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Abstract : Proteins are biological molecules that perform various functions
in the cells of our body. Each protein has a specific amino acid sequence and
structure, known as the native structure, which determines its biological func-
tion. Any changes in this structure can lead to a loss of function and can
cause dangerous diseases such as Alzheimer’s and Parkinson’s disease. There-
fore, predicting the tertiary structure of proteins is one of the most challenging
topics in molecular biology and biophysics. With the numerous optimization
methods developed in operations research, the problem of Protein Structure
Prediction (PSP) based on the real folding process is being addressed with dif-
ferent optimization methods. In this paper, we present a discrete hybrid power
pollination algorithm called HFPA for solving the PSP problem in a 2D trian-
gular lattice based on the simplified hydrophobic-polar model. The proposed
algorithm combines the Flower Pollination Algorithm (FPA), Tabu Search
(TS), and Hybrid Genetic Algorithm (HGA).We implemented the HFPA al-
gorithm and used it to solve a set of benchmark instances. We also compared
its performance against state-of-the-art algorithms.

Keywords: Protein Structure Prediction; Flower Pollination Algorithm;
Tabu Search Algorithm; Genetic Algorithm; Hydrophobic-Polar Model;
Lowest-Energy Structure.
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1 Introduction

Predicting the original structure of proteins from their amino acid sequences is one of the
most difficult and challenging problems confronted by scientists in many areas, including
biology, chemistry, and even mathematics [21, [8 [9] 10, 49]. The main drivers of this high
degree of interest are the biological roles of proteins in living cells. A protein’s native
structure, which consists of a specific number and order of amino acids, determines its
biological functions (i.e., the primary structure) [68]. Protein misfolding has also been
linked to several serious diseases, including Alzheimer’s, Parkinson’s, and mad cow dis-
ease [35) 32 33, 15]. As a result, developing an effective prediction approach based on the
natural protein folding mechanism could help in the detection and treatment of a wide
range of diseases. Currently, protein structure is determined using X-ray crystallography
[13] and Nuclear Magnetic Resonance (NMR) [I]. However, these procedures take a long
time and require a lot of equipment. As a result, computational approaches based on
simplified models have been widely used to address the PSP problem. One of the most
widely used models for simulating protein folding based on amino acid sequences is the
Hydrophobic-Polar (HP) model, which is implemented on different lattices, including 2D
square, 3D cubic, 2D triangular, and Face-Centered Cubic (FCC) (2D or 3D) lattices
[9], 24, 50, 17].

This model not only simplifies and reduces the complexity of the Protein Folding Problem
(PFP), but it is also based on the actual process of protein folding, where hydrophobic
interactions between amino acids are the most important force that guides proteins to
fold into their native state [2, 3]. Despite reducing the complexity of the protein folding
problem, predicting the optimal protein structure under the HP model is still an NP-
hard optimization problem [18, 19]. Predicting the native structure of proteins in the HP
model using different metaheuristics has been widely investigated by scientists over the
last 50 years. In the present work, we are interested in solving the PSP problem in the
2D triangular HP lattice model. In this model, Hoque et al. proposed a Hybrid Genetic
Algorithm (HGA) to solve the PSP problem [20]. After the crossover and mutation oper-
ations, HGA employs an efficient strategy to change the conformations without causing
any collisions. The experimental results showed that the HGA algorithm performs sig-
nificantly better than the Standard Genetic Algorithm (SGA). Then, in [21], Su et al.
suggested an effective hybrid algorithm (HHGA) based on a new elite-based reproduction
strategy. HHGA combines the Genetic Algorithm (GA) and Hill-Climbing Algorithm at
the level of crossover and mutation operations. According to the obtained results on a
set of data benchmarks, the authors demonstrate that the proposed HHGA algorithm
outperforms both SGA and HGA algorithms. Yang et al. proposed a new hybrid method
called IMOG in [53], the proposed IMOG algorithm combines the Ton Motion Optimiza-
tion (IMO) algorithm with the greedy algorithm. The statistical results based on the best
and mean energy indicate that IMOG outperforms HGGA, HGA, and SGA and achieves
high-quality results for the majority of tested instances. To solve the PSP problem, Guo
et al. proposed an Extended version of the Particle Swarm Optimization algorithm called
EPSO [13]. Experimental results showed that EPSO achieved better conformation quality
than SGA and produced comparable results to HHGA.
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However, in terms of execution time, EPSO outperformed HHGA. Recently, Boumedine
et al. proposed a new hybrid genetic algorithm (GATSLS) that incorporates a novel re-
production scheme, where the crossover operation is guided by the tabu search strategy.
They further improve the quality of the solutions using the local search algorithm [3§].
Based on the experimental results, the authors demonstrated that the proposed GATSLS
algorithm can easily obtain the best-known solution for short protein instances and a
near-optimal solution for long protein instances. Additionally, the authors showed that
the GATSLS algorithm can quickly obtain the best-known solution for short protein in-
stances and near-optimal solutions for long and complex protein instances.

