CIS 350��

Dr. Bruce Maxim

Goal:  Data Structures



1.  Tool notion (tool box)

	problems - used in

2.  Representations or implementations

	(compromise -> limitations)

��

				     (( process  ((

					   



Algorithms:

finite (stop)

well defined steps

elementary steps



(	design: (algorithm)

needs and requirements

write problem specification

design program

code program

test units

integrate units

install system

maintain

	

	(	data:  abstraction of reality



	(	abstract data type

attributes

operations



	(	abstract data structure



Nature of data abstraction:

Problem to be solved

Operations to perform

Machine restrictions



Specify ADT

Syntax

Semantics

Restrictions



Representation:

	bit: 0, 1

	(two values)

	byte ( 8 bits

		28

Types:

(	Hardware or Software	



Operations:  (generic)

create

a)  size  (static or dynamic)

b)  shape  (linear? hiearchial? circular? tree?)

c)  initialization

traversal

search  (true or false)

sort

retrieval

updating

merging  (sorted data)

reformatting

combining



Data type - bindings

cardinality of data type

kinds of operations

nature of constants required by type



Type declaration statement

reserves space for “variable”

associate name with storage

allows bit string in location to be interpreted according to type implementation

more efficient use of storage

better storage management

static type checking

		(	Z = X * Y



Dynamic type checking

type information must be kept during execution

must be done using software



Storage management

storage allocation

access path creation





	(	garbage -- lose path, before storage retrieved

	(	dangling reference -- recover storage and fail to destroy path

					

					      (	      (	

���records:	A.I		-----	---	-------	 -------

				

arrays:	base address/offset

		A[I]   or   A[I,J]	

					 (

		access formula:

			row major

			column major

			

strings:  array of characters

fixed length strings

(	X = “BRUCE”

variable length string

		Pascal:

��								

							

		C++: (string.h)

�		



		X = ‘BRUCE’;

		strcpy 

		strcmp

			X == ‘BRUCE’

	3.  variable length unbounded

������			     (((		(((		   (((	

	

	



Structured Types

	Specification:

number of components

	(fixed or variable)

types of components

	(homogeneous or heterogeneous)

names for components selection

(A[I]  vs.  A.I)

maximum number of components

organization of components

	(sequential storage  vs.  linked storage)



Operations:

component selection

(random access of sequential)

whole structure operations

insertion/deletion components

creation/destruction of entire structure



char:  byte -- 256

	creation

	deletion

		=	==

		:=	<

	ord(char)

	char(int)

	‘a’ ( 65



integer:

	- (negation)

	*, +, -, /, %

			  (

		   remainder

	binary representation:

�                 1234          



real:

	same operations as integer

	binary representation:

��		   2   .1234

                 

		   (       (

	    1 byte  3 bytes



Static type checking:

#, order, and types of all arguments and results

data type of every object described by variable name

type of each constant



choices?

leave type unchecked

flag error and use exception handler

coercion (type change)



�Boolean:

��	two values 1 or 0			operators:

	creation						and			nor

	assignment					or			xor

	comparison					not			equivalence

	delete						nand









				

��

��





��

			Stack						        Queue					







Stack					Operations:

���					   		Pop

   C		(			    		Push

   B			    	          	(   StackTop		

   A					    		Empty

					    		StackSize



Stack W

Stack Z



Z:= W		Z == W



X = Push(X,3)

X = X.Push(3)



sample code can be found under ~cis200 on skye



�

              (					        (	

	 Top + 1				  Top - 1



Queue				 		Operations:

��				      				Enqueue  (insert)			QueueSize

(���		    		(				Dequeue  (remove)		 Empty

�								Retrieve					 Full

					��





	(				(

	Front =			Rear =

	Front - 1			Rear + 1



Circular Queue



��

















Complexity

	efficiency

execution speed		 (

memory				 (	machine independence

programming time		 (	

	

best case performance

worst case performance

average case performance	



Units	

	big-Oh (	O(n2)

				((n2)

				((n2)



T(n) ( c(n2)

O(n)



Definition:

for T and f functions on (:

	T(n) is of complexity O(f(n)) if there is some c ( (+ such that

	| T(n) | ( c| f(n) |

	big-Oh is upper bound

	big Omega is lower bound

	((g(n) which means | T(n) ( c| g(n) |



Rules for Order Arithmetic:

