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( Abstract

Finite Impulse Response (FIR) digital filters are essential components in digital signal processing systems; however, high-order FIR
filter implementation faces challenges related to hardware complexity, register utilization, and critical path delay. Retiming
techniques provide an effective solution for improving the speed and resource efficiency of VLSI-based FIR architectures by
optimizing the placement of memory elements. This research presents an intelligent retiming-based optimization framework using
an Improved Hippopotamus Optimization (IHO) algorithm for enhancing FIR filter performance. The proposed approach combines
retiming transformation with metaheuristic optimization to achieve efficient register distribution and improved timing
characteristics. The performance of the optimized FIR architectures is evaluated using multiple parameters, including register count,
clock period, operating frequency, and execution time. Comparative analysis with Hippopotamus Optimization (HO), Schooling
Aquatic Optimization (SchoA), and Moth Flame Optimization (MFO) demonstrates the effectiveness of the proposed method. The
optimized FIR-TDF10 architecture achieves an improvement in operating frequency from 108.24 MHz to 175.91 MHz, along with
reduced register utilization and enhanced computational efficiency. The results confirm that the proposed IHO-based retiming
framework provides an effective approach for designing high-speed and area-efficient FIR digital filters for advanced VLSI
applications.

Keywords: FIR Filter; Retiming; Improved Hippopotamus Optimization; Metaheuristic Optimization; VLSI Design; Register
(___Reduction; Clock Period Optimization.
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1. Introduction

Finite Impulse Response (FIR) filters are key components of many digital signal processing (DSP) systems.
They are stable and provide a linear phase response, which is very important for many applications. Due
to the finite impulse response, they are able to provide very precise frequency-selective filtering. Because
of these characteristics, FIR filters are used in a lot of applications such as wireless communication systems,
biomedical signal processing, image processing, and others. They are also used in radar systems, audio
processing, and in embedded computing systems. Recent developments in high-speed and low-power DSP
systems impose significant design challenges for the realization of FIR filters, especially high-order FIR
filters. The additional complexity of the computations, the increased hardware utilization, and the
additional delay impose significant constraints on the design of such filters. The performance of an FIR filter
can be influenced greatly by the architectural parameters such as number of arithmetic units, amount of
memory, register distribution, and critical path delay. Most existing FIR filter structures require a large
number of registers to realize adequate filter performance. However, the number of registers greatly affects
the area, power, and even hardware complexity of the overall architecture. Moreover, the long chains of
combinational logic between different sequential elements in the filter architecture severely restrict the
maximum operating frequency of the filter. Hence, the optimization of an FIR filter architecture has become
a major area of research to achieve higher speed, lower area, and VLSI-efficient designs.

Retiming is an optimization technique that allows the timing of a digital circuit to be improved without
changing its functionality. It works by relocating registers in a design to distribute delay through a circuit
of combinational logic in the best possible way. Delay elements within the design can also be rearranged to
get the best results. In digital circuit design, retiming can be used to reduce the critical path of a design,
increase its frequency of operation, and improve overall timing performance. For FIR filter architectures,
retiming has the potential to decrease the clock period of a design and improve its resource usage. However,
creating an optimal retiming for a complex filter is a difficult problem because the search space for possible
designs is very large, and there are many competing objectives to optimization.

Vol.6, No. 3, 2026 1739


http://www.svedbergopen.com/ijaiml
mailto:sarwary205@gmail.com
mailto:channisingh@yahoo.com
mailto:ermandeep0@gmail.com

www.svedbergopen.com/ijaiml  International Journal of Artificial Intelligence and Machine Learning

Metaheuristic optimization algorithms are recently popular to solve complex engineering optimization
problems. Most of these algorithms are inspired from nature, and therefore, are called nature-inspired
optimization algorithms. These algorithms are applied for hardware optimization and digital circuit design
using various single- and multi-objective optimization problems. These problems usually involve several
competing objectives such as area, delay, power and performance. While there are many conventional
metaheuristic optimization techniques, they have some limitations such as slow convergence, premature
convergence and low search accuracy for large-scale design spaces.

