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Space Ep Time Tradeoffs

• More likely to trade space for time as there isn't a shortage
of space

time efficiency

INPUT ENHANCEMENT

Preprocess problem's input and store additional information

obtained to accelerate problem solving speed

(a) Sorting by counting

I. COMPARISON COUNTING SORTING

° For each element in the list
,
count number of elements smaller

than this element

• The counts indicate the positions of the elements in the sorted

array

eg: 62 , 31
,
84

,
96
,

19
,

47

Maintain a table (array) count

array 62 31 84 96 19 47

count 3 I 4 5 O 2

sorted 19 31 47 62 84 96



Algorithm comparison countingsort CA , n) :
A Input : unsorted array A

A output : sorted array s

counter : 103

Scm -

- lo)

for i = 0 to n-2 :

for j-- itt to n- l :

if Ali] > A Cj ] : ya number L Ali] found

count [ i] = count CiTt l

else

count g- I -

- Count Cj ] -11

for i -- O to n - I

Sccountci IT = Acid

return s

° Time complexity
n-2 n- l

( (n) = E E l

i -o j
-

- it I

n-2

= [ h - I - ittf = n - I t n -Z t . . . t I = nln#
c- =D 2

C- 0cm)



• Data moved only once even though table construction

took time n
'

• For array of t-bit numbers co 's and l 's)
,
count the

number of O 's and place them in the first '

count
'

locations

eg : O
,

I
,

I
,

O
,

I

sorted : O
,

O
,

I
,

I
,

I

count -- 2

° Sorts in linear time - Oln)

II. DISTRIBUTION COUNTING SORTING

° Sort a finite set of integers u to l leg: o to 9)

• count the frequencies of every number (store in a map
or array

- retrieval time is constant)

• frequency table - distribution of numbers

symbol frequency
O 5

I 3

2 I

3 O

4 0

5 2

. if unbounded
,
4 bytes x 232 = 16GB of space needed



• if u-1--1000
,
4 bytes x -210 = 4143 of space needed

,

easily doable

• usable until ~ 106 entries

eg : U= 13
,
1=11

13
,

11
,
12
,

13
,
12

,
12

Symbol 11 12 13

frequency I 3 2

distribution I 4 6

value

S = 11
,
12

,
12
,
12
,
13
,
13

Algorithm Distributed Counting Sort CA , n , e , n)
11 input : unsorted array with elements in finite range
11 output : sorted array

DIU-l -113=10}

for i=O to n -1 :

D [ Ali] -l] =D [ Ali ] - l] -11 A index of element

for i -- l to u-l : 11 distribution

Dci ] = Dci -1] + Dci]

for i -- n - l to O ' .

j=A[i ] - l ✗ index in D

S[D[j] - I] = Ali] Vindex in S = Dcj ] - I

Dcj] = D[j]
- I ✗ next index in D for same Ali ]

returns



• Complexity : Ocn) if n > Cu-ett)

• Meaningful only for small , finite ranges

(b) String matching by Preprocessing

I. BRUTE FORCE

eg : pattern :
"
TEXT

"
(length --m) ,text : below Clength -- n)

° I 2 3 45 6 7 8 9 10 11 12 13

R E A D T E X T B O O K s

i -- O T E X T

i -- l T E X T align and

i -- 2 T Ext slide until
match found

i -- 3 TE XT s

i -- 4 TEXT

i -- 5 T E X T

° worst case = text length - pattern length -11 iterations

• 0 to n -m or n-Mtl trials

° Complexity = Ocmn?



int find(char *text, char *pattern) {
    int n = strlen(text);
    int m = strlen(pattern);
    int i, j;

    for (i = 0; i <= n - m; ++i) {
        j = 0;
        while ((j < m) && (pattern[j] == text[i+j])) {
            ++j;
        }

        if (j == m) {
            break;
        }
    }

    if (i > n-m) {
        return 0;
    }
    return 1;
}

String matching

output



II. HORSPOOL'S ALGORITHM

. Start comparing pattern to string from right side

° Check if character in textstring is in pattern or not

° If not present , shift right by length of pattern

. If present , shift such that rightmost occurrence of

character in pattern aligns with character in text

(less than length)