Multiplicative Constants

O(k * f(n)) = O(f(n))



Addition Rule

O(f(n) + g(n)) = max(f(n), g(n))



Multiplication Rule

		O(f(n) * g(n)) = O(f(n)) * O(g(n))



Examples:

O(1000n) = O(n)

O(n2  + 3n + 2) = O(n2)

O(3n3  + 6n2  - 4n + 2) = O(3n3)

				     	 = O(n3) 







� EMBED Equation.2  ���( (N + 1) = � EMBED Equation.2  ���





						= � EMBED Equation.2  ���



						= � EMBED Equation.2  ���

						

						= � EMBED Equation.2  ���



						= � EMBED Equation.2  ���



						( � EMBED Equation.2  ���



						(� EMBED Equation.2  ���



						( N



O(N)

O� EMBED Equation.2  ���



� EMBED Equation.2  ���



T(N) = N * (1 + 1 + 1)

	  = N * 3

O(3N) = O(N)



for I = 1 to N do

	if X = A[I] then

	begin

		print I

		stop

	end

print “done”



O(1) 	best

O(N)	worst

O(N)	fail



average = (1 + 2 + 3 + ... + N) + N

�				    N + 1

	      

			(N+1)N

		=	    2		  +  N	

�			    N + 1

	

		= 1	N2 + 3N

		   2	  N + 1

		

		=  1   ( N2  +  3N)

		    2   (N+1 + N+1)



		(  N2         +     3N

		    N+1		 N+1



Evaluation of Running Times:

assignment (=)  counts as O(1)

    	read

    	write

�2. sequence of statements

	{

	 }	addition rule



3.  if - then - else

	O(1) condition

     + cost of conditional statements



4.  loops

	while

		O(1) condition		(

							(	repeated

    	+ cost of statements     	(



	for 

		add cost of test at end O(1)



I = 1

P = 1

while (I < N) do

{

	P = P * I

	I = I + 1

}



T(n) = 2 + (N - I) * (1 + 1 + 1)

	 = 2 + (N -1)(3)

	 = O(2 + (3N - 3))

	 = O(N)



Z = 1.0

t = a

k = n

while K > 0 do

begin

	iff odd(k) then

		z = z * t

	k = k/2

	if  K <> 0 then

	t = t*t

end



O(1) ( 3 assignment

O(1) ( 4 statements



k = n, n/2, n/4, n/8, ....



stop m iterations

	n

�(	2m     < 1)           



2m-1	(	n < 2m

if n is 	if n is odd

even



n < 2 m 

n = 2 m 

log(n) = m log 2



� EMBED Equation.2  ���



T(n) is O� EMBED Equation.2  ���



O� EMBED Equation.2  ���=  	O(log n)



for I = 1 to N-1 do

	for J = N downto I+ 1 do

	if A[J-1] > A[J] then			( 3 assignments

		swap(A[J-1], a[J])



inner loop

O((n - i) * 1) = O(n-i)



outer loop

� EMBED Equation.2  ���

		

		  � EMBED Equation.2  ���

		   =	O(n2)



goto’s

	1.  use goto’s to jump out of loops

	2.  assume goto’s never taken	



Recursion

1.	if N < 1 then

		N! = 1

     	else

		N! = N * (N-1)!



2.	if b = 1 then

		a * b = a

	else

		a * b = a * (b-1) + a



3.	if n = 0 or n = 1 then



		fib(n) = n

	else

		fib(n) = fib(n-2) + fib(n-1)



4.	if low > high then

		return 0

	mid = (low + high)/2

	if x = a[mid] then

		return mid

	if x < a[mid] then

		return(search(x, low, mid-1, a))

	else

		return(search(x, mid+1, high, a))



Good Uses of Recursion

Recursive Data Structure

def: recursive string S

1.  if S is empty

		or

2.  if S is made up of a single char, followed by S` and S` is a string

‘abc’

    a	‘bc’

        b	‘c’

		c	‘ ‘



Simulating Recursion

parameter transmission

storage allocation/initialization

transfer control

f(x) = x + y + f(z)

	  temporaries



Transfer Control

Exit:

return address retrieved and stored

subroutine data freed

branch to return address

Entry:

save return address

save data area



Simulating Recursion

Entry:

declare stack

label first executable statement L1

Recursive Calls:

store all parameters and local variables in stack

create return label I and store on stack

evaluate arguments and copy to formal parameters

inset goto to procedure beginning

attach label created in step 4 to statement after goto

To handle returns:

8.   if empty stack and exit procedure

else:

give output parameters values from stack top

insert code to get return address from stack

remove all locals from stack

if function, insert code to evaluate expression and store result on stack

go to the return address using goto



Pointers:

*p = 10;

int 	i = 11;

	j = 22;

	k = 33;

int 	*iPtr = &I;

	*jPtr = &j;

	*kPtr = &k;



cout << “address “ << iPtr  << “value ”  << *iPtr << “\n”;



address 0x00553A78 value 11



P ( volts = 115;

Q ( Link = NULL

Stack S;

Stack R;



R = S;



Linked lists (singly linked)

Homogeneous collection of nodes

nodes:  value part - may or may not be a class

pointer part - usually a struct (object)

Need a pointer to list head



Operations:

get node (allocation for node)

freed node (recovers storage)

list empty

retrieve value

search value

insert after

delete after

place



example:

	record					record

		Node[500]				Info

		Avail					Next  - Ptr

	end						end



Avail = 1

for I = 1 to 499

	Node[I]. Next = I + 1;

Node[500].Next = 0





insertAfter

Q = getnode();

Node[Q].Info = X

Node[Q].Next = Node[P].Next

Node[P].Next = Q



getnode()	returns a pointer



Pop:

if Avail == 0 then

	return (0)

P = Avail;

Avail = Node[Avail].Next

return(P)



feenode(P)



Push:

	Node[P].Next = Avail

	Avail = P;



DelAfter(P,X)

if (P == 0) then

	error

else if (Node[P].Next == 0) then

	error

else

Q = Node[P].Next

X = Node[P].Info

Node[P].Next = Node[Q].Next

call freenode



Searching

	O(1) vs O(n)

key (  ordered vs. unordered



internal searches (memory) vs. external searches (files)

	-	sequential search O(n)

	-	binary search O(log n)	   (  sorted data



adding/deleting from array

O(n)

for I = 1 to N - 1

	A[I -1] = A[I]





Array:					vs. 			Stack:

	O(N) - insert							O(1) - insert

	O(N) - delete							O(N) - delete



To reorder an array after deletion:

O(N*N-1) (  O(N)

O(N*(N/2)) ( O(N)

“Statistical” or “Probabilistic”



Move to front

Transposition



Ordered linked list ( O(N/2)



Hashing - Hash Tables

Search ( O(1)



�hash(key) (    uniform	( address



SSN or UM-D barcode

109	  vs.	   104

used	needed



Library

	1000 books

	100 students (75% actually visit the library)



hash(call #) ( call # % 100

hash(535) ( 35	(

hash(135) ( 35	(	collision

hash(235) ( 35	(



Collision Resolution



Determinism:

linear probing

rehashing

chaining

�	    

	    33	

	    34	435

	    35	535

	    36	135

	    37	235



O(N) 



� EMBED Equation.2  ���



� EMBED Equation.2  ���



# Successful tries � EMBED Equation.2  ���	



Ave # of tries  =� EMBED Equation.2  ���

    

    			  = 1.5



# Unsuccessful tries	= � EMBED Equation.2  ���� EMBED Equation.2  ���





Ave # of tries = � EMBED Equation.2  ���



			 = 2.0 (with 15% density)		



Quadratic Probing

key + I²

I = 0, 1, 2, 3, 4, ...

I² = 0, 1, 4, 9, 16, ...



successful = � EMBED Equation.2  ���



unsuccessful = � EMBED Equation.2  ���



table size = 4 * J + 1

		

	  hash			 address	

��key    		uniform  		 location

			number			 



chaining

	1.  buckets

	2.  overflow



Hashing

“linear probing”

	(adjacent location checking)

	- displacement

	- clustering



Buckets

buckets fill up



chaining

with separate overflow



Complexity of Hashing

insert, delete, member

O� EMBED Equation.2  ���

N = # keys

B = # buckets



What affects runtime?