Improved Hippopotamus Optimization (IHO) is an improved searching capability to find the optimal
solutions by making a good trade-off between exploration and exploitation. IHO is further integrated with
retiming-based FIR filter optimization to address the limitations of conventional filter structures. By
combining intelligent optimization with retiming, optimal register allocation, minimum clock period, and
highest operating frequency can be achieved. Design of high-performance FIR filter architectures requires
a number of competing design objectives to be traded off rather than design optimized for a single metric.
Reducing the number of registers required improves hardware efficiency whilst reducing the clock period
improves processing speed. Thus a multi-objective optimisation approach is required to trade off hardware
complexity against timing. Architectures can be evaluated using a number of different metrics including
number of registers, clock period, maximum frequency and execution time allowing evaluation of
effectiveness of optimisation.

The paper proposes an intelligent retiming-based optimization framework for FIR digital filter
architectures using the Improved Hippopotamus Optimization algorithm (IHOA). The proposed approach
investigates the effect of optimized retiming vectors and compares the results with other state-of-the-art
optimization algorithms, namely Hippopotamus Optimization (HOA), Schooling Aquatic Optimization
(SAOA), and Moth Flame Optimization (MFOA). In order to evaluate the performance of IHOA in different
scenarios, several FIR filter structures have been investigated. The results obtained from the different
architectures in terms of number of registers, timing consumption and computational effort have been
presented and discussed. The proposed framework successfully exploits the potential of retiming in
optimizing the implementation of FIR filters in terms of register usage and timing consumption. The main
objective of this work is to design and implement high speed and efficient utilization of resources of
implementation of FIR digital filters which can be implemented as VLSI systems for current and future
applications in the field of DSP. Efficient design of implementation of FIR filters using a novel approach of
optimization is presented, and its application for design of efficient digital systems with improved
performance and reduced number of resources which increase capabilities of computation are discussed.

2. Literature Review

The design of efficient architectures for real-time implementation of Finite Impulse Response (FIR) digital
filters has continued to be a relevant area of research in the field of digital signal processing. As advances
in digital system design continue to allow for the implementation of higher speed, lower power, and smaller
area systems, there is a growing interest in the design of architectures that can efficiently implement FIR
filters. The work of Lee et al. [1] introduced a number of techniques for the design of hardware-efficient
architectures for the implementation of programmable FIR filters. These techniques were used to design
an architecture that makes efficient use of available hardware and is particularly suited to the
implementation of a number of different filtering applications. A computer-aided design system, FIRGEN,
was introduced by Jain et al. [2] for the design of high-performance integrated circuits for FIR filters. The
design system takes an architectural approach to the problem and addresses a number of issues involved
in the implementation of such filters.

With the advent of digital signal processing applications, the need for high-speed arithmetic units and
efficient architecture realization has increased. A digital audio signal processor architecture that performs
high-speed signal processing was developed by Matsushita et al. [3]. In this architecture, arithmetic units
and data processing units are designed to be efficient. High-speed CMOS adder and multiplier modules for
digital signal processing have been investigated by Kernhof et al. [4]. The performance of a DSP architecture
greatly depends on the arithmetic components. Designing flexible adaptive FIR filter VLSI architectures
that can be used for communication applications with adaptive processing capabilities and flexible
hardware structure was the focus of work by Borth et al. [5].

