Chapter 8

Linked Structures

This chapter demonstrates therList interface implemented with a class that uses a linked structure
rather than the array implementation of the previous chapter. The linked version introduces another
data structure for iplementing collection classes: thiagly linked structure.

8.1 A Linked Structure

A collection of elements can be stored within a linked structure by storing a reference to elements in a
node and a reference to another node of the same type. The next adthked structure also stores a
reference to data and a reference to yet another node. There is at least one variable to locate the
beginning, which is nameist  here
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A linked structure with three nodes

Each nod is an object with two instance variables:

1. Areference to the data of the current node ("Joe", "Sue", and "Kim" above)
2. Areference to the next element in the collection, indicated by the arrows

The node with the reference valuenafi indicates the eshof the linked structure. Because there is
precisely one link from every node, this is a singly linked structure. (Other linked structures have more
than one link to other nodes.)

A search for an element begins at the node referenced by the exteemahaefirst . The
second node can be reached through the link from the first node. Any node can be referenced in this
sequential fashion. The search stops at the null terminator, which indicates the end. These nodes may
be located anywhere in available ne@sn The elements are not necessarily contiguous memory
locations as with arrays. InterfacarList will now be implemented using many instances of the
private inner class nameédbde.
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/**

* QurLinkedList is a class that uses an singly linked structure t o]
* store a collection of elements as a list. This is a growable coll -
* ection that uses a linked structure for the backing data storage.
*/
public class OurLinkedList<E> implements OurList<E> {
/I This private inner class is accessible only within OurLinkedList.
/I Instances of class Node will store a reference to the same
I/ type used to construct an OurLinkedList<Type>.
private class Node {
/I These instance variables can be accessed within OurLinkedList<E>
private E data;
private Node next;

public Node(E element) {
data = element;
next = null;

}// end class Node
/I TBA: OurLinkedList instance variables and methods

} /I end class OurLinkedList

The Node instance variablelata is declared a®bject in order to allow any type of element to be
stored in a node. The instance variable nanet is of typeNode. This allows oneNode object to
refer to another instance of the saNmle class. Both of these instance variables will be accessible
from the methods of the enclosing claGsr{inkedList ) even though they hayeivate access.

We will now build a linked structure storing a collection of thé@ing objects. We let th&lode
referencdirst  store a reference to a Node witht*  as the dat.

/I Build the first node and keep a reference to this first node
Node first = new Node("1st");

first public Node(Object objectReference) {

"1st" . null data = objectReference;

next = null;
}
The following construction stores a reference to the sttiegond” . However, this time, the
reference to the neWode object is stored it thenext field of theNode referenced byirst . This
effectively adds a new node to the end of the list.

/I Construct a second node referenced by the first node's next
first.next = new Node("Second");

first

A

"Second" null

" 1gt" PR
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The code above directly assigned a referencéhéonext instance variable. This unusual direct
reference to a private instance variable makes the implementatiunlafikedList ~ than having a
separate class as some textbooks use. Siode is intimately tied to this linked structure- and it
has beemmade an inner class- you will see many permitted assignments to bothafe's private
instance variableslata andnext .

This third construction adds a néWsde to the end of the list. Theext field is set to refer to this
new node by referencing itith the dot notatioffirst.next.next

/I Construct a third node referenced by the second node's next

Node temp = new Node("Third");

/I Replace null with the reference value of temp (pictured as an arrow)
first.next.next = temp;

The following picture regesents this hard coded (hot general) list:
first temp

"1st" "Second" "Third"
._/,( st ® ._*)‘ Third null

—

first.next.next

A
®

TheNode reference variable namdicst  is not an internal part of the linked structure. The purpose
of firs t is to find the beginning of the list so algorithms can find an insertion point for a new
element, for example.

In a singly linked structure, the instance variabéea of eachNode refers to an object in
memory, which could be of any type. The instameeiable next of eachNode object references
another node containing the next element in the collection. One ofNbdsebjects storesull to
mark the end of the linked structure. Thél value should only exist in the last node.