# buckets

size of buckets

size of overflow area

# original

likelihood of clustering



Hashing functions?

mod/remainder

mid-square

random number generator (seedable)

folding







Trees

Binary Search Trees

AVL Tree

Huffman Code Tree

Trie

Heap

B-Tree

��

								Bin Tree

�

�

								  BST



const True = 1;

const False = 0;



typedef int TreeData;



struct TreeNode

{

	TreeData Info;

	TreeNode* Left;

	TreeNode* Right:

};



typedef struct TreeNode* NodePtr;

typedef void (*FcnType) (TreeData Info);



class BinTree

{

NodePtr Root, Cursor;

int Size;

void DoInOrder(NodePtr Next, FcnType Visit);

   public:

BinTree();

int GetSize();

NodePtr GetRoot();

NodePtr GetCursor();

int IsEmpty();

void InsertAtRoot(TreeData El, int& Success);

void InsertLeft(TreeData El, int& Success);

void InsertRight(TreeData El, int& Success);

void Retrieve(TreeData& El, int& Success);

void Replace(TreeData& El, int& Success);

void InitCursor(NodePtr Ptr);

int HasLeftTree();

int HasRightTree();

void GoLeft();

void GoRight();

void InOrder(FcnType Visit);

}



BinTree::BinTree()

{

	Root = NULL;

	Cursor = NULL;

	Size = 0;

}



void BinTree::InsertAtRoot(TreeData El, int& Success)

{

	if (Root != NULL)

		Success = False;

	else

	{

		Root = new TreeNode;

Root ( Info = El;

Root ( Left = NULL:

Root ( Right = NULL:

Cursor = Root;

Size = 1;

Success = True;

}

}







void BinTree::InsertLeft(TreeData El, int& Success)

{

	NodePtr OldLeft;

	if (Cursor == NULL)

		Success = False;

	else

	{

OldLeft = Cursor ( Left;

Cursor ( Left = new TreeNode;

Cursor = Cursor ( Left;

Cursor ( Info = El;

Cursor ( Right = NULL;

Cursor ( Left = OldLeft;

Size = Size + 1;

Success = True;

}

}



�void BinTree::Retrieve(TreeData& El, int& Success)

{

	if (Cursor == NULL)

		Success = False;

	else

	{

		El = Cursor ( Info;

		Success = True;

	}

}



void BinTree::Replace(TreeData El, int& Success)

{

	if (Cursor == NULL)

		Success = False;

	else

	{

		Cursor ( Info = El;

		Success = True;

	}

}



void BinTree::InitCursor(NodePtr Ptr)

{

	Cursor = Ptr;

}



int BinTree::HasLeftTree()

{

	if (Cursor == NULL)

		return False;

	else if ((Cursor ( Left) == NULL))

		return False;

	else

		return True;

}



void BinTree::GoLeft()

{

	if (Cursor != NULL)

		Cursor = Cursor ( Left;

}

�void BinTree::DoInOrder(NodePtr Next, FcnType Visit)

{

if (Next != NULL)

{

	DoInOrder(Next ( Left, Visit);

	Visit(Next ( Info);

	DoInOrder(Next ( Right, Visit);

}

}





void BinTree::InOrder(FcnType Visit)

{

	DoInOrder(Root, Visit);

}





Binary Search Tree



class BST::public BinTree	

{

	void DoSearch(TreeData El, int&Success);

     public:

	BST();

	~BST();

void Insert(TreeData El, int& Success);

void Search(TeeData El, int& Success);

void TreeDelete(int& Success);

}





void BST::Insert(TreeData El, int& Success)

{

	TreeData Current;

	if (IsEmpty())

		InsertAtRoot(El, Success);

	else

	{

		Search(El, Success);

		if (Success)				// do duplications

			Success = False;

		else

		{

	Retrieve(Current, Success);

	if (El < Current)

		InsertLeft(El, Success);

	else

		InsertRight(El, Success);

}

}





void BST::Search(TreeData El, int& Success)

{

	InitCursor(GetRoot());

	DoSearch(El, Success);

}





void BST::DoSearch(TreeData El, int& Success)

{

TreeData Current;

Retrieve (Current, Success);

if (!Success)

	Success = False;

else if (Current == El)

	Success = True;

else if (Current < El)

{

	if (!HasRightTree())

		Success = False;

	else

	{

		GoRight();

		DoSearch(El, Success);

	}

}

}



void BST::DeleteNode(TreeData El, int& Success)

{

	DeleteHelp(GetRoot(), El, Success);

}





NodePtr BST::DeleteMin(NodePtr Ptr)