Research regarding improving performance of FIR filters through the means of VLSI-optimization using
distributed arithmetic, parallelization, multipliers-optimization and low power design methods has been
lately ongoing. A VLSI architecture for the implementation of an adaptive Finite Impulse Response filter
using Distributed Arithmetic for low power DSP applications has been proposed by Rao et al. in [6].
Implementation of FIR filter for low power applications using hybrid multiplier architecture with
optimized operation scheduling has been presented by S. et al. in [7]. The research also focused on
improving computational efficiency and on implementation of the designed filter using FPGA. VLSI-
optimized implementation of two-dimensional Finite Impulse Response filters using approach based on
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rotational symmetry and parallel Distributed Arithmetic has been proposed by Odugu et al. in [8] for the
purposes of efficient execution of image and signal processing tasks.

In FIR filters, the multiplications are by far the largest contributors to both area and delay. Thus, the
optimization of multipliers has recently received a lot of attention. In [9], dynamic architectures for
multiplications that can be used for implementing FIR filters have been studied in detail for improving their
performance. For the physical design of 2D-FIR filters, binary particle swarm optimization (BPSO) was
applied for VLSI floor planning in [10] in order to improve the major design metrics. The implementations
of FIR filters for 2D-convolutions on FPGAs have been reviewed in [11] for high-throughput architectures.
Parallel architectures were the key to achieve high-throughput processing.

The FIR filters can be implemented by using the multiplier-free architectures, coefficient optimized
processing, and high performance arithmetic. In this direction, V. et al. [12] have proposed the enhanced
multiplier-free VLSI architectures for signal processing. The design and implementation of high resolution
digital decimation filter for SADA/DAC has been presented by Zhou et al. [13]. This paper highlights the
importance of efficient filtering in high resolution signal processing. The coefficient-based filters and their
high-throughput multiplier implementations for high-performance digital signal processing have been
investigated by Vats et al. [14]. The paper deals with the optimization of Dadda multiplier structures for
signal processing and its application to enhance the performance of DSP systems has been studied by H. L.
and Kavida [15].

FIR architectures have recently been designed for high-speed and energy efficient DSP applications using
techniques such as parallel processing, approximate computing and high-performance multipliers.
Recently, Bharatha et al. [16] proposed an implementation of an enhanced fast DSP capable FIR filter
architecture to improve computational efficiency. Further, Potharaju and Saminadan [17] presented
implementation of the efficient FIR filter architecture using approximate multipliers and adders to trade-
off between hardware and performance. In addition, Karthik et al. [18] proposed implementation of a high-
speed two-dimensional FIR filter using high-performance Vedic multipliers. The low-power parallel
transposed FIR filter architectures were designed using modified gate diffusion input by Murugesan and
Prathika [19]. An implementation of a twin-mode adaptive FIR filter using distributed arithmetic was
proposed by A. et al. [20] to realize adaptive as well as computationally efficient FIR filter.

Optimization of FIR filters has been a major research area and significant progress has been achieved in
improving different aspects of FIR filters, including reduction of multipliers, power optimization and even
architectural improvement. However, optimal design of high-order FIR filters that considers timing,
number of registers to be used and hardware complexity simultaneously is a challenging task. Using
retiming as an optimization technique is effective since it tries to meet timing by moving registers while
keeping the circuit functional. The search space for optimal retiming of complex FIR filters is very large.
Using intelligent optimization techniques in conjunction with retiming is a promising approach for
designing high-speed FIR filters and also for reducing resources needed in implementation.

3. Proposed Methodology

This work presents a smart retiming-based design optimization methodology in order to increase the
performance of implementations of Finite Impulse Response (FIR) digital filters by combining retiming
design transformations with the Improved Hippopotamus Optimization (IHO) algorithm. The main
objective of this proposed methodology is to reduce the hardware size and to decrease the number of
timing constraints of the Filter in order to increase its operating frequency while keeping its filtering
characteristics. This methodology includes a combination of architectural-level design optimizations and a
nature-inspired computational approach for optimal placement and buffering of registers in the Filter
architecture.