Eg
l : O l 2 3 4 56 7 8

text : h e i r I o o m s

pattern : o o ni
O l 2

i not in pattern , shift by 3

0 I 2 3 4 5 6 7 8

text : h e i r I o o m s

pattern :
o o in
° I 2

y
index of right o

o in pattern , shift by (3- I -D= I

0 I 2 3 4 5 6 7 8

text : h e i r I o o m s

pattern : o o in
O l L

o in pattern , shift by (3- I -D= I



O l 2 3 4 5 6 7 8

text : h e i r l o o m s

pattern : o o in
O l L

m match ! ✓

check o

O l 2 3 4 5 6 7 8

text : h e i r l o o m s

t v

pattern : o o M

O l 2

° match! r

check O

O l 2 3 4 5 6 7 8

text : h e i r l o o m s

t t v

pattern : o o M

O l 2

° match! V

pattern found



Preprocessing : Table of ASCII characters

° Indicates amount to shift by j shift table

. check if character present in cm -t) characters ; last

character already compared

eg : pattern =
'

algo
'

shift amount shift amount = (m - i - l )
a 3 m - o - I

b 4 a

c 4 a l go
,

I

v

' O l 2 3

g l m - 2- I

,

I

,

"

- l

l 2 m
- l - I

'

.

/

,

O 4 3 last character

Algorithm ShiftTable (P
,
m) :

XP : pattern
Dm : length of pattern

Table [size ] D index in table = Value at Pci ]

for i -- O to size - l :

Table lit --M A length of pattern

for j -- O to m - z : 11 last char not compared
Table [Pfj]] = m -j

- I

return Table



Algorithm Horspool CP , m , T, n) :
HT : text

,
n : length of text

" P : pattern ,
m : length of pattern

Table -- ShiftTable CP,m) H shift table

i -- m - I 11 starting index is rightmost end of pattern

while i c n :

K = O K number of matched chars from right

while Kam and Pcm - I - K] -- T Ci - k]

K -- k -11

if k==M

return i-Mtl

else

i -- it Table CTCIT]

return - I

° Time efficiency
- worst case : O Cmn)
- Random text : Ocn)



III. BOYER - MOORE ALGORITHM

. similar to Horspool

° If first comparison of rightmost character in

pattern with corresponding text character fails ,
shifts right by value from bad symbol table

° Two tables : bad - symbol table , good
- suffix table

(a) If first character mismatch
,
acts as Horspool's and

shifts by amount from bad character table

. . . M e n L O
.

. .
.

o n i 0 ①
y mismatch

(b) If k no . of matches occur before the first mismatch

is encountered
,
COL k Lm)

text

-
.

. I i . . .

bad

?
symbol shift

vent

k=2 l z

n l

t 4
✓ 3

° Shift amount calculated based on two values :

bad symbol shift , due to value of first mismatched
character from right , and good suffix shift , due
to successful match of k characters in the

suffix



Bad symbol shift

- -
. he 1 i c o p te r

s t a r ✓① . - .

K 2

match t
V

- -
. he 1 i c o p te r . . .

S t ar v e r

ca) computed as t.cc) - k where t , is bad symbol
table

,
c is first mismatched character in text from

the right and k is the number of matched
characters

(b) if t.cc) - k is negative , shift right by 1

. .

-

ai: ÷ 's
t.ca -

- Z

° bad symbol shift = d, = Max ft,Cc)
-K
,
I}

Good Suffix Shift

(a) If Suffck) present in pattern , preceded by a character
not equal to c where the mismatch occurred

,

shift amount by dz



- . -

aa : in:
-

↳ suffix

✓

shift by 3

. . . a b c ad . . .

ad b ad

(b) If suffck) does not exist elsewhere in pattern with
a different preceding character, find longest prefix
of pattern of size l CK that matches the suffix

of suffck) and if it exists
,
shift amount of = distance

between them. Otherwise , distance -- length of pattern -- k

i
.

'. . '

Aa bd b a d
- 3

I
. . . a b b a d . . .

ad b ad



GREEDY TECHNIQUE

° For optimisation problems

°

Structure of problems that allow for greedy solutions

° Construction of solution through sequence of steps , each

step expanding partial solution to problem

° On each step , choice must be

- feasible : based on problem constraints
- locally optimal : best choice locally
- irrevocable : cannot and need not be undone

change making problem

° Provided with an array D= {d. , da , . . .

