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Motivations

• Microorganisms are fundamental for 
agriculture, biotechnology and medicine.

• Problem: Difficult to classify

• Solution: Analysis of microbial 
communities using ribosomal RNA genes 
(rDNA clones).

• Tools: Oligonucleotide fingerprinting.
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The Problem

• Given a population C of m unknown rDNA
clones.

• Choose a set S of probes of a given length l, 
such that any two clones c and d from C are 
distinguished by at least one probe in S.

What is a good probe set?

• The optimal probe set will contain as few 
oligonucleotides as possible.

• The number of probes used is exactly the 
number of hybridization experiments, so 
this will minimize experimental cost and 
effort.

Minimum Cost Probe Set (MCPS)

• Instance: a set C of clones and a set P of 
probes

• Feasible solution: a subset S ⊆ P such that 

∆S = C Χ C.

• MCPS: minimize the number of probes for 
distinguishing all pairs of clones

• Measure: the number of probes in S .
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Bad News

• MCPS is NP-hard when the length of 
probes is unbounded.

• Approximation algorithm for Set Cover do 
not have good guaranteed ratios.

Mathematical formulation of MCSP

Minimize |S| = ∑ xp

Subject to   ∑ δp c d • xp ≥ 1, ∀ (c,d) ∈ C2

xp ∈ {0,1}    ∀ p ∈ P

where

xp = 1 iff p ∈ S

δp c d = 1 iff p distinguishes c from d

p ∈ P

p ∈ P
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Lagrangean Lower Bound Program (LLBP)

Minimize L(x,λ) = ∑ xp +

∑ λc,d (1 - ∑ δp c d • xp )

Subject to xP ∈ {0,1}    ∀ p ∈ P
λc,d ≥ 0 ∀ (c,d) ∈ C2

p ∈ P

p ∈ P(c,d) ∈ C2

Lagrangean
Multipliers

LLBP (cont.)

Minimize L(x,λ) = ∑ Cp(λ) xp + ∑ λc,d

Cp(λ)=1 - ∑ λc,d δp c d

Solution
1;  if  Cp(λ) <  0

xp= 0;  if  Cp(λ) >  0
0 or 1; otherwise

p ∈ P (c,d) ∈ C2

(c,d) ∈ C2

LLBP (cont.)

• Given a vector λλλλ, let x be an optimal 
solution of LLBP.

• x is not necessarily feasible for MCSP

• A naïve feasible extension of x is, at each 
step, choose a probe that covers most yet 
uncovered pairs. 
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Feasible Extension

• Caprara et al., 1999.
γp(S) µp(S); if γp(S) < 0

scorep(S,λ) = γp(S)/µp(S); if γp(S) > 0
∞; if µp(S) = 0

where, µp(S) = | ∆p – ∆S |, and
γp(S) = 1- ∑ λc,d

• at each step we add q that is not in S with the 
minimum score.

(c,d) ∈ ∆p–∆S

Subgradient Optimization

• Held & Karp, 1971.

where, 

x* is the best feasible solution found so far,

α > 0,

∇λ =〈∇ c,dλ |(c,d) ∈ C2〉, and

∇ c,dλ = 1- ∑ δp c d • xp
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Subgradient Optimization Procedure Lagrangean Relaxation Algorithm

Maximum Distinguishing Probe Set
(MDPS)

• Instance: a set C of clones, a set P of probes and 
an integer k

• Feasible solution: a subset S ⊆ P with
| S |= k.

• MDPS: maximize the number of pairs of clones 
that can be distinguished by a certain number of 
probes

• Measure: | ∆S |, the number of pairs of clones that 
are distinguished by S .

Bad News

• MDPS is NP-hard when the length of 
probes is unbounded.

• Approximation algorithm for Maximum 
Coverage do not have good guaranteed 
ratios.
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Simulated Annealing Algortihm
S := set of k random probes from P
t := initial temperature
repeat

S’ := a random neighbor of S

S := S‘ with probability 

until t ≤ final temperature
return(S )

t
StSt
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Neighbor Solution

• Each solution S is a set of k probes.

• A neighbor of S is a set S’ of k probes iff
|S∩S’|=k-1

Cost Functions

• number of pairs of clones that are distinguished by 
S, denoted by |∆S|

• entropy (Herwig et al., 2000)
– Let {C1,…,CZ} be the clustering of C induced by ∆S, 

then the entropy of this solution S is defined as

, where 

• maximum size of a cluster
∑ =

− z

i ii pp
1

log |||| CCp ii =

Initial Temperature

• The initial temperature to is computed as follows:
– An initial solution S is uniform randomly chosen.

– 100 neighbors of S are extracted randomly, and let h = 
max {|cost(S)-cost(S’)|} among all such solutions. h is 
an indicator of the maximum hill that the algorithm 
might climb in a single step.

– to is the temperature such that it is possible to climb a 
hill of height h with probability 0.9, that is, 

0.9 = exp(-h/to)
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The Experiments

Dataset 1 :1158 small-subunit ribosomal 
genes from GenBank (NCBI)

Dataset 2 :131 large-subunit ribosomal genes 
from the Ribosomal Database 
Project II.

Experimental Results, Dataset 1
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Experimental Results, Dataset 2 Results
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