SeltCheck

Use thidlinked structure to answer the questions that follow.

" Yean" .——2;
first " Zorro "
(1> oo oo ome

8-1 What is the value dfrst.data ?

8-2 What is the value dirst.next.data ?

8-3 What is the value dfrst.next.next.next.data ?
8-4 What is the value dfrst.next.next.next ?
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Each node stores a reference to the element

A linked structure would be pictured more accurately withdtite field shown to reference an object
somewhere else in memory.

first

\ null Three linked nodes

]
\4

\ \ \

"1st " "Second"” "Third" The elements reference
from the linked nodes

/

However, it is more convenient to show linked structures thighvalue of the element written in the

node, especially if the elements are strings. This means that even though both parts store a reference
value (exactly four bytes of memory to indicate a reference to an object), these structures are often
pictured wth a box dedicated to the data value, as will be done in the remainder of this chapter.
reference values, pictured as arrows, are important. If one of these links becomes misdirected, the
program will not be able to find elements in the list.

Traversing a Linked Structure

Elements in a linked structure can be accessed in a sequential manner. Analogous to aishanging
subscript to reference all elements in an array, a changit variable can reference all elements in

a singly linked structure. Irhe followingfor loop, theNode reference begins at the first node and is
updated withhext until it becomeswill .

for (Node ref = first; ref != null; ref = ref.next) {
System.out.printin(ref.data.toString());

Output

1st
Second
Third

When the loop begs,first  is notnull , thus neither igsef . TheNode objectref refers to the first
node.
ref

/.

LinkNode ref = first;

first /

L | st ° y| "Second” | o 5| Third" null
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At this point,ref.data  returns a reference to the object referenced byldtee fieldd in this case,
the string'1st" . To get to he next element, thler loop updates the external pointef to refer to
the next node in the linked structure. The first assignmeretf of ref.next setsref to reference
the second node.

ref

ref = ref.next;

first

.’/' "1st " e >»| "Second" ,. »| "Third" null
At the end of the next looperation,ref = ref.next setsref to reference the third node.
ref
ref = ref.next; e
first >
r "lst” »| "Second” »| "Third" null
.//, € > [
And after one moreef = ref.next , the external reference namefl is assignedull
ref
null
At this point, thefor loop testre f != null is false . The traversal over this linked structure is
complete.

With an array, théor loop could be updating an integer subscript until the value is beyond the
index of the last meaningful elememidex == n  for example). With a linked struate, thefor
loop updates an external referenceN(ale reference nameckf here) so it can reference all nodes
until it finds thenext field to benull

This traversal represents a major difference between a linked structure and an array. With an array,
subscript2] directly references the third element. Tramdom accesss very quick and it takes just
one step. With a linked structure, you must often ssguential accesdy beginning at the first
element and visiting all the nodes that precede ldmeant you are trying to access. This can make a
difference in the runtime of certain algorithms and drive the decision of which storage mechanism to
use.
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8.2 Implement OurList using a Linked Structure

Now that the inneprivate  class Node exists, considr a class that implemen@urList . This
class will provide the same functionality @airArrayList with a different data structure. The
storage mechanism will be a collectionNafde objects. The algorithms will change to accommodate
this new underlying stage structure known as a singly linked structure. The collection class that
implements ADT OurList along with its methods and linked structure is knowtirdeed list.

This OurLinkedList ~ class uses an inndlode class with two additional constructaftheir use
will be shown later). It also needs the instance varifilde to mark the beginning of the linked
structure.

/I A type safe Collection class to store a list of any type element
public class OurLinkedList<E> implements OurList<E> {

/I This private inner class is only known within OurLinkedList.
/I Instances of class Node will store a reference to an
/I element and a reference to another instance of Node.
private class Node {

/I Store one element of the type specified during con struction
private E data;

/I Store a reference to another node with the same type of data

private Node next;

/I Allows Node n = new Node();
public Node() {

data = null;

next = null;

}

/I Allows Node n = new Nod e("Element");
public Node(E element) {

data = element;

next = null;

}

/I Allows Node n = new Node("Element”, first);
public Node(E element, Node nextReference) {
data = element;
next = nextReference;

}
Yl Il end inner class Node /1111

/I Instance variables for OurLinkedList
private Node first;

private int size;

/I Construct an empty list with size O
public OurLinkedList() {
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first = null;
size = 0;
}

!/ more to come ¢é

}
After construction, the picture of memory shdims  with anull value written as a diagonal line.

