
CS 600.226: Data Structures
Michael Schatz

Sept 7 2018
Lecture 4: Linked Lists



Agenda
1. Review HW1

2. Review Java Arrays

3. References and Linked Lists



Assignment 1: Due Friday Sept 14 @ 10pm
https://github.com/schatzlab/datastructures2018/blob/master/assignments/assignment01/assignment01.md
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GradeScope.com
Entry Code: MDJYER
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GradeScope.com
Entry Code: MDJYER

All green tests J



GradeScope.com
Entry Code: MDJYER

Double-check your logic, resubmit



GradeScope.com
Entry Code: MDJYER

Did you miss a file? Are you sure it compiles correctly?
Fix and resubmit. Check Piazza. Message the CAs



VirtualBox

• Client application available for Mac, Windows, Linux
• Available to run our reference virtual machine running linux

• Guaranteed that your development environment matches testing environment
• Make sure to install the Extension Pack and Guest Additions too



VirtualBox Shared Folders



VirtualBox Shared Folders

# Install Guest Additions
$ sudo apt-get update
$ sudo /media/cs226/VBox_GAs_5.2.18/VBoxLinuxAdditions.run

# Fix the permisions
$ sudo usermod -aG vboxsf cs226
$ /sbin/shutdown -r now

Make sure to shutdown cleanly!



Java Environments

Command Line
Everything

$ vim HelloWorld.java

$ javac HelloWorld.java
$ java HelloWorld

Universal, fast, flexible
Steep learning curve

GUI Editor 
+ Command Line

Sublime Text

$ javac HelloWorld.java
$ java HelloWorld

Nearly universal, flexible
Moderate learning curve

Integrated Development 
Environment (IDE)

Eclipse / IntelliJ

Most Support 
Most “magical”

Code may not work 
during grading L



Agenda
1. Review HW1

2. Review Java Arrays

3. References and Linked Lists



ADT: Arrays
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• Fixed length data structure
• Constant time get() and put() methods
• Definitely needs to be generic J



What is a computer?
[hardware]

Processor
Arithmetic, logic

# cores, clock speed

Display
Human Interface

Network
Computer Interface

Home: 10Mb/s, JHU: 1Gb/s

RAM
Working Storage – 8 GB
(small, fast, expensive)

Hard Drive
Permanent Storage – 1TB

(big, slow, cheap)



Accessing RAM

movl var, %eax
Move the contents of memory location var into number register %eax.

https://docs.oracle.com/cd/E19120-01/open.solaris/817-5477/6mkuavhrv/index.html



Accessing RAM

movl var, %eax
Move the contents of memory location var into number register %eax.

https://docs.oracle.com/cd/E19120-01/open.solaris/817-5477/6mkuavhrv/index.html

0x0000 0x0001 0x0002 0x0003 0x0004 0x0005 0x0006 0x0007

0x0008 0x0009 0x000A 0x000B 0x000C 0x000D 0x000E 0x000F

0x0010 0x0011 0x0012 0x0013 0x0014 0x0015 0x0016 0x0017

0x0018 0x0019 0x001A 0x001B 0x001C 0x001D 0x001E 0x001F



Accessing RAM

movl 0x0014, %eax
Move the contents of memory location var into number register %eax.

https://docs.oracle.com/cd/E19120-01/open.solaris/817-5477/6mkuavhrv/index.html

0x0000 0x0001 0x0002 0x0003 0x0004 0x0005 0x0006 0x0007

0x0008 0x0009 0x000A 0x000B 0x000C 0x000D 0x000E 0x000F

0x0010 0x0011 0x0012 0x0013 0x0014 0x0015 0x0016 0x0017

0x0018 0x0019 0x001A 0x001B 0x001C 0x001D 0x001E 0x001F



Accessing RAM

movl 0x0009, %eax
Move the contents of memory location var into number register %eax.

https://docs.oracle.com/cd/E19120-01/open.solaris/817-5477/6mkuavhrv/index.html

0x0000 0x0001 0x0002 0x0003 0x0004 0x0005 0x0006 0x0007

0x0008 0x0009 0x000A 0x000B 0x000C 0x000D 0x000E 0x000F

0x0010 0x0011 0x0012 0x0013 0x0014 0x0015 0x0016 0x0017

0x0018 0x0019 0x001A 0x001B 0x001C 0x001D 0x001E 0x001F



Accessing RAM

myarray[5] => offset for myarray + 5 * (sizeof type) => 0x04 + 0x05 * 1 => movl 0x09, %eax

