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1B1b1B1b
Implementing Data Implementing Data 

StructuresStructures
Lists, Hash Tables and TreesLists, Hash Tables and Trees
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AgendaAgenda
•• Classes and abstract data types.Classes and abstract data types.
•• Containers.Containers.
•• Iteration.Iteration.
•• ListsLists
•• Hash TablesHash Tables
•• TreesTrees
Note Note –– here we only deal with the here we only deal with the implementationimplementation of of 

data structures. 1b12 and 1b13 cover the detailed data structures. 1b12 and 1b13 cover the detailed 
properties of data structures.properties of data structures.
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Data AbstractionData Abstraction

•• We know a class declaration creates a We know a class declaration creates a User User 
Defined TypeDefined Type..

•• We can also describe a class as an We can also describe a class as an 
implementation of a implementation of a data abstractiondata abstraction or or 
data typedata type..

•• An Abstract Data Type (ADT) provides a An Abstract Data Type (ADT) provides a 
specification of a data type.specification of a data type.
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A Data AbstractionA Data Abstraction
class Pairclass Pair

{{

private private intint x ;x ;

private private intint y ;y ;

......
public public Pair(intPair(int a, a, intint b) b) 

{ ... }{ ... }

......

}}

A new data 
abstraction is 
created here.

Also a new type.
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A Data Abstraction (2)A Data Abstraction (2)
. . .. . .

Pair p = new Pair(1, 3) ;Pair p = new Pair(1, 3) ;

Pair q = new Pair(34, Pair q = new Pair(34, --23) ;23) ;

. . .. . .

•• A A PairPair can now be directly used, rather than can now be directly used, rather than 
having to manage two separate variables.having to manage two separate variables.

•• PairPair is (a bit) more abstract and hides unwanted is (a bit) more abstract and hides unwanted 
detail that would otherwise intrude.detail that would otherwise intrude.
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Abstract Data Types and ClassesAbstract Data Types and Classes
•• A class can be used to provide an implementation A class can be used to provide an implementation 

that that conformsconforms to an ADT specification.to an ADT specification.

•• Typically Typically ADTsADTs are associated with data are associated with data 
structures.structures.
–– CollectionsCollections or or ContainersContainers..

–– Collections are objects that act as containers in which Collections are objects that act as containers in which 
other objects (or really object references) are stored. other objects (or really object references) are stored. 

–– List, Tree, List, Tree, ArrayListArrayList, Graph, Hash Table, etc., Graph, Hash Table, etc.
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Abstraction LayersAbstraction Layers

Base language

Package

Package

Application

User

Java

ADTs

Components

WordProcessor
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Implementing a containerImplementing a container

•• Obviously use a class…Obviously use a class…

•• Need a data structure to store contained Need a data structure to store contained 
object references:object references:
–– one or more instance variables (private of one or more instance variables (private of 

course).course).

•• Need algorithms to implement access Need algorithms to implement access 
operations as methods.operations as methods.
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Implementation propertiesImplementation properties

•• Need to consider:Need to consider:
–– Memory use.Memory use.

–– Speed of operation.Speed of operation.

•• Typically trading off one property against Typically trading off one property against 
another. another. 

•• Need to select implementations that match Need to select implementations that match 
the needs of your program.the needs of your program.
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IteratorsIterators

•• Every collection has to provide a Every collection has to provide a 
mechanism for dealing with each element in mechanism for dealing with each element in 
the collection in turn.the collection in turn.

•• Such an mechanism is called an Such an mechanism is called an iteratoriterator..

•• Algorithms such as linear searching, Algorithms such as linear searching, 
comparison, function application depend on comparison, function application depend on 
use of use of iteratorsiterators..
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ArrayListArrayList –– Using an Using an IteratorIterator
ArrayListArrayList a = new a = new ArrayListArrayList () ;() ;

......

for (for (Iterator i = a.iterator() ; i.hasNext() ; ))

{{

doSomething((String)doSomething((String)i.next()) ;) ;

}}

No longer need an integer counter, instead an
Iterator object is used to access each ArrayList
element.
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Questions?Questions?
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Linked ListsLinked Lists

•• A linked list is implemented as a chain of A linked list is implemented as a chain of 
linked elements (objects).linked elements (objects).

