Linked List



ArrayList [And Array]

e Sequential
 One continuous block of memory

e Random access based on memory address
e address = first_address + (element_size * index)
e Fixed Size

e Since memory adjacent to the block may be
used

e Efficient when you know how many elements
you |l need to store



Stack

VEINE Value

e \We show an ArrayList on the
heap In columns

e \/alues are all located in one
continuous block of memory

e This is actually how ArrayLists
l[and Arrays]| are stored

in/out




Stack Heap

VEINE Value

arr1 | OX200

 This ArrayLlist stores 32-bit ints
(4 bytes) and the ArrayList is stored at
memory address 0x200

* Find the element of each value using
e address = 0x200 + (4 * index)

e Easy to find any value, given it's index

in/out




Stack Heap

VEINE Value

arr1 | OX200

e This Is called random
access

e Memory is like a giant array

e We call it RAM (Random
Access Memory)

in/out




Linked List

e Sequential
e Spread across memory

e Each element knows the memory
address of the next element

e Follow the addresses to find each
element

e \ariable Size

e Store new element anywhere in memory



Linked List

Each value in a list is stored In a separate object
on the heap

Also stores a reference to the next element

A reference to the list is only a reference to the
first value

Last link stores null
e We say the list is "null terminated"

e \When we read a value of null we know we've
reached the end of the list



Linked List

package week4;

public class LinkedListNodeInt {
private int value;
private LinkedListNodeInt next;

public LinkedListNodeInt(int value, LinkedListNodeInt next) {
this.value = value;
this.next = next;

}

public static void main(String[] args) {
LinkedListNodeInt first = new LinkedListNodeInt(1l, null);
first = new LinkedListNodeInt(2, first);
first = new LinkedListNodeInt(3, first);

e \We create our own linked list node class
e A node represents one "link" in the list

e The list itself is a reference to the first/head node



Structure

e Each node stores one value of the list
e Each node refers to the next node

e A variable "storing"” a list stores a
reference to the first node of the list

Node Node Node
first =l
1 /null
next




Memory Diagram



e LinkedListNodelnt -> LLNode T Heap

e Jo save space on the slide

public class LLNode {
private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

}

*public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first); :
first = new LLNode(3, first): in/out




Create a LLNode object
next Is equal to null

e The lack of a reference

public class LLNode {
private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

=>}

public static void main(String[] args) {
=»  LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

Stack

Name

first

Value

Heap

LLNode

LLNode

this | Ox350
value | 1
next | null

value | 1
next | null

0x350

in/out




Call the constructor again

Pass myList (0x350) as next

public class LLNode {
private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

=}

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
= first = new LLNode(2, first);
first = new LLNode(3, first);
}

LLNode

Stack

Name Value
first | Ox350

Heap

LLNode

value | 1
next | null

LLNode

this | 0X200

value | 2
next | Ox350

0x350

LLNode

value | 2
next | Ox350

0x200

in/out




Stack

» Reassign first to the reference Name Value Heap
returned by the constructor .
first | ©x856 0x200 LLN
ode
e first now stores 0x200 which has a value | 1
next of 0x350 L Node 0 n3e5x(;t null
X
e
next | Ox350
public class LLNode { 0x200
private int value;
private LLNode next;
public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;
I3
public static void main(String[] args) {
LLNode first = new LLNode(1, null);
* first = new LLNode(2, first); :
first = new LLNode(3, first); in/out

}




e Repeat the process for the node with
value 3

e \We now have a linked list with 3
elements

public class LLNode {
private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

}

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

=}

}

LLNode

LLNode

LLNode

Stack

Name Value

first | ©x350 CRZ2CC
0x480

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

value
next

0x200

0x4380

in/out




Our variable "first" only stores a
reference to the first node of the list

We call the first node the head of the
ISt

public class LLNode {
private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

}

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

=}

}

LLNode

LLNode

LLNode

Stack

Name Value

first | ©x350 CRZ2CC
0x480

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

value
next

0x200

0x4380

in/out




Each node stores one value of the list
and a reference to the next node

Each node can be anywhere on the
heap

public class LLNode {
private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

}

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

=}

}

LLNode

LLNode

LLNode

Stack

Name Value

first | ©x350 CRZ2CC
0x480

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

value
next

0x200

0x4380

in/out




toString

private int value; ® Let'S add a tOStrlng methOd tO

private LLNode next;

public LLNode(int val, LLNode next) { Our Llnked LISt

this.value = val;
this.next = next;

) e This will return the values
P e og Fostnat) separated by spaces

out += this.valae;
if (this.next !'= null) {

out += " " + this.next.toString();
¥

return out;

/ e .. aaand it uses recursion!

