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Abstract—Protein structure prediction remains one of the
most important challenges in molecular biology. Contact maps
have been extensively used as a simplified representation of
protein structures. In this work, we propose a multi-objective
evolutionary approach for contact map prediction. The proposed
method bases the prediction on a set of physico-chemical prop-
erties and structural features of the amino acids, as well as
evolutionary information in the form of an amino acid position
specific scoring matrix (PSSM). The proposed technique produces
a set of decision rules that identify contacts between amino acids.
Results obtained by our approach are presented and confirm the
validity of our proposal.

I. INTRODUCTION

The prediction of the three-dimensional structure of a pro-
tein from its sequence of amino acids is one of the main open
problems in structural bioinformatics. This problem is known
as Protein Structure Prediction (PSP). The specific biochemical
function of a protein is determined by its structure complexity,
which, in turn, is determined by the specific sequence of amino
acids. Therefore, solving this problem would allow to have
knowledge of the protein function directly from its amino
acids sequence. This would have great importance in different
areas, e.g., drug design or protein engineering. More and more
amino acids sequences of proteins are available by the day,
but their three-dimensional structures remain often unknown,
and so their functions cannot be determined. Consequently
the gap between protein sequence information and protein
structural information is rapidly increasing. It follows that
computational methods are needed in order to reduce this gap,
as they would provide an inexpensive and fast way to solve
the PSP problem. Soft computing techniques are particularly
suited for this problem, since they rely on inexact solutions
in order to deal with with complex, incomplete, uncertain and
inaccurate data. Different soft computing approaches have been
developed to solve the PSP problem. Among the most popular
soft computing paradigms, there are artificial neural networks
(ANNs), evolutionary computation (EC) and support vector
machines (SVMs).

Contact maps are a simplified represention of the protein
tertiary structure prediction. They are focused on determining
contacts between the residues of a protein sequence. When a
contact map is defined, proteins can be fold and 3D structure
can be determined. Several contact map prediction methods
have been applied to the PSP problem, e.g., ANNs [1], SVMs
[2], EC [3] and template-based modelling [4]. Evolutionary

algorithms (EAs) are well suited for solving the PSP problem,
since PSP can be seen as a search problem through the space
determined by all the possible foldings. Such a space is highly
complex and has a huge size. Finding the optimal solution in
such space is very hard. In these cases, EAs have proven to
be effective methods that can provide sub-optimal solutions.

In this work, we propose an EA in order to predict contact
maps. In particular, the proposed method will provide a pre-
diction model based on decision rules that express conditions
on a set of biochemical properties and 1D structural features
of the amino acids, as well as evolutionary information. Such
a model can then be used in order to determine whether or
not there is a contact between two amino acids. An advantage
of such an approach is that the generated rules can be easily
interpreted by experts in the field in order to extract further
insight of the folding process of proteins. The main feature of
our proposal is that the prediction is based on a set of amino
acid properties, which are very important in the folding process
[5]. The reason for basing the prediction on such properties,
is that it has been shown that amino acids that are in contact,
are characterized by similar properties [3]. To the best of our
knowledge, no other EA considers amino acid properties for
the prediction.

The rest of paper is organized as follow: in section II, we
discuss our proposal to predict protein contact maps, while
in section III provides the experimentation and the obtained
results. Finally, we draw some conclusions and discuss future
works.

II. METHODOLOGY

This section describes our proposal for contact maps pre-
diction. A contact map is a binary version of the distance
matrix defined as a square symmetric matrix of order 𝐿, where
𝐿 is the number of amino acids in the sequence. A contact map
is divided into two parts: the observed part (upper triangular)
and the predicted part (lower triangular). An element (𝑖, 𝑗) of
the contact map is 1 if amino acids 𝑖 and 𝑗 are in contact, and
0 otherwise. In this context, we consider two amino acids to
be in contact if the distance between them is less than or equal
to a given threshold. To this aim, a commonly used threshold
is 8 angstroms (Å) [6].

