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*  String Matching: Brute Force

£
% Texty of length: n
» Pattern x of length: m

» Find all occurrences of X in'y

4

» The brute force algorithm consists in checking at all
positions 1n the text between 0 and n-m

¢ After each attempt it shifts the pattern by exactly one

position to the right

¢ Time complexity: O(m x n)
¢ Expected number of character comparisons: 2n
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String Matching: Brute Force code-1

void BF(char *x, int m, char *y, int n) {
int 1, J;

/* Searching */
for (j = 0; j <=n - m; ++j) {
for (i = 0; 1 < m && x[i] == y[i + j]; ++i);
if (1 >= m)
QUTPUT(j);

Tu. HMMY, Iovemiotmo Osccariog



String Matching: Brute Force code-2

#define E0S ’\O°

void BF(char *x, int m, char *y, int n) <
char *yb;

/* Searching */
for (yb = y; *y != EO0S; ++y)
if (memcmp(x, y, m) == 0)
OUTPUT(y - yb);
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~ String Matching: Morris-Pratt

v&* It 1s possible to improve the length of the shifts and
simultaneously remember some portions of text that
match the pattern

¢ Consider an attempt at a left position j on y, that is when
the window 1s positioned on the text factor y[j...j+m-1]

¢ Assume that the first mismatch occurs between x[1] and
y[1+j] with 0 <1<m

¢ Then, x[0...1-1]=y[j...1Hj-1] =u and a = x[1] # y[j+1]=Db

s+ When shifting it is reasonable to expect that a prefix v of

the pattern matches some suffix of the portion u of text
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String Matching: Morris-Pratt

J t
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*¢ The longest such pretix v is called the border of u (it
occurs at both ends of u)
* This introduces the notation:
let mpNext[1] be the length of the longest border of
X[0...1-1] for 0 <1< ¢ =x[mpNext[1]] and y[1+]] = b
* mpNext[0] = -1
» The table mpNext can be computed in O(m) space and
time before searching
* Time complexity: O(m x n)
* At most number of character comparisons: 2n - 1
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String Matching: Morris-Pratt code

void MP(char #x, int m, char *y, int n) {

void preMp(char #x, int m, int mpNext[]) {

int i, j; int i, j, mpNext[XSIZE];
i=0: /#* Preprocessing */
j = mplext[0] = -1; preMp(x, m, mplext);
while (1 < m) { |

while (j > -1 && x[i] '= x[jl) f* Séarchlng * /

1=7]=0;

j = mplext[jl;
while (j < n) {

mplext [++1] = ++7;

1 while (i > -1 && x[1] '= y[31)
} i = mplNext[i];
i++:
J++;

if (1 >=m) {
QUTPUT(j - i);
i = mplext[i];
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i 0 1 2 3 4 5 6 7 8
xi] G C A G A G A G
mpNext[i/] | =1 0 0 0 1 0 1 0 1
Searching phase
First attempt:
_er|GCF.Ti._IGC GAGAGTATACAGTATUCG
1 2 34
r |G CABAG AG]|
Shilt by 3 (i — mpNext[i]| =3 —0)
Second attempt:
1 |';':CﬂTi.':';':Cﬂﬂ.ﬁﬁﬂﬁTﬁThCﬂ'ﬁTﬂGG
1
v [BCAGAGA G|
Shift by 1 (i — mpNext[i] =0 — —1)

Third attempt:

_r,r|';':i.':15.TCGi.': GA/A G AGTATACAGTATCG
1
v [@CAGAG A G|
Shift by 1 (i — mpNext[i] =0 - —1)
Fourth attempt:
iy |Gf]ﬂTCGGAG.H.GF.GTATJS.CJ!I.GTJS.CG
12345678
@ |G C A G A G AG
Shift by 7 (i — mpNext[i] = 8 — 1)
8
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| [Fifth attempt:

1y |-;'1CATC-;'ICﬁ.-;'Iha'lh-;'lTAThChnThf‘-..|
1
r [GEAGAGAG
Shift by 1 (i — mpNext[i] = 1— 1))
Lixth attempt:
y [GCATCGCAGAGAG|ITATACAGT[AC G
1
) Giﬁﬁ-‘.‘lﬂ-ﬁﬁu.|
Shift by 1 (i — mpNext[i]| = (0 — —1)
Fighth attempt:
Seventh attempt:
' _f;|-;".~'315.TC-;'1~'.'11!1-;'11!1Gﬁ.-ﬁTﬂTﬁ.CﬂGTﬂx"u|
_r,r|-;'1i.'IJﬂ.Ti.'I-;':i.'IA-;'Ihu.h-;'lTAThChnThC‘u.| 1
1 f‘GlﬂﬁlGﬂnﬂu|
r 6@ 0 A G A G A G e ; a . . ; .
‘ | Shift by 1 (i — mpNext[i] =0— —1)
Shift by 1 (i — mpNexi[i] = 0— —1)
Ninth attempt:
y |GCﬁ.TCGCﬂGnx“.hx.TﬂTAx“ﬂGTﬂt“u|
1
v [@CAadAaadhdq|