This framework goes through three major stages of FIR filter architecture modeling, retiming-based design
transformation and intelligent design optimization by using IHO algorithm. In the architecture modeling
stage, FIR filter is analyzed to obtain critical path, arithmetic components and required registers. In the
design transformation stage, the retiming model is applied to re-distribute delay components to obtain an
optimized retiming solution by taking into account register count, clock period and maximum operating
frequency using the IHO algorithm. An overview of the framework of the intelligent approach for retiming-
based optimization of FIR filters is shown in Figure 1. At the beginning, a model of the FIR filter is created
in the form of the architectural description. In this description, the main parameters of the filter, such as
the number of registers, clock period and critical path delay, are determined. The following stage is
retiming. It transforms the architecture of the filter by moving registers without changing its functionality.
The created solutions for retiming of the filter are optimized by the Improved Hippopotamus Optimization
algorithm.
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Figure.1: Overall Framework of the Proposed Intelligent Retiming-Based FIR Filter Optimization Method
The main characteristic of this algorithm is the combination of the stages of search and exploitation by
using the corresponding solutions as input for the current iteration. The quality of each solution is
estimated by a multi-objective fitness function that takes into account the complexity of the optimized
hardware and its timing characteristics. Optimization continues until certain termination criteria are
fulfilled. The output of the optimization process is an optimal solution for retiming of the filter that enables
its implementation with maximum frequency, minimum number of registers, and best possible VLSI design
quality. In this work, a multi-objective design approach is used to optimize between hardware efficiency
and timing performance. Each candidate solution, generated by the optimizer and corresponding to a
different retiming solution, is evaluated using a fitness function. The design that results in the minimum
hardware overhead while improving the timing figures of merit is chosen as the optimal solution for
implementing high-speed FIR filters for VLSI-based digital signal processing applications.
3.1 FIR Filter Architecture
The FIR filter is a non-recursive digital filter structure in which the output response depends only on the
present and previous input samples. The general mathematical representation of an N-tap FIR filter is
expressed as:

N-1

y@) = > h(0x(n - K) W
k=0

where y(n) represents the filter output, x(n) denotes the input signal sequence, h(k) represents the filter
coefficient, and N indicates the filter order.
The transfer function of an FIR filter can be represented as:

N-1

H(z) = Z h (k)z & @)
k=0
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The FIR architecture consists of three fundamental components: delay elements, multipliers, and adders.
The delay elements store previous input samples, the multipliers perform coefficient multiplication, and
the adders accumulate the multiplication results to generate the final output response.

The input sample delay operation is expressed as:

xk(n) =x(n —k) (3)
The multiplication operation between input samples and filter coefficients is represented as:
my(n) = h(k)x(n — k) 4
The output accumulation process is defined as:
y(m) = my(n) + my(n)+... +my_; (n) )

FIR architectures can be implemented using different architectural forms, like direct form, transposed
direct form and cascaded forms. The transposed direct form structure has better pipelining due to
placement of registers near the multiplier output. However, as the order of filter increases, number of
operations and memory required increases which affects hardware efficiency negatively.
The computational complexity of FIR filtering increases with the number of taps and can be represented
as:
C=NM+A) (6)
Where M represents multiplication operations and A represents addition operations.
The area requirement of an FIR architecture depends on the number of hardware resources utilized:
Atotar = An + Ay + Ag Q)
Where A4,,, A, and Agrdenote multiplier delay, adder delay, and register delay.
Optimization of these architectural parameters is essential for achieving high-speed and resource-efficient
FIR implementations.
3.2 Retiming Model
Retiming is a hardware optimization technique that modifies the position of registers within a digital circuit
while preserving the input-output functionality. The main objective of retiming is to balance the pipeline
stages, reduce critical path delay, and improve clock frequency.
A digital circuit can be represented as a directed graph:
G=,E) (8)
Where V represents the set of computational nodes and E represents the connections between nodes.
Each edge contains a number of delay elements represented as:

W:E->Z* 9
The retiming process assigns a retiming value to each node:
rV-12Z (10)
The number of registers after retiming between two connected nodes is calculated as:
W, (u,v) = W,v) +rw) —ru) (11)