Our proposal for the prediction of contact maps consists
of a multi-objective EA (MOEA), based on the Strength
Pareto Evolutionary Algorithm (SPEA) [7]. This algorithm
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uses an external population of non-dominated solutions, which
is obtained at the end of every generation. The algorithm
is based on the strength concept, where the strength of an
individual 𝑥 is given by the number of individuals that 𝑥
dominates. The fitness of an individual is proportional to its
strength, as will be detailed in the following. Each individual
of the population represents a decision rule. In particular, rules
are based on three physico-chemical properties of amino acids,
i.e., hydrophobicity (H), polarity (P) and charge (C), other
structural features of amino acids, i.e., solvent accessibility
(SA) and secondary structure (SS) and evolutionary informa-
tion (PSSM values). Rules specify a set of conditions on each
property, that, if satisfied, predict a contact between two amino
acids.

In the following sections, we present different details of the
cited properties and features of amino acids, the enconding
of the algorithm, as well as the fitness function and genetic
operators used. We will also discuss an efficient structure for
the evaluation of the individuals.

A. Physico-chemical properties of the amino acids

The most direct information we can extract from the
primary sequence of a protein are physico-chemical charac-
teristics of its residues (in this case hydrophobicity, polarity
and net charge). With this information, we can generate
representations of, for instance, how the hydrophobicity varies
along the sequence of the protein and obtain information
about hydrophobic areas, which may help in the prediction of
structural characteristics. It is known that amino acid properties
play an important role in the PSP problem [5]. Several PSP
methods rely on amino acids properties, e.g., HP models [8].

By definition, a substance is hydrophobic if it is not
miscible with water. Hydrophobicity is then defined as the
incapacity of interacting with the molecules of water by
ion-dipole interactions or by hydrogen bonds. In chemistry,
polarity refers to a separation of electric charge leading to
a molecule or its chemical groups having an electric dipole
or multipole moment. The net charge is the algebraic sum of
all the charged groups present in any amino acid, peptide or
protein.

In our proposal, we use the Kyte-Doolittle hydropathy
profile [9] for hydrophobicity, the Grantham’s profile [10]
for polarity and Klein’s scale for net charge [11]. Table I
reports the values of these properties for each amino acid,
according to the cited scales and normalized between −1 and
1 for hydrophobicity and polarity. For the hydrophobicity and
polarity values, the higher the value, the more hydrophobic
or polar is the amino acid. For the net charge, a positive,
negative or neutral charge, are represented with a 1, −1 or
0, respectively. We can see, for example that amino acid I
presents a hydrophobicity value equal to 1.0, which means that
I is highly hydrophobic, a polarity of −0.93, which means that
I is poorly polar. Moreover we can see that this amino acid
possesses a neutral charge.

In addition to these properties, we also use two structural
features of proteins (SS and SA) and evolutionary information,
which are discussed in the next section.

TABLE I. VALUES OF DIFFERENT PROPERTIES ACCORDING TO THE

CITED SCALES FOR EACH AMINO ACID. 𝐻 REPRESENTS THE

HYDROPHOBICITY, 𝑃 THE POLARITY AND 𝐶 THE CHARGE.

𝑃𝑟𝑜𝑝. A C D E F G H I K L
𝐻 0.40 0.56 -0.78 -0.78 0.62 -0.09 -0.71 1.00 -0.87 0.84
𝑃 -0.21 -0.85 1.00 0.83 -0.93 0.01 0.36 -0.93 0.58 -1.00
𝐶 0 0 -1 -1 0 0 0 0 1 0

𝑃𝑟𝑜𝑝. M N P Q R S T V W Y
𝐻 0.42 -0.78 -0.36 -0.78 -1.00 -0.18 -0.16 0.93 -0.20 -0.30
𝑃 -0.80 0.65 -0.23 0.38 0.38 0.06 -0.09 -0.75 -0.88 -0.68
𝐶 0 0 0 0 1 0 0 0 0 0

B. Structural features of protein residues

As mentioned before, our proposal relies also on structural
features of protein residues. In particular, it uses secondary
structures and solvent accessibility. Secondary structure predic-
tion consists of predicting the location of 𝛼-helices, 𝛽-sheets
and turns from a sequence of amino acids. The location of
these motifs could be used by approximation algorithms to
obtain the tertiary structure of the protein. A 3-state represen-
tation of SS (helix, sheet or coil) is employed in our approach.
The prediction is performed using PSIPRED [12].

SA refers to the degree to which a residue interacts with the
solvent molecules. The SA of amino acid residues provides us
with useful information for the prediction of the structure and
function of a protein. Relative solvent accessibility (RSA) is
required for the prediction. To calculate the RSA of a residue,
we use the DSSP program [13], and then obtain the actual
SA of each residue as described in [14]. SA is divided by
the maximum accessible surface in the extended conformation
of its AA type. We finally obtain a 5-state representation
(ranging from 0 to 4) for SA, where lower values mean
a buried state and higher values represent exposed states.
The prediction of SA value is performed using ICOS Server
for the prediction of structural aspects of protein residues
http://cruncher.cs.nott.ac.uk/psp/prediction.