Furthermore, the GATSLS algorithm outperforms all current state-of-the-art algorithms.
Recently, Yang et al. introduced the Flower Pollination Algorithm (FPA) [54], which is
based on the real pollination process of flowering plants. Since its introduction in 2012,
this algorithm has been widely employed to solve many challenging optimization prob-
lems. Due to its high ability to explore the search space, the FPA algorithm has been
successful in solving many continuous optimization problems more efficiently than other
popular nature-based algorithms, such as genetic algorithms and particle swarm optimiza-
tion [23]. The efficiency and interesting results achieved by FPA have motivated us to
apply it to the PSP problem, which represents a discrete optimization problem. In this
paper, we introduce a discrete hybrid ower pollination algorithm labeled HFPA to solve
the PSP problem in a 2D triangular lattice.

The remainder of this paper is structured as follows: In Section 2, we offer the HP model
and the 2D triangular lattice used to conduct this study. Then, in Section 3, we present
the different basic concepts of the Flower Pollination Algorithm (FPA). Section 4 provides
a brief description of the proposed Hybrid Flower Pollination Algorithm (HFPA) and the
motivation behind this hybridization. In Section 5, we report and discuss the results
obtained by the proposed algorithm on two sets of benchmark instances. Finally, in the
last section, we offer some interesting conclusions and perspectives for future work.

2 Protein folding in lattices under the HP model

The hydrophobic amino acids form the core of the native conformation during the folding
of proteins, through interactions between them that reduce the free energy of the structure
to its lowest possible level [7, 22]. This leads to the stability of the structure in its
active conformation. Based on this theory, Dill et al. proposed a simplified model of
hydrophobic-polar folding called the HP model [24]. The 20 amino acids that make up the
primary structure of proteins are divided into two groups in this model: H (hydrophobic)
and P (polar). The energy value of the conformation is determined by the number of
contacts between hydrophobic amino acids (H-H contacts) that are not neighbors in the
protein sequence and are located in two adjacent positions on the grid. The optimal
conformation is the one with the lowest energy value, which corresponds to the maximum
number of H-H contacts [3]. Figure [I| shows the optimal conformation for a protein
sequence of 20 amino acids, with the corresponding sequence in the HP model being
HPHPPHHPHPPHPHHPPHPH. This conformation has 15 topological contacts between
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hydrophobic amino acids, resulting in a free energy of £ = —15. In lattice models,
protein conformations are represented by a sequence of lattice movements that do not
pass through the same position twice [3§].

H-H contact

e Hydrophobic amino acid (1

@ Polar amino acid (P)

Figure 1: An optimal conformation refers to the most favorable shape of a protein sequence
containing 20 amino acids on a 2D triangular lattice.

2.1 The determination of free energy

In HP lattice models, the quality of a given protein conformation is evaluated based on
the number of H-H contacts. For a protein sequence p = pips...p, of n amino acids,
let C'(p) be the set of all feasible conformations for p. The free energy E(C(p)) can be
determined using the following mathematical formula [26]:

E(C’(p)) = _"i i 0 7

i=1 i=it1
1, if the i and j* amino acids are hydrophobic, i.e., p; = p; = H,
0, else,

and

1, if p; and p; are adjacent in the grid but not consecutive in the sequence P,
" 0, else.

