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Design and Analysis of Algorithms

UNIT -1
ALGORITHM

Informal Definition:

An Algorithm is any well-defined computational procedure that takes
some value or set of values as Input and produces a set of values or some value as
output. Thus algorithm is a sequence of computational steps that transforms the 1/p
into the o/p.

Formal Definition:

An Algorithm is a finite set of instructions that, if followed,
accomplishes a particular task.
All algorithms should satisfy the following criteria.

INPUT - Zero or more quantities are externally supplied.

OUTPUT -> At least one quantity is produced.

DEFINITENESS - Each instruction is clear and unambiguous.
FINITENESS - If we trace out the instructions of an algorithm, then for all
cases, the algorithm terminates after a finite number of steps.

5. EFFECTIVENESS - Every instruction must very basic so that it can be
carried out, in principle, by a person using only pencil & paper.

b

Issues or study of Algorithm:

How to device or design an algorithm = creating and algorithm.
How to express an algorithm = definiteness.

How to analysis an algorithm = time and space complexity.
How to validate an algorithm => fitness.

Testing the algorithm = checking for error.

The study of Algorithms includes many important and active areas of research.
There are four distinct areas of study one can identify
1. How to device algorithms-

Creating an algorithm is an art which many never fully automated. A major goal

is to study various design techniques that have proven to be useful. By mastering
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these design strategies, it will become easier for you to device new and useful
algorithms. some of techniques may already be familiar, and some have been found
to be useful. Dynamic programming is one technique. Some of the techniques are
especially useful in fields other than computer science such as operations research
and electrical engineering.

2. How to validate algorithms:

Once an algorithm is devised, it is necessary to show that it computes the correct
answer for all possible legal inputs. We refer to this process as algorithm
validation. The algorithm need not as yet be expressed as a program. The purpose
of validation is to assure us that this algorithm will work correctly independently.
Once the validity of the method has been shown, a program can be written and a
second phase begins. This phase is referred to as program proving or sometimes as
program verification.

A proof of correctness requires that the solution be stated in two forms. One form
is usually as a program which is annotated by a set of assertions about the input
and output variables of the program. These assertions are often expressed in the
predicate calculus. The second form is called a specification, and this may also be
expressed in the predicate calculus. A complete proof of program correctness
requires that each statement of a programming language be precisely defined and
all basic operations be proved correct.
3. How to analyze algorithms:

As an algorithm is executed, it uses the computer's central processing unit
(CPU) to perform operations and its memory to hold the program and data.
Analysis of algorithms or performance analysis refers to the task of determining
how much computing time and storage algorithms replace.we analyze the

algorithm based on time and space complexity.The amount of time neede to run the
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algorithm 1is called time complexity.The amount of memory neede to run the
algorithm is called space complexity

4. How to test a program:

Testing a program consists of two phases

1. Debugging

2. Profiling

Debugging: 1t is the process of executing programs on sample data sets to
determine whether faulty results occur and, if so to correct them. However, as E.
Dijkstra has pointed out, “debugging can only point to the presence of errors, but
not to the absence".

Profiling: Profiling or performance measurement is the process of executing a
correct program on data sets and measuring the time and space it takes to compute

the results.
Algorithm Specification:
Algorithm can be described in three ways.
1. Natural language like English:
When this way is choused care should be taken, we should ensure that
each & every statement is definite.
2. Graphic representation called flowchart:
This method will work well when the algorithm is small& simple.

3. Pseudo-code Method:

This method describe algorithms as program, which resembles
language like Pascal & algol.
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Pseudo-Code Conventions for expressing algorithms:
1. Comments begin with // and continue until the end of line.
2. Blocks are indicated with matching braces {and}.

3. An identifier begins with a letter. The data types of variables are not
explicitly declared.

4. Compound data types can be formed with records. Here is an example,
Node. Record

{
data type — 1 data-1;

data type — n data —n;
node * link;

}

Here link is a pointer to the record type node. Individual data items of
a record can be accessed with 2 and period.

5. Assignment of values to variables is done using the assignment statement.
<Variable>:= <expression>;

6. There are two Boolean values TRUE and FALSE.

- Logical Operators ~ AND, OR, NOT
—>Relational Operators <, <=>>=, =, |=

7. The following looping statements are employed.

For, while and repeat-until
While Loop:
While < condition > do

{

<statement-1>
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<statement-n>

}

For Loop:
For variable: = value-1 to value-2 step step do

{

<statement-1>

<statement-n>

}

repeat-until:

repeat
<statement-1>

<statement-n>
until<condition>

8. A conditional statement has the following forms.
- If <condition> then <statement>
- If <condition> then <statement-1>
Else <statement-1>
Case statement:
Case

{

: <condition-1> : <statement-1>

: <condition-n> : <statement-n>
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: else : <statement-n+1>

}
9. Input and output are done using the instructions read & write.

10.There is only one type of procedure:
Algorithm, the heading takes the form,

Algorithm Name (Parameter lists)
Examples:
—> algorithm for find max of two numbers

algorithm Max(A,n)
/l A'is an array of size n
{
Result :=A[1];
for I:= 2 ton do
if A[I] > Result then
Result :=A[I];
return Result;

}
=>» Algorithm for Selection Sort:

Algorithm selection sort (a,n)
/l Sort the array a[1:n] into non-decreasing order.

{
for 1:=1 ton do
{ . .
j:=i;
for k:=1+1 to n do
if (a[k]<a[j]) then j:=k;
t:=a[1];
a[i]:=alj];
afjl:=t;
}
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Recursive Algorithms:

e A Recursive function is a function that is defined in terms of itself.

e Similarly, an algorithm is said to be recursive if the same algorithm is
invoked in the body.

e An algorithm that calls itself is Direct Recursive.

e Algorithm ‘A’ is said to be Indirect Recursive if it calls another
algorithm which in turns calls ‘A’.

e The Recursive mechanism, are externally powerful, but even more
importantly, many times they can express an otherwise complex
process very clearly. Or these reasons we introduce recursion here.

e The following 2 examples show how to develop a recursive
algorithms.

—> In the first, we consider the Towers of Hanoi problem, and in
the second, we generate all possible permutations of a list of

characters.

1. Towers of Hanoi:

Tower A Tower B Tower C

Towers of Hanoi is a problem in which there will be some disks
which of decreasing sizes and were stacked on the tower in decreasing order of
size bottom to top. Besides this there are two other towers (B and C) in which one
tower will be act as destination tower and other act as intermediate tower. In this
problem we have to move the disks from source tower to the destination tower. The
conditions included during this problem are:
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1) Only one disk should be moved at a time.
2) No larger disks should be kept on the smaller disks.

Consider an example to explain more about towers of Hanoi:

Consider there are three towers A, B, C and there will be three disks present
in tower A. Consider C as destination tower and B as intermediate tower. The
steps involved during moving the disks from A to B are

Step 1: Move the smaller disk which is present at the top of the tower
Ato C.

Step 2: Then move the next smallest disk present at the top of the tower A to
B.

Step 3: Now move the smallest disk present at tower C to tower B

Step 4: Now move the largest disk present at tower A to tower C

Step 5: Move the disk smallest disk present at the top of the tower B
to tower A.

Step 6: Move the disk present at tower B to tower C.

Step 7: Move the smallest disk present at tower A to tower C
In this way disks are moved from source tower to destination tower.

ALGORITHM FOR TOWERS OF HANOL:

Algorithm Towersothanoi (n, X ,Y, Z)
{
if (n>=1) then

{
Towersothanoi(n-1, X, Z, Y);
Write(“move top disk from tower “,X, “to top of tower”,Y);

Towersofhanoi (n-1, Z, Y, X);

}
}

TIME COMPLEXITY OF TOWERS OF HANOI:

The recursive relation is:

t(n)=1; if n=0
=2t(n-1)+2 if n>=1
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Solve the above recurrence relation then the time complexity of towers of Hanoi is
O(2”n)
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Performance Analysis:

1. Space Complexity:
The space complexity of an algorithm is the amount of memory it
needs to run to compilation.

2. Time Complexity:
The time complexity of an algorithm is the amount of computer
time it needs to run to compilation.

Space Complexity:

- The Space needed by each of these algorithms is seen to be the sum of the
following component.

1. A fixed part that is independent of the characteristics (eg:number,size)of the
inputs and outputs.

The part typically includes the instruction space (ie. Space for the code),
space for simple variable and fixed-size component variables (also called
aggregate) space for constants, and so on.

1. A variable part that consists of the space needed by component variables
whose size 1s dependent on the particular problem instance being solved, the
space needed by referenced variables (to the extent that is depends on
instance characteristics), and the recursion stack space.

e The space requirement s(p) of any algorithm p may therefore be
written as,
S(P) = c+ Sp(Instance characteristics)
Where ‘c’ is a constant.

Example 1:

Algorithm abc(a,b,c)

{

return a+b++*c+(a+b-c)/(a+b) +4.0;

}
In this algorithm sp=0;let assume each variable occupies one word.
Then the space occupied by above algorithm is >=3.

S(P)>=3

-10 -
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Example 2:

Algorithm sum(a,n)
{
s=0.0;
for I=1 ton do
s= s+a[l];
return s;

}

In the above algoritm n,s and occupies one word each and array ‘a’
occupies n number of words so S(P)>=n+3

Example 3:

ALGORITHM FOR SUM OF NUMBERS USING RECURSION:

Algorithm RSum (a, n)
{
1f(n<=0) then
return 0.0;
else
return RSum(a,n-1)+a[n];
}

The space complexity for above algorithm is:

In the above recursion algorithm the space need for the values of n, return
address and pointer to array. The above recursive algorithm depth is (n+1). To each
recursive call we require space for values of n, return address and pointer to array.
So the total space occupied by the above algorithm is S(P) >= 3(n+1)

Time Complexity:

The time T(p) taken by a program P is the sum of the compile time
and the run time(execution time)

—>The compile time does not depend on the instance characteristics. Also

we may assume that a compiled program will be run several times without
recompilation .This rum time is denoted by tp(instance characteristics).

- 11 -
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—> The number of steps any problem statemn t is assigned depends on the
kind of statement.

For example, comments - 0 steps.
Assignment statements - 1 steps.
[Which does not involve any calls to other algorithms]

Interactive statement such as for, while & repeat-until-> Control part of
the statement.

->We can determine the number of steps needed by a program to solve a
particular problem instance in Two ways.

We introduce a variable, count into the program statement to increment
count with initial value 0.Statement to increment count by the appropriate
amount are introduced into the program.

This is done so that each time a statement in the original program
1s executes count is incremented by the step count of that statement.

Examplel:

Algorithm:

Algorithm sum(a,n)

{

s=0.0;

count = count+1;
for I=1 ton do

{

count =count+1;
s=s+a[l];
count=count+1;

}
count=count+1;
count=count+1;
return s;

}

12 -
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- If the count is zero to start with, then it will be 2n+3 on termination. So
each invocation of sum execute a total of 2n+3 steps.
Example 2:

Algorithm RSum(a,n)
{

count:=count+1;// For the if conditional

if(n<=0)then

count:=count+1; //For the return

return 0.0;

else

count:=count+1; //For the addition,function invocation and return

return RSum(a,n-1)+a[n];

-13-
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Example3:

ALGORITHM FOR MATRIX ADDITION

Algorithm Add(a,b,c,m,n)
{

for i:=1 to m do
{
count:=count+1; //For 'for 1'
for j:=1 ton do
{
count:=count+1; //For 'for j'
c[i,jl=ali,jl+bli,jl;
count:=count+1; //For the assignment

}

count:=count+1; //For loop initialization and last time of 'for j'

-14 -
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}

count:=count+1; //For loop initialization and last time of 'for 1'

If the count is zero to start with, then it will be 2mn+2m+1 on termination. So

each invocation of sum execute a total of 2mn+2m+1 steps

2. The second method to determine the step count of an algorithm is to build

a table in which we list the total number of steps contributes by each statement.

—First determine the number of steps per execution (s/e) of the statement

and the

total number of times (ie., frequency) each statement is executed.

- By combining these two quantities, the total contribution of all statements,

the step count for the entire algorithm is obtained.

Example 1:

Statement S/e | Frequency | Total
1. Algorithm Sum(a,n) 0 - 0
2. 0 - 0
3. S=0.0; 1 1 1
4, for I=1 ton do 1 n+1 n+1
5. s=s+a[l]; 1 n n
6. return s; 1 1 1
7.} 0 - 0
Total 2n+3

step table for algorithm sum

Example 2:

frequency total steps
Statements s/e n=0 n>0 n=0 n>0
1 algorithm Rsum(a,n) 0 0

-15-
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0
2 {
3 if(n<=0) then 1 1 1
1 1
4 return 0.0; 1 1 1
0 0
5 elsereturn
6 Rsum(a,n-1)+a[n]; 1+x 0 0
1 1+x
7 } _ 0
_ 0
Total 2
2+X

step table for algorithm recursive sum

-16 -
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Example 3:

Statements sle frequency total steps
1 Algorithm 0_

Add(a,b,c,m,n)

2 0_

3 for 1:=1 tom do I m+1 m+1

4 for j:=1 ton do 1 m(n+1) mn+m

5 1 mn mn
c[Ljl:=a[Ljl+b[Ljl;

6 } 0_

Total 2mn+2m+1

step table for matrix addition
Example 4:
Algorithm to find nth fibnocci number
Algorithm Fibonacci(n)
//Compute the nth Fibonacci number
{
if(n<=1) then
write (n);
else
{
fnm2:=0;
fnml:=1;
for i:=2 ton do

{

fn:=fnm1+fnm?2;

GVP College of Engineering for Women -17 -
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fnm:=fnml;
fnml1:=fn;

}

write(fn);

}

-18 -
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Asymptotic Notations:

The best algorithm can be measured by the efficiency of that
algorithm.The efficiency of an algorithm is measured by computing time
complexity.The asymptotic notations are used to find the time complexity of an
algorithm.

Asymptotic notations gives fastest possible,slowest possible time and average time
of the algorithm.

The basic asymptotic notations are Big-oh(0O),0Omega(£2) and theta(®).
1:BIG-OH(O) NOTATION:

(1)It is denoted by 'O'.

(i)It is used to find the upper bound time of an algorithm , that means the
maximum time taken by the algorithm.
Definition : Let f(n),g(n) are two non-negative functions. If there exists two
positive constants ¢ ,n0 . such that ¢>0 and for all n>=n0 if f(n)<=c*g(n) then we

say that f(n)=0(g(n))

219 -
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THE GRAPH FOR BIG-0OH (O) NOTATION:

cg(n)

f(n)

n
o

f(n) =0(gn))

example : consider f(n)=2n+3 and g(n)=n"2
Sol : f(n)<=c*g(n)
let us assuming as c=1,
then f(n)<=g(n)
if n=1,
2n+3<=n"2 =2(1)+3<=1"2 =>5<=1(false)
If n=2,
2n+3<=n"2=2(2)+3<=2"2= 7<=4(false)

Figure 1

if n=3,
2n+3<=n"2=2(3)+3<=372=9<=9 (true)
if n=4,
2n+3<=n"2=>2(4)+3<=4"2=11<=6 (true)
if n=5,

2n+3<=n"2=2(5)+3<=5"2=13<=25 (true)
If n=6,2n+3<=n"2=2(6)+3<=6"2=15<=36 (true)
.n>=3, f(n)=0(n"2) 1.e, f(n)=0(g(n))

-20 -
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2:OMEGA (Q) NOTATION:

(1)It is denoted by ' Q'.
(i)It is used to find the lower bound time of an algorithm, that means the
minimum time taken by an algorithm.

Definition : Let f(n),g(n) are two non-negative functions. If there exists two
positive constants c,n0.such that ¢>0 and for all n>=n0.if f(n)>=c*g(n) then we
say that f(n)=C(g(n))

THE GRAPH FOR OMEGA NOTATION:

f(n)

cg(n)

|
|
|
I
I
|
1
|
1

n

"0 Fn) = Q(g(n))

Example : consider f(n)=2n+5, g(n)=2n
Sol : Let us assume as c=1

If n=1:2n+5>=2n => 2(1)+5>=2(1) => 7>=2 (true)

-21 -
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if n=2:2n+3>=2n=> 2(2)+5>=2(2)=> 9>=4 (true)

if n=3:2n+3>=2n=> 2(3)+5>=2(3)=> 11>=6 (true)
for all .:n>=1, f(n)=Q(n) 1.e, f(n)=Q(g(n))
3:THETA () NOTATION:

(1)It is denoted by the symbol called as ().

(i)It is used to find the time in-between lower bound time and upper bound

time of an algorithm.

Definition : Let f(n),g(n) are two non-negative functions. If there exists positive

constants cl,c2,n0.such that ¢1>0,c2>0 and for
cl*g(n)<=f(n)<=c2*g(n) then we say that f(n)=0(g(n))

c28(n)

S (n)

Cy el

H

f(n) =0©(gln))

Example : consider f(n)=2n+5, g(n)=n
Sol :c1*g(n)<=f(n)<=c2*g(n)
let us assuming as c1=3 then c1*g(n)=3n
if n=1,
3n<=2n+5=>3(1)<=2(1)+5=>3<=7 (true)
If n=2,
3n<=2n+5=>3(2)<=2(2)+5=>6<=9 (true)

22
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If n=3,
3n<=2n+5=>3(3)<=2(3)+5=>9<=11 (true)

c2=4 c2*g(n)=4n
if n=1,
2n+5<=4n=>2(1)+5<=4(1)=>7<=4
If n=2,
2n+5<=4n=>2(2)+5<=4(2)=>9<=8
If n=3,
2n+5<=4n=>2(3)+5<=4(3)=>11<=12 (true)
If n=4,
2n+5<=4n=>2(4)+5<=4(4)=>13<=16 (true)
for all ..n>=3 f(n)=O(n) f(n)=0O (g(n))

4:LITTLE-OH (0) NOTATION:

Definition : Let f(n),g(n) are two non-negative functions
if lim [f(n)/ g(n)] =0 then we say that f(n)=o(g(n))
n—»o0
example : consider f(n)=2n+3, g(n)=n"2
sol : let us
lim f(n)/g(n) =0
n->"~
lim (2n+3)/ (n"2)
n->"~
=lim n(2+(3/n)) / (n"2)
n->"
=lim  (2+(3/n)) /n
n->"~
=2/
=0
..f(n)=0(n"2).

5:LITTLE OMEGA NOTATION:

Definition: Let f(n) and g(n) are two non-negative functions.
if lim g(n)/f(n) =0 then we say that f(n)=m(g(n))
n->"
example : consider f(n)=n"2, g(n)=2n+5
sol : let us

-23
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lim g(n)/f(n) =0

(n->%)
=lim (2n+5) /(n"2)

(n->%)
=lim n(2+(5/n)) / (n"2)

(n->%)
=lim (2+(5/n)) /n =2/"=0

(n->%)
f(n)= o(n).

Amortized analysis:

Amortized analysis means finding average running time per operation over a
worst case sequence of operations.

Suppose a sequence I1,12,D1,13,14,15,16,D2,I7 of insert and delete operations
is performed on a set.

Assume that the actual cost of each of the seven inserts is one and for
delete operations D1 and D2 have an actual cost of 8 and 10 so the total
cost of sequence of operations is 25.

In amortized scheme we charge some of the actual cost of an operation to
other operations. This reduce the charge cost of some operations and
increases the cost of other operations. The amortized cost of an operation is
the total cost charge to it.

The only requirement is that the some of the amortized complexities of all
operations in any sequence of operations be greater than or equal to their
some of actual complexities i.e.,

D1zizn amortized(i) = X, o, actual(i) — (1)

Where amortized( i ) and actual( i ) denote the amortized and actual
complexities of the i™ operations in a sequence on n operations.