C. Evolutionary information

Evolutionary information is also used by the algorithm
in order to predict contacts. We have included in our rep-
resentation the evolutionary information obtained from PSI-
BLAST [15] using non-redundant protein sequences database.
Sequence alignment is a standard technique in bioinfor-
matics for visualizing the relationships between residues in
a collection of evolutionary or structurally related protein.
Position-specific scoring matrices (PSSM) are obtained from
sequence alignments. A PSSM determines the substitution
scores between amino acids according to their positions in
the alignment. Each cell of the matrix is calculated as the
𝑙𝑜𝑔2 of the observed substitution frequency at a given position
divided by the expected substitution frequency at that position.
Thus, a positive score (ratio > 1) indicates that the observed
frequency exceeds the expected frequency, suggesting that this
substitution is surprisingly favored. A negative score (ratio
< 1) indicates the opposite, i.e., the observed substitution
frequency is lower than the expected frequency, suggesting
that the substitution is not favored. We normalize the PSSM
values between -1 and 1.



D. Encoding

Each individual in our algorithm represents a decision rule
which determines whether two amino acids 𝑖 and 𝑗 are in
contact, with 1 ≤ 𝑖 < 𝑗 ≤ 𝐿. For this purpose, we use two
windows of ±3 residues centered around the two target amino
acids 𝑖 and 𝑗. Therefore, one window is relative to amino acids
𝑖−3, 𝑖−2, 𝑖−1, 𝑖, 𝑖+1, 𝑖+2, 𝑖+3 and the other one is relative
to amino acids 𝑗−3, 𝑗−2, 𝑗−1, 𝑗, 𝑗+1, 𝑗+2, 𝑗+3. For each
amino acid 𝑘 belonging to the two windows, we define the
descriptor 𝑄𝑘 (where 𝑘 ∈ {𝑖− 3, 𝑖− 2, 𝑖− 1, 𝑖, 𝑖+1, 𝑖+2, 𝑖+
3, 𝑗− 3, 𝑗− 2, 𝑗− 1, 𝑗, 𝑗+1, 𝑗+2, 𝑗+3}) which represents a
set of conditions for the amino acid 𝑘, as shown in equation
1.

𝑄𝑘 = {𝐻𝑚𝑖𝑛, 𝐻𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥,

𝐶, 𝑆𝑆, 𝑆𝐴, 𝑃𝑆𝑆𝑀1..20
𝑚𝑖𝑛 , 𝑃𝑆𝑆𝑀1..20

𝑚𝑎𝑥 }
𝑤ℎ𝑒𝑟𝑒

−1 ≤ 𝐻𝑚𝑖𝑛 < 𝐻𝑚𝑎𝑥 ≤ 1

−1 ≤ 𝑃𝑚𝑖𝑛 < 𝑃𝑚𝑎𝑥 ≤ 1

𝐶 ∈ {−1, 0, 1}
𝑆𝑆 ∈ {−1, 0, 1, 2}

𝑆𝐴 ∈ {−1, 0, 1, 2, 3, 4}
−1 ≤ 𝑃𝑆𝑆𝑀1..20

𝑚𝑖𝑛 < 𝑃𝑆𝑆𝑀1..20
𝑚𝑎𝑥 ≤ 1 (1)

We define the decision rule 𝑅𝑖,𝑗 for amino acids 𝑖 and 𝑗,
encoded in each individual of our algorithm, as in equation 2,
for each 𝑘 ∈ {𝑖− 3, 𝑖− 2, 𝑖− 1, 𝑖, 𝑖+1, 𝑖+2, 𝑖+3, 𝑗 − 3, 𝑗 −
2, 𝑗 − 1, 𝑗, 𝑗 + 1, 𝑗 + 2, 𝑗 + 3}.