The main challenge in protein structure prediction using HP lattice models is to identify
the conformation ¢* that minimizes the free energy [29]:

E(c*) =min{E(c) | c € C(p)}.
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3 Flower Pollination Algorithm (FPA)

Recently, in 2012, Yang et al. developed the Flower Pollination Algorithm (FPA) [54], a
metaheuristic inspired by the behavior of a variety of owers during their pollination for
reproduction [55]. The flower pollination process can be characterized by the following
rules:

1. Biotic pollination: can be considered a form of global pollination that relies on pol-
linators like birds, insects, and bees to carry out long-distance or cross-pollination.

2. Abiotic pollination: refers to self-pollination or local pollination that occurs within
a flower and does not require external pollinators.

3. Constancy in pollination: refers to the tendency of pollinators to visit flowers of
the same species due to their similarity. The likelihood of successful reproduction
is correlated with the probability of pollinators providing consistent pollen transfer
between flowers.

4. The Switch Probability, denoted as p and ranging from 0 to 1: is used to achieve a
balanced approach between local and global pollination.

To develop the FPA algorithm, Yang et al. mathematically represented each pollination
rule:

3.1 Global pollination
Global pollination is a search strategy that aims to explore new regions of the search
space. It is defined by the following mathematical formula [34]:

7" =i+ al(\)(2" - aj), (1)
where

_A(A)sin(A) 1

T gl+A

S>>S()>>07

and x! represents the ith pollen at the current iteration ¢ (i.e., the current solution),
and z* represents the best solution identified in all previous generations (i.e., the current
best solution). The parameter « is a scaling factor that controls the step size. L(\)
represents the Lévy flight step size, which is one of the most important and in influential
search mechanisms in the FPA algorithm. The Lévy flight step size is determined by the
standard gamma distribution I'.
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3.2 Local pollination

Local pollination is a search method that focuses on finding the local optimum within
a specific region of the search space. Within the FPA algorithm, this is accomplished
through the use of the following mathematical formula, as stated by Yang [54]:

it = ot 4 e(xé — ). (2)

Here, x} represents the pollen of iteration ¢ for the ith solution. The values 2% and j,
correspond to two different solutions randomly selected from the current generation t,
while € is a random number generated from a uniform distribution over the interval [0 1].
The pseudo-code for the CSA algorithm is presented in Algorithm [}

Algorithm 1 Flower Pollination Algorithm: FPA

Require: Problem instance I.
Ensure: The best-found solution for /.

Begin
Objective Function f(z);
Generate initial population F' of m flowers in random way, x1, ..., Zm;
x* : The best solution in the initial population F
Set the probability of the switch p;

t=0;
while ¢ < Max (maximum number of iterations) do
for each flower zt,i =1,...,m do
if rand < p then
Define a step vector L that according to a Lévy distribution.
Perform a global pollination to generate a new solution z:™ via Equation [T}
else
Generate € from the uniform distribution.
Randomly select two solutions from the current population.
Perform a local pollination to generate a new solution ! via Equation .
end if
if f(2!™') < f(2!) then
p=aih
end if
end For
Update the current optimal solution z*;
t=t+1;
end while

End
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3.3 Application of FPA

Since the initial publication of the FPA algorithm, it has been successfully applied to
solve numerous challenging real-world optimization problems in various domains, includ-
ing electrical engineering problems such as PV model parameter estimation [52} [37], eco-
nomic load dispatch [36,37|, reactive power dispatch [41} 25], and optimal power flow
[46], [45]. The algorithm has also been applied in wireless and network domains, such as
wireless sensor network optimization [44, [14], antenna array optimization [42] [43], and
multiplexing of optical divisions [I8]. In the clustering domain, FPA has been used for
data clustering [19, 6] and neural network feedforward training [5]. In signal and image
processing, the algorithm has been applied to tasks such as medical image segmentation
[51], localization of retinal vessels, and shape matching. Furthermore, the FPA algorithm
has been utilized in mechanical engineering problems, such as designs of mechanical and
structural engineering [30} 28, B31], as well as for several global optimization problems [27].

4 Hybrid Flower Pollination Algorithm (FPA)

Most optimization problems have multiple local optima, and the efficiency of the opti-
mization method used has a substantial impact on finding the global optimal solution. To
effectively solve a given optimization problem, the metaheuristic employed should strike
a balance between global and local search. In light of this, numerous hybrid metaheuris-
tics integrating multiple approaches have been developed to address various optimization
problems.

