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Abstract. The "infinite impulse response” (IIR) digital filter was developed using the hybrid optimization
artificial intelligence (Al) algorithm. At Al algorithm D-PSO, which stands for the "particle swarm
optimization” dynamic topology, we make use of an approach that is both efficient and simple to memorize.
The researchers investigated strategies to maximize the permissible ripples in a passband, the stopband,
and the transition band while minimizing the nonlinear mean square error (MSE) between an initial filter
response and the required filter response in those bands. Using the approach resulted in a considerable
reduction in the square error rates of both the passband and the stopband, according to the findings of an
experiment. The IIR digital filter square error values with the D-PSO are superior to those of digital filters
using evolutionary Al algorithms such as the dynamic inertia PSO (DI-PSO) or the modified dynamic
inertia PSO (MDI-PSO); this allows the IIR digital filter to achieve better results because the square error
values depend on the sequence in which the filters are applied. Therefore, compared to digital filters and
coefficients created by evolutionary ways, the ones produced by the suggested method are more precise
and stable than those produced by evolutionary Al approaches.

Keywords: Artificial Intelligence Algorithms, 1R digital filter, Particle swarm optimization (PSO)
Algorithm.

1. INTRODUCTION

The phrase "signal processing™ denotes manipulating and altering various signals. These signals
may be sent via many mediums, including written text, music, and biometric data. Digital filters are a
fundamental aspect of signal processing for the data under consideration. Both the "finite impulse response”
FIR and the "infinite impulse response” IIR are terms used to describe digital filters based on "impulse
responses.”. Every single one of these classifications has a few positive qualities. In addition to the
development of the first systematic approach that used linear programming, the IIR digital filter was
simultaneously developed [1]. A filter was developed using a weighted least squares (WLS) method [2],
implemented after the completion of operations to ensure an acceptable ripple response. An IR filter used
a method grounded on peak-constrained least squares (PCLS) criteria to attain its goals. The aim was to
concurrently improve the group delay (t) and the frequency response [3]. This task was executed to attain
the intended results. Researchers have used the quadratic error function in developing IR digital filters, as
noted in [2]. The scholars above use various optimization techniques, including linear, nonlinear methods
and Artificial Intelligence (Al) hybrid optimization technologies. The following examples exemplify
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techniques included under this category: Conic quadratic programming, Gauss-Newton method, sequential
restricted least squares, frequency and phase response, and second-order cone programming.

Many evolutionary Al mechanisms have been used to tackle the issue of multimodal defect surfaces.
The particle swarm optimization (PSOs), the artificial bee colonies (ABCs), the differential evolution
algorithms (DEs), and the genetic algorithms (GAs) exemplify approaches within this area. However, this
category is not limited to these techniques alone [4].

Two distinct outcomes are achieved due to the superior efficacy of PSO relative to other Al
optimization methods [5]. Two benefits realized are decreased processing costs and expedited convergence.
The results derived from solving nonlinear optimization problems across many applications with PSO
substantiate this claim. One should choose a well-established optimization approach, such as the PSO
technique. Since then, several proposals have been put out to enhance the PSO, all aimed at augmenting
exploration opportunities. In [6] posited that including inertial weight (w) in IIR filter designs might
enhance the scanning capabilities of these filters; this was supplementary to the methods that were
previously used.

The quantization effect remains undesirable, even though the filter has been enhanced for greater
sensitivity after the update. Moreover, PSO cannot address challenges involving more significant
dimensions, necessitates individual tests, and often gets ensnared in suboptimal solutions. While
simultaneous use of PSO is feasible, accurately determining the exact location and the accompanying
velocity (v) data is not achievable. Particle Swarm Optimizations (PSOs) encounter many challenges, one
being the potential for particles to converge on the local optimal solution at an overly quick rate. That is
only one of the many concerns. Employing diverse neighbourhood topologies may somewhat mitigate this
issue [7]. Particles in close contact may swiftly converge to provide the ideal solution. The study employs
the D-PSO technique to achieve this aim, a version of the PSO methodology that accounts for dynamic
topologies. D-PSO was created to improve exploration while optimizing the use of existing data in the
search area. Another facet of D-PSO that enhances static performance is noted [8]. This feature involves
assigning a substantial quantity of neighbours to each particle. Any of the two dynamic topologies may be
used to attain this objective.