{

	NodePtr Temp;

	if (Ptr ( Left != NULL)

		return DeleteMin(Ptr ( Left);

	else

	{

		Temp = Ptr;

		Ptr = Ptr ( Right;

		return Temp;

	}

}



void BST::DeleteHelp(NodePtr Ptr, TreeData El, int& Success)

{

NodePtr Temp;

if (Ptr == NULL)

	Success = False;

else if (El < Ptr ( Left ( Info)

	DeleteHelp(Ptr ( Left, El, Success);

else if (El > Ptr ( Left ( Info)

	DeleteHelp(Ptr ( Right, El, Success);

else

{

Temp = Ptr;

if (Ptr ( Left == NULL)

	Ptr = Ptr ( Right;

else if (Ptr ( Right == NULL)

	Ptr = Ptr ( Left;

else

{

Temp = DeleteMin(Ptr ( Right);

Ptr ( Info = Temp ( Info;

}



delete Temp;

}

}





Tree Traversal:

Inorder:

Traverse left subtree

Visit root

Traverse right subtree



Preorder:

Visit root

Traverse left subtree

Traverse right subtree



Postorder:

Traverse left subtree

Visit root

Traverse right subtree



Threads:

	- right inthreaded tree

	- left inthreaded tree

	- prethread

	- postthread



AVL - Adelson-Velski Landis



To maintain balance in AVL

Travel branches, keep track of deepest node with balance of +1 or -1 (pivot node)

From pivot node down, compute balance factors

Look for any changes from 1 to 2

If changes, manipulate pointers to rebalance tree



Four cases to consider:

LL	1.  Insert into left subtree of left child of pivot

RR  2.  Insert into right subtree of right child of pivot

LR	3.  Insert into right subtree of left child of pivot

RL  4.  Insert into left subtree of right child of pivot 



LL Rotation

P = Node[Pivot].Left

Q = Node[P].Right

Node[P].Right = Pivot

Node[Pivot].Left = Q

Pivot = P

Node[Pivot].BF = 0

Node[Node[Pivot].Right].BF = 0





if Node[Pivot].BF = 0 then

{

	Node[Node[Pivot].Left].BF = 0

	Node[Node[Pivot].Right].BF = 0

}

else if Node[Pivot].BF = 1 then

{

	Node[Pivot].BF = 0;

	Node[Node[Pivot].Left.BF = 0

	Node[Node[Pivot].Right.BF = -1

}

else

{

	Node[Pivot].BF = 0

	Node[Node[Pivot].Left].BF = 1

	Node [Node[Pivot].Pivot].BF = 0

}







Priority Queues

queue - “type-cheat” and sort it

ordered list queue

arrays of queues

modify queue insert “by searching” for placement

partially ordered tree - “heap”



( priority of node is greater than that of its children (assumes low is good)



X = Node[Pivot].Left

Y = Node[X].Right

Node[Pivot].Left = Node[Pivot].Right

Node[X].Right = Node[Y].Left

Node[Y].Left = X

Node[Y].Right = Pivot

Pivot = Y





InTrav(Ptr P)

{

	if (P == NULL)

		return

	else

	{

		InTrav(P ( child)

Visit(P)

InTrave(P ( Sib)

return

}

}



�Tries

How to house these in a data structure to distinguish these words quickly?

THE

THEN

THIN

TIN

SIN

SING

Each node has an array with 26 locations representing each letter.

Height of tree = length of longest word





General Trees

Field inside struct?

Array of pointers



B-tree:  an m-way search tree with these properties:

It is empty or has height > = 1

Root has at leart 2 children

All non-terminal nodes have at least

				m/2 children

			and	m/2  - 1 values

	4.  All terminal nodes are at the same level



ave # access = logm (N + 1)

worst case = logm (N + 1)





B - Tree:  m - way search tree

n:  # keys in  node {1 ( n < m}

S0:  subtree nodes ( ki

Si:  subtree nodes ( ki + 1

ki < Ki + 1

(ki,	Ai,	Si)

  (   (  	(

 key address subtree 



type Triple = record

				K:  keyType

				A:  pointer

				S:  pointer

			end

�Node = record

		  n:  integer

		  S0:  subtree

tuple:  array[1..2] of triple

	    end



B-Tree order 3:

	3/2 children ( 2

	3/1  -  1 values ( 1



B* Tree ( 	must be 2/3 full

B+ Tree ( 	only read data nodes are in the leaf nodes

			use virtual keys

			provides a means for ordered data





GRAPHS

Def:  non-empty vertex set + finite edge set (often empty)



����   A  .		   	 . D

	

�     B .			 . C



G = (V,E)

��	 A  .