In this work, we present an efficient hybrid algorithm, called the Hybrid Flower Pollination
Algorithm (HFPA), which combines the Genetic Algorithm (GA) with the standard FPA
algorithm. The main goal of this integration is to create a more powerful optimization
method that leverages the advantages of various pure techniques. Our proposed method
involves two search phases, each consisting of global and local search. We control the bal-
ance between the two search phases using the switching probability of the FPA algorithm.
For the first search phase, we use an adaptive Lévy distribution for global search and the
Tabu Search (TS) algorithm to improve the quality of the solutions obtained. We also
propose an adaptive Lévy distribution for discrete optimization problems like the Per-
mutation Flow Shop Problem (PSP). For the second search phase, we use the mutation
operator of the GA algorithm for diversification and the crossover operation to generate
high-quality solutions. The pseudo-code for the proposed HFPA algorithm is presented
in Algorithm [2| and is described in detail below.
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Algorithm 2 Hybrid Flower Pollination Algorithm: HFPA

Require: Problem instance I.

Ensure: The best-found solution for 7.

Begin
Objective Function f(x);
Generate initial population F' of m flowers in random way, 1, ..., Tp;
x* : The best solution in the initial population F’;
Set the probability of the switch p;

t=0;
while ¢t < Max (maximum number of iterations) do
for each flower zt,i =1,...,m do
if rand < p then
First step;
Perform a global pollination: generate a new solution ! via Lévy
distribution.
Perform a local pollination: improve ! using the tabu search algorithm:;
else
Second step;
Perform a global pollination: generate a new solution x§ by applying the
mutation operator to z.
Select a random solution z% from the current population.
Perform a local pollination: generate a new solution :™ by applying the
crossover operator to x% and xj;
end if
if f(z!t') < f(2!) then
ot = o,
end if
end For
Update the current optimal solution z*;
t=1t+1;
end while
End

4.1 Initialization

Each node of the 2D triangular lattice has six neighbors, which we assign a folding di-
rection to, denoted by a number ¢ where 7,7 € {1,2,3,4,5,6}. Specifically, we assign the
direction of "right” as (1), "right up” as (2), "left up” as (3), "left” as (4), "left down” as
(5), and "right down” as (6) (see Figure [2)). For each amino acid, we assign the folding
direction that corresponds to its position in the lattice [38]. The solution (b) in Figure
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can be represented by its direction vector movement v as follows:

v=(3,5,4,6,1,1,5,1,5,6,2,1,3,1,2,4,5).

H-H contact

Left up (3)  Right up (2)

Left (4) Right (1)

Left down (5)  Right down (6)

(a) (b)

Figure 2: (a): Encoding of neighboring triangular lattice nodes. (b): Encoding of a
feasible solution for a protein sequence containing 20 amino acids.

4.2 Global pollination via Lévy distribution

As mentioned earlier, Lévy flights are one of the most effective search mechanisms in the
FPA algorithm, owing to their benefits and the ability to efficiently explore the search
space with their step length properties [54]. However, they have been employed in the
FPA algorithm for continuous optimization problems only. To utilize them in our discrete
algorithm without forfeiting their advantages, we associate each value generated by the
Lévy flights with a protein sub-sequence that we rotate using the rotation rules presented
below [4]. Suppose n is the length of a given protein sequence pip; . ..p,. We divide the
interval [0, 1] into k subintervals, where k < n. We then generate a Lévy flight value v
and define the step length L according to the following table.

o L bal | il | - | [
Ll LR [ [

After defining the range of the generated value v in the first row, we generate a random
number d within the corresponding range in the second row. The generated value d
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represents the sub-sequence length that will be rotated as follows: Let u be a random
number such that u € {1,...,n — d}. The sub-sequence to be rotated is defined as
S = DyPus1---Pa- We rotate s by 60°, 120°, 180°, 240°, or 300°, based on a random
number j, where j € {1,2,3,4,5} as illustrated in Table

The corespondent direction after rotation
Direction 60° 120° 180° 240° 300°
1 2 3 4 5 6
2 3 4 5 6 1
3 4 5 6 1 2
4 5 6 1 2 3
5 6 1 2 3 4
6 1 2 3 4 5

Table 1: Rotation rules in 2D triangular lattice.