To define the potential function p(i) as:

_ 24 -
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p(1)=amortized( i )-actual(1)+p(i-1) —> (2)

If we sum equation (2) for 1<i<n we get

Zli’:’ﬂ]: 'pl,(f): Zlﬂ:’ﬂ]:(a'morﬁIZEdﬁ) _ HCTM&E(E':' + p(E _ 1))
Z p(i) — Z pli—1)= Z (amortized(i) — actual(i))
1=i=Zn 1 1=ZiZn

1=

14
17

P (n)-p (0) = 21 «i=n (amortized(i) — actual(i))

From equation (1) we say that

Pm-p0)20 — 3)

Under assumption p(0)=0,p(i) is the amount by which the first ‘i’ operations
have been over charged (i.e., they have been charged more than the actual
cost).

The methods to find amortized cost for operations are:

1. Aggregate method.

2. Accounting method.

3. Potential method.

1. Aggregate method:

The amortized cost of each operation is set equal to Upper Bound On Sum
Of Actual Costs(n)/n.

2. Accounting method:
In this method we assign amortized cost to the operations (possibly by
guessing what assignment will work),compute the p(i) using equation(2) and
show that p(n)-p(0)>=0.
3.Potential method:

Here we start with potential function that satisfies equation(3) and
compute amortized complexities using equation(2).

_ 25 -
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Example:

Let assume we pay $50 for each month other than March, June, September,
and December $100 for every June, September. calculate cost by using
aggregate, accounting and potential method .

Month 1 (2 |3 4 |5 |6 7 |8 9 10 11 (12 (13 (14 |15 16
Actual 50 |50 {100 |50 [50 [100 |50 [50 100 |50 50 [200]50 50 100 |50
cost:
Amortize |75 |75 |75 75 |75 |75 75 |75 75 75 75 |75 |75 |75 |75 75
d cost:
P(): 25 |50 |25 50 |75 |50 75 1100 |75 100 (125 (0 25 |50 | 25 50

Aggregate Method:

=200 x Ln/124 + 100( Ln/34 - Lo/124d) + 50(n- Ln/3d)

=100 x Ln/124 +50 Ln/34 +50n

<100 x (n/12) + 50 x (n/3) + 50xn

=50n ((1/6) + (1/3) + (1))

=50 n ((1+2+6)/6)

=50 n (9/6)

=75n.

In the above problem the actual cost for ‘n’ months does not exceed 200n
from the aggregate method the amortized cost for ‘n’ months does not
exceed $75. The amortized cost for each month is set to $75.

Let assume p(0)=0 the potential for each and every month.

Accounting method:
From the above table we see that using any cost less than $75 will result
in p(n)-p(0)<0.
The amortized cost must be >75.
If the amortized cost <75 then only the condition p(n)-p(0)<=0.
Potential method:
To the given problem we start with the potential function as:
P (n) =0 n mod 12=0
P (n) =25 n mod 12=1 or 3

- 26 -
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P (n) =50 n mod 12=4, 6, 2
P (n) =75 n mod 12=5,7,9
P (n) =100 n mod 12=8, 10
P (n) =125 n mod 12=4
From the above potential function the amortized cost for operation is
evaluated for amortized( 1 )=p(1)-p(1-1 )+actual(1).

Probabilistic analysis:

In probabilistic analysis we analyze the algorithm for finding efficiency
of the algorithm.The efficiency of algorithm is also depend upon distribution of
inputs.In this we analyze algorithm by the concept of probability.

For example the company wants to recruiting k persons from the n
persons.To do this the company assigns ranking to all n persons depend upon their
performance.The rankings of n persons from r; to r,.To n persons we get n!
permutations out of n! permutations the company selects any one combination that

is from r; to ry

_27 -
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1.4 RANDOMIZED ALGORITHMS

1.4.1 Basics of Probability Theory

Probability theory has the goal of characterizing the outcomes of natural or
conceptual “experiments.” Examples of such experiments include tossing a
coin ten times, rolling a die three times, playing a lottery, gambling, picking
a ball from an urn containing white and red balls, and so on.

Each possible outcome of an experiment is called a sample point and the
set of all possible outcomes is known as the sample space S. In this text
we assume that S is finite (such a sample space is called a discrete sample
space). An event E is a subset of the sample space 5. If the sample space
consists of n sample points, then there are 2" possible events.

Example 1.19 [Tossing three coins] When a coin is tossed, there are two
possible outcomes: heads (H) and tails (7). Consider the experiment of
throwing three coins. There are eight possible outcomes: HHH, HHT,
HTH,HTT, THH, THT, TTH, and TTT. Each such outcome is a sample
point. The sets {HHT, HTT, TTT}, {HHH, TTT}, and { } are three
possible events. The third event has no sample points and is the empty set.
‘or this experiment there are 2% possible events. O

Definition 1.9 [Probability] The probability of an event E is defined to be
%, where S is the sample space. 0O

Example 1.20 [Tossing three coins] The probability of the event {HHT,
HTT.TTT} is % The probability of the event { HHH, TTT} is % and that
of the event { } is zero. 0

Note that the probability of S, the sample space, is 1.

Example 1.21 [Rolling two dice] Let us look at the experiment of rolling
two (six-faced) dice. There are 36 possible outcomes some of which are
(1,1),(1.2),(1,3),.... What is the probability that the sum of the two faces
is 107 The event that the sum is 10 consists of the following sample points:
(1,9),(2,8),(3,7), (4,6), (5,5),(6,4),(7,3),(8,2), and (9,1). Therefore, the

probability of this event is % = ]3 0O

Definition 1.10 [Mutual exclusion] Two events F; and Ej are said to be
mutually exclusive if they do not have any common sample points, that is,
if By foy = O, 0
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Example 1.22 [Tossing three coins] When we toss three coins, let E; be the
event that there are two H’s and let FEs be the event that there are at least
two T7s. These two events are mutually exclusive since there are no common
sample points. On the other hand, if F is defined to be the event that there
is at least one T, then F| and E% will not be mutually exclusive since they
will have THH, HTH, and HHT as common sample points. 0

The probability of event E is denoted as Prob.[E]. The complement of
E, denoted E, is defined to be S — E. If E, and F» are two events, the
probability of F; or E2 or both happening is denoted as Prob.[E; U Es).
The probability of both E; and Fs occurring at the same time is denoted as
Prob.[E) N Es]. The corresponding event is E1 N Foy.

Theorem 1.5

1. Prob.[E|
2. Prob[E, U Es]

= 1— Prob.[E].
= Prob.[E\] 4+ Prob.[Es] — Prob.[E; N Es
< Prob.[Ej] + Prob. Es|

Definition 1.11 [Conditional probability] Let E; and E; be any two events
of an experiment. The conditional probability of Fy given Es, denoted by

* e Prob.[E1NE2
Prob. [E1|Es), is defined as W%Erl |

Example 1.23 [Tossing four coins] Consider the experiment of tossing four
coins. Let E| be the event that the number of H’s is even and let Es be
the event that there is at least one H. Then, E5 is the complement of the
event that there are no H’s. The probability of no H's is 1‘—6. Therefore,
Prob.[Ey] = 1 — 1l =1 Prob[Ey N By is % since the event E; N Es

16"
has the seven sample ponts HHHH, HHTT, HTHT, HTTH, THHT,
THTH, and TTHH. Thus, Prob.[E1|By] is {45 = 75 al

Definition 1.12 [Independence] Two events E; and E, are said to be inde-
pendent if Prob.[E1 N Ey] = Prob.[Ey] * Prob.[Es). a

Example 1.24 [Rolling a die twice] Intuitively, we say two events E; and
E5 are independent if the probability of one event happening is in no way af-
fected by the occurrence of the other event. In other words, if Prob.[Ey|Es] =
Prob.[E|], these two events are independent. Suppose we roll a die twice.
What is the probability that the outcome of the second roll is 5 {call this
event F), given that the outcome of the first roll is 4 (call this event Fs)?

The answer is % no matter what the outcome of the first roll is. In this case

E; and E; are independent. Therefore, Prob.[E| N Es] = é * % = %. m|
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Example 1.25 [Flipping a coin 100 times] If a coin is flipped 100 times what
is the probability that all of the outcomes are tails? The probability that the
first outcome is T is % Since the outcome of the second flip is independent
of the outcome of the first flip, the probability that the first two outcomes
are T"s can be obtained by multiplying the corresponding probabilities to
get } Iixtending the argument to all 100 outcomes, we conclude that the

100
probability of obtaining 100 T"s is (%) . In this case we say the outcomes

of the 100 coin flips are mutually independent. m

Definition 1.13 [Random variable] Let S be the sample space of an exper-
iment. A random wvariable on S is a function that maps the elements of §
to the set of real numbers. For any sample point s € S, X(s) denotes the
image of s under this mapping. If the range of X, that is, the set of values
X can take, is finite, we say X is discrete.

Let the range of a discrete random variable X be {ry,ry,...,7,}. Then,
Prob.[X = ry], for any i, is defined to be the the number of sample points
whose image is r; divided by the number of sample points in S. In this text
we arc concerned mostly with discrete random variables. O

Example 1.26 We flip a coin four times. The sample space consists of 2*
sample points. We can define a random variable X on § as the number
of heads in the coin flips. For this random variable, then, X{HTHH) = 3,
X(HHHH) = 4, and so on. The possible values that X can take are 0,1, 2, 3,

and 4. Thus X is discrete. Prob.[X =0] is %, since the only sample point

whose image is 0 is TTTT. Prob.[X = 1] is 1k, since the four sample points
HTTT, THTT, TTHT., and TTTH have 1 as their image. O

Definition 1.14 [Expected value| If the sample space of an experiment is

S = {s1.92,...,8n}, the expected value or the mean of any random variable
X is defined to be 31—, Prob.[s;] * X(s;) = 2 37, X (s:). O

Example 1.27 [Coin tosses| The sample space corresponding to the exper-
iment, of tossing three coins is S = {HHH, HHT, HTH, HTT, THH,
THT,TTH, TTT}. If X is the number of heads in the coin flips, then the
expected value of X is §(3+2+2+1+2+1+1+0)=15. 0

Definition 1.15 [Probability distribution] Let X be a discrete random vari-
able defined over the sample space S. Let {ri,r2,...,rn} be its range.
Then, the probability distribution of X is the sequence Prob.[X = ri],
Prob[X =r3], ..., Prob.[X = ry,]. Notice that >2;%, Prob[X = rj] = L

O
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Example 1.28 [Coin tosses] If a coin is flipped three times and X is the
number of heads, then X can take on four values, 0, 1, 2, and 3. The
probability distribution of X is given by Prob.[X = 0] = &, Prob[X =1] =
%, Prob.[X =2] = %, and Prob.[X = 3] = é 0

Definition 1.16 [Binomial distribution] A Bernoulli trial is an experiment
that has two possible outcomes, namely, success and failure. The probability
of success is p. Consider the experiment of conducting the Bernoulli trial n
times. This experiment has a sample space S with 2" sample points. Let X
be a random variable on S defined to be the numbers of successes in the n
trials. The variable X is said to have a binomial distribution with parameters
(n, p). The expected value of X is np. Also,

Prob[X =1i] = (?) p(1—p)
O

In several applications, it is necessary to estimate the probabilities at the
tail ends of probability distributions. One such estimate is provided by the
following lemma.

Lemma 1.1 [Markov's inequality] If X is any nonnegative random variable
whose mean is p, then

Prob. X > z] < B
z

O

Example 1.29 Let py be the mean of a random variable X. We can use
Markov’s lemma (also called Markov’s inequality) to make the following
statement: “The probability that the value of X exceeds 2u is < L.” Con-
sider the example: if we toss a coin 1000 times, what is the probability that
the number of heads is > 6007 If X is the number of heads in 1000 tosses,
then, the expected value of X, E[X], is 500. Applying Markov’s inequality
with = 600 and g = 500, we infer that P[X > 600] < 2. |

Though Markov’s inequality can be applied to any nonnegative random
variable, it is rather weak. We can obtain tighter bounds for a number of
important distributions including the binomial distribution. These bounds
are due to Chernoff. Chernoff bounds as applied to the binomial distribution
are employed in this text to analyze randomized algorithms.
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Lemma 1.2 [Chernoff bounds] If X is a binomial with parameters (n, p),
and m > np is an integer, then

nP\"™ ()
Prob.(X >m) < ) € Pl (1.1)
Also, Prob (X < |[(1-—¢€)pn]) < el=€np/2) (1.2)
and Prob.(X > [(1+¢€)np]) < el=e*np/3) (1.3)
forall) <e< 1. |

Example 1.30 Consider the experiment of tossing a coin 1000 times. We
want to determine the probability that the number X of heads is > 600. We
can use Equation 1.3 to estimate this probability. The value for ¢ here is
0.2. Also, n = 1000 and p = % Equation 1.3 now becomes

PIX > 600] < e[-(0-2%(300/3)] — ¢=20/3 < ) 901273

This cstimate is more precise than that given by Markov’s inequality. a

1.4.2 Randomized Algorithms: An Informal Description

A randomized algorithm is one that makes use of a randomizer (such as a
random number generator). Some of the decisions made in the algorithm
depend on the output of the randomizer. Since the output of any random-
izer might differ in an unpredictable way from run to run, the output of a
randomized algorithm could also differ from run to run for the same input.
The cxecution time of a randomized algorithm could also vary from run to
run for the same input.

Randomized algorithms can be categorized into two classes: The first
is algorithms that always produce the same (correct) output for the same
input. These are called Las Vegas algorithms. The execution time of a Las
Vegas algorithm depends on the output of the randomizer. If we are lucky,
the algorithm might terminate fast, and if not, it might run for a longer
period of time. In general the execution time of a Las Vegas algorithm is
characterized as a random variable (see Section 1.4.1 for a definition). The
second is algorithms whose outputs might differ from run to run (for the same
input). These are called Monte Carlo algorithms. Consider any problem for
which there are only two possible answers, say, yes and no. If a Monte Carlo
algorithm is employed to solve such a problem, then the algorithm might give
incorrect answers depending on the output of the randomizer. We require
that the probability of an incorrect answer from a Monte Carlo algorithm be
low. Typically, for a fixed input, a Monte Carlo algorithm does not display
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much variation in execution timme between runs, whereas in the case of a Las
Vegas algorithm this variation is significant.

We can think of a randomized algorithm with one possible randomizer
output to be different from the same algorithm with a different possible
randomizer output. Therefore, a randomized algorithm can be viewed as a
family of algorithms. For a given input, some of the algorithms in this family
may run for indefinitely long periods of time {or may give incorrect answers).
The objective in the design of a randomized algorithm is to ensure that the
number of such bad algorithms in the family is only a small fraction of the
total number of algorithms. If for any input we can show that at least 1 —e
(€ being very close to 0) fraction of algorithms in the family will run quickly
(respectively give the correct answer) on that input, then clearly, a random
algorithm in the family will run quickly (or output the correct answer) on
any input with probability > 1 — €. In this case we say that this family of
algorithms (or this randomized algorithm) runs quickly (respectively gives
the correct answer) with probability at least 1 —¢, where € is called the error
probability.

Definition 1.17 [The O()] Just like the O() notation is used to characterize

the run times of non randomized algorithms, () is used for characterizing
the run times of Las Vegas algorithms. We say a Las Vegas algorithm has a
resource (time, space, and so on.} bound of O(g(n)) if there exists a constant
c such that the amount of resource used by the algorithm (on any input of
size n) is no more than cag(n) with probability > 1 — n% We shall refer to
these bounds as high probability bounds. ‘

Similar definitions apply also to such functions as 6(), Q(), 3(), etc. O

Definition 1.18 [High probability] By high probability we mean a probability
of > 1 —n= for any fixed . We call a the probability parameter. O

As mentioned above, the run time T of any Las Vegas algorithm is typi-
cally characterized as a random variable over a sample space S. The sample
points of § are all possible outcomes for the randomizer used in the algo-
rithm. Though it is desirable to obtain the distribution of 7', often this is
a challenging and unnecessary task. The expected value of T often suffices
as a good indicator of the run time. We can do better than obtaining the
mean of T' but short of computing the exact distribution by obtaining the
high probability bounds. The high probability bounds of our interest are of
the form “With high probability the value of T will not exceed Tp,” for some
appropriate Tp.

Several results from probability theory can be employed to obtain high
probability bounds on any random variable. Two of the more useful such
results are Markov’s inequality and Chernoff bounds.
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Next we give two examples of randomized algorithms. The first is of the
Las Vegas type and the second is of the Monte Carlo type. Other examples
are preseuted throughout the text. We say a Monte Carlo (Las Vegas) al-
gorithm has failed if it does not give a correct answer (terminate within a
specified amount of time).

1.4.3 Identifying the Repeated Element

Consider an array a ] of n numbers that has § distinct elements and §

copies of another element. The problem is to identify the repeated element.
Any deterministic algorithm for solving this problem will need at least

2 + 2 time steps in the worst case. This fact can be argued as follows:
Jonsider an adversary who has perfect knowledge about the algorithm used
and who is in charge of selecting the input for the algorithm. Such an
adversary can make sure that the first 7 + 1 elements examined by the
algorithm are all distinct. Even after having looked at % + 1 elements, the
algorithm will not be in a position to infer the repeated e%ement. It will have
to examine at least § + 2 elements and hence take at least 3 + 2 time steps.
It contrast there is a simple and elegant randomized Las Vegas algorithm

that takes only O(logn) time. It randomly picks two array elements and
checks whether they come from two different cells and have the same value.
If they do, the repeated element has been found. If not, this basic step
of sampling is repeated as many times as it takes to identify the repeated
element.

In this algorithm, the sampling performed is with repetitions; that is, the
first and second elements are randomly picked from out of the n elements
{each element being equally likely to be picked). Thus there is a probability
(equal to 1) that the same array element is picked each time. If we just check
for the equality of the two elements picked, our answer might be incorrect
{(in case the algorithm picked the same array index each time). Therefore, it
is essential to make sure that the two array indices picked are different and
the two array cells contain the same value.

This algorithm is given in Algorithm 1.27. The algorithm returns the
array index of one of the copies of the repeated element. Now we prove that
the run time of the above algorithm is O(logn). Any iteration of the while
loop will be successful in identifying the repeated number if ¢ is any one the
2 array indices corresponding to the repeated element and j is any one of

n

the same 3 indices other than . In other words, the probability that the

algorithm quits in any given iteration of the while loop is P = 9&142;”,
which is > % for all n > 10. This implies that the probability that the
algorithm does not quit in a given iteration is < %
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1  RepeatedElement(a,n)

2 // Finds the repeated element from a[l : n].

3

4 while (true) do

5

6 i := Random() mod n + 1; j := Random() mod n + 1;
7 // i and j are random numbers in the range [1,n].

8 if ((i # j) and (a[f] = a[j])) then return ¢;

9

10 }

Algorithm 1.27 Identifying the repeated array number

Therefore, the probability that the algorithm does not quit in 10 iterations

10
is < (%) < .1074. So, Algorithm 1.27 will terminate in 10 iterations or

less with probability > .8926. The proboability that the algorithm does not
10
terminate in 100 iterations is < (%) < 2.04 % 107'°, That is, almost

certainly the algorithm will quit in 100 iterations or less. If n equals 2 * 10°,
for example, any deterministic algorithm will have to spend at least one
million time steps, as opposed to the 100 iterations of Algorithm 1.27!

In general, the probability that the algorithm does not quit in the first
calogn (c is a constant to be fixed) iterations is

< (4/5)0:1 logn _ n-calog (5/4)

which will be < n=® if we pick ¢ > m.

Thus the algorithm terminates in Wcﬂogn iterations or less with

probability > 1 —n~®. Since each iteration of the while loop takes O(1)
time, the run time of the algorithm is O(logn).

Note that this algorithm, if it terminates, will always output the correct
answer and hence is of the Las Vegas type. The above analysis shows that
the algorithm will terminate quickly with high probability.

The same problem of inferring the repeated element can be solved using
many deterministic algorithms. For example, sorting the array is one way.
But sorting takes Q(n logn) time (proved in Chapter 10). An alternative is
to partition the array into [5| parts, where each part (possibly except for
one part) has three array elements, and to search the individual parts for
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the repeated element. At least one of the parts will have two copies of the
repealed element. (Prove this!) The run time of this algorithm is @(n).

