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Abstract

Protein structure prediction is one of the important aspects while dealing with critical diseases. An early prediction
of protein folding helps in clinical diagnosis. In recent years, applications of metaheuristic algorithms have been
substantially increased due to the fact that this problem is computationally complex and time-consuming.
Metaheuristics are proven to be an adequate tool for dealing with complex problems with higher computational
efficiency than conventional tools. The work presented in this paper is the development and testing of the
Ingenious Crow Search Algorithm (ICSA). First, the algorithm is tested on standard mathematical functions with
known properties. Then, the application of newly developed ICSA is explored on protein structure prediction. The
efficacy of this algorithm is tested on a bench of artificial proteins and real proteins of medium length. The
comparative analysis of the optimization performance is carried out with some of the leading variants of the crow
search algorithm (CSA). The statistical comparison of the results shows the supremacy of the ICSA for almost all
protein sequences.

Keywords: protein structure (/search?q=protein+structure); prediction (/search?q=prediction); swarm
intelligence (/search?q=swarm+intelligence); crow search algorithm (/search?q=crow+search+algorithm);
numerical optimization (/search?q=numerical+optimization)

1. Introduction

Proteins are one of the essential macromolecules of human organisms. Due to their complicated structure and
importance in bioinformatics, protein structure prediction attracts diverse researchers. Proteins are combinations of
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different types of chains of amino acids and can fold into various states. These folding structures are known as 3D
structures of protein and play different important roles, including as catalysts in various reactions, as structural
units, in the reporting of signals and as transport channels in living organisms. Understanding the 3D structure is
also helpful in treating various diseases, such as Alzheimer’s disease and cystic fibrosis.

The basic methods of detecting protein structure are X-ray crystallography and NMR spectroscopy. However,
these methods require an excessive amount of money and time and, hence, are less adopted. The prediction of
protein structure via the relation between the linear sequence of amino acids and the protein’s 3D structure was
conducted in [1,2]. In later years, the prediction of protein structure based on the fact that the most stable folding of
protein is one which has minimum free energy [2,3,4,5]. In mathematical terms, the free energy reflects different
types of bonding between protein molecules, such as hydrophilic, solvent, hydrogen and entropic effects. As this
function is nonconvex, protein structure prediction can be considered a global optimization problem. This prediction
method is performed in two stages: firstly, a physical form of protein is assumed, and secondly, the energy function
is calculated through any optimization algorithm. The HP model [3] and AB-off lattice model [4] are two physical
models widely used for the first stage. Recently, protein structure prediction has been converted into an
optimization problem from a bioinformatics problem and has been solved using various nature-inspired algorithms
[5,6,7,8].

An algorithm selection process based on fitness landscape is presented in [5]. The artificial bee colony (ABC)
algorithm and its different improved versions have been applied to this protein folding structure problem [6,7,8] and
prove that metaheuristic approaches are good alternative ways of solving this np-hard optimization problem.
Different variants of the DE algorithm were applied to PSP in [9,10,11]. Along with this, the list of successful
metaheuristic algorithms applied to PSP also includes the improved harmony search [12], gradient gravitational
search algorithm [13], particle search algorithm [14], ant colony algorithm [15], genetic tabu search [16], an
adaptive differential evolution algorithm [17], chaotic grasshopper algorithm [18] and many more. This literature
review indicates the importance of the protein structure problem and also promotes the fact that other newly
developed algorithms can be applied to discover some new results. Recently, algorithms inspired by nature and
animal behavior have revolutionized the world with their problem-solving capabilities [5,6,7,8]. The crow search
algorithm is one of them and has been successfully applied to many problems, such as the frequency modulation
synthesis problem, model order reduction and other design problems [19]. Furthermore, some recent applications
and facts reported in references [20,21,22,23,24] motivated the authors to conduct detailed investigations of the
development of new bridging in existing CSA. Some interesting approaches regarding the integration of neural
networks and real-life problems, such as bidding strategy planning and response prediction, have been
demonstrated very prominently in references [25,26,27]. Similarly, a deep-learning-based approach was employed
for protein structure prediction in reference [28]. Likewise, the gradient-based gravitational search algorithm has
been employed for conformational searches of the basic building blocks of proteins [29]. In reference [30], the
identification of essential proteins using chemical reaction optimization and machine learning has been performed.
Inspired by these possibilities, we propose an ingenious crow search algorithm (ICSA) to solve the aforementioned
protein folding problem. This work is an extension of the work reported previously by the authors as we change the
cosine function with the exponential function. The following are the main contributions of this manuscript:

1. The protein folding problem has been discussed, and the problem is formulated by keeping the AB-off lattice
model in consideration.