Rotated by 300°

(a) (b)

Figure 3: An example of rotation rules: the selected subsequence of the solution (a) is
rotated by 300° to produce the solution (b).

4.3 Global pollination via mutation operator

We use the mutation operator of GA to increase the diversity of the search process [20].
In our suggested algorithm, the mutation operation is performed by selecting a random
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position in a given solution z, and replacing the value at that position with a randomly
chosen value from the solution space, as illustrated in Figure [4]

x Y
l1|1]|6]6|4]6]4]3]4]2|Mutation— |1 |1]6|6]4]4]3]4a]2]4]

Figure 4: An example of the mutation operation is illustrated by replacing the value at
the 6th position of solution x from 6 to 4, resulting in a new solution y.

4.4 Local pollination via tabu search

To enhance the quality of solutions generated by the Lévy flight step, we adopt each
solution as an initial solution in the Tabu Search (TS) algorithm [12], [11]. In the proposed
TS algorithm, the neighbors of a given solution are determined through local movements.
Specifically, a diagonal move is applied to a randomly selected amino acid by swapping
its direction with that of its preceding amino acid, as shown in Figure . To avoid cyclic
movements, we add each selected amino acid to the tabu list 7. Any existing amino acids
in the tabu list are excluded from future selections. The proposed algorithm follows the
FIFO principle; that is, if the tabu list reaches its capacity, the first introduced element
will be removed from the list (see Algorithm [3)).

(a) (b)

Figure 5: An example of the diagonal move, the obtained solution (b), E(b) = —12 is
better than the initial solution a, F(a) = —8.
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Algorithm 3 The proposed Tabu Algorithm: TS

Require: A feasible solution = = (z1,...,z,).

Ensure: The best found solution for z*.

Begin
Calculate f(z);
¥ =
1=20
T ={0}// Tabu list;
while i < Max (maximum number of iterations) do
j = random amino acids, j € {2,1,....n — 1}
if j € T then
x'= diagonal pull-move (z, j);
T=TUu{j};
if f(2') < f(z) then
x=a;
end if
end if
if f(x) < f(z*) then
r*=ux;
end if
1=1+1;
end while

End

4.5 Local pollination via crossover operator

The crossover operation consists of combining two or more solutions to create new high-
quality solutions [20]. For our algorithm, we use a crossover operation with a crossover
point. It consists of generating a random position ¢ and exchanging the directions of
movement between two selected solutions called parents (z7,z2). As we show in Figure
@, this operation generates two new solutions called children (y,ys2). For our algorithm,
we choose the best of them to be a candidate solution for the next step.

T Y1
[t[r]ef6fafe]afa[a]2] [tf[i]efefafafafaf2]4]
H

To Crossover Y2
[6]4f6]6[6]4]3[a2]4] (6l4f6f6fef[6]4[3][4]2]

Figure 6: An example of a crossover operation is illustrated by permuting the subsequence
limited to the fifth position in the selected parent solutions z; and x5, resulting in the
new solutions y; and ys.
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5 Experimental Results

In this section, we evaluate the effectiveness and stability of the proposed HFPA for solv-
ing the PSP problem. To conduct this experimental study, we use two datasets containing
various protein sequences, as reported in Table [2] [39, 50, 6] and Table (3| [47, 22]. The
symbol (...)¥ denotes the repetition of the sub-sequence in brackets k times. The last
column shows the best energy values reported in the literature denoted by E*. We com-
pare the performance of the proposed algorithm against the most efficient state-of-the-art
methods reported in the literature. The comparison is based on the best, average, and
worst results obtained from 20 independent runs for each instance.