OurLinkedList<String> list = new OurLinkedList<String>();

Picture of an empty list: first The diagonal line
signifies thenull value

The first methodsEmpty returns true whefirst  is null

/**

* Return true when no elements are in this list
*/
public boolean isEmpty() {
return first == null;
}

Adding Elements to a Linked Structure
This section explores the algorithms to add to a linked structure in the following ways:

¢ Inserting an element at the beginning of the list
¢ Inserting an element at the end of the list
¢ Inserting an element anywhere in the list at a given position

To insert an element as the first element in a linked list that uses an external referendestanticef
the algorithm distinguishes these two possibilities:

1. thelistis empty

2. the list is not empty

If the list is empty, the insertion is relatively easy. Consider the following code that inserts a new
String  object at index zero of an empty list.réference to the neWode object with"one"  will be
assigned tdirst

/I Testing code
OurLinkedList<String> stringList = new OurLinkedList<String>();
stringList.addFirst("one");
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first

> one

/** Add an element to the beginning of this list.
*0(1)
* @param element The new element to be added at index 0.
*/
public void addFirst(E element) {
/I The beginning of an addFirst operation

if (this.isEmpty()) {
first = new Node(element);
/1 é

When the list imot empty, the algorithm must still make the insertion at the beginiiistg; must

still refer to the new first element. You must also take care of linking the new element to the rest of the
list. Otherwise, you lose the entire list! Consider addingvafiret element (to a list that is not empty)

with this message:

stringList.addFirst("two") ;

This can be accomplished by constructing a nede with the zereargument constructor that sets
bothdata andnext tonull . Then the reference to the soon éduaded element is stored in the data
field (againE can represent any reference type).

else {
/I the list is NOT empty
Node temp = new Node(); // data and next are null
temp.data = element; // Store reference to element

There are two $its now, one of which is temporary.

o frst rone”
/ two /

4 °d

temp

The following code links the node that is about to become thefir@w so that it refers to the
element that is about to become the second element in the linked structure.

temp .next = first; // 2 Nodes refer to the node with "one"

}
P wo | ‘o
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Now movefirst  to refer to theNode object referenced biyst  and incrementize .
first = temp;
} // end method addFirst

size++,;
} /I end addFirst

tomp T e N

"two" .{ "one"
N 3

After "two" is inserted at the front, the local varialdenp is no longer needed in the picture. The list
can also be drawn like this since the local varigdte will no longer exist after the method finishes:

e_/)

first

"one"

| _>| "two e

Y

[

This size method can now return the number of elements in the collection (providing theadther
methods also increment size when appropriate).

/**
* Return the number of elements in this list
*/
public int size() {
return  size;
}

SelfCheck

8-5 Draw a picture of memory after each of the following sets of code executes:
a. OurLinkedList<String> aList = new OurLinkedList<String>();

b. OurLinkedList<String> aList = new OurLinkedList<String>();
alList.addFirst("Chris");

C. CQurLinkedList<Integer> aList = new OurLinkedList<Integer>();
alList.addFirst(1);
aList.addFirst(2);
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addFirst again

TheaddFirst method used an f é e | statement to check if the reference to the beginning of the
list needed to be changed. Then severakrofteps were required. Now imagine changing the
addFirst method using the twargument constructor of tiaode class.

public Node(Object element, Node nextReference) {
data = element;
next = nextReference;

}

To add a new node at the beginning o tmked structure, you can initialize boktode instance
variables. This new twargument constructor takesNmde reference as a second argument. The
current value ofirst s stored into the neWode'snext field. The new node being added at index 0
now links to the oldirst