𝑅𝑖,𝑗 = {𝑄𝑘} (2)

A rule covers the pair 𝑖, 𝑗 if that pair satisfies 𝑄𝑘 for all 𝑘
(where 𝑘 ∈ {𝑖− 3, 𝑖− 2, 𝑖− 1, 𝑖, 𝑖+ 1, 𝑖+ 2, 𝑖+ 3, 𝑗 − 3, 𝑗 −
2, 𝑗 − 1, 𝑗, 𝑗 + 1, 𝑗 + 2, 𝑗 + 3}). The pair 𝑖, 𝑗 satisfies 𝑄𝑘 if it
fulfills the following equations for all 𝑘:

𝐻𝑚𝑖𝑛 ≤ 𝐻(𝑘) ≤ 𝐻𝑚𝑎𝑥

𝑃𝑚𝑖𝑛 ≤ 𝑃 (𝑘) ≤ 𝑃𝑚𝑎𝑥

𝑃𝑆𝑆𝑀1..20
𝑚𝑖𝑛 ≤ 𝑃𝑆𝑆𝑀(𝑘) ≤ 𝑃𝑆𝑆𝑀1..20

𝑚𝑎𝑥

𝐶(𝑘) = 𝐶

𝑆𝑆(𝑘) = 𝑆𝑆

𝑆𝐴(𝑘) = 𝑆𝐴 (3)

where 𝐻(𝑘) is the hydrophobicity of the amino acid 𝑘,
𝑃 (𝑘) its polarity, 𝐶(𝑘) its charge, 𝑆𝑆(𝑘) its secondary struc-
ture, 𝑆𝐴(𝑘) its solvent accessibility and 𝑃𝑆𝑆𝑀(𝑘) represent
the PSSM value for each residue 𝑘 and for the 20 different
amino acids.

An example of encoding for the element 𝑄𝑖 of an individ-
ual 𝑅𝑖,𝑗 is shown in figure 1.

E. Fitness Function

The objective of the algorithm is to find both general and
precise rules for identifying residue-residue contacts. To this

𝐻1 𝐻2 𝑃1 𝑃2 𝐶 𝑆𝑆 𝑆𝐴 𝑃𝑆𝑆𝑀𝑘
1 𝑃𝑆𝑆𝑀𝑘

2︸ ︷︷ ︸
𝑖

Fig. 1. Example of encoding for the element 𝑄𝑖 of an individual 𝑅𝑖,𝑗 .
𝐻1, 𝐻2, 𝑃1 and 𝑃2 are lower and upper bounds for the hydrophobicity and
polarity and volume values. 𝐶 represents the charge value of the residue.
𝑆𝑆 represents secondary structure and 𝑆𝐴 indicates the solvent accessibility
value. Finally, 𝑃𝑆𝑆𝑀1 and 𝑃𝑆𝑆𝑀2 represent the lower and upper bounds
for the position-specific scoring matrix values for each 𝑘 amino acid.

aim, we consider two objectives to be optimized: rule coverage
and rule accuracy. Rule coverage represents the proportion of
contacts covered by each rule, while rule accuracy evaluates
the correctly predicted contacts rate by each rule. Therefore,
𝑅𝑢𝑙𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐶

𝐶𝑡
and 𝑅𝑢𝑙𝑒 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 𝐶

𝐶𝑝
, where 𝐶

is the number of correctly predicted contacts of a protein,
𝐶𝑡 is the total number of contacts of the protein and 𝐶𝑝 is
the number of predicted contacts. The fitness of an individual
is equal to the number of individuals that it dominates. The
formula for the fitness function for an individual 𝑖 is detailed in
equation 4, where 𝑗 represents an individual of the population
and 𝑁 represents the size of the population.

𝑓𝑖𝑡𝑛𝑒𝑠𝑠(𝑖) =
𝑁∑
𝑗

𝑓(𝑖, 𝑗) (4)

Function 𝑓(𝑖, 𝑗) is defined in equation 5 and determines
if individual 𝑖 dominates individual 𝑗 according to the two
objectives used, where 𝑖 ર 𝑗 iff 𝑜𝑡(𝑖) ≥ 𝑜𝑡(𝑗) for all 𝑡 =
1..𝑀 , and 𝑜𝑡(𝑖) > 𝑜𝑡(𝑗) for some 𝑡 ∈ 1..𝑀 , where 𝑜𝑡 are the
objectives and M=2.

𝑓(𝑖, 𝑗) =

{
1 𝑖𝑓 𝑖 ર 𝑗
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(5)

F. Genetic Operators

We have applied a one-point crossover operator. This cross-
over operator acts at the level of the amino acid properties.
This crossover operator randomly selects a point inside two
parents and then builds the offspring using one part of each
parent. It follows that the resulting rule has to be tested for
validity, since it could contain incorrect ranges. An example
of one-point crossover is shown in figure 2.