1.4.4 Primality Testing

Any integer greater than one is said to be a prime if its only divisors are 1
and the integer itself. By convention, we take 1 to be a nonprime. Then
2,3,5,7,11, and 13 are the first six primes. Given an integer n, the problem
of deciding whether n is a prime is known as primality testing. It has a
number of applications including cryptology.

If a number n is composite (i.e., nonprime), it must have a divisor < | /n].
This observation leads to the following simple algorithm for primality testing:
Consider each number £ in the interval [2, [ \/n]] and check whether £ divides
n. If none of these numbers divides n, then n is prime; otherwise it is
composite.

Assuming that it takes ©(1) time to determine whether one integer divides
another, the naive primality testing algorithm has a run time of O(y/n).
The input size for this problem is [(logn + 1)], since n can be represented
in binary form with these many bits. Thus the run time of this simple
algorithm is exponential in the input size (notice that /n = Q%IOg”).

We can devise a Monte Carlo randomized algorithm for primality testing
that runs in time O((logn)?). The output of this algorithm is correct with
high probability. If the input is prime, the algorithm never gives an incorrect
answer. However, if the input number is composite (i.e., nonprime), then
there is a small probability that the answer may be incorrect. Algorithms
of this kind are said to have one-sided error.

Before presenting further details, we list two theorems from number the-
ory that will serve as the backbone of the algorithm. The proofs of these
theorems can be found in the references supplied at the end of this chapter.

Theorem 1.6 [Fermat] If n is prime, then ¢ ! =1 (mmod n) for any in-
teger a < n. O

Theorem 1.7 The equation z? = 1 (mod n) has exactly two solutions,

namely 1 and n — 1, if n is prime. O
Corollary 1.1 If the equation > =1 (mod n) has roots other than 1 and
n — 1, then n is composite. O

Note: Any integer  which is neither 1 nor n — 1 but which satisfies 2> = 1
(mod n) is said to be a nontrivial square root of 1 modulo n.

Fermat’s theorem suggests the following algorithm for primality testing:
Randomly choose an a < n and check whether "~ ! = (mod n) (call this



62 CHAPTER 1. INTRODUCTION

Fermat’s equation). If Fermat’s equation is not satisfied, n is composite.
If the equation is satisfied, we try some more random a’s. If on each a
tried, Fermat’s equation is satisfied, we output “n is prime”; otherwise we
output “n is composite.” In order to compute a”~! mod n, we could employ
Exponentiate (Algorithm 1.16) with some minor modifications. The resultant
primality testing algorithm is given as Algorithm 1.28. Here large is a
number sufficiently large that ensures a probability of correctness of > 1 —

n"e.
1 Prime0(n, «)
2 // Returns true if n is a prime and false otherwise.
3 // «ais the probability parameter.
4
5 qg:=n—1;
6 for ¢ := 1 to large do // Specify large.
7
8 t m=q;y = 1;
9 a := Random() mod ¢ + 1;
10 // Choose a random number in the range [1,n — 1].
11 zi=a;
12 // Compute a"~! mod n.
13 while (m > 0) do
14
15 while (m mod 2 =0) do
16 {
17 z:= 22 mod n; m = |m/2];
18 }
19 m:=m—1; y:= (y*z) mod n;
20
21 if (y # 1) then return false;
22 // Tfa" ! mod n is not 1, n is not a prime.
23
24 return true;
25 }

Algorithm 1.28 Primality testing: first attempt

If the input is prime, Algorithm 1.28 will never output an incorrect an-
swer. If n is composite, will Fermat’s equation never be satisfied for any a
less than n and greater than one? If so, the above algorithm has to examine
just one a before coming up with the correct answer. Unfortunately, the
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answer Lo this question is no. Even if n is composite, Fermat’s equation may
be satlisfied depending on the a chosen.

Is it the case that for every n (that is composite) there will be some
nonzero constant fraction of a’s less than n that will not satisfy Fermat’s
equation? If the answer is yes and if the above algorithm tries a sufficiently
large number of a’s, there is a high probability that at least one a violating
Fermat’s equation will be found and hence the correct answer be output.
Here again, the answer is no. There are composite numbers (known as
Carnmiichael numbers) for which every a that is less than and relatively prime
to n will satisfy Fermat’s equation. (The number of a’s that do not satisfy
Fermat’s equation need not be a constant fraction.) The numbers 561 and
1105 are examples of Carmichael numbers.

Fortunately, a slight modification of the above algorithm takes care of
these problems. The modified primality testing algorithm (also known as
Miller-Rabin’s algorithm) is the same as Prime0 (Algorithm 1.28) except
that within the body of Prime0, we also look for nontrivial square roots of n.
The modified version is given in Algorithm 1.29. We assume that n is odd.

Miller-Rabin’s algorithm will never give an incorrect answer if the input
is prime, since Fermat’s equation will always be satisfied and no nontrivial
squarc root of 1 modulo n can be found. If n is composite, the above
algorithm will detect the compositeness of n if the randomly chosen a either
leads to the discovery of a nontrivial square root of 1 or violates Fermat’s
equation. Call any such a a witness to the compositeness of n. What is the
probability that a randomly chosen a will be a witness to the compositeness
of n? This question is answered by the following theorem (the proof can be
found in the references at the end of this chapter).

Theorem 1.8 There are at least ”;1 witnesses to the compositeness of n

if n is composite and odd. m|

Assume that n is composite (since if n is prime, the algorithm will always
be correct). The probability that a randomly chosen a will be a witness is

> %, which is very nearly equal to % This means that a randomly chosen

a will fail to be a witness with probability < %
Therefore, the probability that none of the first alogn a’s chosen is a

1 )a logn

witness is < (5 o

= n~%. In other words, the algorithm Prime will

give an incorrect answer with only probability < n™°.
The run time of the outermost while loop is nearly the same as that of
Exponentiate (Algorithin 1.16) and equal to O(logn). Since this while loop

is executed O(logn) times, the run time of the whole algorithm is O(log? n).
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5. Given a 2-sided coin. Using this coin, how will you simulate an n-sided

coin

(a) when n is a power of 27.
(b) when n is not a power of 27.

6. Compute the run time analysis of the Las Vegas algorithm given in

Algorithm 1.30 and express it using the O() notation.

CO~1Oh U i Who =

LasVegas()
while (true) do

i := Random() mod 2;
if ( > 1) then return;

Algorithm 1.30 A Las Vegas algorithm

7. There are y/n copies of an element in the array c. Every other element

10.

11.

of ¢ occurs exactly once. If the algorithm RepeatedElement is used to

identify the repeated element of ¢, will the run time still be 6(log n)?
If so, why? If not, what is the new run time?

. What is the minimum number of times that an element should be

repeated in an array (the other elements of the array occurring exactly
once) so that it can be found using RepeatedElement in O(log n) time?

An array a has } copies of a particular unknown element z. Every

other element in ¢ has at most % copies. Present an O(logn) time
Monte Carlo algorithm to identii%r x. The answer should be correct
with high probability. Can you develop an O(logn) time Las Vegas
algorithm for the same problem?

Consider the naive Monte Carlo algorithm for primality testing pre-
sented in Algorithm 1.31. Here Power{z,y) computes z¥. What should
be the value of t for the algorithm’s output to be correct with high
probability?

Let A be a Monte Carlo algorithm that solves a decision problem 7 in
time T. The output of A is correct with probability > 5. Show how
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Primel(n)

1

2

3 // Specify t.

4 for i:=1to ¢ do

5 {

] m := Power(n,0.5);

7 4 := Random() mod m + 2;

8 if ((n mod j) = 0) then return false;
9 // It j divides n, n is not prime.

11 return true;

Algorithm 1.31 Another primality testing algorithm

12.

13.

you can modify A so that its answer is correct with high probability.
The modified version can take O(T logn) time.

[n general a Las Vegas algorithm is preferable to a Monte Carlo algo-
rithin, since the answer given by the former is guaranteed to be correct.
There may be critical situations in which even a very small probability
of an incorrect answer is unacceptable. Say there is a Monte Carlo
algorithm for solving a problem = in T time units whose output is
correct with probability > % Also assume that there is another algo-
rithm that can check whether a given answer is valid for 7 in 75 time

units. Show how you use these two algorithms to arrive at a Las Vegas
algorithm for solving 7 in time O((Ty + T2) log n).

The problem considered here is that of searching for an element z in
an array a[l : n]. Algorithm 1.17 gives a deterministic ©(n) time
algorithm for this problem. Show that any deterministic algorithm
will have to take Q(n) time in the worst case for this problem. In
contrast a randomized Las Vegas algorithm that searches for z is given
in Algorithm 1.32. This algorithm assumes that z is in a[ |. What is

the O() run time of this algorithm?
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Algorithm RSearch(a,z,n)
// Searches for z in a[l : n]. Assume that z is in a[ ].

while (true) do
1 := Random() mod n + 1;

// i is random in the range [1,n].
if (a[i] = z) then return i;

= OO U W -

Algorithm 1.32 Randomized search
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(b) Compare the performances of max heaps and binary search trees
as data structures for priority queues. For this comparison, gen-
erate random sequences of insert and delete max operations and
measure the total time taken for each sequence by each of these
data structures.

6. Input is a sequence X of n keys with many duplications such that the
number of distinct keys is d (< n). Present an O(n log d)-time sorting
algorithm for this input. (For example, if X = 5,6,1,18, 6,4,4,1,
5,17, the number of distinct keys in X is six.)

2.5 SETS AND DISJOINT SET UNION

2.5.1 Introduction

In this section we study the use of forests in the representation of sets.
We shall assume that the elements of the sets are the numbers 1,2,3,...,n.
These numbers might, in practice, be indices into a symbol table in which the
names of the elements are stored. We assume that the sets being represented
are pairwise disjoint (that is, if S; and S}, ¢ # 7, are two sets, then there is no
element that is in both S; and S;). For example, when n = 10, the elements
can be partitioned into three disjoint sets, S1 = {1,7,8,9}, So = {2,5,10},
and Sy = {3,4,6}. Figure 2.17 shows one possible representation for these
sets. In this representation, each set is represented as a tree. Notice that for
each sct we have linked the nodes from the children to the parent, rather than
our usual method of linking from the parent to the children. The reason for
this change in linkage becomes apparent when we discuss the implementation
of set operations.

& 5 (3)
f\m/\ /g A /é‘\-‘
o LN , o - ~
(7 § 8 (9 ( 2\{ (10) (4 6)
— R R A S N N~
3 S S5

Figure 2.17 Possible tree representation of sets
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The operations we wish to perform on these sets are:

1. Disjoint set union. If S; and S5; are two disjoint sets, then their
union S; U S; = all elements = such that x is in S; or Sj. Thus, S; U S,
={1,7,8,9,2,5,10}. Since we have assumed that all sets are disjoint,
we can assume that following the union of S; and S;, the sets 5; and
S; do not exist independently; that is, they are replaced by S; U S; in
the collection of sets.

2. Find(i). Given the element i, find the set containing i. Thus, 4 is in
set S3, and 9 is in set 5.

2.5.2 Union and Find Operations

Let us consider the union operation first. Suppose that we wish to obtain
the union of §, and Ss (from Figure 2.17). Since we have linked the nodes
from children to parent, we simply make one of the trees a subtree of the
other. S1 U Ss could then have one of the representations of Figure 2,18,

zh

“

oo

P

S}USZ or

Figure 2.18 Possible representations of Sy U Sy

To obtain the union of two sets, all that has to be done is to set the parent
field of one of the roots to the other root. This can be accomplished easily
if, with each set name, we keep a pointer to the root of the tree representing
that set. If, in addition, each root has a pointer to the set name, then to
determine which set an element is currently in, we follow parent links to the
root of its tree and use the pointer to the set name. The data representation
for Sy, S2, and S5 may then take the form shown in Figure 2.19.

In presenting the unjon and find algorithms, we ignore the set names and
identify sets just by the roots of the trees representing them. This simplifies
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set
name  pointer
- — - 7T L

S —~ A

! ) [5)
PR P AN

s A \

3 < P G e U e —~ - 3

: (7)) (8) (9 2 (10 (6)
L N4 — A A s \_,/ A

Figure 2.19 Data representation for Sy, S, and S5

the discussion. The transition to set names is easy. If we determine that
element i is in a tree with root j, and j has a pointer to entry k in the
set name table, then the set name is just namelk]. If we wish to unite
sets S, and Sj, then we wish to unite the trees with roots FindPointer(S;)
and FindPointer(S;). Here FindPointer is a function that takes a set name
and determines the root of the tree that represents it. This is done by an
examination of the [set name, pointer| table. In many applications the set
name is just the element at the root. The operation of Find({) now becomes:
Deternine the root of the tree containing element ¢. The function Union(i, j)
requires two trees with roots 7 and j be joined. Also to simplify, assume that
the set elements are the numbers 1 through n.

Since the set elements are numbered 1 through n, we represent the tree
nodes using an array p[l : n], where n is the maximum number of elements.
The ith element of this array represents the tree node that contains element
i. This array element gives the parent pointer of the corresponding tree
node. Figure 2.20 shows this representation of the sets Sj, S2, and S3 of
Figure 2.17. Notice that root nodes have a parent of —1.

o

o [ O] [R2I T B [T IS] [T6] TT7T [ 18] [ T9] [ [10]
p| 1|5 [ -1[3[-1[3 [T [1[T[5

Figure 2.20 Array representation of Sy, Sy, and S3 of Figure 2.17
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We can now implement Find(¢) by following the indices, starting at ¢
until we reach a node with parent value —1. For example, Find(6) starts at
6 and then moves to 6’s parent, 3. Since p[3] is negative, we have reached
the root. The operation Union(i, j) is equally simple. We pass in two trees
with roots ¢ and 7. Adopting the convention that the first tree becomes a
subtree of the second, the statement p[i] := j; accomplishes the union.

1 Algorithm SimpleUnion(i, j)

2

3 pli] = J;

4}

1 Algorithm SimpleFind (%)

2

3 while (p[i] > 0) do 7 := p[i];
4 return i;

5 }

Algorithm 2.13 Simple algorithms for union and find

Algorithm 2.13 gives the descriptions of the union and find operations
just discussed. Although these two algorithms are very easy to state, their
performance characteristics are not very good. For instance, if we start with
g elements each in a set of its own (that is, S; = {i}, 1 < < ¢), then the
initial configuration consists of a forest with ¢ nodes, and p[i] = 0,1 <i <gq.
Now let us process the following sequence of union-find operations:

Union(1,2), Union(2,3), Union(3,4), Union(4,5),..., Union{n —1,n)
Find(1), Find(2),..., Find(n)

This sequence results in the degenerate tree of Figure 2.21.

Since the time taken for a union is constant, the n — 1 unions can be
processed in time O(n). However, each find requires following a sequence of
parent pointers from the element to be found to the root. Since the time
required to process a find for an element at level 1 of a tree is O(i), the total
time needed to process the n finds is O(X1, i) = O(n?).

We can improve the performance of our union and find algorithms by
avoiding the creation of degenerate trees. To accomplish this, we make use
of a weighting rule for .Union(z, 7).
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Figure 2.21 Degenerate tree

Definition 2.5 [Weighting rule for Union(1,7)] If the number of nodes in the
tree with root ¢ is less than the number in the tree with root j, then make
7 the parent of ¢; otherwise make ¢ the parent of j. ]

When we use the weighting rule to perform the sequence of set unions
given hefore, we obtain the trees of Figure 2.22. In this figure, the unions
have been modified so that the input parameter values correspond to the
roots of the trees to be combined.

To implement the weighting rule, we need to know how many nodes there
are in every tree. To do this easily, we maintain a count field in the root
of every tree. If { is a root node, then count[i] equals the number of nodes
in that tree. Since all nodes other than the roots of trees have a positive
number in the p field, we can maintain the count in the p field of the roots
as a negative number.

Using this convention, we obtain Algorithm 2.14. In this algorithm the
time required to perform a union has increased somewhat but is still bounded
by a constant (that is, it is O(1)). The find algorithm remains unchanged.
The maximum time to perform a find is determined by Lemma 2.3.

Lemma 2.3 Assume that we start with a forest of trees, each having one
node. Let T be a tree with m nodes created as a result of a sequence of
unions each performed using WeightedUnion. The height of T' is no greater
than [loge m]| + 1.

Proof: The lemma is clearly true for mm = 1. Assume it is true for all
trees with ¢ nodes, i < m — 1. We show that it is also true for ¢ = m.
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initial

Union(1,4) Union(1,n)

Figure 2.22 Trees obtained using the weighting rule

1 Algorithm WeightedUnion(i, )

2 // Union sets with roots i and j, i # 7, using the
3 // weighting rule. p[t:] = —count[i] and p[j] = —count[j].
4

5 temp := pli] + pljl;

6 if (p[t] > p[j]) then

7 { // i has fewer nodes.

g pli] == j; plj] == temp;

10 else

11 { // j has fewer or equal nodes.

12 plj] =15 pli] := temp;

13

14 }

Algorithm 2.14 Union algorithm with weighting rule
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Let 7" be a tree with m nodes created by WeightedUnion. Consider the
last union operation performed, Union(k, 7). Let a be the number of nodes
in trec j, and m — a the number in k. Without loss of generality we can
assume 1 < a < 7. Then the height of T is either the same as that of k
or is one more than that of j. If the former is the case, the height of T is
< logy(m —a)| +1 < |log,m| + 1. However, if the latter is the case, the
height of T'is < [logya] +2 < [logy 5| +2 < [logym] + 1. O

Example 2.4 shows that the bound of Lemma 2.3 is achievable for some
sequence of unions.

Example 2.4 Consider the behavior of WeightedUnion on the following se-
quence of unions starting from the initial configuration p[i] = —count[i] =

Union(1,2), Union(3,4), Union(5,6), Union(7,8),
Union(1,3), Union(5,7), Union(1,5)

The trees of Figure 2.23 are obtained. As is evident, the height of each tree
with mn nodes is |[logym| + 1. 0

From Lemma, 2.3, it follows that the time to process a find is O(logm) if
there are m elements in a tree. If an intermixed sequence of © — 1 union and
f find operations is to be processed, the time becomes O(u + flogu), as no
tree has more than « nodes in it. Of course, we need O(n) additional time
to inilialize the n-tree forest.

Surprisingly, further improvement is possible. This time the modification
is macdle in the find algorithm using the collapsing rule.

Definition 2.6 [Collapsing rule]: If j is a node on the path from 7 to its root
and pli] # root[i], then set p[j] to root[i]. O

CollapsingFind (Algorithm 2.15) incorporates the collapsing rule.

Example 2.5 Consider the tree created by WeightedUnion on the sequence
of unions of Example 2.4. Now process the following eight finds:

Find(8), Find(8),..., Find(8)

If SimpleFind is used, each Find(8) requires going up three parent link fields
for a total of 24 moves to process all eight finds. When CollapsingFind is used,
the first Find(8) requires going up three links and then resetting two links.
Note that even though only two parent links need to be reset, CollapsingFind
will reset three (the parent of 5 is reset to 1). Each of the remaining seven
finds requires going up only one link field. The total cost is now only 13
moves. o
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-1 -1 11 11 [ =11 =11 [-1]
ONORONONORONO,
(a) Initial height-1 trees
[-2] [-2] [-2] [-2]
(1 e 7
4 (6) 8
(b) Height-2 trees following Union(1,2), (3,4), (5,6), and (7,8)

| (4]

(2 /3
® 8
(c) Height-3 trees following Union(1,3) and (5,7)
8]

(d) Height-4 tree following Union(1,5)

Figure 2.23 Trees achieving worst-case bound
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1 Algorithm CollapsingFind(7)

2 // Find the root of the tree containing element ¢. Use the
3 // collapsing rule to collapse all nodes from ¢ to the root.
4

5 o= 1}

6 while (p[r] > 0) do r := p[r]; // Find the root.