Where W, (u, v) represents the updated register count after retiming.
The total number of registers in the architecture can be represented as:

Rt = ). Wi () (12)
(uw,v)EE
The retiming transformation maintains functional equivalence by ensuring that the register count remains
non-negative:
W.(u,v) =0 (13)
The clock period of the retimed architecture is determined by the maximum combinational delay between
consecutive registers:
Ty = max(D;) (14)
Where D; represents the delay of the ith pipeline stage.
The operating frequency after retiming is calculated as:

1
Fnax = T (15)
clk
The optimization objective of retiming is formulated as:
Minimize(Tyy, Riotar) (16)
The retiming vector is represented as:
R=1r,rr...,. 5] (17)

For a given target performance, the optimal retiming solution is a vector that minimizes hardware
complexity. By integrating retiming with intelligent optimization techniques, large design spaces
containing a multitude of different register configurations can be searched automatically for the optimal
retiming vector using the Improved Hippopotamus Optimization (IHO) algorithm. This algorithm evaluates
various architectural alternatives against user-specified performance targets.
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3.3Proposed IHO Optimization Framework
In this work, an Improved Hippopotamus Optimization (IHO) algorithm is integrated into a retiming
framework to find the optimal number of registers for given FIR digital filter structures. The IHO algorithm,
inspired by hunting and searching behaviors in nature, uses a population of organisms, where each
organism represents a possible retiming solution. In the optimization process, IHO tries to minimize
hardware size and delay while increasing the clock frequency of the filter. In the framework, the quality of
a candidate solution is evaluated using three different design metrics, namely the number of registers, clock
period, and area.
The search agents represent possible retiming solutions, and their positions in space correspond to
different register configurations within the proposed FIR architecture. Within given search boundaries, an
initial set of potential solutions is generated. Their performance is evaluated by means of a multi-objective
fitness function. In each iteration of the optimization process the positions of the search agents are updated
based on the current Hippopotamus value, the best solution found so far, and on the agents’ exploration-
vs. -exploitation behavior, which is adapted online.
The mathematical formulation of the proposed IHO optimization process is described as follows.
The population of search agents is represented as:
X ={X, X, X5, ..., Xn} (18)
Where N represents the number of search agents.
Each candidate solution is represented by a retiming vector:
Xi = [0, xi2, Xi3, -0 Xia (19)
Where d represents the dimension of the optimization problem.
The initial position of the ith search agent is generated as:
Xi = Xonin + rand(0,1) (Xmax — Xmin) (20)
Where X,,;, and X,,,, represent the lower and upper boundaries of the search space. The boundary
constraints of the retiming vector are defined as:

Xmin =< Xi < Xmax (21)
The fitness value of each candidate solution is calculated based on the design objectives:
Fitness = f(Rcountx TclkxA) (22)

Where R_,,n: represents register count, T, represents clock period, and A represents area utilization. The
weighted multi-objective fitness function is expressed as:

Fitness = Wi R oynt + Wa Ty + W3 A (23)
Where w;, w,, w; represent weighting factors. The normalized register utilization is calculated as:
Rcount - Rmin
" Rmax - Rmin
The normalized clock period is represented as:
— Tclk - Tmin (25)
" Tmax - Tmin
The normalized area utilization is obtained as:
A— Ay
A, = - Tmn (26)

Amax - Amin
The combined optimization objective is formulated as:

Fitness = aR, + fT, + YA, (27)
Where a, f and y represent objective importance coefficients.
The best solution obtained during each iteration is represented as:

Xpese = min(Fitness(X,)) (28)

The Hippopotamus level of each search agent is calculated as:
Fitness; — Fitnessy,s;

= 29
' Fitness,orst — Fitnesspes; (29)
The adaptive Hippopotamus coefficient is expressed as:
t
He = Hipax — (Hpax — Hmin)? (30)