This work aims to improve the digital filter with defined stopband attenuation and passband ripple
using the hybrid algorithm Al outlined in [7]. Furthermore, the digital filter, constructed with significant
square error values, will be examined in detail.

The digital low-pass IIR filter inspires the design of D-PSO, one of the technologies applicable to
this task. Another examination method calculates the digital filter's squared error (SE) values.

Simulation models are shown throughout the development of digital filters using optimization
techniques to illustrate the strategy's effectiveness and compare the SE results. The D-PSO approach, DI-
PSO, and MDI-PSO algorithms, together with the D-PSO strategy used in this study, may be accessed by
referring to [9]. Currently, these algorithms are part of the collection and are accessible to users.

The following section will address the study conducted on IIR digital filters. Section 3 introduces
the D-PSO algorithm and comprehensively describes the methodology. The fourth portion of the article
explains the formulation of the stability constraints. Additionally, Section 5 encompasses a comprehensive
analysis of the results, incorporating the simulation. In section 6, conclusions and future work are
presented.
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2. THE ANALYSIS OF DIGITAL FILTER

It is possible to explain an IIR-type digital filter using the Equation that is a linear and constant
difference, as is seen in a sentence that follows [10], basic recipe Eq. (1)

g:o by, }’[ko —n] = Z%:O an, x[ko —n] 1)

The output that matches the x[ko] input sequence is represented as y[ko], and the digital filter
coefficients are a, and bn. In order to require frequency responses, the y[ko] and x[ko] coefficients serve as
regulatory parameters in the z-domain digital filter transfer function, as shown in [10], and Eg. (2) and Eq.
(3) are shown below:

Y@[1+bzt+byz72 4+ bz ¥=X(2)[ag+az7  +az72+ -+ a,z7t 2

M

Y(z) _ _aptaiz Y+azz %+-tapz”
X(z) H(Z) - f+blz‘1+bzz‘2+---+b;z‘N (3)

The bo is set to 1, and z is equal to ™. Since this is the case, the study is all about finding the right
values for these coefficients. This specific integer provides a decent filter response for the provided filter
taps and is also resistant to quantization. Using the following procedures and the formula [7], one can
calculate the digital filter phase response; this formula is quadratic Eq. (4).

Qphase = arg{H(ejw)} (4)
3. PROPOSED ALGORITHM: THE D-PSO ALGORITHM

The dynamic mode of the "particle swarm optimization" PSO method is one example of a link
between the PSO methodology and hybrid optimization strategies. This Al algorithm is a mixture of many
optimization strategies. To do this, we use the standard PSO procedure, which creates a swarm of particles
inside the search area. Each particle's neighbourhood, speed, and location are assigned at random. There is
no fixed order for them. A subset of the swarm of particles may be described by a term called a
neighbourhood. At every given moment in time, every single particle is accountable for evaluating a
function in every process cycle. The present position of a particle will be taken as the new best if the fitness
of an existing solution is greater than that of an existing personal best. Equations (5) and (7) are then used
to change the particle's velocity and position, as seen in instances. The procedure is carried out again and
again until the intended outcomes are realized [8].

Many features are shared between the D-PSO technique and the PSO standard method. Problems
may be solved using any of these algorithms. Better results may be achieved with the D-PSO method since
it modifies the design of dynamic variations used by the traditional PSO algorithm. The D-PSO method
starts by seeing topology as interacting neighbours for each particle. Before everything else, this must be
considered. Here, we can see the main difference between the two approaches. However, the point of
dynamic extra designs is not to hasten convergence; it is to seek out space exploration because their
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the intended function is to be put to use. The unique appearance of this design is one way in which it differs
from its predecessors.

Furthermore, the technology is being used to generate the dynamic topology haphazardly throughout
the method. While other dynamic implementations of the technique lose some of the exploitative qualities
of the original PSO algorithm, the static topology preserves them all [8].