7 while (i # r) do // Collapse nodes from i to root r.
s

9 s 2= plil; pli] := 731 = 55

10 }

11 return r;

12}

Algorithm 2.15 Find algorithm with collapsing rule

In the algorithms WeightedUnion and CollapsingFind, use of the collaps-
ing rule roughly doubles the time for an individual find. However, it reduces
the worst-case time over a sequence of finds. The worst-case complexity of
processing a sequence of unions and finds using WeightedUnion and Collaps-
ingFind is stated in Lemma 2.4. This lemma makes use of a function «a(p, q)
that is related to a functional inverse of Ackermann’s function A(z, 7). These
functions are defined as follows:

A(l,j) =2 for j > 1
A(i, 1) = A — 1,2) for 1> 2
A(i,j) = A(i = 1, A(i,j — 1)) ford,j >2

?

a(p,q) = min{z > 1[A(2, L%’J) >logyq), p>q>1

The function A(4,7) is a very rapidly growing function. Consequently,
« grows very slowly as p and g are increased. In fact, since A(3,1) = 186,
a(p,q) < 3 for ¢ < 26 = 65,536 and p > ¢q. Since A(4,1) is a very large
number and in our application ¢ is the number n of set elements and p is
n+ f (f is the number of finds), a(p, g) < 4 for all practical purposes.

Lemna 2.4 [Tarjan and Van Leeuwen] Assume that we start with a forest
of trecs, each having one node. Let T(f,u) be the maximum time required
to process any intermixed sequence of f finds and u unions. Assume that
u > 5. Then
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kaln+ falf +n,n)] < T(f,u) < kaln + fa(f +n,n)]

for some positive constants &k, and ks. O

The requirement that v > 7 in Lemma 2.4 is really not significant, as
when u < F, some elements are involved in no union operation. These
clements remain in singleton sets throughout the sequence of union and
find operations and can be eliminated from consideration, as find operations
that involve these can be done in O(1) time each. Even though the function
a(f,u) is a very slowly growing function, the complexity of our solution to
the set representation problem is not linear in the number of unions and
finds. The space requirements are one node for each element.

In the exercises, we explore alternatives to the weight rule and the col-
lapsing rule that preserve the time bounds of Lemma 2.4.

EXERCISES

1. Suppose we start with n sets, each containing a distinct element.

(a) Show that if 4 unions are performed, then no set contains more
than u + 1 elements.

(b) Show that at most n — 1 unions can be performed before the
number of sets becomes 1.

(c) Show that if fewer than [%] unions are performed, then at least
one set with a single element in it remains.

(d) Show that if « unions are performed, then at least max{n —2u,0}
singleton sets remain.

2. Experimentally compare the performance of SimpleUnion and Sim-
pleFind (Algorithm 2.13) with WeightedUnion (Algorithm 2.14) and
CollapsingFind (Algorithm 2.15). For this, generate a random sequence
of union and find operations.

3. (a) Present an algorithm HeightUnion that uses the height rule for
union operations instead of the weighting rule. This rule is defined
below:

Definition 2.7 [Height rule] If the height of tree i is less than
that of tree j, then make j the parent of i; otherwise make 7 the
parent of j. |

Your algorithm must run in O(1) time and should maintain the
height of each tree as a negative number in the p field of the root.






Chapter-5
Basic Traversal and Search Techniques

5.1 Techniques for Binary Trees
Binary Tree

A binary tree is a finite set of nodes which is either empty or consists of a root and
two disjoint binary trees called the left sub tree and the right sub tree.
In a traversal of a binary tree, each element of the binary tree is visited exactly at once.
During the visiting of an element, all actions like clone, display, evaluate the operator etc is
taken with respect to the element. When traversing a binary tree, we need to follow linear
order i.e. L, D, R where
L->Moving left
D->printing the data
R->moving right

We have three traversal techniques on binary tree. They are



e Inorder
e Post order

e Pre order

Examples

For fig: 1

(&)

oo

In order: A-B-C-D-E-F-G-H-1
Post order: A-C-E-D-B-H-I-G-F
Pre order: F-B-A-D-C-E-G-I-H

Preorder, post order and in order algorithms
Algorithm preorder(x)

Input: x is the root of a sub tree.

1. If x # NULL

2. Then output key(x);
3. Preorder (left(x));

4. Preorder (right(x));

[ 4

O=»0

Algorithm postorder(x)
Input: x is the root of a subtree

1. If x # NULL



2. Then postorder(left(x));;
3. Postorder(right(x));
4. Outputkey(x);

©
.
0~0

Algorithm inorder(x)

Input: x is the root of a subtree

1. If x£ null
2. Then inorder(left(x));

3. Outputkey(x);

4. Inorder(right(x));




5.2 Techniques for Graphs

Graph: The sequence of edges that connected two vertices.

A graph is a pair (V, E), where

V is a set of nodes, called vertices

E is a collection (can be duplicated) of pairs of vertices, called edges
Vertices and edges are data structures and store elements.

Types of graphs: Graphs are of three types.

a. Directed/Undirected: In a directed graph the direction of the edges must be
considered

<> G~
) €8)

Fig5.1 Fig5.2

b. Weighted/ Unweighted: A weighted graph has values on its edge.

Fig 5.4



c. Cyclic/Acyclic: A cycle is a path that begins and ends at same vertex and A graph with no
cycles is acyclic.

Representation of graphs
Graphs can be represented in three ways
(1) Adjacency Matrix: A V x V array, with matrix[7][j] storing whether there is an edge

between the ith vertex and the jth vertex. This matrix is also called as “Bit matrix” or
“Boolean Matrix”

a b C d e

al o 1 1 1 6}
b 1 o o 1 o}
c 1 o o o e}
d 1 1 o 0 1
e o} 0 o} 1 o
a b C d e

al o 1 o 1 o
. b| o o) o) 1 o)
c 1 0 o} 0 o}
d 1 0 o] 0 1
e o o o o o}

(i1) Adjacency list: One linked list per vertex, each storing directly reachable vertices .



(iii) Linked List or Edge list:

() 1 a2
2 —T=3
°.° 3 fo1 —34
1135
5 135

Graph traversal techniques

“The process of traversing all the nodes or vertices on a graph is called graph traversal”.

We have two traversal techniques on graphs
DFS

BFS
Depth First Search

The DFS explore each possible path to its conclusion before another path is tried. In other
words go as a far as you can (if u don’t have a node to visit), otherwise, go back and try
another way. Simply it can be called as “backtracking”.

Steps for DFS

(1) Select an unvisited node ‘v’ visits it and treats it as the current node.
(i1) Find an unvisited neighbor of current node, visit it and make it new current node



(ii1) If the current node has no unvisited neighbors, backtrack to its parent and make it as a
new current node

(iv) Repeat steps 2 and 3 until no more nodes can be visited
(v) Repeat from step 1 for remaining nodes also.

Implementation of DFS

DFS (Vertex)
{

Mark u as visiting

For each vertex V directly reachable from u
If v is unvisited

DFS (v)

b

@ unexplored vertex
@ visited vertex
unexplored edge
discaovery edge

— — - Dackedge

Unexplored vertex: The node or vertex which is not yet visited.

Visited vertex: The node or vertex which is visited is called ‘visited vertex’ i.e. can be called
as “current node”.

Unexplored edge: The edge or path which is not yet traversed.

Discovery edge: It is opposite to unexplored edge, the path which is already traversed is
known as discovery edge.

Back edge: If the current node has no unvisited neighbors we need to backtrack to its parent
node. The path used in back tracking is called back edge.
For the following graph the steps for tracing are as follows:



Properties of DFS

1) DFS (G, v) visits all the vertices and edges in the connected component of v.

i1) The discovery edges labeled by DFS (G, v) form a spanning tree of the connected
component of v.



Tracing of graph using Depth First Search

(a)
1
C?—» H
c F)<——{1

topVertex nextNeighbor Visited vertex vertexStack traversalOrder
(top to bottom) (front to back)

A A A
A A
B B BA AB
B BA
E B EBA ABE
E EBA
F F FEBA ABEF
F FEBA
C C CFEBA ABEFC
C FEBA
F FEBA
H H HFEBA ABEFCH
H HFEBA
I I IHFEBA ABEFCHI
HFEBA
FEBA
EBA
BA
A
A
D D DA ABEFCHID
DA
G GDA ABEFCHIDG
DA
A
empiy ABEFCHIDG

g »EmTT -

p-w S|



Exercise

@

Depth: W-U-V-Y-X-Z

2.
Depth: A-B-C-E-D
3

Depth: 1-2-3-4-5-6-7-8-9-10-11-12.



5.3 Breadth First Search

It is one of the simplest algorithms for searching or visiting each vertex in a graph. In this
method each node on the same level is checked before the search proceeds to the next level.
BFS makes use of a queue to store visited vertices, expanding the path from the earliest
visited vertices

Breadth: a-b-c-d-e-f-g-h-i-j-k

Steps for BFS:

1. Mark all the vertices as unvisited.
2. Choose any vertex say ‘v’, mark it as visited and put it on the end of the queue.
3. Now, for each vertex on the list, examine in same order all the vertices adjacent to ‘v’

4. When all the unvisited vertices adjacent to v have been marked as visited and put it on the
end (rear of the queue) of the list.

5. Remove a vertex from the front of the queue and repeat this procedure.
6. Continue this procedure until the list is empty.

i Oane O 2O 22O
‘@—-—@--—@S@

Breadth-first search

Implementation of BFS

While queue Q not empty

De queue the first vertex u from Q

For each vertex v directly reachable from u

If v is unvisited

En queue v to Q

Mark v as visited

) Initially all vertices except the start vertex are marked as unvisited and the queue contains
the start vertex only.

Explored vertex: A vertex is said to be explored if all the adjacent vertices of v are visited.
Example 1: Breadth first search for the following graph:



unexplored vertex
visited vertex
unexplored edge
discovery edge

Cross edge




Properties of BFS
Notation: Gs (connected component of s)

i) BFS (G, s) visits all the vertices and edges of Gs
ii) The discovery edges labeled by BFS (G, s) form a spanning tree 7s of G

iii) For each vertex v in Li
a. The path of Ts from s to v has i edges

b. Every path from s to v in G has at least i edges.

Complexity of BFS

Step1: read a node from the queue O (v) times.

Step2: examine all neighbors, i.e. we examine all edges of the currently read node. Not
oriented graph: 2*E edges to examine

Hence the complexity of BFS is O (V + 2*E)



Tracing of graph using Breadth first search:

a)
@—)—
frontVertex | nexiNeighbor] Visited vertex vertexueue | teaversalOrder
A A A

A empily

B B B AB

D D B ABD

E E BDE ABDE

DE
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G G EG ABDEG
E G

F F GF ABDEGF

H H GFH ABDEGFH
€] FH
F H

C C H( ABDEGFHC
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| 1 Cl ABDEGFHCI
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| emply
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BFS: 7-11-8-2-9-10-5-3



BFS: A-B-C-D-E-F-G-H

5.4 Connected Components and Spanning Trees

Connected component: 1f G is connected undirected graph, then we can visit all the vertices
of the graph in the first call to BFS. The sub graph which we obtain after traversing the graph
using BFS represents the connected component of the graph.

Graph G Connected component
of G obtained by
breadth first search

Thus BFS can be used to determine whether G is connected. All the newly visited vertices on
call to BFS represent the vertices in connected component of graph G. The sub graph formed
by theses vertices make the connected component.

Spanning tree of a graph: Consider the set of all edges (u, w) where all vertices w are
adjacent to u and are not visited. According to BFS algorithm it is established that this set of
edges give the spanning tree of G, if G is connected. We obtain depth first search spanning
tree similarly

These are the BFS and DFS spanning trees of the graph G



Bi-connected Components

A connected undirected graph is said to be bi-connected if it remains connected after removal
of any one vertex and the edges that are incident upon that vertex.

In this we have two components.

1. Articulation point. Let G= (V, E) be a connected undirected graph. Then an articulation
point of graph ‘G’ is a vertex whose articulation point of graph is a vertex whose removal
disconnects the graph ‘G’. It is also known as “cut point”.

il. Bi-connected graph: A graph ‘G’ is said to be bi-connected if it contains no-articulation
point.

TS
D =Rvive

Articulation points for the above undirected graph are B, E, F

1) After deleting vertex B and incident edges of B, the given graph is divided into two
components

G
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i1) After deleting the vertex E and incident edges of E, the resulting components are

- Cr—Cr—C>

1i1) After deleting vertex F and incident edges of F, the given graph is divided into teo
components.
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Note: If there exists any articulation point, it is an undesirable feature in communication
network where joint point between two networks failure in case of joint node fails.

Algorithm to construct the Bi- Connected graph

1. For each articulation point ‘a’ do

2. Let B1, B2, B3 ....Bk are the Bi-connected components
3. Containing the articulation point ‘a’

4. Let Vi E Bi, Vi# a i<=i<=k

5. Add (Vi,Vit+1) to Graph G.

Vi-vertex belong Bi

Bi-Bi-connected component
i- Vertex number 1 to k
a- articulation point

Exercise

Tk kb n
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UNIT-II

Divide and Conquer

General Method

Divide and conquer is a design strategy which is well known to breaking down
efficiency barriers. When the method applies, it often leads to a large improvement in
time complexity. For example, from O (n?) to O (n log n) to sort theelements.

Divide and conquer strategy is as follows: divide the problem instance into two or
more smaller instances of the same problem, solve the smaller instances recursively,
and assemble the solutions to form a solution of the original instance. The recursion
stops when an instance is reached which is too small to divide. When dividing the
instance, one can either use whatever division comes most easily to hand or invest
time in making the division carefully so that the assembly is simplified.

Divide and conquer algorithm consists of two parts:

Divide : Divide the problem into a number of sub problems. The sub problems
are solved recursively.
Conquer : The solution to the original problem is then formed from the solutions

to the sub problems (patching together the answers).

Traditionally, routines in which the text contains at least two recursive calls are called
divide and conquer algorithms, while routines whose text contains only one recursive
call are not. Divide—and-conquer is a very powerful use of recursion.

Control Abstraction of Divide and Conquer

A control abstraction is a procedure whose flow of control is clear but whose primary
operations are specified by other procedures whose precise meanings are left
undefined. The control abstraction for divide and conquer technique is DANDC(P),
where P is the problem to be solved.

DANDC (P)
{
if SMALL (P) then return S (p);
else
{
divide p into smaller instances pi, p2, .... Pk, k>1;
apply DANDC to each of these sub problems;
return (COMBINE (DANDC (p;) , DANDC (p2),...., DANDC (p«));
b

by

SMALL (P) is a Boolean valued function which determines whether the input size is
small enough so that the answer can be computed without splitting. If this is so
function 'S’ is invoked otherwise, the problem ‘p’ into smaller sub problems. These
sub problems pi, p2, . . ., P« are solved by recursive application of DANDC.



Design and Analysis of Algorithms

If the sizes of the two sub problems are approximately equal then the computing
time of DANDC is:

_ g (n) n small
T M= 0o1m/2: () otherwise

Where, T (n) is the time for DANDC on ‘n’ inputs
g (n) is the time to complete the answer directly for small inputs and
f (n) is the time for Divide and Combine

Binary Search

If we have 'n’ records which have been ordered by keys so that x; < x; < ... < Xn,
When we are given a element 'Xx’, binary search is used to find the corresponding
element from the list. In case ‘x’ is present, we have to determine a value ‘j’ such
that a[j] = x (successful search). If 'x’ is not in the list then j is to set to zero (un
successful search).

In Binary search we jump into the middle of the file, where we find key a[mid], and
compare ‘x’ with a[mid]. If x = a[mid] then the desired record has been found.
If x < a[mid] then *x’” must be in that portion of the file that precedes a[mid], if there
at all. Similarly, if a[mid] > x, then further search is only necessary in that past of
the file which follows a[mid]. If we use recursive procedure of finding the middle key
a[mid] of the un-searched portion of a file, then every un-successful comparison of
‘X" with a[mid] will eliminate roughly half the un-searched portion from consideration.

Since the array size is roughly halved often each comparison between 'x’ and
a[mid], and since an array of length 'n’ can be halved only about logzn times before
reaching a trivial length, the worst case complexity of Binary search is aboutlog,n

Algorithm Algorithm

BINSRCH (a, n, x)

// array a(1 : n) of elements in increasing order, n >0,

// determine whether *x’ is present, and if so, set j such that x = a(j)
// else return j

{
low :=1; high :=n;
while (low < high) do
{
mid :=|(low + high)/2|
if (x < a [mid]) then high:=mid - 1;
else if (x > a [mid]) then low:= mid + 1
else return mid;
b
return O;
b

low and high are integer variables such that each time through the loop either 'x’ is
found or low is increased by at least one or high is decreased by at least one. Thus
we have two sequences of integers approaching each other and eventually /fow will
become greater than high causing termination in a finite number of steps if 'x’ is not
present.
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Example for Binary Search

Let us illustrate binary search on the following 9 elements:

Index 1 2 3 4 5 6 7 8 9
Elements | -15 | -6 0 7 9 23 | 54 | 82 | 101

The number of comparisons required for searching different elements is asfollows:

1. Searching for x = 101 low high mid
1 9 5
6 9 7
8 9 8
9 9 9
found

Number of comparisons = 4

2. Searching for x = 82 low high mid
1 9 5
6 9 7
8 9 8
found
Number of comparisons = 3
3. Searching for x = 42 low high mid
1 9 5
6 9 7
6 6 6
7 6 not found
Number of comparisons = 4
4. Searching for x = -14 low high mid
1 9 5
1 4 2
1 1 1
2 1 not found

Number of comparisons = 3

Continuing in this manner the number of element comparisons needed to find each of
nine elements is:

Index 1 2 3 4 5 6 7 8 9
Elements -15| -6 0 7 9 23 | 54 | 82 | 101
Comparisons | 3 2 3 4 1 3 2 3 4

No element requires more than 4 comparisons to be found. Summing the
comparisons needed to find all nine items and dividing by 9, yielding 25/9 or
approximately 2.77 comparisons per successful search on the average.

There are ten possible ways that an un-successful search may terminate depending
upon the value of x.
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If x < a[l], a[1] < x < a[2], a[2] < x < a[3], a[5] < x < a[6], a[6] < x < a[7] or
a[7] < x < a[8] the algorithm requires 3 element comparisons to determine that *x’
is not present. For all of the remaining possibilities BINSRCH requires 4 element
comparisons. Thus the average number of element comparisons for an unsuccessful
search is:

(3+3+3+4+4+3+3+3+4+4)/10=34/10=3.4

The time complexity for a successful search is O(log n) and for an unsuccessful
search is O(log n).

Successful searches un-successful searches
0(1), O(log n), ©O(log n) O(log n)
Best average worst best, average and worst

Analysis for worst case
Let T (n) be the time complexity of Binary search

The algorithm sets mid to [n+1 / 2]

Therefore,
T(0) =0
T(n) =1 if x = a [mid]
= 1+T([(n+1)/2]-1) if x < a [mid]
= 1+T(n-[(n+1)/2]) if x > a [mid]

Let us restrict 'n’ to values of the form n = 2% - 1, where 'k’ is a non-negative
integer. The array always breaks symmetrically into two equal pieces plus middle
element.

k-1 -1 k-1 -1

[n+1]

Algebraically this is = [2K —1+ 1l = K- for K > 1

| Ol
L 2 1 L 2 1

Giving,
T(0) = 0
T2% - 1) = 1 if x = a [mid]
= 1+TR% 1 -1) if X < a [mid]
= 1+TR2% 1 -1) if x > a [mid]

In the worst case the test x = a[mid] always fails, so
w(0) =0
wkK-1)=14+wR2 1-1)
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This is now solved by repeated substitution:

w2k - 1) 1+ w(2¥ 1-1)
= 1+ [1+ w(22-1)]

= 1+ [1+[1+wR3-1]]

Fori < k, letting i = k gives w(2X -1) = K + w(0) = k
But as 2 -1 = n, so K = log,(n + 1), so

w(n) = log,(n + 1) = O(log n)
for n = 2%-1, concludes this analysis of binary search.

Although it might seem that the restriction of values of 'n’ of the form 2X-1 weakens
the result. In practice this does not matter very much, w(n) is a monotonic
increasing function of ‘n’, and hence the formula given is a good approximation even
when 'n’ is not of the form 2K-1.

External and Internal path length:

The lines connecting nodes to their non-empty sub trees are called edges. A non-
empty binary tree with n nodes has n—-1 edges. The size of the tree is the number of
nodes it contains.