Where t represents the current iteration and T represents the maximum number of iterations. The
exploration coefficient is defined as:

t
E=2 <1 - —) 31
. (31)
The exploitation coefficient is represented as:
t
The distance between the current solution and best solution is calculated as:
D; = |Xbest - Xil (33)

The movement direction toward the optimal solution is expressed as:
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Si = Xbest - Xi (34’)
The exploitation-based position update is represented as:
XY = Xypest + P X Hy X D; (35)
The adaptive movement strategy is expressed as:
Xt =X+ Hy(E X S; + P X D;) (36)
The random search behavior is defined as:
Xit+1 = Xit + rand(—1,1) (Xnax — Xmin) (37)
The updated solution after boundary control is represented as:
X+ = min(max (X, Xmin), Xmax) (39)
The improvement rate of each search agent is calculated as:
IR = Fitnessf — Fitness}*! 10
i Fitness! (40)
The convergence factor is expressed as:
t
Cr=1- T (41)
The adaptive search parameter is calculated as:
As = G Xrand (42)
The exploration probability is represented as:
P, =rand(0,1) < C; (43)
The exploitation probability is defined as:
P.=1-PF, (44)
The new candidate solution generation is represented as:
Xnew = Xi + As(Xbest - Xi) (45)
The solution acceptance condition is expressed as:
Fitness(Xp,.,,) < Fitness(X;) (46)
The accepted solution update is represented as:
Xi = Xnew (47)
The population best solution update is defined as:
X{sh = min(Fitness(X{*)) (48)
The mean population position is calculated as:
N
1
Xmean = Nz X; (49)
i=1
The diversity measurement of the population is represented as:
N
1
Diversity = NZ|XL- — Xomean| (50)
i=1
The adaptive diversity control factor is expressed as:
Diversity
= Dwersity (51)
Diversity,qx
The modified exploration parameter is calculated as:
E, =E XD, (52)
The modified exploitation parameter is represented as:
P, =P(1-D,) (53)
The optimization termination condition is defined as:
t=T (54)
The final optimal retiming vector is obtained as:
Ropt = Xpest (55)
The optimized register count is calculated as:
Roptimum = Z w (Ropt) (56)
The optimized clock period is obtained as:
Topt = min(Tgy,) (57)
The maximum operating frequency after optimization is expressed as:
Fmax,opt = T (58)
opt
The percentage improvement in operating frequency is calculated as:
_ Frew = Fola
Improvement (%) = ———— x 100 (59)
old
The reduction in register count is calculated as:
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Reduction(%) = Rota = Rnew x 100 (60)
The delay improvement percentage is represented as: o
Delaygqin (%) = % x 100 (61)
The execution time of the optimization algorithm is expressed as:
Texe = Titeration X Tevaluation (62)

The convergence rate is calculated as:
R FLtnessl-n'l-n-al — Fitnessgina (63)
Fitnessitial

The final optimization problem can be represented as:

Minimize{R .ount> Teix, A} (64)
subject to:
W.(u,v) =0 (65)
The [HO framework for retiming of digital FIR filters is used to iteratively improve candidate solutions for
architectures until an optimal solution is found. The framework integrates adaptive models for
Hippopotamus, exploration and exploitation as well as multi-objective optimization. Using the optimized
retiming the number of registers is decreased, the clock period is minimized and the operating frequency
is increased, which is important for high-performance VLSI-design.