2. An application of the newly proposed ICSA has been explored on a predefined bench of mathematical functions
and proteins, and evaluation of the algorithm has been conducted.

3. A meaningful comparison between the performance of various crow search variants and crow search itself has
been conducted on the basis of statistical attribute analysis, box plot analysis and execution time analysis.

The remaining part of the paper is organized into several sections: Section 2 presents the problem
formulation of protein structure prediction with energy minimization. Section 3 depicts the development steps of
the ICSA and the basic details of the implemented algorithm. Section 4 presents the results of the simulation on
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(1)

(2)

(3)

the conventional benchmark functions and protein benches. Section 5 concludes the research work in this paper
with suggestions for the future direction of research work.

2. Problem Formulation

In this paper, we have used the AB-off lattice model, which is a generalized form of the HP model. According
to this model, particles are connected to each other with chemical bonds of unit length and then fold into a 3D
structure. The model which possesses the lowest energy is the most stable among all possible structures. This
energy is formed by two types of interactions: one is intermolecular (between protein and other solvent molecules)
and the other is intramolecular (between any two protein molecules). In this way, the AB-off lattice model considers
atomic interactions in calculating energy function, which are left over in the HP model. Instead of 20 different types
of amino acids, this model only considers two residues named A (hydrophobic) and B (hydrophilic). Any protein
sequence of length r consists of total (r − 2) bend angles  A bend angle is an angle between any
two amino acids, whose direction can be random, i.e., clockwise as well as anticlockwise. The energy and other
terms of the protein structure problem can be mathematically given by the following equations:

where E is the energy function to be minimized, and  is the corresponding distance between residue i and j.
 is the value representing the bonding between residues, such as for the AA bond , for the

BB bond  and for the AB or BA bonds .

3. Ingenious Crow Search Algorithm

The crow is considered as a genius bird among other species. The study in [20] shows that its brain size is
bigger in comparison to other birds of its size. A crow shows its superior behavior in hiding and stealing its food,
mimicking voices and in the mirror test. Crows live in a flock and present a natural example of the optimization
process in searching for food, hiding it from others and following each other to know the location of food.
Askarzadeh proposed the crow search algorithm (CSA) inspired by these characteristics, which became very
popular due to its simple structure and a smaller number of parameters. Many researchers presented improved
variants of CSA and applied them to solve real engineering problems [19,22,24]. Authors proposed chaotic variants
of CSA to solve the feature selection problem in [21]. A modified version of CSA has been applied in [22] to solve
the economic load dispatch problem. In [23], the authors employ improved crow search algorithm (ImCSA) for
energy problems. The best selection of conductors in a radial distribution network has been addressed in [24]. In
[19], the authors present an intelligent CSA inculcating two modifications in CSA, namely opposition-based
learning and the cosine position updation rule. The proposed variant has also been verified in some real
engineering problems, such as model order reduction and structural design problems. Furthermore, an exponential
function-based mechanism is introduced in this version to make it the exponential function-based ingenious crow
search algorithm (ICSA):
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(4)

2.

(5)

(6)

(7)

1. The first is opposition-based learning, which is used in the initialization phase, when the crows generate their
positions. Out of the total crows, half of the crows generate their position randomly, and the remaining half
generate it according to the following definition.