𝑃𝑎𝑟. 1 0.19 0.39 −0.78 −0.68 0.00 0.83 1.03︸ ︷︷ ︸
𝑃𝑎𝑟. 2 0.52 0.92 -1.00 -0.93 0.00 0.77 0.97︸ ︷︷ ︸

⇓
𝑂𝑓𝑓. 1 0.19 0.39 −1.00 −0.93 0.00 0.77 0.97

Fig. 2. An example of one-point crossover for the element 𝑄𝑖 of two parent
individuals 𝑃𝑎𝑟.1 and 𝑃𝑎𝑟.2 and the offspring individual 𝑂𝑓𝑓.1. The random
cut is established between 𝐻2 and 𝑃1.

The algorithm uses two different mutation operators. The
first operator, called Gaussian operator, mutates a randomly
selected element of 𝑄𝑘 of an individual 𝑅𝑖,𝑗 , where 𝑘 ∈ {𝑖−
3, 𝑖−2, 𝑖−1, 𝑖, 𝑖+1, 𝑖+2, 𝑖+3, 𝑗−3, 𝑗−2, 𝑗−1, 𝑗, 𝑗+1, 𝑗+
2, 𝑗 + 3}. The operator can either increase or decrease (with



0.5 probability) the value of the selected element by an amount
which is randomly chosen between the allowed ranges for each
properties following a Gaussian distribution. If the values of
a mutated individual are not within the allowed ranges for
each properties, the mutation is discarded. An example of this
mutation operator is shown in figure 3.

0.52 0.75 0.15 0.60 0 0 3︸ ︷︷ ︸
⇓

0.52 0.95 0.15 0.60 0 0 3

Fig. 3. Example of Gaussian mutation for the element 𝑄𝑖 of an individual
𝑅𝑖,𝑗 with an increment value of +0.2 for the 𝐻2 property.

A second mutation operator, called Enlarge operator, ran-
domly selects an element of 𝑄𝑘 of an individual, that is related
to a given property, and enlarges its range to its maximum. For
instance, if the property is the hydrophobicity, this operator
varies the range to [−1, 1]. This means that the rule does not
take into account this property in this case. An example of this
mutation operator is represented in figure 4.

0.1 0.5 0.38 0.50 1 1 4︸ ︷︷ ︸
⇓

0.1 0.5 -1.00 1.00 1 1 4

Fig. 4. Example of enlarge mutation operator for the element 𝑄𝑖 of an
individual 𝑅𝑖,𝑗 for 𝑃1 and 𝑃2 properties.

The parameter setting of the algorithm used in this paper
is shown in table II. This setting was determined after several
preliminary trial runs.

TABLE II. PARAMETER SETTING USED IN THE EXPERIMENTS.

Population size 100
Crossover probability 0.5

Gaussian mutation probability 0.5
Enlarge mutation probability 0.1
Max number of generations 100

Tournament size 2

G. The Algorithm

The pseudo code of the algorithm is shown in Algorithm 1.
It can be seen that, the EA is run 𝑛𝑢𝑚𝐼𝑡 times where 𝑛𝑢𝑚𝐼𝑡
is the number of iterations. Thus, the final set of rules (𝑅𝑒𝑠𝑢𝑙𝑡𝑠
in the code) is built in an incremental way. At the end of each
run of the EA, the algorithm adds to the final set the best rules
found by the EA. This is done in the following way: first, the
best individual, according to its 𝐹 −𝑚𝑒𝑎𝑠𝑢𝑟𝑒, is selected and
added to the final solution. Then the next best individual is
added, and the global 𝐹 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 of the final solution is
calculated. This process is repeated until the addition of a rule
causes the 𝐹 −𝑚𝑒𝑎𝑠𝑢𝑟𝑒 of the final solution to decrease. The
𝐹 −𝑚𝑒𝑎𝑠𝑢𝑟𝑒 is defined as in equation 6:

𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒 = 2 ⋅ 𝑅𝑢𝑙𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 ⋅𝑅𝑢𝑙𝑒 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦

𝑅𝑢𝑙𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒+𝑅𝑢𝑙𝑒 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦
(6)

Repeated or redundant rules are not included in the final
solution. Each pair of rules (𝑅𝑎,𝑏, 𝑅𝑐,𝑑) is checked, where 𝑎, 𝑏
and 𝑐, 𝑑 are two pairs of amino acids in contact. If we find
that 𝑅𝑎,𝑏 is contained in 𝑅𝑐,𝑑, then 𝑅𝑎,𝑏 is removed from

Algorithm 1 ALGORITHM FOR CONTACT MAP PREDICTION

INPUT set of protein subsequences 𝑀 , maximum number of iterations
𝑛𝑢𝑚𝐼𝑡, maximum number of generations 𝑚𝑎𝑥𝐺𝑒𝑛.