Shift by 1 (i — mpNext[i]
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String Matching: Knuth-Morris-Pratt

Consider an attempt at a left position j, 1.e., the window 1s
positioned on the text factor y[j...j+m-1]

Assume that the first mismatch occurs between x[1] and y[1+]]
with 0 <1<m

Then, x[0...1-1] =y][j...11j-1] =u and a =x[1] # y[j+1]=Db
When shifting it 1s reasonable to expect that a prefix v of the
pattern matches some suffix of the portion u of text

Moreover, 1f we want to avoid another immediate
mismatch, the character following the prefix v in the
pattern must be different from a

The longest such prefix v 1s called the tagged (or strong)
border of u (it occurs at both ends of u followed by
different characters 1n x)
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String Matching: Knuth-Morris-Pratt

*¢ This introduces the notation:
Let kmpNext[1] be the length of the longest border of
x[0...1-1] followed by a character ¢ different from
x[1] and -1 1f no such tagged border exists, 0 <1 <m
¢ Then after a shift the comparisons can resume between
characters = x[kmpNext[1]] and y[11]] without missing
any occurrences of X in y and avoiding a backtrack on
the text
s The table kmpNext can be computed in O(m) space and
time before searching
¢ Time complexity: O(m x n)
¢ At most number of character comparisons: 2n - 1
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String Matching: Knuth-Morris-Pratt code

void preKmp(char #x, int m, int kmpNext[]) { = void KMP(char *x, int m, char *y, int n) {

int i, j; int 1, j, kmpNext[XSIZE];
i=0: /* Preprocessing */
j = kmpNext[0] = -1; preKmp(x, m, kmplext);
while (1 < m) { /* Searching */
while (j > -1 && x[i] '= x[j]1) i=3=0;
j = kmplext[j]; while (j < n) {
1++; while (i > -1 && x[i] '= y[j])
J++; i = kmplext[i];
if (x[i]l == x[jl) 1++4;
kmplext[i] = kmpNext[j]; I+

els

&
kmplext[i] = j;

if (i >=m) {
QUTPUT(J - 1i);
i = kmplext[i];
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String Matching: Knuth-Morris-Pratt exec

i [ 2 3 | 0 i i R Fourth atiempt:
""[,"- T N y[GCATCGCAGAGA|GEATACAG|TA
krppNexili | =1 0 0 =1 1 —=1 | =1 |
v
Scarching phase r [GEAGAGAG

Shift by 1 (i — kmepNexi[i) = 1 =0}
Iirst attempt:

IMifth attempt:

_|_.'|iE.iL'AT'1J"J'iJ.ILG (3 'Li'l'A'l'A'iJ.IL'Li'l'.IL':G|

_|_.'|'LE'L'A'1"L"15'L'A'L§ G G AT ADC AGT|A

12 3 4
r (GCAMGAGAG 1
"~I'"|I i v l[ . x [BCAGAGAG|
shilt by 4 (8 — KkmpNexi|y] = 34— —1)
" - Shift by | (i — kmepNexi[i = 0— —1)

Second attempt:
l Sixth attempt:

iy |"JL'A'1'E"JERGAGJLG'IATA':.ILGT.IL'UG

_|_.'|'LE'ZA'1"ZGCA'LE G GTHAHT ALC AGTA

1
1
r [BCAGAGAG|
r @CAGAGAG
Shift by | (i — kmmpNexi[d = 00— —1) . . - .
s ¥ [ d Shift by 1 (i — kmpNext[i] = 0— —1)
Third attempt: Seventh attempt:
_I..'|':.i':.:.FL'l"L'E.iL'AUAUAU'J.'IL'I'IL':AG'I'JL':G| _I_.'|"5':.IL'l"L"'JCAGAGAG'IATAL‘AG'IA
1 23245 & 7 8 1
r (GCAGAGAG| s @CAGAGA
Shift by 7 (i — krnpNexi[i] =8 — 1) Shift by 1 (i — kmpNexi[i] = 0— —1)
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String Matching: Knuth-Morris-Pratt exec

ICighth attempt:

po|GCATOCG CAGAGAGTATMRACAGTAUCG

Shift by 1 (i — kmpNext[i] = 0— —1)

s KMP performed 18 character comparisons
¢ MP performed 19 character comparisons
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