��				. C



�	 B  .

				. D



V = {A, B, C, D}



E = {e1, e2, e3, e4, e5} = {AB, AC, BD, BC, AD}



AB ( BA



adjacent - edge connects

incident  - e1 is incident on A & B

degree - #edges at vertex

������A .                             . D    loop





                                               multigraph

��   .                             .     

B                              C

	     parallel

              edge



isomorphic graph

	vs.

equal graphs





| V(G) |		(	order

vertex set



| E(G) |		(	size

edge set



�����		 . A			 . B			 .C

                                                                    	     bipartite

											graph

    .                    .                 .                         

D			E			F			G



- k-regular	(	degree of every vertex is k



- complete graph of order n 

	Kn



�����������	.		 .		 .			 .			 .		 .			 .

�����															 .		.

�							 .		.		 .		 .			

�	K1			K2				

								K3				K4				

																K5

��

���C(n,2)	=	      n		=		n!

			      2			 2!(n - 2)!											





degree of each vertex is n - 1

�

ADT 			



IsAdjacent (v, w)

IsIncident (v, e)

AdjacentSet (v)

IncidentSet (v)

Order(G)

Size(G)

Edge (v, w)						

Vertices (e)



4 representations of graphs

	2 - vertices

	2 - edges





��                                            e5

v1		 e2		     v5            

�������                                        e6            

                    e3                           v4     

  e1                             e7                 

                                          e8     

v2		e4	            v3





Edges and Lists:



1.  edge list :

		(1, 2)

		(1, 5)

		(1, 3)

		(1, 4)

		(4, 5)

		(3, 5)

		(3, 4)

		(2, 3)



2.  incidence matrix:

��	 _ 	e1	e2	e3	e4	e5	e6	e7	e8   _

v1		1	1	1	0	1	0	0	0

v2		1	0	0	1	0	0	0	0

v3		0	0	1	1	0	0	1	1

v4		0	0	0	0	1	1	0	1

��v5		0	1	0	0	0	1	1	0

3.  adjacency matrix:	 								



	 	v1	v2	v3	v4	v5	   

����v1		0	1	1	1	1	

v2		1	0	1	0	0	

v3		1	1	0	1	1

v4		1	0	1	0	1

v5		1	0	1	1	0

��



4.  adjacency list:

	v1:  v2, v3, v4, v5

	v2:	v1, v3

	v3:	v1, v2, v4, v5

	v4:	v1, v3, v5

	v5:	v1, v3, v4



Connected Graphs:  series of edges between any two vertices



Spanning Tree:  smallest set of edges to travel between any two vertices

connected

acyclic

subgraph



	Original Graph:           

������          v2      .           v3      

���                                    

                                 v4

     v1     

              v6      v5



	Spanning Tree:



��         v2                   v3      

���                                    

                                 v4

     v1     

              v6      v5





with edge weights (labels) (  minimum cost spanning trees

�(  Spanning Tree Algorithms      

�Prim’s Algorithm			

�                                                   MST

Kruskal’s Algorithm

Depth-first spanning tree

Breadth-first spanning tree



Kruskal’s Algorithm:

	-	choose edge with smallest weight

	-	while more edges can be chosen do

			choose edge with smallest weight not forming a cycle



���                      1           600            2

                                                                                   

                   400                                 360

                            120        430

                      3		440		  4 



���                      1                           2  		{(2,3)}

                                					{(2,3), (2,4)}

									{(2,3), (2,4), (1,3)}

                      3                           4 









			�� 1           600            2

                                                                                   

                   400                 120           360

                                   

                      3		440		  4							 



   MST

	1				V(G) = {1, 2, 3, 4}

					U = {1}				Uc = {2, 3, 4}	

					T = (





	1				U = {1, 3}			Uc = {2, 4}

        (				T = {(1,3)}

	3

�	1	2			U = {1, 2, 3}			Uc = {4}

�	 (				T = {(1,3), (3,2)}

	3





�	1	2			U = {1, 2, 3, 4}		Uc = (

	(    (			T = {(1,3), (3,2), (2,4)}

	3	4









Depth First Search

                  

