;
tmpedge.weight = w;
el_insert_edge(G, tmpedge);

el_sort_edge(G);

/* Your code here */
for(int i=0; i<n-1; i++){
/* output format */
int update[10000];
memset(update, 0, sizeof(int)*e);
for (int j =0; j < e; j++){
//printf("j=%d ", 3);
//printf("distance j.v = %d \n", distance[G->edgelist[j].v]);
//printf("distance j.w %d \n", distance[G->edgelist[j].w]);
//printf("j.weight = %d \n", G->edgelist[j].weight);

if(distance[G->edgelist[j].v] != INT_MAX & (distance[G->edgelist[j].v] + G-
>edgelist[j].weight < distance[G->edgelist[j].w])){
update[j] = 1;
//printf("debugl\n");

for(int j=0; j<e; j++){
if(update[j] == 1){
distance[G->edgelist[j].w] = distance[G->edgelist[j].v] + G->edgelist[j].weight;
previous[G->edgelist[j].w] = G->edgelist[j].v;

for(int j=0; j< n; j++)
fprintf(fout, "%d ", distancel[j]);

for (int j =0; j <n - 1; j++)
fprintf(fout, "%d ", previous[j]);
fprintf(fout, "%d\n", previous[n-1]);

contain_cycle = 0;
for(int i=0; i<e; i++){
if(distance[G->edgelist[i].v] + G->edgelist[i].weight < distance[G->edgelist[i].w]){
contain_cycle = 1;
break;

/* output format */
if (contain_cycle) {
fprintf(fout, "The graph contains negative cycles.");
} else {
fprintf(fout, "The graph does not contain negative cycles.");



fclose(fin);
fclose(fout);

return 0;

® *Floyd-Warshall &i%
Floyd-Warshall Algorithm

Floyd-Warshall SiZ2—MEHNZRREIEEEZE, BTENMNERETIERRZBNREER. CERTIONEIFARE
GIRE, EFNERTSERNIANE. ZEZETHESHNEE, BIZRSERRENE, SEEHMERRNZENRERE

Floyd-Warshal EiZAI2 OETZEL 5 INPIETRAEEREE. MRMATR u BITRR v SERESETENFER k, BARE
BEIRUET LSRR S:

dist[u]l[v] = min(dist[u][v], dist[ul[k] + dist[k][v])

BN, EERESNERMBIRIEATERKENER, REGIMEINRYZBIREHRE.
UEP— BB path A ERE :

BB RIER “hER" EMEH

@ SPFA
Shortest Path Faster Algorithm

SPFA (Shortest Path Faster Algorithm) ZREBREEEEEN—f, EXBellman-FordEiEMIRA. BiEL 5| NBATISRF>
ALERINSHIRIE, MIEREIANER. SPFAE AT AT KETERABNRIERR, FHETLUSNGIRER

BOEAE: RS RE R EE SIS, FIET R EEFERaAIRIEIR . NRENTANRERAEER, WiEZ
TRRUNABAGY, MimEEsasIFraIRmES it


af://n2075
af://n2080

8.4.4 s/ VEREHI

Minimum Spanning Tree

@ *Prim Hix
Prim's Algorithm
%
IHENMTCRIEBE R &/ R,
B8 N—NEIRTRATTR, BB NES/NNIEIIART, BRRERISEATERR, BRIFETRREME 7.
IR RIERIERE.

@ *Kruskal &%
Kruskal's Algorithm
migiE
TR EE BRI NE R
BORBIR: WNEIKIERD, FZESKAIARKS, FrNERIZER, BEISINERMESEIR
AIET(F: FFHIFIONE, $HPHES
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Maximum Flow, Minimum Cut

@ Ford-Fulkerson 8ij%

Ford-Fulkerson Algorithm
Ford-Fulkerson &2 —MATRARKRIENEHLEE, CEIIE RETHKHRE, BEIFEEREREREAIL, 28X

T2 TSR,
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10.2 Network Flow

W& directed G = (V, E)

capacity c(u,v): c(u,v) >0, V (u,v) € E; c(u,v) =0, V (u,v) ¢ E.
BE: PRAENSEARE.
Exactly one node with no incoming (outgoing) edges, called the source s (sink ?).

B s FICA ¢, BiREASERIIES.

Flow f:V x V — R that satisfies
e Capacity constraint: f(u,v) < ¢(u,v), Vu,v € V.
o Skew symmetry: f(u,v) = —f(v,u).

e Flow conservation: Y f(u,v) =0, Vu € V — {s,t}.
veV

BRTIFEAIICR, FIERRETE (RASTRE, $iRt7A0)

Value of aflow f. [f| = > f(s,v) = > f(v,t), where f(u,v) is the net flow from u to v.
veV veV

BRI ACARICARISIRE.