,
dm } of different

coin denominations

° Give change of certain amount with least no . of coins

. Subtract largest possible denomination from amount until

amount becomes O

°

Eg : D= { I
, 2,5 , 103 and amount -- E 28

28 - 10 = 18 } 2.10
18 - to = S

f - 5 = 3 } I , 5

3- 2 = I } I
,

2

I - I = O } I
,
I



PRIM'S ALGORITHM

° For general undirected graphs; graph may contain cycles

• Problem: find subgraph of graph (subset of edges) that
keeps graph

° Minimum number of edges to connect n nodes = n - l

edges

. Subgraph - spanning tree

° Minimum spanning tree : graph with no cycles of

minimum weight

°

Eg : 1

A b

2

5

c d
3

spanning trees : G -- MST

"
"

b a
"

z

b

5 5

c d c d c d
3 3

weight -- 9 weight
-
- s weight

-

- 6



• Update increase in heap- see Carmen ; Oclogn)

Eg: Find an MST of

l

b C

3 4 4 6
returns list

5 5 of edgesa f d

2

6 8
e

Tree vertices Remaining vertices Illustration ledges)

at
,
-) bla, 37 min

I
c. C- ya) b c

d C-
,
) 3 4 4 6

@( a
,
6) 5 5

a f d

f- Ca
,
5)

2

6 8
e

bla , 3) (( b , I) min
I

d( -
,
@) b c

e ( A
,
6) 3 4 4 6

f- ( b
,
4) a

5
f

5
d

2

6 8
e



I

((bil) DCC> 6) b c

C. (9,6)
3 4 4

65
5

f- Cb
,
4) min a f d

2

6 8
e

I

b C

f-Cb,4 ) dcf ,5) 3 4 4 6

ecf
,
2) min 5 5

a f d

2

6
e

8

I

b C

elf
,
2) dcf ,5) min 3 4 4

65
5

a f d

2

6
e

8

Minimum spanning tree

I

b C

3 4

5
a f d

2

e



• extract min performed V - l times for V vertices

° can use heap data structure

• E verifications made

° OLE log V)



KRUSKAL'S ALGORITHM

•

complementary to Prim's
,
almost

° Start with forest of isolated nodes call nodes of

graph)

• Gradually merges trees , combining two trees with one

edge at every iteration

• All edges are sorted by weight in an increasing order

before algorithm runs

° Bottom - up approach (grow nodes to trees)

Algorithm
• G -- {V , E} ,

V -- {0
,
. . . ,

n - I}
,
E -- { e, , . . .

,
en}

• Start with empty MST (trees of forest are vertices)

and mark each edge as unvisited

• while unvisited edges still present or while MST has

less than n- l edges :

- Find lightest unvisited edge
- Mark as visited
- If adding edge does not create cycle , add to MST



Eg: Find an MST of

l

b C

3 4 4 6
returns list

5 5 of edgesa f d

2

6 8
e

n
-

- 6
,
counter -- O

sorted list of edges

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

Dbc - no cycle visited qused

,

visited q discarded

b C

a f d

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter -- I n- 1=5



Def - no cycle
I

b C

a f d

2

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter -- 2 n - 1=5

3) ab- no cycle

I

b C

3

a f d

2

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter =3 n-1=5



4) bf - no cycle

I

b C

3 4

a f d

2

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter -- 4 n-1=5

5) Cf- cycle

I

b C

3 4

a f d

2

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter -- 4 n - 1=5



6) af - cycle
I

b C

3 4

a f d

2

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter -- 4 n - 1=5

7) df - no cycle
I

b C

3 4

5
a f d

2

e

Edge Cu ,V) bc ef ab bf Cf af df ae Cd de

weight I 2 3 4 4 5 5 6 6 8

counter-- 5 n-1=5

exit loop



DISJOINT SET

° Disjoint set data structure (Union - find)