��             A                       D

�							E													





            B			    C





(	A:  {B,D}

	B:  {A,C}           

	C:  {B,D,E}

	D:  {A,C,E}

	E:  {C,D}



	Stack:  A

	Mark = {A}



	Stack:  D,B

	Mark = {A,D,B}



	Stack:  E,C,D,B

	Mark = {A,D,B,C,E}



Spanning Tree:

����	

        A                          D

                      

                                               E

        B                        C





�Breadth First Search



��            A                       D

�							E													





            B			    C

	

		Queue:  A

		Mark:  {A}



		Queue:  B,D

		Mark:  {A,B,D}



		Queue:  D,C

		Mark:  {A,B,C,D}



		Queue:  C,E

		Mark:  {A,B,C,D,E}



Spanning Tree:



����   A                        D

                                      E 



   B                         C      

 	



Biconnected Graphs

no bridges

no articulation points



O( | E |  +  | V | )



1.  perform DFS, storing the vertices in order visited

		num[v] ( sequence #

                      (

		       vertex



2.  for each vertex v visited, compute low[v]

	postorder traversal:

the smallest number of v or a vertex w reachable by following ( or forward “tree” edges and “back” edge

�3.  articulation points:

	a)  root - 2 or more children

	b)  non-root iff child w low[w] ( num[v]



���������                                                   

                                              a



                             b					   c





				 d			  e	      f		  g



DFS:  a, b, d, e, c, f, g                    



num			     low

a  1				1

b  2				1

c  5				5

d  3				1

e  4				1

f  6				5

g  7				5



a is root ( articulation point

c - since f

		num[f] ( low[c]

			6	    5



Post order traversal

low[e] 	=  min(num[e], num[a], num[b])

		=  min(4, 1, 2)

		= 1



low[d]	= min(num[d], low[e], num[a])

		= min(3, 4, 1)

		= 1



low[b]	= min(num[b], num[d], low[e])

		= min(2, 1, 1)

		= 1



low[g]	= min(num[g], num[c])

		= min(7, 5)

		= 5



low[f]	= min(num[f], low[g])

		= min(6, 5)

		= 5



low[c]	= min(num[c], num[f], low[g])

		= min(5, 5, 5)

		= 5







Fleury’s Algorithm

1.  start at any vertex

	traverse edges -- erasing as you go

2.  never choose a “bridge” if you have another choice

	(never choose edge which disconnects remaining graph)





Graph Matching

matching:  no two edges are incident on the same vertices



complete matching:  includes all vertices



	teachers			courses

��		.				.

		.				.

		.				.

		.				.

		matching, not complete



maximal matching:  greatest number of edges for given set of vertices



Augmenting Path

any path connecting two unmatched vertices with alternate edge in original matching

		   M in G

		(matching)



		.				.

��	   A	.				.B

��	   C	.				.D

�	   E	.				.F

	         A  B  C  D  E  F

discard BC and DE      new matching AB, CD, EF

�Directed Graphs (digraphs)

	edges ( arcs



{1,2} ( {2,1}		(1,2) ( (2,1)



�����	

      1                          2

								(head, tail)





      3                          4         



(1,2)		v1 is adjacent to v2

			v2 is adjacent from v1



indegree of v2

	( number of arcs having v2 as tail)



outdegree of v1

	(number of arcs having v1 as head)



A digraph is strongly connected if every vertex is reachable from every other

A digraph is weakly connected if its underlying graph is connected.



                 e1

�����     v1			v2

    

      e5	  e4		e2	

     v3	                 v4

		  e3



adjacency matrix:



			 tail

head	v1	v2	v3	v4

����v1		0	1	1	0

v2		0	0	0	1		

v3		0	1	0	0	

v4		0	0	1	0	

��



adjacency list:

v1 ( 2 ( 3

v2 ( 4

v3 ( 2

v4 ( 3

incidence list:

	(1,2) --(-> (2,1)



incidence matrix:

		e1	e2	e3	e4	e5

����v1		+1	0	0	0	+1

v2		-1	+1	0	-1	0	

v3		0	0	-1	+1	-1

v4		0	-1	+1	0	0

��

	+1 ( head		-1 ( tail





Changes in Digraph ADT?