BRARIERE
The maximum flow problem

Given a flow network G with source s and sink ¢, find a flow of maximum value from s to t.



Hsinchu " Taichung

Taoyuan 4  Chiayi

4
fiw, v) 11/14 © Jiu, v)ie(u, v)

fis, v2) =8 ofs, v2) = 13,
Jiv2, v3) = =4, fivi, v2) = 4,

B, SRECRARAEA AR ARIRERT:

=19

Given a flow network with sources S = {s1, S2, ..., Sm}andsinks T = {t1, ta, ..., t,}, introduce a supersource s

and edges (s, s;), 1 =1, 2, ..., m, with capacity c(s, s;) = oo and a supersink ¢ and edges (¢;,t), i =1, 2, ..., n,

with capacity ¢(t;,t) = 00

I, SIAN—LRAIE AR

XY CV, (X, V)= 3 3 fz,).

zeX yeY

“EeG=(V,E), f: flowinG
OVXCV, f(X,X)=0.
@V X,Y CV, f(X,Y)=—f(Y,X).
OVX,Y,ZCVwithXnY =0,
e f(XUY,Z2)=f(X,2)+ f(Y,Z)and
e f(Z, XUY)=f(Z,X)+ f(Z,Y).

Value of flow = net flow into the sink:

|fl=f(V,1).

|fl = f(s,V)

=f(V,V) = f(V—-s,V)
:f(VV—s)
=f(V,t) + f(V,V —s—1t)
=f( )



Cancellating flow going in opposite direction:

2/10 cancellation 5/10

O——=0 ! > O=——=0

Basic Ford-Fulkerson Method

Ford-Fulkerson-Method(G, s, t)

1. Initialize flow f to 0
2. while there exists an augmenting path p do
3. Augment flow f along p

4. return f

Augmenting path: A path from s to ¢ along which we can push more flow.
BrRE.
Need to construct a residual network to find an augmenting path.

TR,

RREE

Residual capacity of edge (u, v), c¢(u, v): Amount of additional net flow that can be pushed from w to v before exceeding
c(u,v):

Cf(u, U) = c(u, U) - f(uv U)
Gy = (V, Ey): residual network of G = (V, E) induced by f, where Ey = {(u,v) € V x V : ¢f(u,v) > 0}.
BRIEHNMAASINT.

The residual network contains residual edges that can admit a positive net flow (| E¢| < 2|E|)

ERMET, SR (u, v) TEESBAIEMAREL.

EMR: REERFIRNGEASTE, cr(u,v) = c(u,v) — f(u,v)
RS FFAUEBIBRARR, cf(v,u) = f(u,v)

Let fand f’ be flows in G and G, respectively. The flow sum f + f": V x V — R:

(f+ fl)(uav) = f(u,v) + fl(u7v)
is a flow in G with value | f + f'| = |f| + | f'].



L1
(b) residual network of (a) and an
augmenting path <s, v2, v3, t>

An augmenting path p is a simple path from s to ¢ in the residual network G ;.
e (u,v) € Eon pinthe forward direction (a forward edge), f(u,v) < ¢(u, v).

e (u,v) € Eon pin the reverse direction (a backward edge), f(u,v) > 0

[ein: ZEnmd—L, IERTLAELE

Residual capacity of p, c#(p): Maximum amount of net flow that can be pushed along the augmenting path p, i.e.,
cf(p) = min{cs(u,v) : (u,v) is in p}.
B RENSENATR/NN—5K, BIRMAKE.

Let p be an augmenting path in G'y. Define f, : V x V — Rby

—Cf(p), if (v,u) is on b,
0, otherwise.

ci(p), if(u,v)isonp,
fp(u v)

B RErREERT R, HERBRE. NRERERDHIENRE.

Then, f, is a flow in Gy with value | f,| = c¢(p) > 0.

L2s2

Ll
(a) (b) residual petwm‘k of (a) and an {c) push a flow of 4—unit aleng the
augmenting path <s, v2, v3, o> augmenting path found in (b)

RILERYE]
Acut (S,T) of flow network G = (V, E) is a partition of V into Sand T =V — Ssuchthats € Sandt € T.
s, B (S, T) 8BV SERMINFERTE SUT=VESNT =0.

Capacity of a cut: ¢(S,T) = > c(u,v)
(u,v)€E, ues, veT

REESHT (EMA) BE FEERDA

f(S,T) = |f|] <c(S,T), where f(S,T) is net flow across the cut (S, T").
f(S,T) BLhrgine.
BB EFRTEREIORE LR (BN SR T IRATERE)
FEATEESRE CRALIRIER. ThRREEREMERRIRS, RETRRGNEIEE



BRI EIER
Max-flow min-cut theorem:
BXRE (WER s BiCAt) STREPIEINSNEE.
The following conditions are equivalent
@ fis a max-flow.
@) Gf contains no augmenting path.