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first); '
first new LLNode(3, first); . Remember recurSIOn?
String value = first.toString();
System.out.println(value);

e We're using It!



2 Memory 2 Diagram



Stack

Name Value

Stack Frames e

** Cross out

&% Cross out

LinkedListNocdelnt

0x002 &¢ Cross out

1 &% Cross out

&¢ Cross out

= LinkedL stNodelnt

his 0x003 &% Cross out

val 2 &% Cross out
next 0x002 ¢ Cross out
this 0x004 &% Cross out

val 3 &% Cross out

next 0x003 &“ Cross out
= toString
this I 0x004 &¢ Cross out

— |

out g ' ugw "321" ' £° Cross out |
— toString
this 0x003 &% Cross out
out $» v upu "21" &° Cross out

this 0x002 &% Cross out

ot  u= " &¢ Cross out

LinkedListNodelnt

value

next
0x002
LinkedListNodelnt

vaule

next
0x003
LinkedListNodelnt

value

next
0x004

Heap
e

LinkedListNodelnt 321

1 &% Cross out
null &% Cross out
LinkedListNodelnt

2 &¢ Cross out

0x002 &“ Cross out

LinkedListNodelnt

3 &“ Cross out

0x003 &% Cross out
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Stack

e \We could write Mo Value Heap
e System.out.printin(first) first -exS-SGO 480-67:2‘66- L LNode
S : : X
e We're explicitly calling toString to be clear Va'“‘: 1 ”
of our intentions LLNode OXn365XO L
public class LLNode {
private int a/alue; epg LLNode
private LLNode next; value | 2
public LLNode(int value, LLNode next) { next | 0x350
this.value = value; 0x200
this.next = next; LLNode
I3
LLNode
publSiJch StringttoSIt”l:ing() { V?[Lu_e X480 value | 3
ring out = ""; . 1S
out 4= this.value: toString ut | g next | Ox200
=» if (this.next != null) { 0x480
out += " " + this.next.toString();
I3
return out,;
I3
in/out

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();
System.out.println(value);




Stack

o |f ne?<t Is not null, we are not at the end of e Value Heap
the list |
first | ©x856 X260 LLNode
* There's more work to be to done 0x480 valie |
e Make a recursive call LLNode Oxn3e5x(’)c i
public class LLNode {
private int value; LLNode
private LLNode next; LLNode Al D
public LLNode(int value, LLNode next) { next | 0x350
this.value = value; 0x200
this.next = next; LLNode
I3
LLNode
public String toString() { value value | 3
String out = ""; . this | 0x480
out 4= this.value: toString ut | g next | Ox200
if (this.next !'= null) A 0x480
out += " " + this.next.toString();
I3
return out,;
I3
in/out

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();
System.out.println(value);




e [he recursive call iIs made on the next
node

e The first stack frame waits for the
return value of the recursive call

public class LLNode {
private 1int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

¥

public String toString() <
String out = "";
out += this.value;
9 if (this.next != null) A

out += " " + this.next.toString();

}

return out;

¥

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();
System.out.println(value);

LLNode

LLNode

LLNode

toString

toString

Stack

Name

first

value

Value

©x850 ORZ2CC
0x480

this
out

this
out

0x480

&IISII

0x200

%IIZII

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

value
next

0x200

0x4380

in/out




Make another recursive call

In this stack frame, the
condition Is false

public class LLNode {
private 1int value;
private LLNode next;

public LLNode(int value, LLNode next) {

¥

this.value = value:
this.next = next:

public String toString() <
String out = "";

out += this.value;

* if (this.next !'= null) {

¥

out += " " + this.next.toString();

}

return out;

public static void main(String[] args) {

LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();

¥

System.out.println(value);

LLNode

LLNode

LLNode

toString

toString

toString

Stack

Name

first | ©x350 CRZ2CC

value

0x480

Value

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

this
out
this
out
this
out

0x480

&IISII

0x200

%IIZII

0x350

_|,|_|,|_||1 I

value
next

0x200

0x4380

in/out




Stack

e This frame returns "1" to the Name Value zaap
previous stack frame first | ©x856 BX206 LLNode
0x480 value | 1
next | null
LLNode 0x350
public class LLNode {
private int value; LLNode
private LLNode next; LLNode Al D
public LLNode(int value, LLNode next) { next | 0x350
this.value = value; 0x200
this.next = next; LLNode
I3
LLNode
public String toString() { value value | 3
String out = ""; . this | 0x480
out 4= this.value: toString ut | g next | Ox200
if (this.next !'= null) { . 0x480
out += " " + this.next.toString(); toString this | Bx200
} I | e
? return out; e this | Ox350
ootring HTRTER| PR :
out ; in/out