To conduct our experimental study, we varied the value of each parameter in our algorithm
and selected the best values that achieved the optimal results. Based on our preliminary
experimental results, the appropriate values for the parameters of the HFPA algorithm
are reported in Table [l

We present the results of our proposed algorithm, HFPA, and compare them with state-of-
the-art algorithms such as Standard Genetic Algorithm (SGA), Hybrid Genetic Algorithm
(HGA) [16], ERS-GA (a hybrid genetic algorithm that combines GA algorithm and ERS
strategy), Hybrid Hill-Climbing-Genetic Algorithm (HHGA) [48], IMOG (a hybridization
of Tons Motion Optimization algorithm and Greedy algorithm) [53], Tabu Search (TS) [2],
Extended Particle Swarm Optimization algorithm (EPSO) [13], and GALSTS (a hybrid
version of genetic algorithm that combines Genetic Algorithm, Local Search algorithm,
and Tabu Search strategy) [40]. The best predictions achieved by each algorithm are
reported in Table [5]

From Table 5] we clearly see that the suggested HFPA algorithm achieves the best known
energy value for the majority of instances and produces high-quality structures when
compared to state-of-the-art algorithms. Although all the listed algorithms are able to
produce the optimal structure for short and medium-sized instances, i.e., from the instance
A; to As, with its efficient search strategy, which establishes a good balance between ex-
ploration and exploitation, HFPA achieves better results than state-of-the-art algorithms,
with a significant gap for large and complex instances (i.e., from the instance A7 to Ajp).
In comparison, we observe that GALSTS is the most competitive algorithm against the
proposed algorithm.

For the second benchmark instance, Table [6] presents results that demonstrate the high
performance of the proposed algorithm in predicting the optimal structure for all short
and medium protein sequences. In comparison, simulation results show that the IMOG
[53] and the proposed HFPA algorithm outperform the Multimeme algorithm presented
in [22] (column MMA) for some sequences, with a significant difference observed for the
sequence Bsyy. The IMOG and HFPA algorithms achieved the lowest energy values for
all tested instances without exception. However, MMA was unable to find the optimal
structure for instances Bis, Big, Big, and Bag.

To analyze the convergence behavior and stability of our algorithm, Table [7| presents the
statistical results obtained by the suggested HFPA algorithm and state-of-the-art algo-
rithms for the first set of benchmark problems. The table reports the best values and
average values over 20 independent runs for each instance.
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Based on the results presented in Table , we observe that for the first four instances (i.e.,
from A; to Ay), all the compared algorithms perform well and can generate high-quality
structures with the best known energy value. However, compared to IMOG, GATSLS,
ERS-GA, and HHGA, our proposed HFPA algorithm is more stable and robust in terms
of average results. The statistical results for the last five instances, which involve more
complex and longer sequences, demonstrate a significant improvement achieved by the
proposed algorithm with a considerable gap in the best and average results compared to
state-of-the-art algorithms, especially when compared to ERS-GA, HHGA, and IMOG.
For instance, for Az, the difference between HFPA and ERS-GA, HHGA, and IMOG
ranges from -5 to -16, and for instance Ag, it ranges from -10 to -26.

To evaluate the performance and search capabilities of the proposed HPFA algorithm
compared to the standard FPA and GA algorithms, we implemented all three algorithms
using the same initial population of 200 randomly generated solutions and the same num-
ber of generations. The GA algorithm had a crossover rate of 0.85 and a mutation rate
of 0.05, as used in [16]. The FPA algorithm used Lévy flights for global pollination and
a local search algorithm for local pollination. Each algorithm was run 15 times indepen-
dently for each instance, and the statistical results are presented in Table [§] The results
clearly show that the HPFA algorithm outperforms the GA and FPA algorithms for the
majority of tested instances in terms of the best, worst, and average results. Additionally,
the worst results produced by HPFA are better than the best results produced by GA
and FPA. This excellent balance between global and local search techniques integrated
into the proposed HPFA justifies its efficiency. The HPFA is more efficient in the local
search phase using the crossover operation and tabu search algorithm, while Lévy flights
and mutation improve its capability during the global search phase.

Seq. Length Sequence E*
Aq 20 (HP)?PH(HP)*(PH)?HP(PH)? -15
As 24 H?P?(HP?)SH? -17
As 25 P2HP?(H?*P*)3H? -12
Ay 36 P(P2H?)2PSH’(H?P?)?P2H(H P?%)? -24
As 48 P2H(P2H?)?P°HYPS(H?P%)2H P?H® -43
Ag 50 H?(PH)}PH*PH(P3H)>P*(HP3)*HPH*(PH)*PH? -40
Az 60 PH(PH?)?P(PH?PH)?H(HP)3(H?*P?H)>PHP*(H(P?H)?)? NA
As 64 HY2(PH)*((P?H?)?P2H)3(PH)*H! NA
Ag 85 H*P*H2PS(H2P3)HP*(H?P*)?HPH NA
Aig 100 P3H?P2H*P?H?(PH?)*H?P8HSP>HSP°HPH? NA
PHYP?H*PH?PHP?HPH3P°H?