Definition  1: Let  is a point in a space of R dimensions where  is a real number for
 and  then opposite points set of z is given as  or we can also write

The second modification is an acceleration factor based on exponential function, which acts as a bridging
mechanism between the exploration and exploitation stages of the optimization process. In comparison with a
linear function, a cosine function provides better results as it has a high gradient in the exploration stage, which
means that it explores a bigger area which helps in finding the solution. Later on, when the gradient is low, the
area shrunk during the second half and led to the avoidance of local minima trapping. This acceleration factor
can be given mathematically as

Let us consider the total number of crows in a flock as N, and the location of hidden food is given by , which
is considered as the best position of crow i, for .  is the ith crow position at jth iteration. Initially,
half of the population of crows generates their position randomly and the other half by Equation (4). Suppose a
crow i follows crow y at iteration j, then two cases are possible: either crow y knows that crow i is following it and it
tries to fool it by changing its position swiftly or crow y does not know that it is being followed. These two cases
inculcated with the abovementioned modifications can be represented mathematically as

where  flight length of ith crow,  a random number such that , and  awareness
probability of the crow, which helps to create a balance between the exploitation and exploration stages.

In every iteration, the crow updates the location of its food by the following equation:

For the easy understanding of readers, a flow chart of the ICSA [19] is given in Figure 1.
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Figure 1. Flow chart of the ingenious crow search algorithm.

Furthermore, the implementation details of the ICSA have been depicted in the following algorithm.

1. For implementing any real-life optimization problem, the designer requires the identification of variable
composition. In this structure prediction problem, we have to calculate the dimension of the variables as per the
sequence length. Hence, the dimension of the solution string is calculated as per size of the sequence.

2. As it is a known fact that the folding can be conducted between [−180,180], the upper and lower bounds of the
variables have been assigned as per these boundary conditions. From this, it can be observed that the
initialization of the number of crows along with their research directions can be finalized with the help of
sequence size and range of bend angles.

3. For further implementation of the algorithm, the energy function has been evaluated with every iteration of the
ICSA, and the values of memory as well fitness function are stacked in an array. Then, the optimal values are
retained, and further processing in order to improve the solution quality has been started with the help of the
position update equation.

Furthermore, as per the stopping criterion of the ICSA, this process is stopped, and optimal values of energy
function and corresponding angle values are stored.

4. Simulation and Results

For proving the efficacy of the proposed ICSA, a detailed investigation has been conducted in this section.
First, the performance is evaluated for some standard functions, and then, the performance is evaluated for some
artificial protein benches for the determination of the optimal structure.

4.1. Evaluation of ICSA on Conventional Benchmark Functions

Table 1 shows the diverse characteristics of various functions, along with dimensions and bounds. From this
table, it is observed that the functions used in this experimentation have two characteristics, i.e., unimodal (with
one minima) and multimodal (with multiple minima, including global and local), and possess complex landscapes.
For the evaluation of the exploration and exploitation virtues, both of these landscape evaluations are required.

Table 1. Definition of standard benchmark functions.
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As we know, metaheuristics are based on the generation of random numbers in between the bounds for given
variables, and they explore the search space in a very effective manner; hence, the results obtained from these
algorithms always differ from run to run. Hence, for reporting the results of these algorithms, statistical attribute
depiction is acutely required. Hence, in this experimentation, our aim is to run various improved versions of the
crow search algorithm along with the proposed one and conduct the evaluation of the optimization properties on
the basis of statistical attribute depiction. The following attributes are chosen for depiction of the optimization
results.

Mean of the fitness values obtained from 20 independent runs.
Maximum fitness values obtained from 20 independent runs (Worst value as minimization is performed).
Minimum fitness values obtained from 20 independent runs (Best value as minimization is performed).
Standard Deviation of the fitness values obtained from 20 independent runs.

Some of the crow search variants have been taken in the analysis, in this experimentation all optimization
algorithms are run for minimization purpose. For the optimization environment, search agent no. (30), maximum
iteration (500) and total no. of independent runs (20) are kept constant for all the algorithms. Figure 2 shows the
convergence property analysis of these algorithms. It can be observed from these plots that with the exponential
modification, the convergence of the ICSA is higher as compared to the parent algorithm and other prominent
variants of the CSA.

Figure 2. Convergence characteristics of conventional benchmark functions.