When drawing binary trees, it is often convenient to represent the empty sub trees
explicitly, so that they can be seen. For example:

® ®b
|
The tree given above in which the empty sub trees appear as square nodes is as

follows:
O Ob
Eato s
[] \Q
[] h
The square nodes are called as external nodes E(T). The square node version is

sometimes called an extended binary tree. The round nodes are called internal nodes
I(T). A binary tree with n internal nodes has n+1 external nodes.

The height h(x) of node 'x’ is the number of edges on the longest path leading down
from X’ in the extended tree. For example, the following tree has heights written
inside its nodes:
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© ®©
\ \
o I3 @ 9
[o] E
The depth d(x) of node 'x’ is the number of edges on path from the root to 'x’. It is

the number of internal nodes on this path, excluding ‘x’ itself. For example, the
following tree has depths written inside its nodes:

c
REWcY

\
The internal path length I(T) is the sum of the depths of the internal nodes of ‘T":
(M = ), dx)

x el(T)

The external path length E(T) is the sum of the depths of the externalnodes:

ET) = D, dx)

x e E(T)
For example, the tree above has I(T) = 4 and E(T) = 12.
A binary tree T with 'n’ internal nodes, will have I(T) + 2n = E(T) external nodes.

A binary tree corresponding to binary search when n = 16 is

\ 1
aly

p O,
R

0 1 2 3 4 5 6 7 8 9 10 3 14

O Represents internal nodes which lead for successful search

External square nodes, which lead for unsuccessful search.

Let Cy be the average number of comparisons in a successful search.

C 'y be the average number of comparison in an un successful search.
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Then we have,

N internal pathlengthoftree
N

Cn=1

Clh = External path length of tree
N N+ 1

CN=(1 L)C'N—l
L NJ

External path length is always 2N more than the internal path length.

Merge Sort

Merge sort algorithm is a classic example of divide and conquer. To sort an array,
recursively, sort its left and right halves separately and then merge them. The time
complexity of merge mort in the best case, worst case and average case is O(n log n)
and the number of comparisons used is nearly optimal.

This strategy is so simple, and so efficient but the problem here is that there seems
to be no easy way to merge two adjacent sorted arrays together in place (The result
must be build up in a separate array).

The fundamental operation in this algorithm is merging two sorted lists. Because the
lists are sorted, this can be done in one pass through the input, if the output is put in
a third list.

The basic merging algorithm takes two input arrays ‘a’ and 'b’, an output array ‘c’,
and three counters, a ptr, b ptr and c ptr, which are initially set to the beginning of
their respective arrays. The smaller of afa ptr] and b[b ptr] is copied to the next
entry in ‘c’, and the appropriate counters are advanced. When either input list is
exhausted, the remainder of the other list is copied to'c’.

To illustrate how merge process works. For example, let us consider the array ‘a’
containing 1, 13, 24, 26 and ‘b’ containing 2, 15, 27, 38. First a comparison is done
between 1 and 2. 1 is copied to ‘c’. Increment a ptr and c ptr.

o
(R ENIIE
)
o
-~
)

k]
b ol I (S
g

and then 2 and 13 are compared. 2 is added to ‘c’. Increment b ptr and c ptr.

112 | 3| 4 5|16 7] 8 1 2 | 3|4 |5|6|7|8
1|13 (2426 2 | 15| 27| 28 1 2

h j i

ptr ptr ptr
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then 13 and 15 are compared. 13 is added to ‘c’. Increment a ptr and c ptr.

1| 2 3| 4 5 6 7 | 8 1 21 34|56 )| 7|8
1|13 |24 | 26 2 | 15127 |28 1 2 |13

h j i

ptr ptr ptr

24 and 15 are compared. 15 is added to ‘c’. Increment b ptr and c ptr.

1| 2 3 4 5 6 7 | 8 112 3 4 | 56|78
1|13 | 24| 26 2 | 15| 27| 28 1 ]2 (13| 15

h J i

ptr ptr ptr

24 and 27 are compared. 24 is added to ‘c’. Increment a ptr and cptr.

1| 2 3| 4 5| 6 7 | 8 1 12)| 3| 4 5|6| 7|8
1113 | 24| 26 2 | 15|27 | 28 1 12 (13|15 24

h J i

ptr ptr ptr

26 and 27 are compared. 26 is added to ‘c’. Increment a ptr and cptr.

1] 2 3 4 5 6 7 | 8 1|2| 3 4 5|16 |78
1113 |24 | 26 2 | 15| 27|28 1 |2]13|15|24| 26

h J i

ptr ptr ptr

As one of the lists is exhausted. The remainder of the b array is then copied to ‘c’.

1| 2 3| 4 5|6 7 | 8 12|34 |5|6| 7|38
1|13 |24 26 2 | 15| 27| 28 1 12|13 |15|24|26| 27|28
h J i
ptr ptr ptr

Algorithm

Algorithm MERGESORT (low, high)
// a (low : high) is a global array to be sorted.

{

if (low < high)

{
mid := | (low + high)/2| //finds where to split the set
MERGESORT(low, mid) //sort one subset
MERGESORT(mid+1, high) //sort the other subset
MERGE(low, mid, high) // combine the results

b
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Algorithm MERGE (low, mid, high)

// a (low : high) is a global array containing two sorted subsets
// in a (low : mid) and in a (mid + 1 : high).

// The objective is to merge these sorted sets into single sorted
// set residing in a (low : high). An auxiliary array B is used.

{
h :=low; i :=low; j:= mid + 1;
while ((h < mid) and (J < high)) do
{
if (a[h] < a[j]) then
{
b[i] :=a[h]; h:=h + 1;
b
else
{
bli] :=aljl; j:=i+1;
=i+ 1;
b
if (h > mid) then
for k := j to high do
{
b[i] :=a[k]; i:=i+ 1;
b
else
for k := h to mid do
{
b[i] :=a[K];i:=i+1;
b
for k := low to high do
alk] := b[k];
b
Example

For example let us select the following 8 entries 7, 2, 9, 4, 3, 8, 6, 1 to illustrate
merge sort algorithm:

7,2,9,413,8,6,1-51,2,3,4,6,7,8 9

7,219,4-52,4,7,9 3,816,1-51,3,6,8

7122, 7 914549 31838 6|l]1->1,6

7 -7 2 52 959 4 >4 353 8 »>8 6 >6 151
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Tree Calls of MERGESORT(1, 8)

The following figure represents the sequence of recursive calls that are produced by
MERGESORT when it is applied to 8 elements. The values in each node are the values
of the parameters low and high.

1,8

1,2 3, 4 56 7,8

Tree Calls of MERGE()

The tree representation of the calls to procedure MERGE by MERGESORT is as
follows:

1,2, 4 5,68

1,4,8

Analysis of Merge Sort

We will assume that ‘n’ is a power of 2, so that we always split into even halves, so
we solve for the case n = 2K,

For n = 1, the time to merge sort is constant, which we will be denote by 1.
Otherwise, the time to merge sort ‘n’ numbers is equal to the time to do two
recursive merge sorts of size n/2, plus the time to merge, which is linear. The
equation says this exactly:

T(1) =1
T(n) =2T(n/2) + n

This is a standard recurrence relation, which can be solved several ways. We will
solve by substituting recurrence relation continually on the right-handside.

We have, T(n) = 2T(n/2) + n
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Since we can substitute n/2 into this main equation

2T(n/2) = 2 (2 (T(n/4)) + n/2)
= 4 T(n/4) + n
We have,
T(n/2) = 2T(n/4) + n
T(n) = 4 T(n/4) + 2n

Again, by substituting n/4 into the main equation, we see that

4T (n/4) = 4 (2T(n/8)) + n/4
= 8 T(n/8) + n
So we have,
T(n/4) = 2T(n/8) + n
T(n) = 8 T(n/8) + 3n

Continuing in this manner, we obtain:
T(n) = 2XT(n/2%) + K. n
As n = 2%, K = log,n, substituting this in the above equation
T (n) = 29" T(JZ_kL\ log,n . n
2 )

nT(1l) +nlogn
nlogn+n

Representing this in O notation:
T(n) = O(n log n)

We have assumed that n = 2. The analysis can be refined to handle cases when 'n’
is not a power of 2. The answer turns out to be almostidentical.

Although merge sort’s running time is O(n log n), it is hardly ever used for main
memory sorts. The main problem is that merging two sorted lists requires linear
extra memory and the additional work spent copying to the temporary array and
back, throughout the algorithm, has the effect of slowing down the sort considerably.
The Best and worst case time complexity of Merge sort is O(n logn).

Strassen’s Matrix Multiplication:

The matrix multiplication of algorithm due to Strassens is the most dramatic example
of divide and conquer technique (1969).

The usual way to multiply two n x n matrices A and B, yielding result matrix ‘C" as
follows :

fori:=1tondo
forj:=1tondo
cli, j1 :=0;

for Ki = 1tondo
cli, j1 := cfi, 31 + afli, k] * b[k, j];
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This algorithm requires n® scalar multiplication’s (i.e. multiplication ofsingle
numbers) and n® scalar additions. So we naturally cannot improve upon.

We apply divide and conquer to this problem. For example let us considers three
multiplication like this:

(A 11 A\ (By 812\| _ (C 1 CIZT
| A A | I B C C
L 2t 2) U 2 22) L 2 22)

Then ¢; can be found by the usual matrix multiplication algorithm,

Ci1 = A1 . B+ A B
Ci2 = A11 . Bio+ A1x B2
Co1 = Az . Bii + A Ban
Co2= A1 . Bio+ A By

This leads to a divide-and-conquer algorithm, which performs nxn matrix
multiplication by partitioning the matrices into quarters and performing eight
(n/2)x(n/2) matrix multiplications and four (n/2)x(n/2) matrix additions.

T(1)
T(n)

1
8 T(n/2)

Which leads to T (n) = O (n?), where n is the power of 2.

Strassens insight was to find an alternative method for calculating the Cj;, requiring
seven (n/2) x (n/2) matrix multiplications and eighteen (n/2) x (n/2) matrix
additions and subtractions:

= (A1 + Ap) (B11 + By)

(A21 + Ax) Byy

A1 (Biz — By)
= Ay (Bzi - Bi1)

T = (A11 + A1) Bn

p
Q
R
S

U = (A1 = A1) (Bir + Byo)
V = (A2 - Ap) (B2 + Bi)
Ci1i=P+S-T+V
Ci2=R+T
Cx=Q+S
Cp=P+R-Q+U.
This method is used recursively to perform the seven (n/2) x (n/2) matrix

multiplications, then the recurrence equation for the number of scalar multiplications
performed is:
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T(1)
T(n)

1
7 T(n/2)

Solving this for the case of n = 2¥is easy:

T(25) 7 T(2¥1)

72 T(2%?)

Il
N
—

=
N

o
~

Puti =k

Thatis, T(n) = 7 log,n

— n Iogz7

— O(n |0927) — O(Zn.Sl)

So, concluding that Strassen’s algorithm is asymptotically more efficient than the
standard algorithm. In practice, the overhead of managing the many small matrices
does not pay off until ‘n’ revolves the hundreds.

Quick Sort

The main reason for the slowness of Algorithms like SIS is that all comparisons and
exchanges between keys in a sequence wj;, Wy, . . . . , W, take place between
adjacent pairs. In this way it takes a relatively long time for a key that is badly out of
place to work its way into its proper position in the sorted sequence.

Hoare his devised a very efficient way of implementing this idea in the early 1960’s
that improves the O(n?) behavior of SIS algorithm with an expected performance that
is O(n log n).

In essence, the quick sort algorithm partitions the original array by rearranging it
into two groups. The first group contains those elements less than some arbitrary
chosen value taken from the set, and the second group contains those elements
greater than or equal to the chosen value.

The chosen value is known as the pivot element. Once the array has been rearranged
in this way with respect to the pivot, the very same partitioning is recursively applied
to each of the two subsets. When all the subsets have been partitioned and
rearranged, the original array is sorted.

The function partition() makes use of two pointers ‘i’ and ‘j’ which are moved toward
each other in the following fashion:

e Repeatedly increase the pointer ‘i’ until a[i] >= pivot.

e Repeatedly decrease the pointer ‘j’ until a[j] <= pivot.
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e Ifj > i, interchange a[j] with al[i]

e Repeat the steps 1, 2 and 3 till the ‘i’ pointer crosses the ‘j’ pointer. If 'i’
pointer crosses ‘j’ pointer, the position for pivot is found and place pivot
element in ‘j’ pointer position.

The program uses a recursive function quicksort(). The algorithm of quick sort
function sorts all elements in an array ‘a’ between positions ‘low’ and *high’.

e It terminates when the condition low >= high is satisfied. This condition
will be satisfied only when the array is completely sorted.

e Here we choose the first element as the ‘pivot’. So, pivot = x[low]. Now it
calls the partition function to find the proper position j of the element
x[low] i.e. pivot. Then we will have two sub-arrays x[low], x[low+1], . . ..

.. X[3-1] and x[j+11, x[j+2], . . .x[high].

o It calls itself recursively to sort the left sub-array x[low], x[low+1], . .. ..
.. X[j-1] between positions low and j-1 (where j is returned by the
partition function).

e It calls itself recursively to sort the right sub-array x[j+1], x[j+2], . . .. ..
. . x[high] between positions j+1 and high.

Algorithm Algorithm

QUICKSORT(low, high)
/* sorts the elements a(low), . . ... , a(high) which reside in the global array A(1:
n) into ascending order a (n + 1) is considered to be defined and must be greater
than all elementsin a(l1 : n); A(n + 1) = + o« */

{
if low < high then
{
j := PARTITION(a, low, high+1);
// 1 is the position of the partitioning element
QUICKSORT(low, j = 1);
QUICKSORT(j + 1, high);
b
b
Algorithm PARTITION(a, m, p)
{
V&alm), i€ m;j € p; // A (m) is the partition element
do
{
loop i :=i + 1 until a(i) > v // i moves left to right
loop j :=j -1 until a(j) < v // p moves right to left
if (i <j) then INTERCHANGE(a, i, j)
> while (i > j);
a[m] :=a[j]; a[j] :=V; // the partition element belongs at position P
return j;



Algorithm INTERCHANGE(a, i, j)

{
P:=a[i];
ali] := a[il;
aljl := p;
b
Example
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Select first element as the pivot element. Move ‘i’ pointer from left to right in search
of an element larger than pivot. Move the ‘j’ pointer from right to left in search of an
element smaller than pivot. If such elements are found, the elements are swapped.
This process continues till the ‘i’ pointer crosses the ‘j’ pointer. If ‘i’ pointer crosses ‘j’

s/

pointer, the position for pivot is found and interchange pivot and element at ‘j
position.
Let us consider the following example with 13 elements to analyze quick sort:
1 2 3 4 5 6 7 8 9 10 11 12 13 | Remarks
38 08 16 06 79 57 24 56 02 58 04 70 45
pivot i j swapi &j
04 79
i j swapi &j
02 57
j i
(24 | 08 | 16 | 06 | 04 | 02) | 38 | (56 | 57 | 58 | 79 | 70 | 45) swag?""’t
. . swap pivot
pivot J, i &
(02 | 08 | 16 | 06 | 04) | 24
pivot, i swap pivot
j & j
02 | (08 | 16 | 06 | 04)
pivot i j swap i &j
04 16
j i
(06 | 04) | 08 | (16) swag?“’“
pivot, i
j
swap pivot
(04) | 06 8]
04
pivot,
i i
16
pivot,
i i
(02| 04 | 06 | 08 | 16 | 24) | 38
(56 | 57 | 58 | 79 | 70 | 45)
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pivot i j swap i &j
45 57
j i
45)| 56 | (58 | 79 | 70 | 57) S""ag?“"’t
45 swap pivot
ivot, .
e &J
58 | 79 57 o
p(ivot i 70 j) swap i &]j
57 79
j i
(57) | 58 | (70 | 79) Swag‘j"‘mt
57
pivot,
i, i
(70 | 79)
pivot, i swap pivot
j &j
70
79
pivot,
i, i
(45 | 56 57 58 70 | 79)
02 04 06 08 16 24 38 45 56 57 58 70 79

Analysis of Quick Sort:
Like merge sort, quick sort is recursive, and hence its analysis requires solving a
recurrence formula. We will do the analysis for a quick sort, assuming a random pivot
(and no cut off for small files).
We will take T (0) =T (1) = 1, as in merge sort.
The running time of quick sort is equal to the running time of the two recursive calls
plus the linear time spent in the partition (The pivot selection takes only constant
time). This gives the basic quick sort relation:

T(M)=T@+T(h-i-1)+ Cn - (1)

Where, i = |S,]| is the number of elements in S;.

Worst Case Analysis

The pivot is the smallest element, all the time. Then i=0 and if we ignore T(0)=1,
which is insignificant, the recurrence is:

T(N)=T(nh-1)+ Cn n>1 - (2)

Using equation - (1) repeatedly, thus
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T(h-1)=T(Mn-2)+C(n-1)

T(h-2)=T(n-3)+C(nh-2)

T (2) =T@Q)+C(2)

Adding up all these equations yields

n

T(n=T(1)+ Z; i

= 0 (n? - (3)

Best Case Analysis
In the best case, the pivot is in the middle. To simply the math, we assume that the
two sub-files are each exactly half the size of the original and although this gives a
slight over estimate, this is acceptable because we are only interested in a Big - oh
answer.
T(n) = 2T(/2)+ Cn - (4)

Divide both sides by n

T(n) _ T/2), ] (5)
n n/2

Substitute n/2 for 'n’ in equation (5)

T(n/2) _ T(n/4) . ] (6)
n/?2 n/4

Substitute n/4 for 'n’ in equation (6)

n/4) _ Tn/8), i )
n/a n/8

Continuing in this manner, we obtain:

T(2

H2 o, ¢ - (8)

2 h 1

We add all the equations from 4 to 8 and note that there are log n of them:

n 1
Which yields, T(n) =Cnlogn+ n = 0(n log n) - (10)

This is exactly the same analysis as merge sort, hence we get the sameanswer.

69
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Average Case Analysis

The number of comparisons for first call on partition: Assume left_to_right moves
over k smaller element and thus k comparisons. So when right_to_left crosses
left_to_right it has made n-k+1 comparisons. So, first call on partition makes n+1
comparisons. The average case complexity of quicksort is

T(n) = comparisons for first call on quicksort

+

{Z 1<=nleft,nright<=n [T(nleft) + T(nright)]}n = (n+1) + 2 [T(0) +T(1) + T(2) +
----- + T(n-1)]/n

nT(n) = n(n+1) + 2 [T(0) +T(1) + T(2) + ----- + T(n-2) +T(n-1)]

(n-1)T(n-1) = (n-1)n + 2 [T(0) +T(1) + T(2) + ----- + T(n-2)1\

Subtracting both sides:

nT(n) -(n-1)T(n-1) = [ n(n+1) - (n-1)n] + 2T(n-1) = 2n + 2T(n-1)
nT(n) = 2n + (n-1)T(n-1) + 2T(n-1) = 2n + (n+1)T(n-1)

T(n) =2+ (n+1)T(n-1)/n

The recurrence relation obtained is:

T(n)/(n+1) = 2/(n+1) + T(n-1)/n

Using the method of subsititution:

T(n)/(n+1) 2/(n+1) + T(n-1)/n
T(n-1)/n 2/n + T(n-2)/(n-1)
T(n-2)/(n-1) = 2/(n-1) + T(n-3)/(n-2)
T(n-3)/(n-2) 2/(n-2) + T(n-4)/(n-3)

'.I'(3)/4 .2/4 + T(2)/3

T(2)/3 = 2/3 + T(1)/2 T(1)/2 = 2/2 + T(0)
Adding both sides:
T(n)/(n+1) + [T(n-1)/n + T(n-2)/(n-1) + ------------- + T(2)/3 + T(1)/2]
= [T(n-1)/n + T(n-2)/(n-1) + ------------- + T(2)/3 + T(1)/2] + T(0) +
[2/(n+1) + 2/n + 2/(n-1) + ---------- +2/4 + 2/3]
Cancelling the common terms:
T(n)/(n+1) = 2[1/2 +1/3 +1/4+-------------- +1/n+1/(n+1)]
T() = (4020 Dy VK

=2(n+1) [ -]

=2(n+1)[log (n+1) - log 2]

=2n log (n+1) + log (n+1)-2n log 2 -log 2
T(n)= O(n log n)

3.8. Straight insertion sort:

Straight insertion sort is used to create a sorted list (initially list is empty) and at
each iteration the top humber on the sorted list is removed and put into its proper
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place in the sorted list. This is done by moving along the sorted list, from the
smallest to the largest number, until the correct place for the new number is located
i.e. until all sorted numbers with smaller values comes before it and all those with
larger values comes after it. For example, let us consider the following 8 elements for
sorting:

Index 1 2 3 4 5 6 7 8
Elements | 27 | 412 | 71 | 81 | 59 | 14 | 273 | 87

Solution:

Iteration 0: unsorted 412 71 81 59 14 273 87

Sorted 27
Iteration 1: unsorted 412 71 81 59 14 273 87
Sorted 27 412
Iteration 2: unsorted 71 81 59 14 273 87
Sorted 27 71 412
Iteration 3: unsorted 81 39 14 273 87
Sorted 27 71 81 412
Iteration 4: unsorted 59 14 273 87
Sorted 274 59 71 81 412
Iteration 5: unsorted 14 273 87
Sorted 14 27 59 71 81 412
Iteration 6: unsorted 273 87
Sorted 14 27 59 71 81 273 412
Iteration 7: unsorted 87

Sorted 14 27 59 71 81 87 273 412
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UNIT
3

Greedy Method
GENERAL METHOD

Greedy is the most straight forward design technique. Most of the problems have n
inputs and require us to obtain a subset that satisfies some constraints. Any subset
that satisfies these constraints is called a feasible solution. We need to find a feasible
solution that either maximizes or minimizes the objective function. A feasible solution
that does this is called an optimal solution.