®|f| = ¢(S,T) for some cut (S, T).

8.4.6 A4 EIITED
Maximum Bipartite Matching Problems
@ Ford-Fulkerson &i%
Ford-Fulkerson Algorithm
BAZSEEERET LA — M RARIEE, BACRT:
1. BB G Fi—NER s fi—NLCA t
2.33F U PEATER u, RI—5MN s Bl uASl, FEH1.
3. F VARENTER v, RI—ENVEI AL, FER1.
4. 33F U R0V PIRERESIA (uy), FINEER 1 /54
5. fERRAAREIE (4 Ford-Fulkerson &i%sL Edmonds-Karp &i%) IHEM s Bl t EXR, SARAVERNASRATEIIA/N.

8.4.7 &
Cycle Detection
@ *REMAER
Depth-First Search
EFREMIEZ (DFS) SRAQMEAR.
EEHEETS, WRLEHE—ELNEIENTR, BZPTAARIARNTRIRTR, WEER.
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8.4.8 BE®
Graph Coloring

Oe®

Labs

Lab 1 fiE&
Q1 fERZM
Q2
Q3
Q4
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Lab 2 HiF&HE
Q1 I3FHHERF

Q2 EANHER

Q3 RiEHEF

Q4

Lab 3 t£$0RA%Y

Q1 BAYY: TEIRERESEIR
Q2 t%: HEZRSEH

Q3

Q4

Lab 4 I§%
Q1 SEHEEE
Q2 FmShtix
Q3

Q4

Lab 5 fif 1
Q1 EiEhd

Q2 =X

Q3

Q4 FEH—X
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Lab 6 i 2

Q1 —RiIEHER
Q2 ZXFiEH
Q3

Q4

Lab 7 #3 3
Q1 BXlf

#include"1ab7-ql.h"
#include<stdio.h>
#include<stdlib.h>
#include<string.h>
#include<limits.h>

/* Init an empty heap with a given size */
MaxHeap* maxheap_init(int maxsize) {
// Your code here
MaxHeap *H = malloc(sizeof(MaxHeap));
H->maxsize = maxsize;
H->count = 0;
H->data = malloc(sizeof(Node)*(maxsize+1));
memset(H->data, 0, sizeof(Node)*(maxsize+l));
return H;

/* Heaplify a max-heap based on the input array S with size S_size */
/* The root of heap is stored at H->node[l] */
/* Return the max-heap based on the input S */
MaxHeap *maxheap_heaplify(Node* S, int S_size) {
// Your code here
int i, index, swap, other;
Node temp;
MaxHeap *H = maxheap_init(S_size);
for(i=0; i<S_size; i++){
H->data[i+1].key = S[i].key;
sprintf(H->data[i+1].value, "%s\0", S[i].value);
}
H->count = S_size;
for(i=s_size/2; i>0; i--){
temp.key = H->data[i].key;
sprintf(temp.value, "%s\0", H->data[i].value);
for(index = i; 1; index = swap){
swap = (index << 1);
if(swap > H->count) break;
other = (swap | 1);
if(other <= H->count && H->data[other].key > H->data[swap].key) swap = other;
if(temp.key > H->data[swap].key) break;
H->data[index].key = H->data[swap].key;
sprintf(H->data[index].value, "%s\0", H->data[swap].value);
}
if(index !'= i){
H->data[index].key = temp.key;
sprintf(H->data[index].value, "%s\0", temp.value);
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return H;

/* Insert the (key,value) pair into the max-heap H */
/* If key exist in the heap, update the value */
/* If key does not exist in the heap and heap is not full, */
/* perform the insertion of a max-heap */
/* If key does not exist in the heap but heap is full, do nothing */
/* Return 1 if insertion is successful */
/* Return 2 if update of value is successful */
/* Return 0 if heap is full and insertion cannot be proceeded */
int maxheap_insert(MaxHeap *H, int key, char* value) {
// Your code here
int index, parent;
for(index = 1; index <= H->count; index++){
if(H->data[index] .key == key){
sprintf(H->data[index].value, "%s\0", value);
return 2;

}

if(H->count == H->maxsize) return 0;

H->count++;

for(index = H->count; index >1; index = parent){
parent = (index >> 1);
if(H->data[parent].key > key) break;
H->data[index].key = H->data[parent].key;
sprintf(H->data[index].value, "%s\0", H->data[parent].value);

}

H->data[index].key = key;

sprintf(H->data[index].value, "%s\0", value);

return 1;

}

/* Delete root of the max-heap */

/* Update the heap accordingly */

/* Return the (key,value) of the deleted root */
/* Return NULL if the heap is empty */

