APPLICATIONS NOTE

Vol. 19 no. 10 2003, pages 1294-1295
DOI: 10.1093/bioinformatics/btg 135

sum interval
Lloyd Allison

i1
.

Victoria, Australia 3800

Longest biased interval and longest non-negative

School of Computer Science and Software Engineering, Monash University, Clayton,

Received on October 16, 2002; revised on November 17, 2002; accepted on January 22, 2003

ABSTRACT

Summary: Described is an algorithm to find the longest
interval having at least a specified minimum bias in a
sequence of characters (bases, amino acids), e.g. ‘at least
0.95 (A+T)-rich’. It is based on an algorithm to find the
longest interval having a non-negative sum in a sequence
of positive and negative numbers. In practice, it runs in
linear time; this can be guaranteed if the bias is rational.
Availability: Java code of the algorithm can be found
at http://www.csse.monash.edu.au/~lloyd/tildeProgLang/
Java2/Biased/

Contact: lloyd@bruce.cs.monash.edu.au
Supplementary information: Examples of applications to
Plasmodium falciparum genomic DNA can be found at the
above URL.

INTRODUCTION

NON-NEGATIVE SUM INTERVALS

Given a sequence of numberg0...n — 1], thelongest
non-negative sum interval (LNNSI) problem is to find an
interval, x[i ... j], that (&) sums to a non-negative total
and (b) is as long as possible. It too can be solved by
considering cumulative sums froxfi0] to x[Kk]. But in this
case, angandidateinterval corresponds to a non-decrease
in sums forx[0...i —1]to x[0... j]wherei < j + 1.

The cumulative sum is calculated in a left to right scan
of the sequence. Auxiliary arrays are used to store: (a) first
occurrences of new minima in the successive cumulative
sums and (b) the positions of those first occurrences
(dotted line, Fig. 1); the dashed line in the figure indicates
the last point at which the sum is at or above each value.
At each scan position,, the algorithm considers the best
candidate interval, x[i ... j], overi in 0...] + 1. The
cumulative sum fox[O. . .1 —1] must be no more than that

Regions of low information content in biological se- for x[0...|], in facti must be the smallest such index;
quences can be of considerable interest, for example itinagine j advancing along the solid line andracking

connection with the centromeres & asmodium falci-

back and forth along thdotted line in the figure while

parum ‘Eleven of the 14 chromosomes contained a singléStaying at or just belowy’s height. The best out of all such
region of 2-3 kb with extremely high (A+T) content candidate intervalsx[i ... j], is remembered during the

(0.97) Gardneet al. (2002).
Here, an algorithm is described to find thengest

biased interval (LBI), having a specified minimum bias,

scan to yield the solution.

BIASED INTERVALS

in a sequence of characters. It relies on an algorithn®iven a sequence of charactesff)...n — 1], a lection

which, given a sequence of numbers, findd dmgest non-
negative suminterval.

The problem considered here is related tortiesimum
sum interval (MSI) problem, that is given a sequence of
numbers x[0...n — 1], find an interval x[i ... j], such
that the sum of the numbers in the interval is as Iargé)

of preferred characters, and a minimum proportion (bias),
f, of preferred characters, thengest biased interval
(LBI) problem is to find an intervals[i ... j], such that:

(a) the interval contains at least the specified proportion
of preferred characters; and (b) the interval is as long as
ossible.

Preferred characters are ‘good’ and are given a positive

as possible. Bentley (1986) attributes the 2D version Ogcore, 1— f. Other characters of ‘bad’ and are given a

that problem to U.Grenander and the solution to the 1Gyegative score- f. Only candidate intervals have non-
problem to J.Kadane. The MSI problem is solved bynegative total scores: For an intervalgfood andb bad

consideringcumulative sums in the sequence from|[0]

charactersg/(g+b) > f isequivalenttay > (g+b)- f

to x[k] (solid line, Fig. 1). An MSI corresponds to a and tog- (1— f)—b- f >0, so LBl is equivalent to an

maximum increase in sums f&f0...i — 1] to X[0... |]

LNNSI problem.

wherei < j + 1. Below, a related idea is used to solve the As for LNNSI, the sequence (of characters) is scanned

new problem.

from left to right, computing cumulative sunw$ scores,
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LBl and LNNSI

There is an alternative coding of the algorithm which is

F= guaranteed to run in linear-timéthe minimum bias,f,

. is a rational number: Integer scoresp and —q say, can

N then be used and the locations of new minima stored in
NN an array indexed by value. The first occurrence of a given

VN \\ cumulative-sum value can then be found using random

R\ access, and the start position of the candidate interval

\ adjusted in O(1)-time. Worst-case space-complexity is

N~ \ linear but the multiplier is the larger gf andq.

) \ Ruzzo and Tompa (1999) gave a linear-time algorithm to
. find all maximum sum intervals (MSIs) of a sequence, i.e.
\ every interval that cannot be extended without decreasing

RVZAN its sum. For our problem, it is possible to have two
N\ overlapping biased sequences, yet neither can be extended
N\ without falling below the minimum bias: e.g. Consider
\ (A)-rich, biasf = 0.6 and sequence ‘ATAT. . ATAT’; any
' instance of ‘ATATA has three As out of five characters
and satisfies the condition but no extension does. The
definition of alocal, rather than a global, bias condition
is therefore problematic. However a divide and conquer
approach would usually find regions of interest in practice:
Find a global LBI, and repeat recursively on the sections
and candidate intervals[i ... j]. The algorithm runs in of the sequence to its left and its right —O( ogn)—tlr;e

on average if the splits are often reasonably evensO(

linear-time in practice because wheis increased tQ + . . ;
. time at worst if the splits are almost always unbalanced.
1,i almost always changes by only a small amount under

reasonable conditions: If the sumijte- 1 increases, then

may ‘retreat’ a few steps to an earlier and higher minimumRE':ERENCES _ ‘ .
(dotted line, Fig. 1). If the sum tg + 1 decreases, Bentley,J. (1986Programming Pearls. Addison-Wesley, Reading,
theni may ‘advance’ by a few steps to a later andG I\gA. M. HallN. FunaE. White.o. Ber M. H
lower minimum. For pathological sequences and ‘suitable@@"e": V..., HallN., Fung.t., Whie,b., bemman,i., Hy-
choices off, the algorithm could in principle run more man,R.W., Carlton,J.M., Pain,A., Nelson K.E., Bowmaretal.

lowlv. | . f ch 14 (3 mb) of (2002) Genome sequence of the human malaria parBkise
slowly. In practice, a scan of chromosome-14 (3 mb) o modium falciparum. Nature, 419, 498-511.

Pfalciparum takes less than 1s: Java code, just-in-timeryzz0,w.L. and Tompa,M. (1999) A linear time algorithm for find-
compiler and a 900 MHz processor. It is thus practical to  jng all maximal scoring sequenceh Int. Conf. on Intelligent
scan even very long sequences for many different values systems for Molecular Biology (ISVB). Heidelberg, Germany,
of bias, f. pp. 234-241.

Fig. 1. Cumulative sums: solid line: cumulative sum; dotted line:
first below (new minima): dashed line: last above.
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