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();
System.out.println(value);




Stack

 The previous stack frame (With this == M Value Heap
0x200) is back on top of the stack c <t | Bx350 BRE0E T
ode
e |t takes the return value of "1" and Ox480 value | 1
continues running code TR OX”BGSXS null
public class LLNode {
private 1int value; LLNode
private LLNode next; LLNode T v
public LLNode(int value, LLNode next) { next | O0x350
this.value = value; 0x200
this.next = next; LLNode
I3
LLNode
publSiJch StringttoString() { Vatlhu_e OA80 value | 3
ring out = "", . IS X
out += this.value: toString Ut | next | OX200
if (this.next '= null) { . 0x480
out += " " + this.next.toString(); toString this | Bx200
} OU't i ||£!II ||2 -1||
return out;
¥ toString o n
IN/0U

public static void main(String[] args) {
LLNode first = new LLNode(1, null);

first = new LLNode(2, first);

first = new LLNode(3, first);
= String value = first.toString();

System.out.println(value);




Return "2 1" to the first
recursive stack frame

public class LLNode {
private 1int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

¥

public String toString() {
String out = "";
out += this.value;
if (this.next '= null) {
out += " " + this.next.toString();

I3
@ return out:
}

public static void main(String[] args) {
LLNode first = new LLNode(1, null);

first = new LLNode(2, first);

first = new LLNode(3, first);
= String value = first.toString();

System.out.println(value);
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LLNode
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toString

toString

Stack
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Stack

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();
System.out.println(value);

e The frame with this == 0x480 is back Nan Value Heap
on top of the stack :
irst | x856 6X266
LLNode
0x480
e (Concatenate the returned value to out value | 1 :
LLNode OaneSX(; -
public class LLNode {
private int value; LLNode
private LLNode next; LLNode Al D
public LLNode(int value, LLNode next) { next | 0x350
this.value = value;
this.next = next; LLNode WXE00
I3
LLNode
publSiJch StringttoSIt”l:ing() { V?[Lu_e X480 value | 3
ring out = ""; . 1S | OX
out += thiS.Value; tOSt”ng Ou.t 11 Ilell ||3 2 1|| neXt OXZOO
if (this.next !'= null) { 0x480
out += " " + this.next.toString(); toString
I3
return out;
} toString y
in/out




Return "3 2 1" to the main
method

public class LLNode {

private int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

¥

public String toString() <
String out = "";
out += this.value;
if (this.next !'= null) {

out += " " + this.next.toString();

I3
@ return out:
}

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);

= String value = first.toString();
System.out.println(value);

LLNode

LLNode

LLNode

Stack

Name Value

first | ©x350 CRZ2CC
0x480

value

toString

this | Ox480
out | === "3 2 1

toString

toString

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

value
next

0x200

0x4380

in/out




Assign "3 2 1" to value in the main
stack frame

We only called toString on the head of
the list, but got all the values of the list

public class LLNode {
private 1int value;
private LLNode next;

public LLNode(int value, LLNode next) {
this.value = value;
this.next = next;

¥

public String toString() {
String out = "";
out += this.value;
if (this.next '= null) {
out += " " + this.next.toString();
I3

return out;

¥

public static void main(String[] args) {
LLNode first = new LLNode(1, null);
first = new LLNode(2, first);
first = new LLNode(3, first);
=§>»String value = first.toString();
System.out.println(value);

LLNode

LLNode

LLNode

toString

toString

toString

Stack

Name Value

first | ©x350 CRZ2CC
0x480

value | "3 2 1"

LLNode

Heap

value
next

null

0x350

LLNode

value
next

0x350

0x200

LLNode

value
next

0x200

0x4380

in/out




: Stack
e Print to the screen and Name Value Heap

program ends first | ©%x356 Bx266

first = new LLNode(2, first);
first = new LLNode(3, first);
String value = first.toString();
System.out.println(value);

=>}

Ox480 LLNode
A value | 1
next | null
LLNode
0x350
public class LLNode {
private int value; LLNode
private LLNode next; LLNode
value | 2
public LLNode(int value, LLNode next) { next | Ox350
this.value = value; 0x200
this.next = next; LLNode
I3
- - LLNode
public String toString() A Valuel e value | 3
Stri t = ""; |
out += this.values toString next | OX200
if (this.next !'= null) { 0x480
\ out += " " + this.next.toString(); toString
return out;
} toString "
In/out
public static void main(String[] args) {
LLNode first = new LLNode(1, null); 3 2 1




Stack

Name Value

Stack Frames e
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