Node *maxheap_delete(MaxHeap *H) {
// Your code here
int index, swap, other;
Node temp;
Node *result;
if(H->count==0) return NULL;

temp.key = H->data[H->count].key;
sprintf(temp.value, "%s\0", H->data[H->count--].value);

result=malloc(sizeof(Node));
result->key = H->data[1l].key;
sprintf(result->value, "%s\0", H->data[l].value);

for(index = 1; 1; index = swap){
swap = (index << 1);
if(swap > H->count) break;
other = (swap|1l);
if(other <= H->count && H->data[other].key > H->data[swap].key) swap = other;
if(temp.key >H->data[swap].key) break;

H->data[index].key = H->data[swap].key;
sprintf(H->data[index].value, "%s\0", H->data[swap].value);

}

H->data[index].key = temp.key;
sprintf(H->data[index].value, "%s\0", temp.value);
return result;



/* Free the max-heap */

/* Return NULL pointer */

MaxHeap *maxheap_free(MaxHeap *H) {
if (H == NULL) return NULL;
free(H->data);
free(H);
return NULL;

Q2 H&EEE
Q3 iR
Q4

Lab 8 Bl
Q1 $PiEx

Q2 $PHEXERE
Q3 iBFiE

Q4 KEXIERE

Lab 9 EI&iX 1
Q1 Dijkstra Hi%
Q2
Q3
Q4

Lab 10 B&i% 2
Q1 &=MVERR

Minimum Spanning Tree

Q2 Bellman-Ford &i%
Q3
Q4
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Assignment

Assignment 1

1. Write the big O of the following expressions in terms of n.

a)Y i (6%)
b) > 0% (6%)
Y, 4% (6%)
d) Ioigg 1;;1) (6%)
e) Z i (You don't need to have a closed-form solution for (e).) (6%)
solution:

a. O(n)

b. O(n)

c. O(nA2)

d. O(1)

e. O(n)

2. Let f(n), g(n) and h(n) be functions of integer n. Prove that if f(n) = O(g(n)) and g(n) = O(h(n)), then f(n) = O(h(n)). (Hint: Use
the definition of big-O.) (10%)

f(n) < clg(n),Vn > nop
g(n) < cah(n),Vn > ngy
f(n) < cicah(n), Vn > maz(no1, noz)

so f(n) = O(h(n))

3.

a) Let f(n) be a function of positive integer n. f(n + 1) = f(n), f(1) = 1 and f(n) < 1+f([n/2]). [x] is the ceiling function. Prove f(n) =
O(log n). (Hint: It is easy when n is a power of 2. What if n is not a power of 2?) (10%)

b) Let f(n) be a function of positive integer n. f(n + 1) 2 f(n), f(1) = 1 and f(n) < n + f(Jn/99]). Prove f(n) = O(n log n). (Comment 1:
The result can be further bounded by O(n). However, it is fine if you can prove it is O(n log n).) (10%)

(Comment 2: Some ideas in Question 2 can be found in this question.)

4.You are given a linked list A: 11— 8— 6— 19— 32— NULL. Do the following operations on the linked list and show the
result after each step.
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a) What is the successor of the third term in A? (2%)

b) Delete the third term and show the new linked list A. Explain briefly how you perform delete. (Hint: you have to perform on
links between nodes.) (2%)

¢) What is the third term of A? (2%)

d) Change the head of the list to the third term of A*. Explain briefly how you perform head change and show the new linked
list A. (2%)

e) Get the length of A. (2%)

5. Let S1 and S2 be two disjoint sets with discrete elements. The operation UNION takes S1 and S2 as input, and it returns
a structure of set S=S1 U S2 consisting of all the elements of ST and S2. Show how to support UNION in O(1) time using
a suitable list data structure. (Hint: You might want to use head/tail pointers in this question.) (10%)

6. This problem relates to the counting of inversions. You can write your codes or describe your algorithm in words. You
need to explain that your algorithm can meet the time complexity requirement.

a) Consider an array A of n integers. Let e and e' be two integers in A such that e is positioned before e' in the array. We call
the pair (e, ') an inversion in A if e > e'. Design an algorithm to report the number of inversions in A in O(n”2) time. (10%)

b) Can you design an algorithm to report the number of inversions in A in O(n log n) time? (Hint: try to follow the style and
genre of merge sort, i.e., divide-and-conquer.) (10%)

Assignment 2

Assignment 3

Assignment 4

Final

2023

1. Explain the difference between arrays and linked lists in terms of memory allocation and element access.

15 #48 .
ATEHER TELRHIPIFFIR IBER, HEHHEREE
Contiguous block of memory Non-contiguous, scattered nodes
sTEibHE FEHIER), AHEIEZES O(1) IRFFiE, BESEZER O(n)

Random access in O(1) time Sequential access, O(n) time
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