4. Objective Function
The objective function is a key component in the intelligent retiming-based optimization framework for
designing FIR filters. It optimizes between three different objectives, namely the number of registers, clock
period, and area utilization. In order to find the optimal solution for the design of a FIR filter, the Improved
Hippopotamus Optimization (IHO) algorithm searches through the solution space of all possible retiming
solutions. Each candidate solution is evaluated by a multi-objective fitness function that is defined by the
objective function. The objective function assesses the quality of a candidate solution and selects the best
solution from all solutions in the solution space.
Reducing the register count between stages leads to lower circuit area and better resource utilization. The
clock period is the maximum delay between stages, and reducing the clock period helps to increase the
operating frequency of the architecture. The area utilization parameter of the implemented architecture is
also considered.
The combined objective function is formulated as:

Fitness = aR, + T, + y4, (66)
Where R,, T, A, represent the normalized register count, normalized clock period, and normalized area
utilization, respectively. The coefficients , f and y represent the weighting factors assigned to each
optimization parameter.
The normalized register count is expressed as:

R — Ry
A (67)
Rmax - Rmin
The normalized clock period is calculated as:
T — T — Tin (68)
" Tmax - Tmin
The normalized area utilization is represented as:
A = A- Amin (69)
" Amax - Amin
The optimization problem can be mathematically represented as:
Minimize Fitness(R,T,A) (70)
subject to:
R=0, T>0, A>0 (71)

The optimal retiming solution is given by the minimum fitness value found during the search using the
objective function as the measure. In turn, the function is minimized to achieve an optimal register
balancing, minimum timing slack, and high performance of the implemented digital FIR filters. The
objective function allows for a joint optimization of all relevant design parameters while trying to achieve
the best possible trade-off between them. This function is particularly suitable for a high-performance VLSI
implementation of FIR filters.

5. Experimental Setup
In this work, we evaluate the performance of our proposed framework for intelligent retiming-based FIR
filter design using several different FIR architectures as well as various metaheuristics. Here, we assess the
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performance of the Improved Hippopotamus Optimization (IHO) algorithm to find near-optimal retiming
solutions that result in good trade-off between hardware complexity and timing performance. We have
used several FIR filter structures such as Direct Form (FIR-DF), Transposed Direct Form (FIR-TDF) and
Cascade Form (FIR-CAS) of various orders.

This novel approach was also compared with several approaches for the VLSI design optimization, i.e.,
Hippopotamus Optimization (HO), Schooling Aquatic Optimization (SchoA), and Moth Flame Optimization
(MFO). To assess the effect of the retiming optimization on the hardware efficiency and the processing
speed, relevant design parameters of the VLSI circuit such as the number of registers, clock period,
maximum frequency, and execution time were considered for the comparative analysis.

The FIR filter architectures were studied before and after retiming. The retiming solutions were then
optimized by applying the IHO algorithm. An multi-objective fitness function, which includes the number
of registers, the timing delay and area-related objectives, was used for the optimization. The optimization
was performed in an iterative manner until the termination criteria were met, and the optimal retiming
solution as represented by the retiming vector was found. The framework has been evaluated and validated
for the optimized FIR filters in order to assess its effectiveness. Experimental results reveal the ability of
proposed method to reduce hardware cost of implementation, to minimize clock period and to increase
frequency of operation. The experimental setup represents a complete and realistic environment for
assessment and verification of proposed optimization method for high-performance VLSI-based FIR digital
filters.

6. Results and Discussion

In this paper, different FIR digital filter architectures as well as optimization methods have been used to
evaluate the performance of the proposed retiming-based optimization approach. The Improved
Hippopotamus Optimization (IHO) algorithm has been evaluated by measuring several VLSI design metrics,
i.e, number of registers, critical path/instruction cycle, operating frequency, execution time, and
convergence and overall performance improvement. Results show that IHO can effectively find the optimal
retiming configuration, thus significantly improving the hardware efficiency of given FIR filter
architectures.