11

7

1

head
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Linked ListsLinked Lists

•• Each element or node consists of a stored Each element or node consists of a stored 
value and a reference to the next element.value and a reference to the next element.

•• A reference is maintained to the A reference is maintained to the headhead of the of the 
list.list.

•• An individual element is located by An individual element is located by 
following the chain from the head.following the chain from the head.
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SequenceSequence

•• Elements in a list (or vector, or array) are Elements in a list (or vector, or array) are 
stored in stored in sequencesequence..

•• Accessing elements often relies on the Accessing elements often relies on the 
sequence.sequence.

•• A list is a A list is a sequence containersequence container..
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List Implementation List Implementation –– List ElementList Element

class class ListElementListElement

{{

Object datum ; // Note use of ObjectObject datum ; // Note use of Object

ListElementListElement nextElementnextElement ;;

. . .. . .

}}

datum nextElement
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Complete Complete ListElementListElement
public class ListElement

{

private ListElement next;

private Object value;

public ListElement(Object value,

ListElement next)

{

this.value = value;

this.next = next; 

}

public Object getValue()

{
return value;

}

public ListElement getNext()

{
return next;

}
}
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Using Using ListElementsListElements

•• Lists can be constructed directly using Lists can be constructed directly using 
ListElementsListElements..

•• Useful for creating chains of objects.Useful for creating chains of objects.

•• Need to implement methods to access the Need to implement methods to access the 
chain (add, remove, search, etc.).chain (add, remove, search, etc.).
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A A ListList classclass
class Listclass List
{{

private static class private static class ListElementListElement { ... }{ ... }
private private ListElementListElement head = null ;head = null ;

public List() { ... }public List() { ... }
public Object public Object getHeadgetHead() { ... }() { ... }
public List public List getTailgetTail() { ... }() { ... }
public public booleanboolean isEmptyisEmpty() { ... }() { ... }
public public IteratorIterator iteratoriterator() { ... }() { ... }
public void public void insertHead(ObjectinsertHead(Object objobj) { ... }) { ... }
// etc.// etc.

}}

Note: The element class Note: The element class 
isis nestednested inside the List inside the List 
class and made class and made privateprivate..
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List Class v. List ElementsList Class v. List Elements
•• The The ListList class provides the public interface class provides the public interface 

to lists.to lists.
–– A List object can only be used by calling the A List object can only be used by calling the 

public methods declared by the List class.public methods declared by the List class.

•• List elements are private and List elements are private and cannotcannot be used be used 
externally.externally.

•• Implementation details are hidden Implementation details are hidden 
(encapsulated).(encapsulated).
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Example algorithm Example algorithm –– InsertionInsertion

11

7

4

1

head

p
c

newElement
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Linked List PropertiesLinked List Properties
•• Inserting/removing at beginning or end is Inserting/removing at beginning or end is 

fast.fast.
•• Insertion/removal in middle can be fast Insertion/removal in middle can be fast 

once the location is found.once the location is found.
•• But there is the potential cost of linear But there is the potential cost of linear 

access access –– O(n).O(n).
•• Good for situations when elements are Good for situations when elements are 

repeatedly inserted and deleted.repeatedly inserted and deleted.
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DoubleDouble--Link ListLink List
•• Links in both Links in both 

directions.directions.

•• Head and tail Head and tail 
references.references.

•• Some algorithms Some algorithms 
easier to easier to 
implement but implement but 
extra storage cost extra storage cost 
for each element.for each element.

tail

head
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Questions?Questions?



1B1b Lecture Slides

Copyright  © 2004, Graham Roberts 5

Copyright  © 2004, Graham Roberts Department of Computer Science25

TreesTrees

•• Trees are another variation of data Trees are another variation of data 
structures based on linked elements.structures based on linked elements.

•• They use a hierarchical They use a hierarchical organisationorganisation of of 
elements rather than straight chains. elements rather than straight chains. 
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Trees (2)Trees (2)

node

leaf node

branching factor

root children

parent
Level 0

Level 1

Level 2

height = depth = 3
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Trees (3)Trees (3)

•• Crucial properties of Trees:Crucial properties of Trees:
–– Links only go down from parent to child.Links only go down from parent to child.