��	IsAdjacentFrom(w,v)			(v,w)

�	IsAdjacentTo(v,w)		    head tail



	IsIncidentFrom(v,e) <--head

	IsIncidentTo(w,e)   <--tail



	AdjacentToSet(v)

	AdjacentFromSet(v)



	IncidentFromSet(v)

	IncidentToSet(w)

�

	Arc(v,w)		-->   e

	VerticesTo(e)

	VerticesFrom(e)



Shortest Path



	Dijkstra				O(n2) 



	    A		 500		     B				

���

             50                 30 

      

                          C            





��������		0	7	5					0	3	0

A = 	3	0 	8			P = 		0	0	1

		5 	2	0					2	0	0		

����													

Warshall’s transitive closure



	Topological sorting



	DAG 	(	directed acyclic graph



������		A					A					A



���������������

	B		C			B		C			B	      C

����������																	

����������������

���		D		E			D		E		      D		E



	  tree				     DAG					digraph





Floyd’s Algorithm	O(n3)



	# edges	e  <  n2

		then use Dijkstra  O(n * e * log n)  for adjacency matrix




�
�
�
�
�
���
                     8
                       
2
    



�������
      2
	1			2			3


��
                            3
	
     
	


 
                                            
    
5
                



                                              


	k = 1


��������													

		0	8	5					0	0	0

A = 	3 	0	8			P = 		0	0	1

����	    +	(	2	0					0	0	0	



A[2,1] + A[1,3]	<	A[2,3]

   

	3		5	<	+(



algorithm


                   
800
   



�
�
�
�
	2				1


�
�
�
�
                         2985
           200



�
�
  
410
				  310       5



              
 
          
612
            400



�
�
�
	3	
 
			4


                  1421



				1		2		3		4		5



����m = 	1		0	    800	   2985	     310	    200

		2	     800		0	    410	     612       + (

		3	   2985	    410		 0	    1421	    + (

		4	    310	    612	   1421	         0	    400

��		5	    200        + (	    + (	     400	       0



	


	Include				Path			Distance



1	True			1	-				1	-

�2	False	True	2	1				2	800

�����3	False	True	3	1 	4	2		3   2985   1731	1210

�4	False 	True	4	1				4	310

�5	False	True	5	1				5	200





	Path

	

	1	-		

	2	1		2-->1	

	3	2		3-->2-->1

	4	1		4-->1

	5	1 		5-->1




�
                                                                                                         
.
  
g
                  



�
                                           g



�
                                                                          
                               .
   
f





�
�
�
�
                                          f
                                                              
.
   
b
          



       



�
�
                                 
e
                   
d
                  
                               
.
   
d
 



�
                                            
b
 
                                                                   
      



�
�
                                                                 
c
       
	
      
 
  
 
                   
.
 
 
 
c
    



                                            a



�
                                                                                                         
.
   
a





															
 .
 
 
 
e










- pick an arbitrary minimal element

- delete minimal element and any edges incident on it

- repeat until all vertices included


�
�
�
	A			C


�
�
�







�
�
�
	B			D
		A -- B -- C -- D


������

��	A		0	1	0	1		

	B		0	0	1	1

	C		0	0	0	1

�	D		0	0	0	0

��									



Sorting Algorithms



	elementary			advanced

	O(n2)				O(n log n)





	exchange			quicksort

	insert			-->	Shell O(n1.5)

	selection				heapsort




	-- in situ	- arrays


�
�
�
�
�



�
�
�
�
�
�
�
0	10	13	5	7	8	9	30	15


�





Shell 	(	variable length insertion sort



	22 =	 4


�
	21 = 2

	20 = 1




External Sorting



	files	 (  sequence  (  strings

		 (  singly linked



	mergesort







�
�
�
�
�
�



�
�



�
�
�
�
�



�



�
�
�
�
�


	straight merge

		(2 phase 3 tape merge)



	1.  split file c into files at b

	2.  merge a and b (a run at a time) onto c

	3.  repeat 1 and 2 if # runs > 1









	a:	25 38 || 59 73 84


	c:	25 38 || 17 65 94 || 59 73 87 || 35 76


	b:	17 65 94 || 35 76



	c:	17 25 38 65 94 ||


		35 59 73 76 87






�PAGE \# "'Page: '#'�'"  ��
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Output



Input 
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 BRUCE



 BRUCE’\n’