Figure 2 demonstrates a comparison of different optimization methods, including [HO, HO, SchoA and MFO.
The register count and clock period of the FIR architecture that was optimized using the different methods
are shown. As it can be seen from the results of the comparison provided in Figure 2, IHO requires the
fewest number of registers and achieves the lowest clock period compared with the other optimization
methods. By sharing registers and selecting the optimal retiming vectors, IHO achieves reduced hardware
complexity and high processing speed.
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Figure.2: Comparison of IHO, HO, SCHoA, MFO based digital filters in term of Register count and
Clock Period
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The performance figures for different FIR structures before and after retiming are shown in Figure. 3.
Several different FIR structures have been considered within the design space and their operating
frequency, as well as their overall timing figures, have been compared before and after retiming using the
new timing driven framework for retiming. In addition to providing significant improvements over existing
designs, the retiming within the proposed framework has enabled the creation of high speed designs such
as the optimized FIR-TDF10 implementation whose operating frequency has increased from 108.24 MHz
to 175.91 MHz. Figure 4 demonstrates execution time for different optimization approaches for the FIR
filter architecture optimization. The proposed IHO algorithm leads to a reduction in execution time in
comparison with the HO, SchoA and MFO methods. Due to its fast convergence IHO is able to find an optimal
retiming solution very fast, keeping optimization quality on a high level. As a result, IHO is suitable for the
complex FIR filter design space with a vast number of possible solutions.
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The convergence of the optimization methods to find the optimal retiming solution is depicted in Figure 5.
This figure plots the objective function values obtained at various iterations during the search for the
optimum. The figure clearly shows that IHO has faster convergence and attains lower fitness value than
other methods. The fast convergence of IHO to find optimal retiming solution is attributed to the adaptive
exploration and exploitation of search space during the optimization of design parameters such as number
of registers, clock period and area. The lower value of the objective function indicates that IHO has
effectively performed the multi-objective optimization of design parameters. Figure 6 illustrates the
performance improvement for the various FIR architectures considered in this study after applying the
retiming and IHO optimization to the original, retimed architectures. A marked increase in the performance
index is observed upon applying the IHO optimization. The reasons for this increased performance are 1)
efficient register relocation, 2) reduced critical path delay, and 3) efficient hardware utilization. It can also
be observed that higher-order FIR filter architectures receive the greatest performance improvement. This
is because the IHO-based design methodology is highly suitable for VLSI realization of complex digital
signal processing systems.
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Figure 5. Convergence Characteristics of IHO Optimization Algorithm for FIR Filter Retiming
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Figure 6. Performance Improvement Analysis of FIR Architectures Before and After IHO-Based
Retiming

Overall, the results confirm that the proposed IHO-based retiming framework provides an effective
optimization solution for high-performance FIR digital filter architectures. In addition to improving key
performance measures (i.e., register utilization, timing, convergence, and frequency), I[HO also makes it
possible to design very cost-efficient VLSI architectures for high-speed digital signal processing systems.

7. Conclusion

This research presents an intelligent retiming-based optimization framework for improving the
performance of FIR digital filter architectures using the Improved Hippopotamus Optimization (IHO)
algorithm. The proposed approach effectively combines retiming transformation and metaheuristic
optimization to achieve better trade-offs between hardware complexity and timing performance. The
obtained results demonstrate that optimized retiming configurations significantly improve the efficiency
of FIR filter implementations by reducing unnecessary register utilization and minimizing critical path
delay. The performance evaluation confirms that the proposed framework enhances the operating
frequency of the FIR-TDF10 architecture from 108.24 MHz to 175.91 MHz, achieving approximately 62.5%
improvement compared with the conventional architecture. The optimization process also reduces register
requirements and provides improved convergence behaviour, where the IHO algorithm achieves a lower
objective function value compared with HO, SchoA, and MFO optimization techniques. The reduced
execution time of the proposed algorithm further indicates its effectiveness for solving complex FIR
architecture optimization problems. The proposed methodology provides a suitable solution for high-
speed and resource-efficient VLSI-based FIR filter design. Future research can focus on extending the
framework toward low-power optimization, adaptive FIR filter architectures, ASIC implementation, real-
time signal processing applications, and integration with advanced machine learning-based hardware
optimization techniques for automated VLSI design.
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