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The Problem Setting & Complexity

The classic approximate string matching problem:

Given tezt T[1..n] and pattern P[l..m] over some finite alphabet ¥ of size o,
find the approrimate occurrences of P from T, allowing at most k differences
(insertion, deletion, substitution).

We will search simultaneously for a set P = { Py, P», ..., P.} of r patterns.

Applications: virus and intrusion detection, spelling, text retrieval
(synonyms and thesauri), computational biology, batched searching, .

n average at least (n(k log m) m) character comparisons for
approrimate matching of one pattern ( hang arr, ).

(n(k log rm) m) for r patterns (this wor ).



Pre 1o or

nly a few algorithms exist for multipattern approximate searching under

the k differences model.

a ve approach: search for the r patterns separately, using any of the single

pattern search algorithms.

( uth anber, 1 ):  (m(r

n)) average time algorithm using (m?r

space. The algorithm is based on hashing, and wor s only for £ = 1.

( aeza ates avarro, 1 ):

artitioning into exact search:
but can be improved to (klog
error levels, kK m 1 log (rm).

ther less interesting ones.

(n) on average ( (rm) preprocessing),
(rm)n m). Wor s for low and medium

est in practice.

)



Min e 1t

We have generalized the (optimal) algorithm of ( hang arr, 1 ) to
multiple patterns.

We show that the lower bound for the problem is (n(k log (rm)) m).

ur algorithm runs in (n(k log (rm)) m) average time, which is optimal.
This holds for £k m 1 (1 o).

Another (n) average time algorithm for £k m 1 (1 o).
everal improvements to the basic algorithms  very e cient in practice too.
reprocessing time is  (r m ), and space is  (r?m ).

n theory: best algorithm for low and medium error levels, few or many
patterns, filling an important gap.

n practice: best algorithm for low error levels, few or many patterns,
displacing partitioning algorithm to intermediate error levels.



The lo er bo n

e The lower bound for approximate string matching for one pattern:

1. ( ao, ): The text is divided into bloc s of length m 1

There are m possible positions for the pattern to occur.
n order to discard all these positions, at least (log m) character

comparison are needed on average

At least (nlog (m) m) comparisons to solve the exa t string matching
problem.

( hang arr, ) generalized this for approximate matching: At least
k1 charcters has to be examined to s ip the bloc . This leads to lower
bound (kn m).

umming over these two basic facts gives (n(k log (m)) m) lower bound

( hang arr, ).



e We adapt this to multipattern matching.

The idea is the same as in the ao s proof.

We again divide the text in bloc s of length m 1, but now there are rm
positions to discard.

This needs at least (log (rm)) character inspections on average.

(nlog (rm) m) lower bound for exact searching.

umming again leads to (n(k log (rm)) m) lower bound for
approximate searching.

e nterestingly, there exists several optimal exact multipattern search
algorithms (e.g  ulti ( rochemore ytter, )), but the optimality
wasn t proved before.



The i lgorithm Prepro e ing

e uild a table as follows:
1. hoose a number in the range 1 (m k)
or every string  of length ( gram), search for in P 7P
tore in | | the smallest number of differences needed to match inside

P (a number between and ).

e re uires space for ¢ entries and can be computed in (rmo ) time.



The i lgorithm iltering

e ivide the text into non overlapping bloc s of length
= (m k)

servation any approximate occurrence of P, which has length of at
least m  k, contains at least one whole bloc .

We want to find this bloc . .g.form =1 and k£ = —

P:




The i lgorithm iltering

e ach bloc T 1... ] is processed as follows.
1. Ta e the first gram of the bloc , 1 =T 1... ], and obtain
[ 1)
Ta e the next gram, o ="1T] 1... |, and obtain | 3], and
SO on.
f, before reaching the end of the bloc , the sum » | | k, the

bloc can be s ipped:
o occurrence of P can contain the bloc , as merely matching those

grams an  ere inside P re uires more than k differences.

f at the end of the bloc , the sum ) _, | | k, the bloc must be

verified.



2 D[S] >k —> skip the block



The i lgorithm eri tion

e or each bloc T l... ] that has to be verified run the classical
dynamic programming algorithm over 7’| 1 m k ... m k| for
P P

e This re uires worst case time (m?) for each pattern.

2

e an be improved to (m*“ ) average time per pattern by using

bit parallelism ( yers, ).



xten ion bin ry p ttern hier r hy

e uild a binary tree for the patterns.
The root node contains all the patterns.
ach child node contains only the half of the patterns of its parent.
nly one pattern in each leaf.
e uild the table for each node, ta ing only the corresponding patterns into
account.
e ilter recursively (starting from the root node):
1. ilter the current bloc with the table for the current node.

f the filter triggers verification , recursively filter with ~ for the
children.

f the current node is leaf, then verify with dynamic programming.



PO pl p2 p3
e n practice much faster except for very small £ m.

e ut it needs more space.



it p r llel o nter & higher rity p ttern hier r hy

o f we allow at most k errors, then = log,(k 1) = (log, k) bits is
enough for the counter ) L]

e We manage several counters in a single integer and update them all in one
shot.

e This increases tree arity, reduces verification time and space.



n lyi

e The filtering and verification ta e only

n(k log (rm))

total time on average, which is optimal. This holds for
km 1 (1 o).

e The preprocessing cost is (rmo ), whichis (m r ¢ 1 ) for the
optimal
=( log m log r)

(where 1 is a constant, if we ta e K m as a constant).

The space re uirement is 0 =m r?c !.



ine r time Igorithm or higher error le el

The algorithm cannot cope with difference ratios £ m beyond 1

This is partly due to the use of fixed text bloc s of length (m k)

seasi i wn o of oerappin bloc s of length m £k

ifference ratios up to k m 1 (1 o)
A sliding window of  grams, where = (m &k 1) 1.
loc s overlap with each other by 1 grams.
onsider text bloc s for the form T| 1... ].

very occurrence (whose min. length is m k) contains a complete bloc

f the grams inside the window add up more than k differences, we can

move to the next bloc

The result is an algorithm that ta es (n) time for K m 1 (1 o).



xperiment 1 re It

e mplementation in , compiled using gcc . . with full optimizations, run
in entium , with 1 , with inux
e xperiments for alphabet sizesoc = ( ),oc=  (protein) and o =

( t xt).
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