NA: refers for ’data not accessible in literature’.

E*: refers for 'best know energy value’.

Table 2: The first set of benchmark instances for the HP problem is in a 2D triangular
lattice.
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Seq. Length Protein sequence in the H-P model E*
By 12 H(HP)H -11
By 14 HHPP(HP)® -11
B3 14 H(HPP)?*(HP)*H -11
By 16 HHP(HPP)*H -11
Bs 16 H(HPP)*>(HP)*PHP -11
Bg 17 H(HPP)°H -11
By 17 H(HH)"HH -17
Bs 20 H(HPP))(HP)}(PH)*H -17
By 20 H(HP)*H(PPH)3H -17
Big 21 H(HPP)) (HPHPP)?HPHH -17
By, 21 HHP(HPP)2(HP)2(HPP)2HH -6
Bis 21 HHPP(HP)}(PH)?>(PPH)?’H -17
B3 22 H(HPP))(HP)}(PHP)?PHH -17
Bia 23 HH(HP)’HHH -25
Bis 24 H(HPP)"HH -17
Big 24 HH(HP)*(PH)"HH -25
By7 24 HH(HP)*(PH)*HH -25
Bis 30 HH(HPP)*H(PHPPH)?PPHHH -25
By 30 HH(HPP)}(HP)?>(PH)>(PPH)*HH -25
By 37 HH(HPP)}(HP)?H(PPH)*(P)>(HP)?)HHH -29

E*: refers for ’best know energy value!

Table 3: The second set of HP benchmark instances in 2D triangular lattice.

Parameter The tested values The best value
Switch probability p p € {0.1,0.2,0.4,0.6,0.8} 0.6
Step Lévy flight A be{0.5,1,1.5,2,2.5} 1.5
Population size m m € {50, 80, 100, 150, 200, 250} 80 if n <50
150 if n > 150
) nnmnmn n
Tabu search size T T e {5,4,3,2} 1

n is the protein

sequence length.

Table 4: Parameter Settings of HFPA algorithm.
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Seq. Length SGA HGA TS ERS-GA HHGA EPSO IMOG GALSTS HFPA

Ay 20 -11 -15 -15 -15 -15 NA -15 -15 -15
As 24 -10 -13 -17 -13 -17 -17 -17 -17 -17
As 25 -10 -10 -12 -12 -12 -12 -12 -12 -12
Ay 36 -16 -19  -24 -20 -23 -24 -24 -24 -24
As 48 -26 =32 40 -32 -41 -40 -40 -43 -43
Ag 50 -21 -23 NA -30 -38 NA -40 -40 -40
Az 60 -40 -46  -70 -95 -66 NA -67 -70 -71
Asg 64 -33 -46  -50 -47 -63 NA -63 -67 -73
Ag 85 NA NA NA NA NA NA NA -98 -100
Ao 100 NA NA NA NA NA NA NA -87 -91

Values in bold represent the best energy value for the correspondent instance.

NA refers for ’data not accessible in literature.

Table 5: The best results were achieved by the proposed HFPA for the first set of bench-
mark instances against the state-of-the-art algorithm.

Seq. Length E* MMA IMOG HFPA
By 12 -11 NA -11 -11
By 14 -11 -11 -11 -11
B3 14 -11 -11 -11 -11
By 16 -11 -11 -11 -11
Bs 16 -11 -11 -11 -11
Bg 17 -11 -11 -11 -11
By 17 -17 -17 -17 -17
Bg 20 -17 -17 -17 -17
By 20 -17 -17 -17 -17
By 21 -17 -17 -17 -17
B, 21 -17 -17 -17 -17
By 21 -17 -17 -17 -17
Bis 22 -17 -17 -17 -17
By 23 -25 -25 -25 -25
Bqs 24 -17 -16 -17 -17
Big 24 -25 -25 -25 -25
Bi7 24 -25 -25 -25 -25
Big 30 -25 -24 -25 -25
By 30 -25 -24 -25 -25
By 37 -29 -26 -29 -29

Table 6: The best results were achieved by the proposed HFPA for the second set of
benchmark instances against the state-of-the-art algorithms.