/** Add an element to the beginning of this list.
* @param element The new element to be added at the front.
* Runtime O(1)
*/
public void addFirst(E element) {
first = new Node(element, first);
size++;

}

To illustrate, onsider the following message to add a third element to the existing list of two nodes
(with "two" and "one"):stringList.addFirst("tre");

first

'/) "wo" "one”

The following initialization executes kddFirst

first = new Node(element, f irst);

This invokes the twargument constructor afass Node:

public Node(Object element, Node nextReference) {
data = element;
next = nextReference;

}

This constructor generates tRede object pictured below with a reference"t@" in data . It also
stores the value dirst  initsnext field. This means the new node (witre" ) has itsnext field
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refer to the oldirst  of the list.

first

new Node("tre", first );

] "tre"

? “‘ \

Wo" e "one"

Then after the construction is finished, the reference to theNwelw is assigned tdirst . Now
first  refers to the newWode object. The elementre® is now at index O.

first

\'“c

"one"

The following code illustrates thatidFirst ~ will work even when the list is empty. You end up with
a new Node whose eference instance variablgeext has been set taull and wherefirst
references the only element in the list.

OurLinkedList<String> anotherList = new OurLinkedList<String>();
anotherList.addFirst("Was Empty");

Before first Aftest

|Z| |E"_) "Was Empty"

SincetheaddFirst method essentially boils down to two assignment statements, no matter how large
the list,addFirst is O(1).

get

ourList specifies aget method that emulates the array square bracket notftiofor getting a
reference to a specific index. hiE implementation of theget method will throw an
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lllegalArgumentException if the argumentndex is outside the range ofthroughsize() - 1.
This avoids returningull  or other meaningless data duringea when the index is out of range.

/**

* Ret urn a reference to the element at index getindex

*O(n)

*/
public E get(int getindex) {
/I Verify insertindex is in the range of 0..size() -1
if (getindex < 0 || getindex >= this.size())

throw new lllegalArgumentException("™ + getindex);

Finding the correct node is not the direct access available to an array. A loop must iterate through the
linked structure.

Node ref = first;
for (inti=0; i< getindex; i++) {
ref = ref.next;

return ref.data;
}/l end get

When the terporary external referengef points to the correct element, the data of that node will be

returned.
It is now possible to test thldFirst andget methods. First, let's make sure the method throws

an exception when the indexdet is out of range. F&t  w egét(b) | ontarr eynpty list.

@Test(expected = lllegalArgumentException. class )
public void testGetExceptionWhenEmpty() {

OurLinkedList<String> list = new OurLinkedList<String>();

list.get(0); // We want get(0) to throw an exception

Another test method ensures that the indexes just out of range do indeed throw exceptions.

@Test(expected = lllegalArgumentException. class )
public void testGetExceptionWhenindexTooBig() {
OurLinkedList<String> list = new OurLinkedList<String>() ;
list.addFirst("B");
list.addFirst("A");
list.get(2); // should throw an exception

}

@Test(expected = lllegalArgumentException. class )

public void testGetExceptionWhenIndexTooSmall () {
OurLinkedList<String> list = new OurLinkedL ist<String>();

list.addFirst("B");
list.addFirst("A");
list.get( - 1); /1 should throw an exception
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This test foraddFirst  will help to verify it works correctly while documenting the desired behavior.

@Test

public void testAddFirstAndG et() {
OurLinkedList<String> list = new OurLinkedList<String>();
list.addFirst("A");
list.addFirst("B");
list.addFirst("C");

/I Assert that all three can be retrieved from the expected index
assertEquals("C", list.get(0));
ass ertEquals("B", list.get(1));
assertEquals("A", list.get(2));

SeltCheck

8-6 Which one of the following assertions would fail: a, b, c, or d?

OurLinkedList<String> list = new OurLinkedList<String>();
list.addFirst("EI");

listaddFi  rst("Li");

list.addFirst("Jo");

list.addFirst("Cy");

assertEquals("El", list.get(3)); // a.

assertEquals("Li", list.get(2)); // b.

assertEquals("JO", list.get(1)); // c.

assertEquals("Cy", list.get(0)); // d.