–– Each node has one and only one parent (except Each node has one and only one parent (except 
rootroot which has no parent).which has no parent).

–– There are no links up the data structure; no There are no links up the data structure; no 
child to parent links.child to parent links.

–– There are no sibling links; no links between There are no sibling links; no links between 
nodes at the same level.nodes at the same level.
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Trees (4)Trees (4)

•• Trees are immensely useful for sorting:Trees are immensely useful for sorting:
–– insertion automatically sorts!insertion automatically sorts!

•• and searching:and searching:
–– sorted structure sorted structure minimisesminimises the number of the number of 

comparisons.comparisons.
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Binary TreesBinary Trees
This is a complete 
binary tree.
Each node has a 
maximum of 2 child 
nodes.

Nodes are ordered 
so that left child 
nodes have a value 
less than parent, 
right child nodes 
greater than or 
equal to.

• The simplest kind of tree.

root

3 14

9

37

68

54
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Binary Trees (2)Binary Trees (2)
// A binary tree node// A binary tree node

class Nodeclass Node

{{

public public Node(ObjectNode(Object o, Node l, Node r)o, Node l, Node r)

{ value = o ; left = l ; right = r ; } { value = o ; left = l ; right = r ; } 

Object value ;Object value ;

Node left ;Node left ;

Node right ;Node right ;

}}
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Binary Trees (3)Binary Trees (3)
public class Treepublic class Tree
{{

private class Node { … }    private class Node { … }    
private Node root = null ;private Node root = null ;
public Tree() { ... }public Tree() { ... }
public void insert(Object obj) { ... }public void insert(Object obj) { ... }
public void delete(Object obj) { ... }public void delete(Object obj) { ... }
public boolean includes(Object obj) { ... }public boolean includes(Object obj) { ... }

// // Iterator(sIterator(s))
public public IteratorIterator iteratoriterator() { ... } // But which order?() { ... } // But which order?

......
}}
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Binary Tree IterationBinary Tree Iteration

•• Four ways of iterating through a tree:Four ways of iterating through a tree:
–– InIn--order.order.

–– PrePre--order.order.

–– PostPost--order.order.

–– LevelLevel--order.order.
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Binary Tree Iteration (2)Binary Tree Iteration (2)

•• PrePre--order, postorder, post--order and inorder and in--order are order are 
related since they just rearrange order of related since they just rearrange order of 
iteration.  iteration.  
–– DepthDepth--first searches.first searches.

•• LevelLevel--order is different. order is different. 
–– BreadthBreadth--first search.first search.
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Binary Tree Iteration (3)Binary Tree Iteration (3)

root

3 14

9

37

68

54

In-order: 3, 9, 14, 37, 54, 68
Pre-order: 37, 9, 3, 14, 68, 54
Post-order: 3, 14, 9, 54, 68, 37
Level-order: 37, 9, 68, 3, 14, 54

This is a complete 
binary tree.
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Binary Tree Iteration (4)Binary Tree Iteration (4)

•• InIn--order iteration:order iteration:

void void inOrderinOrder ()()
{{

if (left != null) { if (left != null) { left.inOrderleft.inOrder(); }(); }
System.out.println(valueSystem.out.println(value););
if (right != null) { if (right != null) { right.inOrderright.inOrder(); }(); }

}}
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Binary Tree Iteration (5)Binary Tree Iteration (5)

•• PrePre--Order IterationOrder Iteration::
void void preOrderpreOrder ()()

{{

System.out.println(valueSystem.out.println(value););

if (left != null) { if (left != null) { left.preOrderleft.preOrder(); }(); }

if (right != null) { if (right != null) { right.preOrderright.preOrder(); }(); }

}}
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Binary Tree Iteration (6)Binary Tree Iteration (6)

•• PostPost--Order Iteration:Order Iteration:
void void postOrderpostOrder ()()