In the D-PSO, the particles are affected by utilizing the neighbourhood's best topology (ni). Also,
the most fit is because, according to Equation (6), the velocities of all swarm members are continuously
changing (vi). and its position (pi) according to Equation (7). The reason is that this is the case because the
best fitness determines the topology of all neighbouring bests.

v;(t) = x[v:(t— 1)
+@,,rand[0.1](B;(t — 1) — %, (t — 1))
+ @5, rand[0.1](A;(t — 1) = %(t— 1) ] (5)

v; (1) =
X[Bi(t = 1) + @y, rand[0.1](Fi(t — 1) — % (t — 1)) + @, rand[0.1] (dy(t— 1) - % (t— 1))  (6)

X0 =%(t—=1) + 7;,(1) (7

Two variables are used within the equations above: vi (t), which represents velocity, and xi (t),
which indicates the location of particle | during iteration t. Furthermore, the best solutions found thus far,
which include static solutions, are represented by the variables pi (t) and di (t), respectively. In iteration t,
an exhibit of "i" is a constriction coefficient y of around 0.7298438. We are taking this action to ensure
that the speeds do not increase. The symbols @1 and @2 indicate the acceleration coefficients, as stated in
Equation (5). Particles of "i " scaling to pi and ni, respectively, are calculated using these coefficients. In
standard PSO implementations, the acceleration coefficients are all the same and add up to 4.1. The values
of @1 and @2 are found to be 2.05; This is about classical PSO. The acceleration coefficients @1 and @2
are used in equations (6) to ascertain the strength of the attraction between particle i's and pi (t) and di (t),
respectively. The D-PSO method uses three acceleration factors because every particle is drawn to three
different bests: an individual best, a best in motion, and a static best.

In contrast, the conventional PSO method often uses four acceleration factors. The starting values
of these acceleration coefficients are 4.1/2, as shown by the symbols @1 and @2. The symbols stand for
these coefficients. Based on the information provided by the D-PSO, we may conclude that 1.366666667
is the same as @1 and @2. Ordinary PSO implementations typically have acceleration factors totalling 4.1.
A vector consisting of these arbitrary values ranging from zero to one is multiplied by each positional
variable in the velocity equation. To spice things up a little, this is done. It may describe a range that
guarantees all values in vi stay inside that range using the notation [Vmin; Vmax]. If we look within the
search area, we can see that Vmin has the lowest value and Vmax has the highest value. The particle p in
D-PSO is optimized by considering both di (t) instead of only one neighbourhood, which is best, ni. Doing
so will increase the likelihood of it happening; this means that the dynamic topologies of particle p make
possible the most successful solutions found so far. The optimization strategy utilized in this paper's
pseudocode is detailed below [8], [11], [12].
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Algorithm: D-PSO
1- The D-PSO algorithm.
The size of the swarm.
f, the target function for optimization
The max Iterations variable sets the maximum number of iterations.
Probabilities of reconstructing neighbourhoods that are still dynamic.
The Results:
The x;, a spot where the least function value was found;
f(xi), the function's value at that spot
with "i = 1" through n,
- Particle I should begin at a random place and speed. For each integer "I" from 1 to
n, perform the following:
11- Let the number of iterations be less than the maximum number of iterations.
12- The optimum solution for particle " i" at the location
13- The pi has not been found yet.
14- The di (t) is the optimal solution location determined by the current state of the
particle "i's" dynamic neighbourhood.
15- the modified speed of particle "I"" as determined by equation (6)
16- the x; = particle "i's" revised location from Equation (7)
17- As required, update the pi (t), di (t), and xi, and compute the function f(x;).
18- If the "random Double" is less than a probability of D,
19- restructure thriving communities
20- It should get back x; and f(x;).
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4. LIMITATIONS ON STABILITY

Extra precautions are required during the IIR digital filter development due to its increased
instability risk. According to conventional wisdom, once the poles are located within the circle that
encircles the z-unit plane, stability is guaranteed. Evolutionary Al algorithms carry out This repeated
regression computation, which chooses each solution from the population matrix. Verifying the general
consistency of all replies is the next stage. The first step of the study was categorizing higher-order transfer
functions using the concept of first-order and second-order functions. The range of possible values for the
coefficients contained in the denominator is limited using this strategy. A lower-order IIR filter may be
designed [10] Using this method.