OUTPUT set of generated rules 𝑅𝑒𝑠𝑢𝑙𝑡𝑠.

begin
𝑛𝑢𝑚← 0, 𝑅𝑒𝑠𝑢𝑙𝑡𝑠← ∅
while (𝑛𝑢𝑚 < 𝑛𝑢𝑚𝐼𝑡) do

Initialize 𝑃
𝑖← 0, 𝐴← ∅
while (𝑖 < 𝑚𝑎𝑥𝐺𝑒𝑛) do

Evaluate population 𝑃
Find Non-dominated solutions 𝑃
Update Non-dominated solutions set 𝐴
𝑃 ′ ← 𝐴
𝑃 ′ ← Selection Method with binary tournament(𝑃 )
𝑃 ′ ← 2-point Crossover Method with binary tournament(𝑃 )
𝑃 ′ ← Mutation Method(𝑃 )
𝑃 ← 𝑃 ′
𝑖← 𝑖+ 1

end while
𝑅𝑒𝑠𝑢𝑙𝑡𝑠← the best combination of rules from 𝑃
𝑛𝑢𝑚← 𝑛𝑢𝑚+ 1

end while
return 𝑅𝑒𝑠𝑢𝑙𝑡𝑠

end

our final rule set. In this context, a rule 𝑅𝑎,𝑏 is contained in
another rule 𝑅𝑐,𝑑 if the values of the elements of 𝑄𝑘 (for each
𝑘 ∈ [𝑎−3, 𝑎+3]∪ [𝑏−3, 𝑏+3]) and the values of the elements
of 𝑄𝑘′ (for each 𝑘′ ∈ [𝑐− 3, 𝑐+3]∪ [𝑑− 3, 𝑑+3]) satisfy the
conditions shown in equation 7.

𝐻𝑚𝑖𝑛 ≥ 𝐻 ′
𝑚𝑖𝑛 ∧𝐻𝑚𝑎𝑥 ≤ 𝐻 ′

𝑚𝑎𝑥 (7)

𝑃𝑚𝑖𝑛 ≥ 𝑃 ′
𝑚𝑖𝑛 ∧ 𝑃𝑚𝑎𝑥 ≤ 𝑃 ′

𝑚𝑎𝑥

𝑃𝑆𝑆𝑀1..20
𝑚𝑖𝑛 ≥ 𝑃𝑆𝑆𝑀 ′1..20

𝑚𝑖𝑛 ∧
𝑃𝑆𝑆𝑀1..20

𝑚𝑎𝑥 ≥ 𝑃𝑆𝑆𝑀 ′1..20
𝑚𝑎𝑥

𝐶 = 𝐶 ′

𝑆𝑆 = 𝑆𝑆′

𝑆𝐴 = 𝑆𝐴′

The EA starts by randomly initialize the population. Then,
it evaluates the current population 𝑃 and the Pareto front
is determined. Non-dominated solutions, which constitute the
external population 𝐴, will be included in the population 𝑃 ′
of the next generation. As already mentioned, four genetic
operators are used: a binary tournament selection operator, a
2-point crossover operator and two mutation operators. The
first 50% of the individuals in 𝑃 ′ consist of the non-dominated
individuals (external population 𝐴) and by the selected individ-
uals with the binary tournament selection operator. The rest of
the individuals in 𝑃 ′ are generated using the 2-point crossover
operator. Mutation is applied to the whole population, except
to the Pareto front individuals, at the end of each generation.
This process is repeated a maximum number of generations
𝑚𝑎𝑥𝐺𝑒𝑛.