Hybrid flower pollination algorithm for protein structure prediction problem 17
ERS-GA HHGA IMOG GALSTS HFPA
Seq. Length Best Mean Best Mean Best Mean Best Mean Best Mean
Ay 20 -15  -12.50 -15 -14.73 -15  -14.73 -15 -14.86 -15 -15
Ao 24 -13  -10.20 -17  -14.93 -17  -14.93 -17  -15.53 -17 -17
As 25 -12 -8.47 -12 - 11.57 -12  -11.57 -12 -12 -12 -12
Ay 36 -20  -16.17 -23  -21.27 =23 -21.27 -24  -21.93 -24 -23.85
As 48 -32  -28.13 -41 - 37.30 -41  -37.30 -43  -39.86 -43 -42.10
Ag 50 -30  -25.30 -38  -34.10 =38  -34.10 -40  -37.6 -40 -38.60
Ay 60 -55  -49.43 -66 - 61.83 -66 -61.83 -70  -68.26 -71  -69.10
Asg 64 -47  -42.37 -63 - 56.53 -63  -56.53 -67 -58.46 -73 -69.43

Table 7: A comparative study on the stability and best prediction of the suggested HFPA
against the most efficient state-of-the-art algorithms.

GA FPA HFPA
Seq. Lenght FE* Best Worst Mean Best Worst Mean Best Worst Mean
Ay 20 -15 -15 -10  -11.70 -15 -15 -15 -15  -15 -15
Ag 24 -17 -16 -12 -14.50 -17 -14  -15.65 -7 -17 -17
As 25 -12 -12 -9 -10.50 -12 -11 -11.55 -12 -12 -12
Ay 36 -24 -19 -16  -18.20 -23 -20  -21.35 -24  -23 -23.80
As 48 -43 -35 -31  -32.70 -41 -36 -38 -43  -41 -42.55
Ag 50 -40 -36 -31  -33.65 -38 -34  -35.80 -40 -39 -39.75
Az 60 NA -61 52 -55.55 -67 -61  -63.35 -71  -68 -70.20
As 64 NA -60 -50  -56.85 -63 -54  -59.05 -73 -68 -T71.10

Table 8: Comparison of statistical results. The best, worst and average results obtained
by HFPA are compared to those obtained by FA, and GA. E* is the best energy value.
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Figure 7: The conformations obtained by HFPA for instances from A; to Ag.
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Figure 8: The conformations obtained by HFPA for instances from A; to Ayg.

6 Conclusion

Predicting the native structure of a protein from its amino acid sequence is one of the most
challenging optimization problems in biology and bioinformatics. The difficulty of effi-
ciently solving this problem arises from the enormous solution space, even for a sequence
with a small number of amino acids. Although simplified models like Dill’s Hydrophobic-
Polar (HP) model have been proposed to reduce the conformational space, the Protein
Structure Prediction (PSP) problem remains an NP-hard problem. In recent years, many
evolutionary algorithms and metaheuristics have been used to address the PSP problem
under the HP simplified model. The exible balancing of exploration and exploitation of
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solutions is one of the most essential components of metaheuristics, and it plays a key
role in their effectiveness. In this work, we proposed a discrete hybrid ower pollination
algorithm that combines classical FPA with genetic and tabu search algorithms. We chose
the FPA algorithm due to its demonstrated high exploration in solving various optimiza-
tion problems. To enhance the PFA’s capacity in the intensification phase, we integrated
the crossover operator of GA and the Tabu Search algorithm, both of which are very
efficient in exploiting the solution search space. The simulation results showed that our
algorithm successfully predicted the optimal structure for several instances of PSP under
the HP model in the 2D triangular lattice. Furthermore, the proposed HFPA algorithm
outperformed existing state-of-the-art algorithms. In future work, we aim to use the
proposed algorithm to solve other discrete optimization problems. Additionally, we can
develop other hybrid metaheuristics based on FPA for global optimization problems, such
as combining FPA with Particle Swarm Optimization (PSO).
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