The greedy method is a simple strategy of progressively building up a solution, one
element at a time, by choosing the best possible element at each stage. At each stage,
a decision is made regarding whether or not a particular input is in an optimal solution.
This is done by considering the inputs in an order determined by some selection
procedure. If the inclusion of the next input, into the partially constructed optimal
solution will result in an infeasible solution then this input is not added to the partial
solution. The selection procedure itself is based on some optimization measure. Several
optimization measures are plausible for a given problem. Most of them, however, will
result in algorithms that generate sub-optimal solutions. This version of greedy
technique is called subset paradigm. Some problems like Knapsack, Job sequencing
with deadlines and minimum cost spanning trees are based on subset paradigm.

For the problems that make decisions by considering the inputs in some order, each
decision is made using an optimization criterion that can be computed using decisions
already made. This version of greedy method is ordering paradigm. Some problems like
optimal storage on tapes, optimal merge patterns and single source shortest path are
based on ordering paradigm.

CONTROL ABSTRACTION

Algorithm Greedy (a, n)
// a(1 : n) contains the ‘n’ inputs

solution := ; // initialize the solution to empty
fori:=1tondo
{

x := select (a);
if feasible (solution, x) then
solution := Union (Solution, x);
b

return solution;

b

Procedure Greedy describes the essential way that a greedy based algorithm will look,
once a particular problem is chosen and the functions select, feasible and union are
properly implemented.

The function select selects an input from ‘a’, removes it and assigns its value to 'x'.
Feasible is a Boolean valued function, which determines if ‘x’ can be included into the
solution vector. The function Union combines *x’ with solution and updates the objective
function.
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KNAPSACK PROBLEM

Let us apply the greedy method to solve the knapsack problem. We are given ‘n’
objects and a knapsack. The object ‘i’ has a weight w; and the knapsack has a capacity
‘m’. If a fraction x;, 0 < x; < 1 of object i is placed into the knapsack then a profit of p;
xiis earned. The objective is to fill the knapsack that maximizes the total profit earned.

Since the knapsack capacity is ‘m’, we require the total weight of all chosen objects to

be at most ‘m’. The problem is stated as:
n

maximize p; X;
i1
n

subjectto a; x; M where, 0 <xi<landl<i<n
il

The profits and weights are positive numbers.

Algorithm

If the objects are already been sorted into non-increasing order of p[i] / w[i] then the
algorithm given below obtains solutions corresponding to this strategy.

Algorithm GreedyKnapsack (m, n)

// P[1 : n] and w[1 : n] contain the profits and weights respectively of

// Objects ordered so that p[i] / w[il> p[i + 1] / w[i + 1].

// mis the knapsack size and x[1: n] is the solution vector.

{
fori:=1tondox[i] :=0.0 // initialize x
U:=m;
fori:=1tondo
{
if (w(i) > U) then break;
x [i]:=1.0; U:=U-wl[i];
b
if (i <n)then x[i] := U/ wJi];
b

Running time:

The objects are to be sorted into non-decreasing order of pi/ wjratio. But if we

disregard the time to initially sort the objects, the algorithm requires only O(n) time.
Example:

Consider the following instance of the knapsack problem: n = 3, m = 20, (p1, p2, p3) =
(25, 24, 15) and (w1, w2, w3) = (18, 15, 10).
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1. First, we try to fill the knapsack by selecting the objects in some order:

X1 X2 X3 Wi Xj Pi Xi
1/211/3 | 1/4 | 18x1/2+15x1/3 +10x1/4 | 25x1/2 +24x1/3 +15x1/4 =
= 16.5 24.25

2. Select the object with the maximum profit first (p = 25). So, x1 = 1 and profit
earned is 25. Now, only 2 units of space is left, select the object with next largest
profit (p = 24). So, x2 =2/15

X1 X2 X3 Wi Xj pi Xi

1(2/15| 0 18x1 + 15x2/15 =20 25x1 + 24 x 2/15 = 28.2
3. Considering the objects in the order of nhon-decreasing weights w;.

X1 X2 X3 Wi Xj Pi Xi

0|2/3| 1 15x2/3 +10x1 =20 24 x2/3+15x1 =31

4. Considered the objects in the order of the ratio pi/ wi .

P1/ Wi p2/w2 p3/Wws
25/18 24/15 15/10
1.4 1.6 1.5

Sort the objects in order of the non-increasing order of the ratio p;/ xi. Select the
object with the maximum pi/ xiratio, so, x> = 1 and profit earned is 24. Now, only 5
units of space is left, select the object with next largest pi/ xiratio, so x3 = 2 and the
profit earned is 7.5.

X1 X2 X3 Wi Xj Pi Xi

0 1 1/2 15x1 +10x1/2 =20 24x 1+ 15x1/2 =31.5

This solution is the optimal solution.

JOB SEQUENCING WITH DEADLINES

When we are given a set of 'n’ jobs. Associated with each Job i, deadline di > 0 and
profit Pi > 0. For any job ‘i’ the profit pi is earned iff the job is completed by its
deadline. Only one machine is available for processing jobs. An optimal solution is the
feasible solution with maximum profit.

Sort the jobs in '}’ ordered by their deadlines. The array d [1 : n] is used to store the
deadlines of the order of their p-values. The set of jobs j [1 : k] such thatj[r],1 <r <
k are the jobs in ‘j"and d (j [1]) = d (j[2]) = ... = d (j[Kk]). To test whether J U {i} is
feasible, we have just to insert i into J preserving the deadline ordering and then verify
thatd [J[r]] <r, 1 <r < k+1.
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Example:

Let n = 4, (Pl, Py, Ps, P4,) = (100, 10, 15, 27) and (dl d> ds d4) = (2, 1, 2, 1). The
feasible solutions and their values are:

S. No | Feasible Solution Procuring Value Remarks
sequence

1 1,2 2,1 110

2 1,3 1,3 0r 3,1 115

3 1,4 4,1 127 OPTIMAL
4 2,3 2,3 25

5 3,4 4,3 42

6 1 1 100

7 2 2 10

8 3 3 15

9 4 4 27
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Algorithm:

The algorithm constructs an optimal set J of jobs that can be processed by their
deadlines.

Algorithm Greedylob (d, J, n)
// 1 is a set of jobs that can be completed by their deadlines.

J:={1};
fori:=2tondo
{

if (all jobs in J U {i} can be completed by their dead lines)
then J :=J Ui},

OPTIMAL MERGE PATERNS

Given ‘n’ sorted files, there are many ways to pair wise merge them into a single sorted
file. As, different pairings require different amounts of computing time, we want to
determine an optimal (i.e., one requiring the fewest comparisons) way to pair wise
merge ‘n’ sorted files together. This type of merging is called as 2-way merge patterns.
To merge an n-record file and an m-record file requires possibly n + m record moves,
the obvious choice choice is, at each step merge the two smallest files together. The
two-way merge patterns can be represented by binary merge trees.

Algorithm to Generate Two-way Merge Tree:

struct treenode

{
treenode * Ichild;
treenode * rchild;

+s

Algorithm TREE (n)
// list is a global of n single node binary trees

fori:=1 ton-1do

{
pt new treenode
(pt Ichild) least (list); // merge two trees with smallest
lengths
(pt rchild) least (list);
(pt weight) ((pt Ichild) weight) + ((pt rchild) weight);
insert (list, pt);
b
return least (list); // The tree left in list is the merge

tree
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Example 1:

Suppose we are having three sorted files X1, X2 and Xz of length 30, 20, and 10 records

each. Merging of the files can be carried out as follows:

S.No | First Merging Record moves in | Second Record moves in | Total no. of
first merging merging second merging records moves
X1& X2, =T1 50 T1 & X3 50 + 60 =110
2. X2 & X3 =T1 30 T &Xq 60 30 + 60 = 90

The Second case is optimal.

Example 2:

Given five files (X1, X2, X3, X4, X5) with sizes (20, 30, 10, 5, 30). Apply greedy rule to
find optimal way of pair wise merging to give an optimal solution using binary merge
tree representation.

Solution:
20 30 10 5 30
X1 X2 X3 X4 X5

Merge Xsand Xz to get 15 record moves. Call this Z;.

20 30

X1 X2 Z1 X5

/@\ 30

5

10

Merge Zi1and X; to get 35 record moves. Call this Z.

X2 z2 X5

4
/\

30 @ 30

\

20| X1

X4 5 10| X3
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Merge X, and Xsto get 60 record moves. Call this Zs.

Z2

/@\

@ [z

Z3

/\

30

71

/ \ X1
5 10
X4 X3

30

X5

X2

Merge Z, and Zsto get 90 record moves. This is the answer. Call this Z4.

X4 X3

Therefore the total number of record moves is 15 + 35 + 60 + 95 = 205. This is an

optimal merge pattern for the given problem.

Huffman Codes

Another application of Greedy Algorithm is file compression.

Suppose that we have a file only with characters a, €, i, s, t, spaces and new lines, the
frequency of appearance of a's is 10, e's fifteen, twelve i's, three s's, four t's, thirteen

banks and one newline.

Using a standard coding scheme, for 58 characters using 3 bits for each character, the

file requires 174 bits to represent. This is shown in table below.

Character
A
E
I
S
T
Space

New line

Code Frequency
000 10
001 15
010 12
011

100 4

101 13
110 1

Total bits

30
45
36
9
12
39
3
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Representing by a binary tree, the binary code for the alphabets are as follows:

The representation of each character can be found by starting at the root and recording
the path. Use a 0 to indicate the left branch and a 1 to indicate the right branch.

If the character ¢ is at depth di and occurs f; times, the cost of the code is equal to
di fi

With this representation the total number of bits is 3x10 + 3x15 + 3x12 + 3x3 + 3x4 +
3x13 + 3x1 =174

A better code can be obtained by with the following representation.

The basic problem is to find the full binary tree of minimal total cost. This can be done
by using Huffman coding (1952).

Huffman's Algorithm:
Huffman's algorithm can be described as follows: We maintain a forest of trees. The
weights of a tree is equal to the sum of the frequencies of its leaves. If the number of
characters is 'c'. ¢ - 1 times, select the two trees T1 and T2, of smallest weight, and
form a new tree with sub-trees T1 and T2. Repeating the process we will get an optimal
Huffman coding tree.

Example:

The initial forest with the weight of each tree is as follows:

@O CED15 @12 @3 @4 13 QlD1
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The two trees with the lowest weight are merged together, creating the forest, the
Huffman algorithm after the first merge with new root T; is as follows: The total weight
of the new tree is the sum of the weights of the old trees.

ol cNoRONCYC)
offc

We again select the two trees of smallest weight. This happens to be Ty and t, which
are merged into a new tree with root T, and weight 8.

10 15 8

®0 0 ® @
ollo
oflc

In next step we merge T, and a creating T3, with weight 10+8=18. The result of this
operation in

15 12 13 18

© 0O ®
ONO.

m O
OO

After third merge, the two trees of lowest weight are the single node trees representing
i and the blank space. These trees merged into the new tree with root Ta.

25 18

® ® @
olc¥clo
olo

Yo
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The fifth step is to merge the trees with roots e and Ts. The results of this stepis
@ 25 @ 33

Finally, the optimal tree is obtained by merging the two remaining trees. The optimal
trees with root Ts is:

The full binary tree of minimal total cost, where all characters are obtained in the
leaves, uses only 146 bits.

Character Code Frequency Total bits
(Code bits X frequency)
A 001 10 30
E 01 15 30
I 10 12 24
) 00000 3 15
T 0001 4 16
Space 11 13 26
New line 00001 1 5
Total : 146
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GRAPH ALGORITHMS

Basic Definitions:

Graph G is a pair (V, E), where V is a finite set (set of vertices) and E is a finite
set of pairs from V (set of edges). We will often denote n := |V|, m := |E]|.

Graph G can be directed, if E consists of ordered pairs, or undirected, if E
consists of unordered pairs. If (u, v) E, then vertices u, and v are adjacent.

We can assign weight function to the edges: wg(e) is a weight of edge e E.
The graph which has such function assigned is called weighted.

Degree of a vertex v is the number of vertices u for which (u, v) E (denote
deg(v)). The number of incoming edges to a vertex v is called in—-degree of
the vertex (denote indeg(v)). The number of outgoing edges from a vertex is
called out-degree (denote outdeg(v)).

Representation of Graphs:

Consider graph G = (V, E), where V= {v1, v2,....,Vn}.

Adjacency matrix represents the graph as an n x n matrix A = (a;,;), where

1/ if(V,‘, Vj) E,
0, Otherwise

aij j

The matrix is symmetric in case of undirected graph, while it may be asymmetric if

the

We
have

graph is directed.
may consider various modifications. For example for weighted graphs, we may

w (V,', Vj)’ if(V,', V]) E,

a .
’ default, otherwise,

i J

Where default is some sensible value based on the meaning of the weight function
(for example, if weight function represents length, then default can be , meaning
value larger than any other value).

Adjacency List: Anarray Adj [1....... n] of pointers where for 1 < v < n, Adj [v]
points to a linked list containing the vertices which are adjacent to v (i.e. the vertices
that can be reached from v by a single edge). If the edges have weights then these
weights may also be stored in the linked list elements.

1 2 3

11 1 1 | ——= 1 2 3
20001 2 =3

30110 3 = 2

Adjacency matrix Adjacency list

11
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Paths and Cycles:

A path is a sequence of vertices (vi, v2, . . . ... , Vk), where for all i, (vi, vis1) E. A
path is simple if all vertices in the path are distinct.

A (simple) cycle is a sequence of vertices (vi, v2, . . . . .. , Vk, Vk+1 = V1), where for
all i, (vi, vi+1) E and all vertices in the cycle are distinct except pair vi, Vk+1.

Subgraphs and Spanning Trees:

Subgraphs: A graph G’ = (V, E) is a subgraph of graph G = (V, E) iff V' V and E’
E.

The undirected graph G is connected, if for every pair of vertices u, v there exists a
path from u to v. If a graph is not connected, the vertices of the graph can be divided
into connected components. Two vertices are in the same connected component iff
they are connected by a path.

Tree is a connected acyclic graph. A spanning tree of a graph G = (V, E) is a tree
that contains all vertices of V and is a subgraph of G. A single graph can have multiple
spanning trees.
Lemma 1: Let T be a spanning tree of a graph G. Then

1. Any two vertices in T are connected by a unique simple path.

2. If any edge is removed from T, then T becomes disconnected.

3. If we add any edge into T, then the new graph will contain a cycle.

4. Number of edges in T is n-1.

Minimum Spanning Trees (MST):

A spanning tree for a connected graph is a tree whose vertex set is the same as the
vertex set of the given graph, and whose edge set is a subset of the edge set of the
given graph. i.e., any connected graph will have a spanning tree.

Weight of a spanning tree w (T) is the sum of weights of all edges in T. The Minimum
spanning tree (MST) is a spanning tree with the smallest possible weight.
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Q o—0O O O

° Ogg CE—O O

AgraphG: Three (of many possible) spanning trees from graph G:

o—0
S

A weighted graph G: The minimal spanning tree from weighted graph G:

Here are some examples:

To explain further upon the Minimum Spanning Tree, and what it applies to, let's
consider a couple of real-world examples:

1. One practical application of a MST would be in the design of a network. For
instance, a group of individuals, who are separated by varying distances, wish
to be connected together in a telephone network. Although MST cannot do
anything about the distance from one connection to another, it can be used to
determine the least cost paths with no cycles in this network, thereby
connecting everyone at a minimum cost.

2. Another useful application of MST would be finding airline routes. The vertices of
the graph would represent cities, and the edges would represent routes between
the cities. Obviously, the further one has to travel, the more it will cost, so MST
can be applied to optimize airline routes by finding the least costly paths with no
cycles.

To explain how to find a Minimum Spanning Tree, we will look at two algorithms: the
Kruskal algorithm and the Prim algorithm. Both algorithms differ in their methodology,
but both eventually end up with the MST. Kruskal's algorithm uses edges, and Prim’s
algorithm uses vertex connections in determining the MST.

Kruskal’s Algorithm

This is a greedy algorithm. A greedy algorithm chooses some local optimum (i.e.
picking an edge with the least weight in a MST).

Kruskal's algorithm works as follows: Take a graph with 'n' vertices, keep on adding the
shortest (least cost) edge, while avoiding the creation of cycles, until (n - 1) edges
have been added. Sometimes two or more edges may have the same cost. The order in
which the edges are chosen, in this case, does not matter. Different MSTs may result,
but they will all have the same total cost, which will always be the minimum cost.
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Algorithm:
The algorithm for finding the MST, using the Kruskal’s method is as follows:

Algorithm Kruskal (E, cost, n, t)

// E is the set of edges in G. G has n vertices. cost [u, v] is the

// cost of edge (u, v).'t’ is the set of edges in the minimum-cost spanning tree.
// The final cost is returned.

{
Construct a heap out of the edge costs using heapify;
for i :=1ton do parent [i] :=-1;
// Each vertex is in a different set.
i 1= 0; mincost :=0.0;
while ((i < n -1) and (heap not empty)) do
{
Delete a minimum cost edge (u, v) from the heap and
re-heapify using Adjust;
j := Find (u); k := Find (v);
if (j k) then
{
i=i+1;
th, 1] :=u; t[i, 2] i=v;
mincost :=mincost + cost [u, v];
Union (j, k);
b
b
if (i n-1) then write ("no spanning tree");
else return mincost;
b

Running time:
The number of finds is at most 2e, and the number of unions at most n-1.
Including the initialization time for the trees, this part of the algorithm has a
complexity that is just slightly more than O (n + e).

We can add at most n-1 edges to tree T. So, the total time for operations on T is
O(n).

Summing up the various components of the computing times, we get O (n + e log e) as
asymptotic complexity

Example 1:

14
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Arrange all the edges in the increasing order of their costs:

Cost

10

15

20

25

30 35 40

45 50

55

Edge

(1, 2)

(3, 6)

(4, 6)

(2, 6)

(1, 4)

(3, 5)

(2, 5)

(1,5) [(2,3)

(5, 6)

The edge set T together with the vertices of G define a graph that has up to n

connected components. Let us represent each component by a set of vertices in it.
These vertex sets are disjoint. To determine whether the edge (u, v) creates a cycle,

we need to check whether u and v are in the same vertex set. If so, then a cycle is

created. If not then no cycle is created. Hence two Finds on the vertex sets suffice.