{{

if (left != null) { if (left != null) { left.postOrderleft.postOrder(); }(); }

if (right != null) { if (right != null) { right.postOrderright.postOrder(); }(); }

System.out.println(valueSystem.out.println(value););

}}
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Binary Tree Iteration (7)Binary Tree Iteration (7)
•• LevelLevel--order iteration.order iteration.
•• Need a queue of nodes:Need a queue of nodes:
void void levelOrderlevelOrder()()
{{

create empty queuecreate empty queue
add root node to queueadd root node to queue
while (queue is not empty)while (queue is not empty)
{{

Node n = get and remove node at front of queueNode n = get and remove node at front of queue
print print n.valuen.value
add add n.leftn.left to end of queueto end of queue
add add n.rightn.right to end of queueto end of queue

} } 
}}
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Searching binary treeSearching binary tree
•• Use node value to determine whether to go left or Use node value to determine whether to go left or 

right.right.
booleanboolean search(intsearch(int n)n)
{{

if (value == n) {return true;}if (value == n) {return true;}
if ((value < n) && (left != null)) if ((value < n) && (left != null)) 

{return {return left.search(nleft.search(n);});}
if ((value >= n) && (right != null)) if ((value >= n) && (right != null)) 

{return {return right.search(nright.search(n);});}
return false;return false;

}}
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Questions?Questions?
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MapMap

•• In mathematics a map (In mathematics a map (akaaka function) relates function) relates 
members of one set to members of another members of one set to members of another 
set:set:

m : X m : X →→ YY
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ArraysArrays

•• Arrays (and Arrays (and ArrayListsArrayLists) are ) are 
implementations of maps:implementations of maps:

array : array : intint →→ YY

•• For example:For example:
char array[20] ;char array[20] ;

array[3] = ‘c’ ;array[3] = ‘c’ ;

array[5] = ‘w’ ;array[5] = ‘w’ ;
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Keys and valuesKeys and values

m : X m : X →→ YY

•• For example:For example:
–– Key type String.Key type String.

–– Value type Value type PhoneNumberPhoneNumber..

–– Mapping from names to phone numbers.Mapping from names to phone numbers.

Key Value
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Hash TableHash Table

•• An An ADTADT that implements a map from any that implements a map from any 
class type to any class type.class type to any class type.
–– For example:For example:

map : String map : String →→ ColourColour
Colour c = (Colour)a.get(“green”) ;Colour c = (Colour)a.get(“green”) ;

•• Needs a data structure to store mapping.Needs a data structure to store mapping.
–– Want O(1) access.Want O(1) access.
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An idea?An idea?

•• Could set up a mapping from the key to an Could set up a mapping from the key to an 
intint value,value,

•• and then use the and then use the intint as an as an arrayarray index.index.

G : X G : X →→ intint

H : H : intint →→ YY

m = H . Gm = H . G
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Hash FunctionHash Function

•• Use a Use a hash functionhash function to map the search key to map the search key 
into an integer that can be used as an index into an integer that can be used as an index 
into the array:into the array:

intint hash(X key) ;hash(X key) ;
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Hash Function (2)Hash Function (2)

•• The hash function must:The hash function must:
–– return an integer within the array bounds of the return an integer within the array bounds of the 

storing array,storing array,

–– map keys consistently and evenly to the map keys consistently and evenly to the 
integers; and,integers; and,

–– be quick to calculate.be quick to calculate.
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Hash Function exampleHash Function example

•• Consider the case where keys are strings.Consider the case where keys are strings.

•• Need a mapping from the string to an Need a mapping from the string to an 
integer array index.integer array index.

•• If we use characters as the key then:If we use characters as the key then:
intint key = (key[0] + 3*key[1]) % key = (key[0] + 3*key[1]) % tableSizetableSize

is a possible hash function.is a possible hash function.
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Hash Function (3)Hash Function (3)

•• Hashing is Hashing is so important that in Java important that in Java every
object has a hash code to enable easy object has a hash code to enable easy 
storage in hash tables.storage in hash tables.

•• See the method See the method hashCodehashCode implemented by implemented by 
all objects.  (Inherited from Object.)all objects.  (Inherited from Object.)
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Hash Function (4)Hash Function (4)

•• Given that there are more keys that array Given that there are more keys that array 
entries, there will be “multiple hits”.entries, there will be “multiple hits”.