0x0000 0x0001 0x0002 0x0003 0x0004 0x0005 0x0006 0x0007

0x0008 0x0009 0x000A 0x000B 0x000C 0x000D 0x000E 0x000F

0x0010 0x0011 0x0012 0x0013 0x0014 0x0015 0x0016 0x0017

0x0018 0x0019 0x001A 0x001B 0x001C 0x001D 0x001E 0x001F

myarray[0]

Byte [] myarray = new myarray[5000];  // myarray now starts at 0x0004



Accessing RAM

myarray[5] => offset for myarray + 5 * (sizeof type) => 0x04 + 0x05 * 1 => movl 0x09, %eax

0x0000 0x0001 0x0002 0x0003 0x0004 0x0005 0x0006 0x0007

0x0008 0x0009 0x000A 0x000B 0x000C 0x000D 0x000E 0x000F

0x0010 0x0011 0x0012 0x0013 0x0014 0x0015 0x0016 0x0017

0x0018 0x0019 0x001A 0x001B 0x001C 0x001D 0x001E 0x001F

myarray[0]

Byte [] myarray = new myarray[5000];  // myarray now starts at 0x0004

myarray[26] => offset for myarray + 26 * (sizeof type) => 0x04 + 0x01A * 1 => movl 0x1E, %eax



Simple Array Implementation

Generic class 
implementation for 
a generic interface

Uses a Object array 
as the backing 
storage, but we 
could replace it with 
something else if 
needed

Use our own 
exception types to 
encapsulate (hide) 
the underlying data 
types



ADT: Arrays
0 1 2 … n-1n-2n-3

t t t … ttta:

• Fixed length data structure
• Constant time get() and put() methods
• Definitely needs to be generic J

What are the limitations of arrays?

- Fixed length data structure
- wastes space and/or cant grow

- Adding/removing from the middle is slow

- Searching can be slow (if not sorted)



Agenda
1. Review HW1

2. Review Java Arrays

3. Java References and Linked Lists



Java References

s

Student

String name: “Mike”
int grade: 100

Student.java

public class Student {
private String name;
private int grade;

public Student(String n, int g) {
this.name = n;
this.grade = g;

}

public void setName(String s) {
this.name = s;

}

public void setGrade(int g) {
this.grade = g;

}
}

Student s = new Student(“Mike”, 100);



Java References

s

Student

String name: “Peter”
int grade: 95

Student.java

public class Student {
private String name;
private int grade;

public Student(String n, int g) {
this.name = n;
this.grade = g;

}

public void setName(String s) {
this.name = s;

}

public void setGrade(int g) {
this.grade = g;

}
}

Student s = new Student(“Mike”, 100);
s.setName(“Peter”);
s.setGrade(95);



Java References
s1

Student

String name: “Mike”
int grade: 100
Student partner: <s2>

Student.java

public class Student {
private String name;
private int grade;
private Student partner;

... 

public void setPartner(Student p) {
this.partner = p;

}
}

Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2

Student

String name: “Peter”
int grade: 95
Student partner: <s1>

Mike 100 Peter
Peter 95 Mike

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());



Student.java

public class Student {
private String name;
private int grade;
private Student partner;

... 

public void setPartner(Student p) {
this.partner = p;

}
}

Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

Java References
s1

Student

String name: “Mike”
int grade: 100
Student partner:

s2

Student

String name: “Peter”
int grade: 95
Student partner:

Mike 100 Peter
Peter 95 Mike

s1 and s2 are “just” 
references to the “Mike” 

and “Peter” objects

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());



Java References

Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());

Any Guesses?