When an edge is included in T, two components are combined into one and a union is

to be performed on the two sets.

Edge | Cost
(1,2) | 10
(3,6) | 15
(4,6) | 20
(2,6) | 25
(1,4)| 30
(3,5)| 35

Spanning Forest

O

1 2
1 2
1 2

4

00O

Edge Sets

Remarks

{1}, {2},
{4}, {5}, {6}

{3}

{1, 2}, {3}, {4},
{5}, {6}

The vertices 1 and
2 are in different
sets, so the edge
is combined

The vertices 3 and
6 are in different
sets, so the edge
is combined

The vertices 4 and
6 are in different
sets, so the edge
is combined

{1, 2}, {3, 6},
{4}, {5}
{1,2},{3,4, 6},
{5}

{1l 2’ 3’ 4l 6}’
{5}

The vertices 2 and
6 are in different
sets, so the edge
is combined

The vertices 1 and
4 are in the same
set, so the edge is
rejected

{1l 2l 3’ 4’ 5’ 6}

The vertices 3 and
5 arein the same
set, so the edge is
combined

15
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MINIMUM-COST SPANNING TREES: PRIM'S ALGORITHM

A given graph can have many spanning trees. From these many spanning trees, we
have to select a cheapest one. This tree is called as minimal cost spanning tree.

Minimal cost spanning tree is a connected undirected graph G in which each edge is
labeled with a number (edge labels may signify lengths, weights other than costs).
Minimal cost spanning tree is a spanning tree for which the sum of the edge labels is as

small as possible

The slight modification of the spanning tree algorithm yields a very simple algorithm for
finding an MST. In the spanning tree algorithm, any vertex not in the tree but
connected to it by an edge can be added. To find a Minimal cost spanning tree, we
must be selective - we must always add a new vertex for which the cost of the new

edge is as small as possible.

This simple modified algorithm of spanning tree is called prim's algorithm for finding an

Minimal cost spanning tree.

Prim's algorithm is an example of a greedy algorithm.

Algorithm Algorithm Prim

(E, cost, n, t)

// E is the set of edges in G. cost [1:n, 1:n] is the cost

// adjacency matrix of an n vertex graph such that cost [i, j] is

// either a positive real number or if no edge (i, j) exists.

// A minimum spanning tree is computed and stored as a set of
// edges in the array t [1:n-1, 1:2]. (t[i, 1], t [i, 2]) is an edgein
// the minimum-cost spanning tree. The final cost is returned.

{

Let (k, I) be an edge of minimum cost in E;

mincost := cost [k, I];

t[1,1]:=k; t[1, 2] :=1;

for i:=1to n do // Initialize near
if (cost [i, I] < cost [i, k]) then near [i] :=1;
else near [i] := k;

near [k] :=near [I] := 0;

for i:=2ton- 1 do // Find n - 2 additional edges for t.

{

Let j be an index such that near [j] 0 and

cost [j, near [j]] is minimum;

t[i, 1] :=j; t [i, 2] := near [j];

mincost := mincost + cost [j, near [j]];

near [j] :=0

for ki=1to ndo // Update near[].
if ((near [k] 0) and (cost [k, near [k]] > cost [k, j]))

then near [k] :=j;

by

return mincost;

16
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Running time:

We do the same set of operations with dist as in Dijkstra's algorithm (initialize
structure, m times decrease value, n - 1 times select minimum). Therefore, we get O

(n?) time when we implement dist with array, O (n + E log n) when we implement it
with a heap.

EXAMPLE 1:

Use Prim’s Algorithm to find a minimal spanning tree for the graph shown below
starting with the vertex A.

SOLUTION:

The stepwise progress of the prim’s algorithm is as follows:

Step 1:

>WwWrH|lm
> o~

0@ = G

C

B O D Vertex | A
Status | O

O E Dist. 0

Next *

17
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Step 2:

B@/®

@@@o

O

Step 3:

B@ D

NS

St;p4: @D
/T 10
© T Q5

Step 5:

Step 6
B D
/N
A G
o Fgf
Step 7:

Vertex| A B € D E F G
Status | 0 0 1 1 1 1 1
Dist. [0 3 2 4

Next * A B B A A A
Vertex| A B C D E F G
Status[0 0 o0 1 1 1 1
Dist. [0 3 2 1 4 2
Next * A B C C C A
Vertex| A B C D E F G
Status | 0 0 0 0 1 1 1
Dist. |[O 3 2 1 2 2 4
Next * A B C D C D
Vertex| A B C D E _F G
Status [0 0 0 O 1 0 1
pist. [0 3 2 1 2 2 1
Next |[* A B C D C E
Vertex|A B _C D E F _G
Status [0 0 0 0 0 1 0
Dist. [0 3 2 1 2 1 1
Next * A B C D G E
Vertex| A _B C D E F _G
Status[0 0 O O O 0 O
pist. [0 3 2 1 2 1 1
Next |* A B C D G E

18
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EXAMPLE 2:

Considering the following graph, find the minimal spanning tree using prim’s algorithm.

4

4
The cost adjacent matrix is 9

8 1

8
1
3 3
4

4

w W b O

The minimal spanning tree obtained as:

Vertex 1 Vertex 2 °
2 4

3 4 3
5 3 ‘,///
1 2

The cost of Minimal spanning tree = 11.

The steps as per the algorithm are as follows:

Algorithm near (J) = k means, the nearest vertex to J is k.

The algorithm starts by selecting the minimum cost from the graph. The minimum cost

edge is (2, 4).
K=2,1=4

Min cost = cost (2,4) =1
T[1,1]=2

T[1,2]=4

19
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fori=1to5
Begin

i=1

is cost (1, 4) < cost (1, 2)
8 <4, No

Than near (1) =2

i=2

is cost (2, 4) < cost (2, 2)
1 <, Yes

So near [2] = 4

i=3

is cost (3, 4) < cost (3, 2)
1 <4, Yes

Sonear [3] =4

i=4

is cost (4, 4) < cost (4, 2)
<1, no

So near [4] =2

i=5

is cost (5, 4) < cost (5, 2)
4 < ,yes

So near [5] = 4

end
near [k] =near[l] =0
near [2] = near[4] =0

Near matrix

2 3 4
4

2 3 4
4 | 4

2 3 4
4 | 4 |2
2 3 4
4 | 4|2
2 3 4
o |4 |o
2 3 4

Edges added to min spanning

tree:
T[1,1]=2
T[1,2] =4

fori =2ton-1(4)do
i=2

forj=1to5

j=1

near(1)0 and cost(1, near(1))
2 0Oandcost(1,2) =4

j=2
near (2) =0
j=3
isnear (3) O

4 0Oandcost (3,4) =3

20
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j=4
near (4) =0
J=5

Isnear(5) O
4 0 andcost (4,5) =4

select the min cost from the
above obtained costs, which is
3 and corresponding ] = 3

min cost = 1 + cost(3, 4)

=1+3=4 T(2,1)
T(2,2)
T(2,1) =3
T(2,2)=4 2 o 0| o0 |4
Near [j] = O 1 2 3 4 5

i.e. near (3) =0

for (k =1 ton)

K=1

is near (1) 0, yes

20

and cost (1,2) > cost(1, 3)
4 >9, No

K=2
Is near (2) 0, No

K=3
Is near (3) 0, No

K=4
Is near (4) 0, No

K=5 2 0 |o 0 3
Isnear(5) O
4 0, yes 1 2 3 4 5
and is cost (5, 4) > cost (5, 3)
4 > 3, yes

than near (5) = 3

i=3

for (j =1tob5)
J=1

isnear (1) 0
20

cost (1,2) =4

J=2
Is near (2) 0, No

AW
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1=3

Is near (3) 0, no
Near (3) =0
lJ=4

Is near (4) 0, no
Near (4) =0
J=5

Isnear(5) O
Near (5) =3 3 0, yes
And cost (5, 3) =3

Choosing the min cost from
the above obtaining costs
which is 3 and corresponding ]

=5 T@3,1)=5
T(3,2)=3

Min cost = 4 + cost (5, 3)

=4+3=7

T(3,1)=5

T(3,2)=3

Near (J) =0 near (5) =0 2 |0 0 0|0

for (k=1 to 5) 1 2 3 4 5

k=1

is near (1) 0, yes
and cost(1,2) > cost(1,5)
4 > ,No

K=2
Is near (2) 0 no

K=3
Is near (3) 0 no

K=4
Is near (4) 0 no

K=5
Is near (5) 0 no

i=4

forJ=1t%to5
J=1

Isnear (1) O
2 0, yes

cost (1,2) =4

j=2
is near (2) 0, No
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]=3

Is near (3) 0, No
Near (3) =0
J=4

Is near (4) 0, No
Near (4) =0
J=5

Is near (5) 0, No
Near (5) =0

Choosing min cost from the
above it is only '4' and
correspondingJ =1

Min cost = 7 + cost (1,2)

=744 =11 0 0 0 0 0
T4, 1)=1 T4, 1)=1
T(4,2)=2 1 2 3 4 5 T(4,2)=2

Near (J) =0 Near (1) =0

for (k =1to5)

K=1
Is near (1) 0, No

K=2
Is near (2) 0, No

K=3
Is near (3) 0, No

K=4
Is near (4) 0, No

K=5
Is near (5) 0, No

End.

4.8.7. The Single Source Shortest-Path Problem: DIJKSTRA'S ALGORITHMS

In the previously studied graphs, the edge labels are called as costs, but here we think
them as lengths. In a labeled graph, the length of the path is defined to be the sum of
the lengths of its edges.

In the single source, all destinations, shortest path problem, we must find a shortest
path from a given source vertex to each of the vertices (called destinations) in the
graph to which there is a path.

Dijkstra’s algorithm is similar to prim's algorithm for finding minimal spanning trees.
Dijkstra’s algorithm takes a labeled graph and a pair of vertices P and Q, and finds the

23
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shortest path between then (or one of the shortest paths) if there is more than one.
The principle of optimality is the basis for Dijkstra’s algorithms.

Dijkstra’s algorithm does not work for negative edges at all.

The figure lists the shortest paths from vertex 1 for a five vertex weighted digraph.

0
2
3

« (=0

Shortest Paths

»

Algorithm:

Algorithm Shortest-Paths (v, cost, dist, n)

// dist [j], 1 < j < n, is set to the length of the shortest path
// from vertex v to vertex j in the digraph G with n vertices.
// dist [v] is set to zero. G is represented by its

// cost adjacency matrix cost [1:n, 1:n].

{
for i :=1tondo
{
S [i] := false; // Initialize S.
dist [i] :=cost [v, i];
b
S[v] := true; dist[v] := 0.0; // Put vin S.
fornum :=2ton-1do
{
Determine n - 1 paths from v.
Choose u from among those vertices not in S such that dist[u] is minimum;
S[u] := true; // Put uis S.
for (each w adjacent to u with S [w] = false) do
if (dist [w] > (dist [u] + cost [u, w]) then // Update distances
dist [w] := dist [u] + cost [u, w];
b
b

Running time:
Depends on implementation of data structures for dist.

Build a structure with n elements A

at most m = E times decrease the value of an item mB

‘n’ times select the smallest value nC

For array A = O (n); B = O (1); C = O (n) which gives O (n?) total.

For heap A = O (n); B = O (log n); C = O (log n) which gives O (n + m logn)
total.
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Example 1:

Use Dijkstras algorithm to find the shortest path from A to each of the other six
vertices in the graph:

Solution:

The cost adjacency matrix is 4

2 0
- - - 4 1 10
Here - means infinite

The problem is solved by considering the following information:

Status[v] will be either '0’, meaning that the shortest path from v to v has
definitely been found; or '1’, meaning that it hasn't.

Dist[v] will be a number, representing the length of the shortest path from v to
vo found so far.

Next[v] will be the first vertex on the way to vp along the shortest path found so
far from v to vo

The progress of Dijkstra’s algorithm on the graph shown above is as follows:

Step 1:
B(3) (D Vertex|A. B C D E_F__ G
Status | O 1 1 1 1 1 1
@ Dist. [0 3 6
Next [* A A A A A A
YO OE:
c O
Step 2:
0L Vertex|]A. B C D E F G
B@ Status [0 0 1 1 1 1 1
Dist. |0 3 5 7
* A B B A A A

No }9 O o Next
Os
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Step 4:

4% é)G

Step 5:
B@
A@ 0 7‘}8/

Step 6:

vl
& ¢ xf/

Step 7:

Vertex| A B € D E F G
Status [0 0 0 1 11 1
Dist. ([0 3 5 6 9 7

Next * A B C C C A
Vertex] A B C D E F G
Status [0 0 0 0 1 1 1
Dist. ([0 3 5 6 8 7 10
Next * A B C D C D
Vertex| A B C D E F G
Status | O 0 0 0 1 0 1
Dist [0 3 5 6 8 7 8
Next * A B C D C F
Vertex| A B _C D E F _G
Status |0 0 0 O 0 O 1
Dist [0 3 5 6 8 7 8
Next |[* A B C D C F
Vertex A B C D E F G
Status | O 0] 0] 0] 0] 0] 0]
Dist [0 3 5 6 8 7 8
Next * A B C D C F
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UNIT V

NP-Hard and NP-Complete problems: Basic concepts, non deterministic algorithms, NP - Hard
and NP Complete classes, Cook’s theorem.

Basic concepts:

NP,Nondeterministic Polynomial time

The problems has best algorithms for their solutions have “Computing times”, that cluster into
two groups

Group 1 Group 2
> Problems with solution time bound by > Problems with solution times not
a polynomial of a small degree. bound by polynomial (simply non
polynomial )

> Italso called “Tractable Algorithms”
> Theseare hard or intractable problems

> Most ?earchm & So '”9.%}1%?9‘““

are po ynomla time algo
None of the problems in this ro
> has been soI\F/)ed%y any polyn u
> Ex: time algorithm
Ordered Search (O (log n)),
Polynomial evaluation O(n) > Ex:

Traveling Sales Person O(n? 2")
Sorting O(n.log n) Knapsack O(2"?)

No one has been able to develop a polynomial time algorithm for any problem in the 2nd group
(i.e., group 2)

So, it is compulsory and finding algorithms whose computing times are greater than polynomial
very quickly because such vast amounts of time to execute that even moderate size problems
cannot be solved.

Theory of NP-Completeness:

Show that may of the problems with no polynomial time algorithms are computational time
algorithms are computationally related.

There are two classes of non-polynomial time problems

1. NP-Hard
2. NP-Complete




NP Complete Problem: A problem that is NP-Complete can solved in polynomial time if and only
if (iff) all other NP-Complete problems can also be solved in polynomial time.

NP-Hard: Problem can be solved in polynomial time then all NP-Complete problems can be solved
in polynomial time.

All NP-Complete problemsare NP-Hard but some NP-Hard problems are not know to be NP-
Complete.

Nondeterministic Algorithms:

Algorithms with the property that the result of every operation is uniquely defined are termed as
deterministic algorithms. Such algorithms agree with the way programs are executed on a computer.

Algorithms which contain operations whose outcomes are not uniquely defined but are limited to
specified set of possibilities. Such algorithms are called nondeterministic algorithms.

The machine executing such operations is allowed to choose any one of these outcomes
subject to a termination condition to be defined later.

To specify nondeterministic algorithms, there are 3 new functions.
Choice(S). arbitrarily chooses one of the elements of sets S

Failure (),Signals an Unsuccessful completion

Success (),Signals a successful completion.

Example for Non Deterministic algorithms:

Algorithm Search(x){ \Whenever there is a set of choices that

//Problem is to search an element x leads to a successful completion then
one such set of choices is always made

//output J, such that A[J]=x; or J=0ifx isnotin A and the algorithmterminates.

J:=Choice(1,n);
if( A[J]:=X) then { A Nondeterministic algorithm

] terminates unsuccessfully if andonly if
Write(J); Success(); (iff) there exists no set of choices

} leading to a successfulsignal.
else{

write(0);
failure();

b




Nondeterministic Knapsack algorithm

Algorithm DKP(p, w, n, m, r, X){ p.given Profits

W:=0; w,given Weights
P:=0; n,Number of elements (number of
fori:=1tondo{ p or w)

x[i]:=choice(0, 1); m, Weight of bag limit
W:=W+x[i]*w[i]; P.Final Profit
P:=P+x[i]*p[i]; W, Final weight

L

if( (W>m) or (P<r) ) then Failure();

else Success();

}

The Classes NP-Hard & NP-Complete:

For measuring the complexity of an algorithm, we use the input length as the parameter. For example,
An algorithm A is of polynomial complexity p() such that the computing time of A is O(p(n)) for
every input of size n.

Decision problem/ Decision algorithm: Any problem for which the answer is either zero or one is
decision problem. Any algorithm for a decision problem is termed a decision algorithm.
Optimization problem/ Optimization algorithm: Any problem that involves the identification of
an optimal (either minimum or maximum) value of a given cost function is known as an
optimization problem. An optimization algorithm is used to solve an optimization problem.

P.is the set of all decision problems solvable by deterministic algorithms in polynomial time.

NP.is the set of all decision problems solvable by nondeterministic algorithms in polynomial
time.

Since deterministic algorithms are just a special case of nondeterministic, by this we concluded
that P .NP

®)

NP

Commonly believed relationship between P & NP




The most famous unsolvable problems in Computer Science is Whether P=NP or P£NP In
considering this problem, s.cook formulated the following question.

If there any single problem in NP, such that if we showed it to be in ‘P’ then that would imply that
P=NP.

Cook answered this question with
Theorem: Satisfiability is in P if and only if (iff) P=NP

-)Notation of Reducibility

Let L1and L2be problems, Problem L1 reduces to L2 (written L1 a L2) iff there is a way to solve
L1 by a deterministic polynomial time algorithm using a deterministic algorithm that solves L2 in
polynomial time

This implies that, if we have a polynomial time algorithm for L2, Then we can solve L1 in
polynomial time.

Here (x-) is atransitive relationi.e., Lia L2and L2a Lsthen Lia L3

A problem L is NP-Hard if and only if (iff) satisfiability reduces to L ie., Statisfiability a L

A problem L is NP-Complete if and only if (iff) L is NP-Hard and L € NP

Complete

Hard

Commonly believed relationship among P, NP, NP-Complete and NP-Hard

Mostnatural problems in NP are either in P or NP-complete.
Examples of NP-complete problems:
> Packing problems: SET-PACKING, INDEPENDENT-SET.

> Covering problems: SET-COVER, VERTEX-COVER.

> Sequencing problems: HAMILTONIAN-CYCLE, TSP.

> Partitioning problems: 3-COLOR, CLIQUE.

> Constraint satisfaction problems: SAT, 3-SAT.

> Numerical problems: SUBSET-SUM, PARTITION, KNAPSACK.




Cook’s Theorem: States that satisfiability is in P if and only if P=NP If P=NP then
satisfiability is in P

If satisfiability is in P, then P=NP
To do this
> A-) Any polynomial time nondeterministic decision algorithm.

I-) Input of that algorithm
Then formula Q(A, I), Such that Q is satisfiable iff ‘A’ has a successful

termination with Input I.

> If the length of ‘I’ is ‘n’ and the time complexity of A is p(n) for some polynomial

p() then length of Q is O(p3(n) log n)=0(p*(n))

The time needed to construct Q is also O(p(n) log n).
> A deterministic algorithm ‘Z’ to determine the outcome of ‘A’ on any input ‘I’ Algorithm
Z computes ‘Q’ and then uses a deterministic algorithm for the satisfiability

problem to determine whether ‘Q’ is satisfiable.If O(g(m)) is the time needed to determine whether a
formula of length ‘m’ issatisfiable then the complexity of <Z’ is O(p3(n) log n + g(p3(n)log n)).

> If satisfiability is ‘p’, then ‘g(m)’ is a polynomial function of ‘m’ and thecomplexity of ‘2’
becomes ‘O(r(n))’ for some polynomial ‘r()’.