1. makesetch : create new set whose only member is

pointed to by V .
V must already be in a set

2. find Cv) : returns pointer to set containing V

3. union CU
,
V) : unites dynamic sets that contain u

and V into a new set that is union of two sets

eg
: S = { 1,2 , 3,4 , 5,6}

make set Ci) performed 6 times :

{13
,
123

,
133

,
143
,
{53

,
163



Union (1,4) ⇒ It , 4} . . .

union (5,27--7 I 5,23 . . .

union (4,5) ⇒ { I , 2,4 , 5 } . .
.

union (3,6) ⇒ {3,63 . . .

forest representation of subsets { 1,2, 4,53 and {3,63

I 3
7 r r

4 5
r 6

2

union (5
,
6)

I

7
n
r

4 5 3

n n

2 6

find (4) = find (2) = { I , 2 , 3,4 , 5 , 6}



To check if Et U Lei} is acyclic ,

• perform find (x) and find Cy) where xy forms
edge ei

° if find (x) = find Cy) , cycle will form

eg : ET = {ab , bf , ef , be }

ei = af

I

b C

3 4

a - -

E
- - - f d

2

e

find Ca) = { a , b , C , e , f }

findCf) = { a
,
b
,
C
, e ,
f }

° cycle present , do not include edge



Time complexity
° If union find operation fast enough , determined
by sorting algorithm

° OCIEI log IED

DIJKSTRA'S ALGORITHM

. Single source shortest path problem

° Weighted graph (directed or undirected) G ,
source

vertex s

° Shortest paths from s to all other vertices in the graph

° Similar to Prim 's MST algorithm

. Cost of source to source is initialised to 0

• cost of source to every other vertex initialised to a

° Next candidate is the adjacent vertex with lightest edge

° Finds vertex u with smallest sum

dvt WCV, u)

V -- vertex for which shortest path already found

du -- shortest path from s to v

WCV
,
u) = weight of edge from v to u



4

Eg : b c

3
z

5
6

source : a

a d e7 4

Tree vertices Remaining vertices Illustration ledges)

4
AC- go) b(9,3) b c

CC -
y
) 3

z
5

6

dca , 7) a
,

d
y

e

ee - ga)

4
bca ,3) Ccb

>
3+4) -- Ccb , 7) b c

d( b
,
3-12) =dCb,5) 3

z
s

b

CC -
,
A) a

y
d

4
e

4

dcb
>
5) Ccb,7) b e

Ccd
,
5+4) -- eld,9)

3
z

s
b

a
y

d
4

e

4

Ccb,7) ecd,9) b e

3
z

5
6

a
y

d
4

e



Algorithm

initialise distances to a

Time complexity
• OCVZ) adjacency matrix Ep array priority queue

o O CE log V) adjacency list Eg min heap priority queue



HUFFMAN TREES

. Morse code for e :
.

Morse code for a : o
-

man's: ::&: torn :
. } different

. Most frequently occurring letters : e , a short

least frequently occurring letters : g , z long

° Huffman encoding : using O 's and I 's variable length
encoding

° ASCII : fixed length encoding

• Prefix encoding : prefixes are unique and assigned

101 : a

1010 : b } not allowed

° Morse code does not use prefix encoding ; gaps after
every transmission



Eg : consider five symbol alphabet { A ,B, C, D , -3 with the
following occurrence frequencies

symbol A B C D -

frequency 0.35 O - I 0.2 0.2 0.15

fixed size encoding : 3 bits

O - I 0.15 0.2 0.2 0.35

B
- C D A

-

0.2 O - 2 0.35
0.25

C D A

-

O - I 0.15

B
-

-

0.35
0.25 0.4

A

O - I 0.15 0.2 0.2

B
-

C D



-

0.4 0.6

0.2 0.2 0.35
0.25

C D A

O - I 0.15

B
-

Huffman Tree

1.O

O

l

0.4 0.6

O l O l

0.2 O - 2
0.25

O -35

C D A

O l

O . I 0.15

B -



Codewords

symbol A B C D -

codeword 11 100 00 01 101

eg : DAD
= 011101

fixed size encoding :3 bits

avg var length encoding :

= 2×0.35 t 3×0.1+2×0.2 t 2×0.21-3×0.15=2.25

compression ratio = 3-23-25 = 251.

• File compression