Because their lattice structure values were identical, the author of this paper used that feature instead
of the polynomial-shortened version of the denominator [2].

There was yet another use of this method in that specific context. If one wants to solve the
population matrix—also called the search space—one possible way to do so is by utilizing equation (8)
[13].
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The previously given Equation may be reformulated as Equation (8), where r is an element of the s
et R, k is an integer between 1 and K and is elements set in the solution vector.

pop™ = [ay0ar1 Qry oo Qi hr. M+ 1hr.M + 2 . hr. M + N] (8)

The author of this research employed this information instead of the denominator that a polynomial
had reduced; this occurred because their lattice structures had similar values. That particular setting also
saw an approach quite similar to that one. Simplifying Equation (8) [2] yields one solution that may be used
to solve the population matrix, sometimes called the search space. Another way to write the previously
mentioned Equation (8) is where M is the set of elements that compose the solution vector, r is an element
set R, and k is an integer between 1 and K. The updated version of the Equation that was earlier accessible
is Equation (9) and Equation (10).

Pr(Z) = Pr—l(z) + hT‘,Z_l, Qr—l(Z)-r
=12....K—-1 (9)

Qr(z)=zT".B(z™H) (10)

For any value of z for which Pr and Qr are integers equal to one, the conversion to the direct form
of the denominator filter coefficients is only performed to calculate the frequency response using equations
(1) and (2). The lattice-formed denominator filter coefficients are preserved during the exploration period.
The solution vector's numerator filter coefficients are used to extract the lattice filter coefficients, the first
step in the conversion process. We utilize the vector h to record these coefficients [14].

The fourth index, which is the initial element of h, is used to calculate Pr (z), and Pr-1 (z) and Qr
(z) are both set to 1. The next step in obtaining the values of P2 (z) and Q2 (z) is to repeat the technique on
the second component of the h, which is determined by the same method as the first element. The final Q2
(z) and P2 (z) calculations are completed.

Another step is to repeat the operation until all the components of h have been utilized. Following
this, from [15], is a statement that shows that all the coefficients have been obtained by using the direct
form of the polynomials of U(z), Equation (11):

[hr,M +N] > [1b,,1... b,,n] (11)

The research and application of the CF methodology in recommender systems have been
extensively explored and implemented [4]. There are primarily two categories of collaborative filtering:
memory-based and model-based techniques [19][20]. Neighbourhood-based CF refers to the approach that
leverages the system's rating matrix to estimate missing ratings for specific items. Conversely, model-based
CF constructs a model using matrix values, which are subsequently employed to assess the relevance of
new items to the target audience [19].

5. RESULTS OF EXPERIMENTS

One possible approach to creating an IR filter is detailed in this section. Several design aspects are
used to achieve the approach. Depending on the situation, the evolutionary method may provide a desired
or realistic result. So, to find out how the concept works in practice, we have decided to run thirty separate
simulations. The further analysis involves comparing the results to those of other previously studied
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situations. Parametric analysis, in accordance with the method described in [16], honed the most beneficial
outcomes.

This paper presents an assessment of the strategy's success that takes into consideration a range of
metrics, one of which is a square error (SE), stop error (e; ), and pass error (e,) [17], [18] as in Equation
(12):

SE =e, + e (12)

An intensive investigation is required to acquire the control parameters for the methods utilized in
this research. From what we have discussed so far, Al algorithmic systems may do better with a speed limit
between -2 and 2. Moreover, the expected outcome was calculating the values controlling the local and
global search parameters, denoted by the symbols @1 and @2, respectively.

Regardless, it was found that keeping v between 1 and -1 significantly improved performance
throughout the experiment; this persisted throughout the whole simulation; this is why it has also been put
to use in the pursuit of other research duties. The experiment takes into consideration both the size and
cycle of the population. It is also possible to find the optimal values for the control parameters by
distributing them among a large population. The D-PSO method may be fine-tuned with the following
parameters: a maximum velocity of 2, a minimum velocity of -2, 60 swarm members, and 500 iterations.
It may specify the proposed Al algorithm's control settings using these parameters.