> Hence, if satisfiability is in p, then for every nondeterministic algorithm A in NP, we canobtain
a deterministic Z inp.

By this we shows that satisfiability is in p then P=NP




String Matching Introduction

String Matching Algorithm is also called "String Searching Algorithm.” This is a vital class of string algorithm is
declared as "this is the method to find a place where one is several strings are found within the larger string."

Given a text array, T [1.....n], of n character and a pattern array, P [1.....m], of m characters. The problems are to
find an integer s, called valid shift where 0 <s <n-mand T [s+1......s#m] = P [1......m]. In other words, to find even
if Pin T, i.e., where P is a substring of T. The item of P and T are character drawn from some finite alphabet such as
{0,1}yor{A,B....Z, 4, b.... 2}.

Given a string T [1......n], the substrings are represented as T [i......j] for some 0<i < j<n-1, the string formed by the
characters in T from index i to index j, inclusive. This process that a string is a substring of itself (take i = 0 and j
=m).

The proper substring of string T [1.....n] is T [1......j] for some 0<i < j<n-1. That is, we must have either i>0 or j <
m-1.

Using these descriptions, we can say given any string T [1......n], the substrings are

T[i...jl=T[] T[i +1] T [i+2]......T [j] for some 0<i < j<n-1.

And proper substrings are

Th... =T TO+1]T[i+2]......T [j] for some 0<i < j<n-1.
Note: If i>], then T [i.....J] is equal to the empty string or null, which has length zero.
Algorithms used for String Matching:

There are different types of method is used to finding the string

The Naive String Matching Algorithm
The Rabin-Karp-Algorithm

Finite Automata

The Knuth-Morris-Pratt Algorithm

o > w N

The Boyer-Moore Algorithm


https://www.javatpoint.com/daa-string-matching-introduction
https://www.javatpoint.com/daa-string-matching-introduction
https://www.javatpoint.com/daa-string-matching-introduction
https://www.javatpoint.com/daa-string-matching-introduction
https://www.javatpoint.com/daa-string-matching-introduction
https://www.javatpoint.com/daa-string-matching-introduction
https://www.javatpoint.com/daa-string-matching-introduction
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The Naive String Matching Algorithm

The naive approach tests all the possible placement of Pattern P [1.......m] relative to text T [1......n]. We try shift s =
0, 1......n-m, successively and for each shift s. Compare T [s+1......stm] to P [1......m].

The naive algorithm finds all valid shifts using a loop that checks the condition P [1......m] = T [s+1......s+m] for
each of the n - m +1 possible value of s.

NAIVE-STRING-MATCHER (T, P)
1.n « length [T]

2. m « length [P]

3. for s« 0ton-m
4.doifP[1...m]=T[s+1l..s+m]

5. then print "Pattern occurs with shift" s

Analysis: This for loop from 3 to 5 executes for n-m + 1(we need at least m characters at the end) times and in
iteration we are doing m comparisons. So the total complexity is O (n-m+1).

Example:
Suppose T = 1011101110

P=111
Find all the Valid Shift



Solution:

T=Text

=0

P = Pattern

_



So, S=2 is a Valid Shift

1 | 0 | 1
=3
|
1T 1 0 [ 1 1]
S:
I
1 | 0 | 1 |
1
1 | 0 | 1




S0, S=6 is a Valid Shift

1 0 1 1 1 0 1

The Rabin-Karp-Algorithm

The Rabin-Karp string matching algorithm calculates a hash value for the pattern, as well as for each M-character
subsequences of text to be compared. If the hash values are unequal, the algorithm will determine the hash value for
next M-character sequence. If the hash values are equal, the algorithm will analyze the pattern and the M-character
sequence. In this way, there is only one comparison per text subsequence, and character matching is only required
when the hash values match.

RABIN-KARP-MATCHER (T, P, d, q)
1.n « length [T]

2. m « length [P]

3.h < d™'modq

4.p— 0

510« 0

6.fori« 1tom

7.do p « (dp + P[i]) mod q

8. to < (dto+T [i]) mod g

9.fors < 0ton-m

10.doifp=t;s

11. then if P[1...m] =T [s+1....s + m]

12. then "Pattern occurs with shift" s

13. If s<n-m

14. then tes1 « (d (t-T [s+1]h)+T [s+m+1])mod g

Example: For string matching, working module g = 11, how many spurious hits does the Rabin-Karp matcher
encounters in Text T = 31415926535.......

T = 31415926535.......
P=26
Here T.Length =11s0 Q=11
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AndPmod Q=26 mod 11 =4
Now find the exact match of P mod Q...

Solution:

=8l 1 4] 1] 5[99 2615 [
P= 2 [ 6 |

S$=0

>

31 mod 11 =9 notequal to 4

w
||
-

14 mod 11 = 3 not equal to 4

Q=

‘

41 mod 11 =8 notequal to 4

w
]
o




15 mod 11 = 4 equal to 4 SPURIOUS HIT

w
i
o+

39 mod 11 = 4 equal to 4 SPURIOUS HIT

72
i
4]

-

92 mod 11 = 4 equal to 4 SPURIOUS HIT

w
i
=1

26 mod 11 =4 EXACT MATCH

w
n
-.d




‘

65 mod 11 =10 not equal to 4

w

n

==}
¥

53 mod 11 = 9 not equal to 4

w

i

=
¥

35 mod 11 =2 notequal to 4

The Pattern occurs with shift 6.

Complexity:

The running time of RABIN-KARP-MATCHER in the worst case scenario O ((n-m+1) m but it has a good
average case running time. If the expected number of strong shifts is small O (1) and prime q is chosen to be quite
large, then the Rabin-Karp algorithm can be expected to run in time O (n+m) plus the time to require to process
spurious hits.

The Knuth-Morris-Pratt (KMP)AIlgorithm

Knuth-Morris and Pratt introduce a linear time algorithm for the string matching problem. A matching time of O (n)
is achieved by avoiding comparison with an element of 'S' that have previously been involved in comparison with
some element of the pattern 'p' to be matched. i.e., backtracking on the string 'S' never occurs

Components of KMP Algorithm:

1. The Prefix Function (IT): The Prefix Function, I for a pattern encapsulates knowledge about how the pattern
matches against the shift of itself. This information can be used to avoid a useless shift of the pattern 'p." In other
words, this enables avoiding backtracking of the string 'S.'



2. The KMP Matcher: With string 'S,' pattern 'p' and prefix function 'TI' as inputs, find the occurrence of 'p' in 'S'
and returns the number of shifts of 'p' after which occurrences are found.

The Prefix Function (IT)

Following pseudo code compute the prefix function, IT:

COMPUTE- PREFIX- FUNCTION (P)
. m «length [P] /I'p' pattern to be matched
D[]0

k<0

.forq—2tom

.dowhilek>0and P [k+ 1] #P [q]
.dok « IT [K]

AfFP[k+1]=Pq]

.then ke—k+1

M [q] <k

10. Return IT

O 00 N O O B~ W N~

Running Time Analysis:

In the above pseudo code for calculating the prefix function, the for loop from step 4 to step 10 runs 'm' times. Stepl
to Step3 take constant time. Hence the running time of computing prefix function is O (m).

Example: Compute IT for the pattern 'p' below:

PP T ® T a T ®» [ a [ ¢ [

Solution:

Initially: m = length [p] =7
Im[1]=0
k=0



Step1:gq=2,k=0
Mn[2]=0

1
a

0

Step2:q=3,k=0
Mn[3]=1

q 1

p a

LI 0

Step3: g =4, k =1
Mr4]=2
1

a
0



Step4: q=5, k=2
Mnel1=3

1

q
p a
111 0

Stepd:qg=6,k=3

Mne]=0
q 1 2 3 4 ) 6
p a b a b a c
m 0 0 1 y. 3 0

Stepb:q=7, k=1
M[7]1=1

q 1

p a

LLI 0

After iteration 6 times, the prefix function computation is complete:

1

|
p a A
Ll 0 1

The KMP Matcher:

The KMP Matcher with the pattern 'p,' the string 'S' and prefix function 'TI' as input, finds a match of p in S.
Following pseudo code compute the matching component of KMP algorithm:

KMP-MATCHER (T, P)

1.n « length [T]

2. m « length [P]

3. [T+~ COMPUTE-PREFIX-FUNCTION (P)



4.q<0 /I numbers of characters matched
S.fori<—1ton  //scan S from left to right
6.dowhileq>0and P [q+ 1] #T [i]

7.doq« IT[q] /I next character does not match
8. 1fP[q+1]=TIi]

9.thenq«—q+1 Il next character matches

10. Ifg=m /1 is all of p matched?
11. then print "Pattern occurs with shift" i - m
12. g 11 [q] /' ook for the next match

Running Time Analysis:

The for loop beginning in step 5 runs 'n' times, i.e., as long as the length of the string 'S." Since step 1 to step 4 take
constant times, the running time is dominated by this for the loop. Thus running time of the matching function is O

(n).

Example: Given a string 'T" and pattern 'P" as follows:

T | b| a| ¢| b| a| b| a | b| a| b| a| c

Let us execute the KMP Algorithm to find whether 'P' occurs in 'T.'

For 'p' the prefix function, ? was computed previously and is as follows:

q 1 2 3 5 6

o] a b A a c

Ll 0 0 1 3 0
Solution:

Initially: n = size of T = 15

m=sizeof P=7




Step1: i=1, g=0
Comparing P [1] with T [1]

T | b | a| ¢| b| a| b| a | b| a| b| a| c | a

PP @Al bl aJ] b] a] ¢ a]

P [1] does not match with T [1]. ‘p’ will be shifted one position to the right.
Step2:i=2,q=0

Comparing P [1] with T [2]

T [cI b[ a] b[a|b]| a] b] alc ]| a]

b | a
a

P [1] matches T [2]. Since there is a match, p is not shifted.

P: b a b a c | a




Step3: i=3, ¢

Comparing P [2] with T [3]

1

P [2] doesn’t match with T [3]

b

da

Cc

b

a

b

a

b

a

T

b

Cc

Backtracking on p, Comparing P [1] and T [3]

Stepd:i=4,gq=0

P:

Comparing P [1] with T [4]

P [1] doesn't match with T [4]

b a c b a b a b a b a
a b a b a c a
Stepd:i=549g=0
Comparing P [1] with T [3] P [1] match with T [5]
b a (4 b a b a b a b a
a b a b a (4 a




Stepb:i=6,g=1
Comparing P [2] with T [6] P [2] matches with T [6]

T: b | al] c| bjJJEl b[a[b] a] b] aJec

|

BEN b [ a[ b|] a[ c] a

P:
Step7:i=7,q=2
Comparing P [3] with T [7] P [3] matches with T [7]

T. b|] al c| bJBEBEM 2 [b] a[ b[] afc

|

Comparing P [4] with T [8] P [4] matches with T [8]

P _a b |

Step8:i=8,gq=3

T b al c] b NCEEEM b al b alc

P “a b 2 ECANCHNCHEC




Step9:i=9,q=4
Comparing P [5] with T [9] P [5] matches with T [9]

T [b]lal[c| b NN a [ b a[c [ a]

|

Comparing P [6] with T [10] P [6] doesn’t match with T [10]

T [T alcl v NENENECEETEEEN b ac [ a

P:

Step10:i=10,q=5

P: a b a b a BB

Backtracking on p, Comparing P [4] with T [10] because after mismatch q =1 [5] =



Step11:i= 11, q =4

Comparing P [5] with T [11] P [5] match with T [11]
T:
(b alc[b] alb NN o | a
P:
a h a c a
Step12:i=12,g=5
Comparing P [6] with T [12] P [6] matches with T [1.

T [l alc[ bl alb NN c| -
+ S N « T |

P: a C a

Step13:i=3,g=6
Comparing P [7] with T [13] P [7] matches with T [1.

T [b]al c| b[ alb NN

Pattern 'P' has been found to complexity occur in a string 'T." The total number of shifts that took place for the match
to be found is i-m = 13 - 7 = 6 shifts.

Trie | (Insert and Search)
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https://www.geeksforgeeks.org/medium/

Trie is an efficient information retrieval data structure. Using Trie, search complexities can be brought to
optimal limit (key length). If we store keys in a binary search tree, a well balanced BST will need time
proportional to M * log N, where M is the maximum string length and N is the number of keys in the tree.
Using Trie, we can search the key in O(M) time. However, the penalty is on Trie storage requirements (Please
refer to Applications of Trie for more details)

Every node of Trie consists of multiple branches. Each branch represents a possible character of keys. We need
to mark the last node of every key as the end of the word node. A Trie node field isSEndOfWord is used to
distinguish the node as the end of the word node. A simple structure to represent nodes of the English alphabet
can be as follows,
// Trie node
struct TrieNode
{

struct TrieNode *children[ALPHABET_SIZE];

[/l iIsEndOfWord is true if the node

/I represents end of a word

bool isEndOfWord;
}
Inserting a key into Trie is a simple approach. Every character of the input key is inserted as an individual Trie
node. Note that the children is an array of pointers (or references) to next level trie nodes. The key character
acts as an index to the array children. If the input key is new or an extension of the existing key, we need to
construct non-existing nodes of the key, and mark the end of the word for the last node. If the input key is a
prefix of the existing key in Trie, we simply mark the last node of the key as the end of a word. The key length
determines Trie depth.
Searching for a key is similar to an insert operation, however, we only compare the characters and move
down. The search can terminate due to the end of a string or lack of key in the trie. In the former case, if
the isEndofWord field of the last node is true, then the key exists in the trie. In the second case, the search
terminates without examining all the characters of the key, since the key is not present in the trie.
The following picture explains the construction of trie using keys given in the example below,

root
[\ 0\
ta b
||
hn vy
| |\
e sye
I

ir w


http://en.wikipedia.org/wiki/Trie
https://www.geeksforgeeks.org/advantages-trie-data-structure/

r

In the picture, every character is of type trie_node_t. For example, the root is of type trie_node_t, and it’s
children a, b and t are filled, all other nodes of root will be NULL. Similarly, “a” at the next level is having
only one child (“n”), all other children are NULL. The leaf nodes are in blue.



UNIT-1

1. Define algorithm. Describe the characteristics of the algorithm.

2. Write an algorithm to find the sum of first n integers and Derive its time
complexity.

3. Explain the different looping statements used in pseudo code conventions.

4. How the Performance can be Analyzed? Explain with an example.

5. .Define the terms “Time complexity” and “Space complexity” of algorithms.
Give a notation for expressing such a complexity and explain the features of such a
notation.

6. Define time and space complexity. Describe different notations used to represent
these complexities.

7. Explain in detail about Recursive algorithms with neat examples.

8. Explain about Amortized analysis.

9. Define Omega notation. Explain the terms involved in it. Give an Example.

10. Explain about Asymptotic Notations with examples

11. Discuss the Pseudo code conventions for expressing algorithms.

12 .Explain about Union and Find operations on sets.

13. Explain about Tree traversal algorithm with example.

14. Explain about BFS and DFS.

UNIT-2
DIVIDE AND CONQUER

1. Explain the Divide and Conquer strategy. How it can be useful in the problem solving.(Control
Abstration)

2. Briefly explain about Binary search and it’s applications and derive its time complexity.

3. Explain the process of Binary Search with example.

4. Explain the Quick Sort method with example.

5. Derive the average case Time Complexity of Quick Sort.



6. Show the how Quick sorts the following sequence of keys in ascending order
22,55, 33,11, 99, 77, 55, 66, 54, 21, 32
7. Compare and Contrast the performance analysis of Quick sort and Merge sort
algorithm.
8. Explain how Quick sort algorithm performs in worst case with an example.
9. What is an importance of Pivot selection in Quick sort algorithm.
10. Explain the Merge Sort with example.
11. Draw the tree of calls of Merge Sort method for the following
35, 25, 15, 10, 45, 75, 85, 65, 55, 20, 18.
12. Explain how to find the Maximum and Minimum.
15. Explain Randomized Sorting Algorithm.

14. Explain Defective Chessboard method in Divide and Conquer approach.

THE GREEDY METHOD

1. Write Greedy algorithm for sequencing unit time jobs with deadlines and profits.
2. What is the solution generated by the function JS when n=7, (p1, p2, ...., p7) =
(3,5,20,18, 1, 6, 30), and (d1, d2, ....,d7)=(1, 3,4, 3,2, 1, 2)?

3. What is a Spanning tree? Explain Prim’s Minimum cost spanning tree

algorithm with suitable example.

4. Find the optimal solution of the Knapsack instance n =7, M=15, (p1,p2,....p7) =
(10,5,15,7,6,18,3) and (w1,w2,....w7)=(2,3,5,7,1,4,1)

5. Differentiate between Divide and Conquer algorithm & greedy Algorithm

6. State the Job — Sequencing with deadlines problem. Find an optimal sequence

to the n=5 Jobs where profits (P1,P2,P3,P4,P5) = (20,15,10,5,1)and deadlines
(d1,d2,d3,d4,d5) =( 2,2,1,3,3).

7. What is a Minimum Cost Spanning tree? Explain Kruskal’s Minimum cost
spanning tree algorithm with suitable example.

8. Discuss the single — source shortest paths algorithm with suitable example.

9. Explain the Dijkstra’s algorithm for single source shortest path problem with an example.



UNIT -3
DYNAMIC PROGRAMMING

1. Draw an Optimal Binary Search Tree for n=4 identifiers (al,a2,a3,a4) = ( do,if,
read, while) P(1:4)=(3,3,1,1) and Q(0:4)=(2,3,1,1,1).

2. What is the principle difference between the divide and conquer technique and
dynamic programming technique?

3. Explain the Travelling sales man problem.
4. Explain the Optimal Binary Search Tree with an example.

5. Explain the methodology of Dynamic programming. List the applications of
Dynamic programming.

6. What is All — Pair Shortest Path problem (APSP)? Discuss the Floyd’s APSP
algorithm and discuss the analysis of this algorithm.

~

What is principle’s of optimality? Explain how travelling sales person problem
uses the dynamic programming technique with example.

UNIT -4
BACKTRACKING

1 What is a Hamiltonian Cycle? Explain how to find Hamiltonian path and cycle
using backtracking algorithm.

2. Discuss the 4 — queen’s problem. Draw the portion of the state space tree for n
= 4 queens using backtracking algorithm.

3.Give the solution to the 8-queens problem using backtracking

4. Write an algorithm to determine the Hamiltonian cycle in a give graph using
backtracking.

5. Explain the solution to the graph coloring problem using backtracking.



5.How the reliability of a system is determined using dynamic
programming? Explain.

6. Explain the Knapsack problem with an example?

7. Write control abstraction for backtracking. [7M]
8. Explain the Graph — coloring problem. And draw the state space tree for m= 3
colors n=4 vertices graph. Discuss the time and space complexity.

BRANCH AND BOUND

1.

N

10.
11.

curwNhE

Give the 0/1 Knapsack LCBB algorithm. Explain how to find optimal solution
using variable — tuple sized approach.

Distinguish between backtracking and branch — and bound techniques.

Explain how branch and bound technique is used to solve 0/1 knapsack
problem.

What are the differences between FIFO and LC branch and bound solutions?

What are the differences between backtracking and branch and bound
solutions?

Explain the LC branch and bound algorithm.

Explain the FIFO BB 0/1 Knapsack problem procedure with the knapsack
instance for n=4.m=15,(p1,p2,p3,p4)=(10,10,12,18) (wl,w2,w3,w4) =(2, 4, 6,
Draw the portion of the state space tree and find optimal solution.
Draw the portion of state space tree generated by FIFOBB for the job
sequencing with deadlines instance n=5, (p1,p2,..,p5) =(6,3,4,8,5), (t1,t2,..t5)
=(2,1,2,1,1) and (d1,d2,..,d5)=(3,1,4,2,4).What is the penalty corresponding
to an optimal solution.

Explain 0/1 Knapsack problem with respect to branch and bound method.

UNIT-5

Explain NP-Hard and NP-Complete problems.
Explain Cook’s Theorem.

Explain String Matching and its applications.
Explain Naive String Matching Algorithm
Explain Robin_Karo Algorithm.

Explain Knuth-Morris_pratt Automata
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