The results of the statistics attribute analysis have been showcased in Table 2. The following points are
observed from this analysis.

Table 2. Statistical attribute analysis on conventional benchmark functions.

1. From this table, it has been observed that for unimodal functions (F1–F7), the ICSA is performs well and the
proposed exponential function-based mechanism helps the algorithm in convergence. Unimodal functions are
those functions that possess only one minimum in a given search space. Hence, it can be concluded that the
proposed exponential-driven mechanism helps the algorithm to find the minima very efficiently and helps the
algorithm in convergence.
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2. In addition, in a few of multimodal functions, such as F8 to F12, the performance is not compromised. Hence, it
can be observed that the exploration and exploitation virtues of the ICSA have been enhanced with the
inculcation of opposition-based learning and the proposed exponential-driven function. The results of standard
deviation and their optimal values for the ICSA have been showcased in boldface and depict the superior quality
of the optimization by the proposed ICSA. The proposed mechanisms help the ICSA to avoid local minima
stagnation and provide a big leap in the position updation phase (due to exponential function).

4.2. Application of ICSA to Protein Structure Prediction

In this section, simulation and the results of the ICSA are discussed in relation to the protein bench,
showcased in the previous subsection. In reference, it has already been shown by the authors in the previous
subsection that the ICSA outperforms the original CSA and some of the leading variants of CSA on standard
benchmark functions. Furthermore, to test the efficacy of the algorithm, benches of protein are considered here.
The characteristics of these protein benches are shown in Table 3.

Table 3. Evaluation bench for PSP problem.

A. Statistical Attribute Analysis (SAA)
As we know that metaheuristics instill some degree of uncertainty in producing the results of the optimization

process, it is an established practice to report the results in terms of mean values, maximum values, minimum
values and standard deviation values of independent runs. To adhere to the same practice, these statistical
attributes are exhibited in Table 4.

Table 4. Statistical attribute analysis.

1. The results depicted in Table 3 are calculated by taking 20 independent runs into consideration. To make the
competition fair, the maximum no. of function evaluations has been kept constant for all participating algorithms.
The following points can be observed from these results:

2. The bench of protein is divided into three major parts, namely very small, small and medium length. Along with
this, a real sequence has also been considered. From the observation table, we can conclude that the
algorithms gave almost the same values of free energy for Asm1 and Asm2 when compared; however, the
values of standard deviation of the results are optimal for the ICSA. These results are depicted in boldface.

3. Inspecting the values of mean As1 and As2, it can be clearly observed that these values are optimal for the
ICSA. Along with this fact, in As2, standard deviation is also optimal. These results are considered as affirmative,
and it can be concluded that the ICSA works well for these proteins.

On further inspection, for the medium-size and real protein sequence, we have observed that the mean values
are optimal in case of the ICSA, and the algorithm shows promising results. Hence, it can be concluded that
acceleration factor-driven bridging and opposition-based learning substantially enhance the performance of the
algorithm.

B. Iterative Time Analysis (ITA)
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It is a known fact that the execution time of the algorithm is quite important while dealing with complex
engineering problems. Unlike classical problems, protein structure prediction is a complex problem, and the
execution time for the identification of protein structure is an essential requirement to judge the performance of the
algorithm. Taking this fact into consideration, the execution times for independent runs have been calculated, and
mean values for the algorithms are depicted in Table 5.

Table 5. Iterative Time Analysis.

By inspecting the values of mean execution time, it can be easily concluded that the ICSA gives fast and
optimal results. The execution time for different protein sequences is optimal for the ICSA and depicted in boldface
in Table 5.

C. Box Plot Analysis (BPA)
To compare the optimization performance of the competitors, BPA is also conducted. Diagrams are plotted for

the Am1, Am2 and Rs1 sequences. These are depicted in Figure 3, Figure 4 and Figure 5. From these, one can
observe that the mean values are optimal and the interquartile range of the ICSA is satisfactory as compared to
other participating algorithms. From this analysis, the supremacy of the proposed variant over the CSA and other
variants is confirmed.

Figure 3. BPA for Rs1.