Java References
Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());



Java References
Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());

s1

Student

String name: “Mike”
int grade: 100
Student partner:

s2

Student

String name: “Peter”
int grade: 95
Student partner:



Java References
Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());

s1

Student

String name: “Mike”
int grade: 100
Student partner:

s2

Student

String name: “Peter”
int grade: 95
Student partner:



Java References
Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());

s1

Student

String name: “Mike”
int grade: 100
Student partner:

Student

String name: “Peter”
int grade: 95
Student partner:

s2

Student

String name: “Kelly”
int grade: 99
Student partner:

null



Java References
Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());

s1

Student

String name: “Mike”
int grade: 100
Student partner:

Student

String name: “Peter”
int grade: 95
Student partner:

s2

Student

String name: “Kelly”
int grade: 99
Student partner:

null

Mike 100 Peter



Java References
Student s1 = new Student("Mike", 100);
Student s2 = new Student("Peter", 95);

s1.setPartner(s2);
s2.setPartner(s1);

s2 = new Student("Kelly", 99);

System.out.println(s1.getName() + " " + s1.getGrade() 
+ " " + s1.getPartner().getName());

System.out.println(s2.getName() + " " + s2.getGrade()
+ " " + s2.getPartner().getName());

s1

Student

String name: “Mike”
int grade: 100
Student partner:

Student

String name: “Peter”
int grade: 95
Student partner:

s2

Student

String name: “Kelly”
int grade: 99
Student partner:

null

Mike 100 Peter
Exception in thread "main" java.lang.NullPointerException

at Student.main(Student.java:48)



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Java Nodes



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);

Java Nodes
Node

int data: 1

Node next:

n1

null



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);
Node n2 = new Node(2);

Node

int data: 1

Node next:

Java Nodes n1

n2

Node

int data: 2

Node next:

null

null



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);
Node n2 = new Node(2);
n1.setNext(n2);

Java Nodes
Node

int data: 1

Node next:

n1

n2

Node

int data: 2

Node next:

null



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);
Node n2 = new Node(2);
n1.setNext(n2);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());

Java Nodes
Node

int data: 1

Node next:

n1

n2

Node

int data: 2

Node next:

null



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);
Node n2 = new Node(2);
n1.setNext(n2);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());

Java Nodes
Node

int data: 1

Node next:

n1

n2

Node

int data: 2

Node next:

null

1 -> 2



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);
Node n2 = new Node(2);
n1.setNext(n2);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());
System.out.println(n2.getData() + " -> " + n2.getNext().getData());

Java Nodes
Node

int data: 1

Node next:

n1

n2

Node

int data: 2

Node next:

null

1 -> 2



public class Node {
private int data;
private Node next;

public Node(int d) {
this.data = d;
this.next = null; // will do this by default

}

public void setNext(Node n) {
this.next = n;

}

public Node getNext() {
return this.next;

}

public int getData() {
return this.data;

}

Node n1 = new Node(1);
Node n2 = new Node(2);
n1.setNext(n2);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());
System.out.println(n2.getData() + " -> " + n2.getNext().getData());

Java Nodes
Node

int data: 1

Node next:

n1

n2

Node

int data: 2

Node next:

null

1 -> 2
Exception in thread "main" java.lang.NullPointerException

at Node.main(Node.java:29)



Java Nodes
Node n1 = new Node(1);
Node n2 = new Node(2);
Node n3 = new Node(3);
n1.setNext(n2);
n2.setNext(n3);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());
System.out.println(n2.getData() + " -> " + n2.getNext().getData());
System.out.println(n3.getData() + " -> " + n3.getNext().getData());

n1

Node

int data: 1

Node next:

n2

Node

int data: 2

Node next:

null

n3

Node

int data: 3

Node next:

1 -> 2



Java Nodes
Node n1 = new Node(1);
Node n2 = new Node(2);
Node n3 = new Node(3);
n1.setNext(n2);
n2.setNext(n3);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());
System.out.println(n2.getData() + " -> " + n2.getNext().getData());
System.out.println(n3.getData() + " -> " + n3.getNext().getData());

n1

Node

int data: 1

Node next:

n2

Node

int data: 2

Node next:

null

n3

Node

int data: 3

Node next:

1 -> 2
2 -> 3



Java Nodes
Node n1 = new Node(1);
Node n2 = new Node(2);
Node n3 = new Node(3);
n1.setNext(n2);
n2.setNext(n3);

System.out.println(n1.getData() + " -> " + n1.getNext().getData());
System.out.println(n2.getData() + " -> " + n2.getNext().getData());
System.out.println(n3.getData() + " -> " + n3.getNext().getData());

n1

Node

int data: 1

Node next:

n2

Node

int data: 2

Node next:

null

n3

Node

int data: 3

Node next:

1 -> 2
2 -> 3
Exception in thread "main" java.lang.NullPointerException

at Node.main(Node.java:32)



Java Nodes
Node x = new Node(11);
x.setNext(new Node(22));
x.getNext().setNext(new Node(33));

System.out.println(x.getData() + " -> " + 
x.getNext().getData());

System.out.println(x.getNext().getData() + " -> " +
x.getNext().getNext().getData());

System.out.println(x.getNext().getNext().getData() + " -> " + 
x.getNext().getNext().getNext().getData());

x
Node

int data: 11

Node next:

Node

int data: 22

Node next:

null

Node

int data: 33

Node next:

11 -> 22



Java Nodes
Node x = new Node(11);
x.setNext(new Node(22));
x.getNext().setNext(new Node(33));

System.out.println(x.getData() + " -> " + 
x.getNext().getData());

System.out.println(x.getNext().getData() + " -> " +
x.getNext().getNext().getData());

System.out.println(x.getNext().getNext().getData() + " -> " + 
x.getNext().getNext().getNext().getData());

x
Node

int data: 11

Node next:

Node

int data: 22

Node next:

null

Node

int data: 33

Node next:

11 -> 22
22 -> 33



Java Nodes
Node x = new Node(11);
x.setNext(new Node(22));
x.getNext().setNext(new Node(33));

System.out.println(x.getData() + " -> " + 
x.getNext().getData());

System.out.println(x.getNext().getData() + " -> " +
x.getNext().getNext().getData());

System.out.println(x.getNext().getNext().getData() + " -> " + 
x.getNext().getNext().getNext().getData());

x
Node

int data: 11

Node next:

Node

int data: 22

Node next:

null

Node

int data: 33

Node next:

11 -> 22
22 -> 33
Exception in thread "main" java.lang.NullPointerException

at Node.main(Node.java:32)



ADT: Linked List
(Singly Linked List)

list

• Variable length data structure
• Constant time to head of list
• Linear time seek, easy to add/remove to middle once found

Node

data 
0

next

Node

data 
1

next

Node

data
2

next

Node

data
n-2

next

Node

data
n-1

next

null
…



List Class
StringNode.java

public class StringNode {
private String data;
private StringNode next;

public StringNode(String d) {
this.data = d;
this.next = null; // not necessary

}

public void setNext(StringNode n) {
this.next = n;

}

public StringNode getNext() {
return this.next;

}

public String getData() {
return this.data;

}
};

List.java

public class List {
private StringNode list;

public List() {
this.list = null; // not necessary

}

public static void main(String[] args) {
List mylist = new List();

}
};

mylist
List

Node list

Node

data

next

Node

data

next

Node

data

next

Node

data

next



Linked List Construction

list null

mylist.add(“Mike”);



Linked List Construction

list null

mylist.add(“Mike”);

List.java

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}



Linked List Construction

Node

Mike

next

nulllist

n

mylist.add(“Mike”);

List.java 

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}



Linked List Construction

Node

Mike

next

nulllist

n

mylist.add(“Mike”);

List.java 

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}



Linked List Construction

Node

Mike

next

nulllist

n

mylist.add(“Mike”);

List.java 

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}



Linked List Construction

Node

Mike

next

null

n

mylist.add(“Mike”);

List.java 

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}

list



Linked List Construction

Node

Mike

next

nulllist

mylist.add(“Mike”);

List.java 

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}



Linked List Construction

Node

Mike

next

nulllist

First node successfully added (prepend)
Questions?



Linked List Construction

Node

Mike

next

nulllist

mylist.add(“Peter”);

List.java 

public void add(String value){
StringNode n = new StringNode(value);
n.setNext(this.list);
this.list = n;

}



Linked List Construction

Node

Mike

next

null

Node

Peter

next

list

n

mylist.add(“Peter”);
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Why do we insert at the beginning of the list (prepend)?
How long would it take to insert at the tail?

How could you make that faster?
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How long would it take to insert at the tail?

How could you make that faster?



Next Steps
1. Work on HW1

2. Check on Piazza for tips & corrections!