•• The hash function will return the same The hash function will return the same 
integer for a number of keys.integer for a number of keys.

•• Need a mechanism for handling this. Need a mechanism for handling this. 
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Chained HashingChained Hashing

•• The hash table is an array of linked nodes The hash table is an array of linked nodes 
(like linked lists).(like linked lists).

•• The first stage of search is an hash lookup.The first stage of search is an hash lookup.

•• The second stage of search is a linear search The second stage of search is a linear search 
along the linked chain of nodes.along the linked chain of nodes.

•• The chains allow for The chains allow for overflowoverflow when hash when hash 
values values collidecollide..
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Chained Hashing (2)Chained Hashing (2)

array chains

key value key value key value

key value key value

key value
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Chain Node ClassChain Node Class
private static class Nodeprivate static class Node

{{

public Node next ;public Node next ;

public Object key ;public Object key ;

public Object public Object valval ;;

etc.etc.

}}

•• Like a Like a LinkedListLinkedList node, node, 
but with an extra field.but with an extra field.

•• Rest of class is a Rest of class is a 
simplified list class.simplified list class.
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Hash Table classHash Table class

class class HashTableHashTable

{{

private Node[ ] table =private Node[ ] table =

new new Node[tableSizeNode[tableSize] ;] ;

. . .. . .

}}
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Chained Hashing (3)Chained Hashing (3)
•• Values are inserted by:Values are inserted by:

–– Hashing key and performing array index.Hashing key and performing array index.
–– Creating new node.Creating new node.
–– Inserting new node at head of chain.Inserting new node at head of chain.

•• LookLook--up:up:
–– Hash key and perform array index.Hash key and perform array index.
–– Linear search of chain to find node with matching key.Linear search of chain to find node with matching key.
–– Return value from node.Return value from node.

•• Allows duplicate key/values pairs to exist.Allows duplicate key/values pairs to exist.
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Open Hashing (1)Open Hashing (1)

•• Have seen linked lists used as the overflow Have seen linked lists used as the overflow 
technique in an hash table.technique in an hash table.

•• There is one other major technique for There is one other major technique for 
handling hash collisions: open hashing.handling hash collisions: open hashing.
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Open Hashing (2)Open Hashing (2)

•• The array holds the data itself  not chains of The array holds the data itself  not chains of 
nodes holding the data.nodes holding the data.

•• If the slot determined by the hash function If the slot determined by the hash function 
is full, linearly search down the array for the is full, linearly search down the array for the 
next empty slot.next empty slot.
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Open Hashing (3)Open Hashing (3)

x
x

x
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Open Hashing (4)Open Hashing (4)

x
x

x

Y

X
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Open Hashing (5)Open Hashing (5)

•• Can do this linearly, e.g. step by 1 if there is Can do this linearly, e.g. step by 1 if there is 
a clash.a clash.

•• Can also do this Can also do this quadraticallyquadratically, or even , or even 
exponentially.exponentially.

•• But number of elements that can be stored But number of elements that can be stored 
is limited by array size.is limited by array size.
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Example codeExample code

•• See the 1b1b web page for example code See the 1b1b web page for example code 
for a Linked List and a Chained Hash Table.for a Linked List and a Chained Hash Table.

•• Make sure you study this code and Make sure you study this code and 
understand how it works.understand how it works.
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Questions?Questions?
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Further InformationFurther Information

•• Check the 1b1b web page for example code.Check the 1b1b web page for example code.

•• Read Part 2 of the text book.Read Part 2 of the text book.
–– Next year you need to know and understand the Next year you need to know and understand the 

content of part 2 in detail.content of part 2 in detail.

–– There won’t be lectures on the material.There won’t be lectures on the material.
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SummarySummary

•• Looked at the key data structures:Looked at the key data structures:
–– ListList

–– TreeTree

–– Hash Table (Map)Hash Table (Map)

•• All rely on object references (pointers).All rely on object references (pointers).

•• Have different performance properties.Have different performance properties.