Figure 4. BPA for Am1.
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Figure 5. BPA for Am2.

D. Rank-sum Test Analysis
Figure 6 shows rank-sum test analysis results in terms of p-values to compare the ICSA with competitors. The

Wilcoxon rank-sum test is conducted to find the statistical significance of the algorithm as compared to other as
metaheuristics instill uncertainty in producing results.

Figure 6. Rank-sum Test Analysis.

From the figure, it can be seen that the CCSA is totally different from the ICSA as the p-values associated with
this comparison are less than 0.05 for all the sequences. It is also worth mentioning here that a significance
difference exists between the CSA for some of the sequences. However, in the case of the ImCSA, the
performance of ICSA is comparable with ImCSA.

E. Extended Experiments on Real Protein Sequences
To extend the analysis of the proposed algorithm, we tested the algorithm for prediction of the structure of the

following real proteins. The details of these proteins are shown in Table 6; these are taken from [31], and more
details are available at Protein Data Bank (PDB, http://www.rcsb.org/pdb/home/home.do
(http://www.rcsb.org/pdb/home/home.do), the access date 15 April 2023) [32].

Table 6. Bench of real proteins.
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For evaluating the performance of the ICSA, statistical attributes (SA), such as mean, maximum, minimum
and standard deviation, of the fitness function over 29 independent runs are reported in Table 7. The optimal
values of the fitness function mean have been shown in boldface in the table. It is observed that the fitness values
of the proposed ICSA are optimal for many proteins. Since the mean value of the optimization run is an important
parameter to depict the algorithm performance, this has been chosen to showcase the efficacy of the ICSA. It is
worth mentioning here that while dealing with long-length protein sequences, the algorithm showed sluggish
behavior and took more time for convergence. Hence, a convergence improvement scheme may be employed in
the future.

Table 7. Evaluation of ICSA on real protein bench.

From Table 7, it has been observed that the proposed ICSA exhibits a better response in terms of mean
values of SA. Hence, to verify this, convergence curves of RP-2, RP-5, RP-6, RP-7, RP-8 and RP-9 are plotted in
Figure 7. From the figure, it has been observed that the ICSA exhibits a slightly better convergence property as
compared with other variants of the CSA and the CSA itself. From this point of view, the proposed modification
appears more meaningful for the PSP problem.

Figure 7. Convergence property analysis.

5. Conclusions

The ingenious crow search algorithm (ICSA) is proposed with a new bridging exponential operator for carrying
out the protein structure prediction problem. Opposition theory has been implemented in the initialization phase,
along with the exponential-driven position update mechanism. The ICSA has been tested on some of the standard
benchmark functions and applied to the protein structure prediction problem. The following are the major
conclusions of this work:

1. Before experimenting on the complex protein sequence, the ICSA has been tested over some of the
conventional benchmark functions. These functions are known functions, i.e., the minima and search range are
priorly known. The comparative analysis with some of the published versions of the CSA shows that the
algorithm is substantially improved with the application of a new exponential-driven factor and opposition-based
learning. A detailed investigation in terms of statistical analysis of the fitness has been carried out to exhibit the
efficacy of the proposed ICSA.
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2. A bench of various protein sequences is considered for testing the efficacy of the ICSA and some of the leading
versions of the crow search algorithm and its variants. The bench consists of real and artificial sequences of
protein.

3. An extended analysis of the algorithm has been conducted with the help of a real protein bench. The bench
consists of a real protein sequence of medium length. The algorithm is evaluated with other opponents on the
basis of convergence and SA.

4. Optimization performance has been compared with the help of various analyses, such as SAA, ETA and
statistical significance evaluation with the help of the rank-sum test. We observed that the ICSA provides the
optimal solution in less computation time, and in some cases, a degree of uniqueness exists in the obtained
results.

5. Convergence curves for different conventional functions have been plotted to showcase the optimization efficacy
of the ICSA.

For future experimentation, a local search algorithm for enhancing the accuracy of the prediction will be
proposed and tested on artificial as well as real protein sequences. In addition, rigorous analysis of some long-
length sequences will be executed in the future by the authors.
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