H. Efficient evaluation of the individuals

In order to reduce the computational time of our method,
we have implemented an AVL tree [16] to order and classify
the training examples according to their property values. A
binary search tree is a binary tree with the property that all



the elements stored in the left subtree of any node 𝑥 are less
than or equal to the item stored in 𝑥, and all the items stored
in the right subtree of 𝑥 are higher than the element stored in
𝑥. An AVL tree is a self-balancing binary search tree where
the heights of the two child subtrees of any node differ by
at most one. The time of the operations on an AVL tree is
𝑂(𝑙𝑜𝑔𝑛) on average, where 𝑛 is the number of elements. Each
node determines a condition of a property (e.g. hydrophobicity
of amino acid i < 0) and each leave represents a list with
the training examples that fulfills all the conditions imposed
in the predecessor nodes. Each level of the tree represents a
determined property of a determined position of an amino acid.

The main goal of the implementation of this structure is
the reduction of time complexity of the algorithm by means
of a fast evaluation of examples from the dataset. This tree
organizes the information in such a way that it is not necessary
to process all the examples to evaluate individuals (candidate
decision rules) from the genetic population. This structure
is also similar to the Efficient Evaluation Structure (EES)
described in [17].

III. EXPERIMENTS AND RESULTS

In this section we will present the results obtained by
our algorithm. The algorithm is implemented in Java using a
multithreading architecture. Furthermore, due to the enormous
volume of data, all the experiments were run on a 64-bit
workstation, with 32 GB DDR SDRAM and four dual-core
processors. We have performed experiments on a protein
data set [18], called DS1, that consists of 173 non-redundant
proteins with sequence identity lower than 25%. As in [18],
four subsets have been obtained according to the sequence
length (𝐿𝑠): 𝐿𝑠 < 100, 100 <= 𝐿𝑠 < 170, 170 <= 𝐿𝑠 < 300,
𝐿𝑠 >= 300. The minimum and maximum lengths of pro-
teins are 31 and 753 amino acids, respectively. DS1 contains
240, 501 positive examples (contacts) and 5, 034, 050 negative
examples (non-contacts). In order to calculate the distances
between residues of the training set, we select the respective
beta carbon atom (𝐶𝛽) of each amino acid, and use the
Euclidean distance.

In the following experiments we employ three statistical
measures which are used in CASP competitions [19], i.e.,
coverage, accuracy and 𝑋𝑑, to evaluate the performance of our
protein structure predictors. In particular, in CASP, coverage
indicates what percentage of contacts have been correctly
identified. Accuracy reflects the number of correctly predicted
contacts. 𝑋𝑑 represents the distribution accuracy of the pre-
dicted contacts, and is defined by equation 8

𝑋𝑑 =
15∑
𝑖=1

𝑃𝑖 − 𝑃𝑎

𝑖
(8)

where 𝑃𝑖 represents the percentage of predicted pairs with
a distance between 4(𝑖 − 1) and 4𝑖 and 𝑃𝑎 represents the
percentage of total pairs with a distance between 4(𝑖− 1) and
4𝑖.

Before presenting the results obtained by our algorithm,
we present the results of a preliminary study to justify the use
of evolutionary information. The vast majority of methods in

PSP use evolutionary information, such as multiple sequence
alignments or PSSM matrices, e.g. [20], [21], [22]. The use of
this information, can help obtaining a significant increment of
the accuracy in the predictions. To confirm this observation,
we have performed an experimentation using WEKA [23]. We
have analyzed the effect of using different attributes for the
same DS1 training examples. The first training dataset only
includes physico-chemical attributes: H, P and C. A second
dataset includes the cited physico-chemical and two attributes
related to structural features: SS and SA. The third dataset also
includes all the previous attributes and PSSM attributes.

The results are shown in table III. For the experimentation,
we have used IB1 WEKA classifier. We can notice an im-
provement of the results when PSSM attributes are used, with
an increment of 5.4 percentage points in accuracy regarding
the second dataset and 7 percentage points regarding the
first dataset. We can also notice that the algorithm obtains
better results with the second set of attributes than with the
first set. Motivated by these results, we have included PSSM
information in the encoding of our algorithm.

TABLE III. EFFICIENCY OF IB1 WEKA CLASSIFIER PREDICTING DS1
PROTEIN DATASET WITH DIFFERENT SETS OF ATTRIBUTES.