Table 1 comprehensively explains the requirements for the various simulations that may be used to
build filters. The first model considers a particle enhancement D-PSO and looks at the optimal inertial
weights. Running the simulations 30 times for each weight and inertia sequence is required to find the
optimal solution for low-pass filters. People may pick the best option by thinking about the operating range
W and the minimal SE. We aim to provide the SE value that proved to be the most optimum for each

sequence.
Table 1. Comprehensive Details on the Filter's Design.

Parameter Value of Parameter
Filter order 4,8, and 16

Type of filter LPF

Stopband Sh [0.57, ]

Passband pb [0, 0.47]

Stopband of Ripple a; | 0.001

Passhand of Ripple a,, | 0.01

Furthermore, this analytical procedure was integrated into the subsequent simulation and executed
continuously. This study investigated the effects of the modulation index D-PSO, which led to the
discovery of the SEs of low-pass filters. Based on these results, it is clear that D-PSO is the superior
computer software.

We need the characteristics listed in Table 1 to build a low-pass IIR digital filter prototype that
might be utilized for D-PSO performance evaluations. The abbreviation LPF is often used to describe a
low-pass filter. However, the words low-pass and LPF are equally accurate.

The dynamic DI-PSO algorithm in [9] and the MDI-PSO algorithm in [9], the SE values obtained
while building a digital low-pass IIR filter are shown in Table 2.
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Table 2. SE-Based Evaluation of LPF Achieved.

Order DI-PSO MDI-PSO D-PSO (Proposed method)
4 0.389011 0.287613 0.211039
8 0.465778 0.21111 0.168395
16 1.927891 0.158887 0.156311

Figure 1 displays the steps involved in creating an IIR digital filter utilizing the MDI-PSO, DI-PSO,
and D-PSO algorithms. Conventional regression on SE values achieves this aim. The filter order shows that
compared to MDI-PSO and DI-PSO, the squared error (SE) values for IIR digital filters generated by the
D-PSO method are much higher.

mDI-PSO ®= MDI-PSO D-PSO

1.927891

0.465778

0.211039
0.168395
0.156311

~
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Fig. 1. Values For The Squared Error (SE) In The Results Scheme—Derived From Table 2.

Several stages of the study assessed the complexity of the methodology employed in this inquiry.
Figure 1 compares the utilized version's performance to other versions, and Table 2 provides a numerical
comparison between the two. Presented here are the SE values obtained with the maximum degree of
accuracy for each of the thirty orders that were tested; this is because, compared to its forerunners, the DI-
PSO and MDI-PSO algorithms, the D-PSO method produces far better low-pass IIR digital filters.
Moreover, the D-PSO algorithm outperforms the original PSO method.

Figure 2 depicts the zeros and poles of the low-pass IIR digital filter based on the proposed D-PSO
algorithm. Figure 2 shows the zeros and poles of the fourth-order low-pass IIR digital filter. This finding
proves that the D-PSO method used in this research may provide a stable low-pass IIR digital filter,
unchanged by changes to the filter order.
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Fig. 2. The Digital Filter Used Here Is D-PSO’s 4-Order Low-Pass IIR.

6. CONCLUSION

The creation of an IR filter design is made possible via the Al hybrid technique. More specifically,
this Al technique is founded on the D-PSO algorithm, an acronym that stands for dynamic-topology particle
swarm optimization. The present approach has several notable benefits, including its resistance to dynamic
topology displacements and limit cycle effect, as well as its adaptability for bigger filter taps. These are in
addition to the many other advantages that the method has. The findings of the experiments indicate that
the method that was used had an impact on the processes that were described before. The performance of
the fidelity parameters has received a significant boost even though the complexity of the computations
has increased somewhat. An additional possibility is that the same method may be used in the production
of comb filters and fractional-order filters. Both signal filtering and preprocessing are possible applications
for the proposed LPF. For example, the feature categorization and noise reduction procedures are examples
of these applications.
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