A toString method

Programmers using aburLinkedList ~ object may be interested in getting a peek at the current state
of the list or finding an element in the list. To do this, the list will also have to be traversed.

This algorithm intoString  begins by storing a referem¢o the first node in the list and updating
it until it reaches the desired location. A complete traversal begins at the node referfiace land
ends at the last node (where thet field is null ). The loop traverses the list untdf becomes
null . This is the onlynull value stored in a next field in any proper list. The null value denotes the
end of the list.

/**
* Return a string with all elements in this list.
* @returns One String that is the concatenation of the toString version of all
* elements in this list separated by ", " and bracketed with “[" and "]".
*
public String toString() {
String result = "[";

if (! this.isEmpty()) { / There is at least one element
/I Concatenate all elements except the last
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Node ref = first;

while (ref.next != null) {
/I Concatenate the toString version of each element
result = result + ref.data.toString() + ", ";

// Bring loop closer to termination
ref = ref.next;

}

/l Concaten  ate the last element (if size > 0) but without ", "
result += ref.data.toString();

}

/I Always concatenate the closing square bracket
result +="]",

return result;

}

Notice that each time through thwile loop, the variableef changes to reference thext element.
The loop keeps going as longras does not refer to the last elemetaf.qext != null ).

Modified versions of théor loop traversal will be used to insert an element into a linked list at a
specific index, find @&pecific element, and remove elements.

Theadd Method

Suppose a linked list has the three strings, "F" , and"J" :
OurLinkedList<String> list = new OurLinkedList<String>();
list.add(0, "M");

list.add(1, "F");

list.add(2, "J");
assertEquals("[M, F, J]" , list.toString());

The linked structure generated by the code above would look like this:

first "M" "E "
%—) € > €

This message inserts a fourth string into the 3rd position, at index 2, Wwheignow:

list.add(2, "A"); // This has zero bas ed indexing  -- index 2 is 3rd spot
assertEquals("[M, F, A, J]", list.toString());

Since the three existing nodes do not necessarily occupy contiguous memory locations in this list, the
elements in the existing nodes need not be shifted as did the arrafrdetare. However, you will

need a loop to count to the insertion point. Once again, the algorithm will require a careful adjustment
of links in order to insert a new element. Below, we will see how to ityserat index 2.
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first (Y
E 3 "M" e "F" °,/v \ "J"

Inserting into the middle of a LinkedList

The following algorithm inserts an element into a specific location in a linked list. After ensuring that
the index is in the correct range, the algorithm checks for the special case of inserting at index 0,
where the external referenfbst ~ must beadjusted.

if the index is out of range
throw an exception
else if the new element is to be inserted at index 0
addFirst(element)
else {
Find the place in the list to insert
construct a new node with the new element in it
adjust referencesf existingNode objects to accommodate the insertion

}

This algorithm is implemented as théd method with two arguments. It requires the index where that
new element is to be inserted along with the object to be inserted. If either one of the pllowin
conditions exist, the index is out of range:

1. anegative index
2. an index greater than the size() of the list

Theadd method first checks if it is appropriate to throw an exceptiowhen insertindex is out
of range.

/** Place element at the insertl ndex specified.
* Runtime: O(n)
* @param element The new element to be added to this list
* @param insertindex The location where the new element will be added
* @throws lllegalArgumentException if insertindex is out of range
*/
public void ad d(int insertindex, E element) {
/I Verify insertindex is in the range of 0..size() -1
if (insertindex < 0 || insertindex > this.size())
throw new lllegalArgumentException(" + insertindex);

The method throws alfiegalArgumentException if the argument is less than zero or greater than

the number of elements. For example, when the size of the list is 4, the only legal arguments would be
0, 1, 2, or 3 and 4 (inserts at the end of the list). For example, the following message generates an
excepton because the | argest index allowed with @i

list.add(5, "Y"):

n s