Method Attributes Acc.𝜇±𝜎 Cov.𝜇±𝜎

IB1 H,P,C 0.087±0.05 0.084±0.08

IB1 H,P,C,SS,SA 0.115±0.07 0.112±0.09

IB1 H,P,C,SS,SA,PSSM 0.169±0.08 0.164±0.12

Our experimentation was performed under the same con-
ditions that appeared in [18]. A threshold of 8 angstroms (Å)
was established to determine a contact. In order to avoid the
effect of learning local contacts, we set the same minimum
sequence separation (7 residues) between each pair of amino
acids to establish a contact as in the reference work.

Since the algorithm incrementally adds decision rules to
a final set of rules, and since the optimal and exact number
of rules is unknown, we have performed various experiments
varying the numbers of runs of the EA, where to a higher
number of runs corresponds a higher number of rules in the
final set. The aim of this was to test whether or not a higher
number of rules would yield better results. From these, we
have concluded that the best results were obtained when the
algorithm was run for 1,000 iterations.

Table IV shows the results obtained on DS1. As in [18], we
used a 3-fold cross-validation. We have compared our results
with the ones reported in [18] using the same data set. The
first column of the table reports the sequence length range of
each subset of proteins, while the second column represents the
number of proteins of each subset. The third column shows the
average accuracy rate obtained by our proposal, and finally, the
fourth column presents the average accuracy rate obtained by
the reference algorithm [18]. Standard deviation for accuracy
is also reported. We can notice how the accuracy rate decreases
when the length of the sequences increases. It can be noticed
that our algorithm obtains better results than [18] in all the
cases. Low values of standard deviation show us that our data
results are not significantly spread compared to the results
obtained by [18]. Positive values of 𝑋𝑑 are achieved in all
the cases. Therefore our predictor improves the performance
of a random predictor (negative values of 𝑋𝑑).



TABLE IV. EFFICIENCY OF OUR METHOD PREDICTING DS1 PROTEIN

DATA SET.

Our proposal [18]
Protein length #prot. Acc.𝜇±𝜎 Acc.𝜇±𝜎

𝐿 ≤ 100 65 0.61±0.25 0.26±0.39

100 ≤ 𝐿 < 170 57 0.25±0.15 0.21±0.32

170 ≤ 𝐿 < 300 30 0.20±0.11 0.15±0.22

𝐿 ≥ 300 21 0.13±0.10 0.11±0.15

All proteins 173 0.29±0.15 0.18±0.32

The following is an example of a rule 𝑅𝑖,𝑗 generated by
our algorithm:

𝑖𝑓 𝐻𝑖 ∈ [0.52, 0.92] 𝑎𝑛𝑑 𝑃𝑖 ∈ [−1.00,−0.93] 𝑎𝑛𝑑

𝐶𝑖 = 0 𝑎𝑛𝑑 𝑆𝑆𝑖 = 2 𝑎𝑛𝑑 𝑆𝐴𝑖 = 0 𝑎𝑛𝑑

𝐻𝑗 ∈ [0.32, 0.82] 𝑎𝑛𝑑 𝑃𝑗+1 ∈ [−0.41,−0.01] 𝑎𝑛𝑑

𝐶𝑗+1 = 0 𝑎𝑛𝑑 𝑆𝑆𝑗+1 = 2 𝑎𝑛𝑑 𝑆𝐴𝑗+2 = 1 𝑎𝑛𝑑

𝑃𝑆𝑆𝑀𝐾
𝑖 ∈ [−0.97,−0.23] 𝑡ℎ𝑒𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (9)

If we inspect this rule, we can notice that it indicates that
if the hydrophobicity of amino acid in position 𝑖 is between
0.52 and 0.92, the SA value of amino acid in position 𝑗 + 2
is equal to 1 and PSSM value in position 𝑖 for amino acid
𝐾 is between −0.97 and −0.23 among other requirements, a
contact is established. We can notice that rules generated by
our proposal are characterized by a high interpretability, which
would allow experts in the field to easily inspect the results
for further validation.

IV. CONCLUSION

We have implemented an efficient decision rule-based
system for the protein residue-residue contact prediction. This
system is based on a multi-objective evolutionary algorithm.
The specified decision rules are based on biochemical proper-
tices (H, P and C) and 1D structural features (SS and SA) of
the amino acids, as well as evolutionary information in form
of PSSM values. The rules can be interpreted by experts in the
field. Moreover, an efficient structure included in the algorithm
achieves a reduction of time complexity of the application by
means of a fast evaluation of examples from the dataset. As
for future work, our algorithm must be tested with higher and
novel protein data sets.
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