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Editorial 
The accelerating integration of computing technologies with engineering practices and scienti�ic 
research has profoundly transformed the landscape of innovation in the 21st century. It is with 
great privilege that we present this special issue of the Journal of Engineering Research and 
Sciences, dedicated to the theme of Computing, Engineering and Sciences. This issue brings 
together a diverse array of contributions that collectively highlight the critical role of 
computational approaches in advancing engineering solutions and deepening scienti�ic 
understanding. 

The synergy between computing and engineering has become a fundamental driver of progress 
across multiple domains. Modern engineering challenges ranging from infrastructure 
development and energy systems to biomedical applications are increasingly reliant on 
computational tools for design, analysis, and optimization. Similarly, scienti�ic discovery has been 
greatly enhanced by the ability to process vast datasets, simulate complex phenomena, and model 
intricate systems with remarkable precision. The research articles featured in this issue re�lect 
this growing interdependence, showcasing how computing serves as a unifying framework that 
bridges theory, experimentation, and application. 

A central theme emerging from this collection is the transformative impact of data-driven 
methodologies. Advances in arti�icial intelligence, machine learning, and data analytics are 
enabling researchers to extract meaningful insights from complex and often unstructured 
datasets. These capabilities are being applied to improve predictive modeling, enhance system 
performance, and support evidence-based decision-making. The studies presented in this issue 
demonstrate how data-centric approaches are not only improving ef�iciency but also opening new 
avenues for innovation across engineering and scienti�ic disciplines. 

In addition, the issue highlights the importance of simulation and computational modeling as 
indispensable tools in modern research. Through high-�idelity simulations, researchers are able 
to explore scenarios that may be impractical or impossible to investigate experimentally. This 
capability is particularly valuable in �ields such as �luid dynamics, materials science, 
environmental modeling, and structural analysis. By integrating simulation with empirical 
validation, the contributions in this issue exemplify how computational techniques can accelerate 
development cycles and reduce uncertainty in complex systems. 

The advancement of intelligent and automated systems also features prominently in this special 
issue. The integration of embedded systems, robotics, and smart technologies is reshaping 
industries and enabling more responsive and adaptive solutions. From smart manufacturing and 
autonomous systems to healthcare technologies and urban infrastructure, the research presented 
here illustrates the far-reaching implications of intelligent systems in enhancing productivity, 
safety, and sustainability. 

Equally important is the emphasis on interdisciplinary collaboration, which underpins many of 
the contributions in this issue. The intersection of computing, engineering, and sciences fosters a 
collaborative environment where diverse expertise converges to address multifaceted challenges. 
Such collaboration not only enriches the research process but also leads to more robust and 
comprehensive solutions that are capable of meeting the demands of an increasingly complex 
world. 

The editorial team expresses its sincere gratitude to all authors for their valuable contributions 
and to the reviewers for their rigorous and thoughtful evaluations. Their collective efforts have 
ensured the high quality and relevance of the research presented in this special issue, reinforcing 
the journal’s commitment to academic excellence. 
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As we present this issue, we hope it will serve as both a re�lection of current advancements and a 
catalyst for future innovation. The continued integration of computing with engineering and 
scienti�ic research holds immense potential to address global challenges and drive sustainable 
development. We encourage readers to engage with the work presented herein and to contribute 
to the ongoing advancement of this dynamic and rapidly evolving �ield. 

Guest Editor 

  Prof. Paul Andrew 
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Neural Synchrony-Based State Representation in Liquid 
State Machines, an Exploratory Study 
Nicolas Pajot, Mounir Boukadoum* 

Department of Computer Science, University of Quebec at Montreal, Quebec, Canada 
*Corresponding author: Mounir Boukadoum, boukadoum.mounir@uqam.ca 
 

ABSTRACT: Solving classification problems by Liquid State Machines (LSM) usually ignores the 
influence of the liquid state representation on performance, leaving the role to the reader circuit. In 
most studies, the decoding of the internally generated neural states is performed on spike rate-based 
vector representations. This approach occults the interspike timing, a central aspect of biological neural 
coding, with potentially detrimental consequences on the LSM performance. In this work, we propose 
a model of liquid state representation that builds the feature vectors from temporal information 
extracted from the spike trains, hence using spike synchrony instead of rate. Using pairs of Poisson-
distributed spike trains in noisy conditions, we show that such model outperforms a rate-only model 
in distinguishing two spike trains regardless of the sampling frequency of the liquid states or the noise 
level. In the same vein, we suggest a synchrony-based measure of the separation property (SP), a core 
feature of LSMs regarding classification performance, for a more robust and biologically plausible 
interpretation. 
 
KEYWORDS: Liquid state machine, state representation, temporal decoding, separation property, 
classification 

 
1. Introduction 

Liquid State Machines (LSMs) are generic models of 
computation inspired by biological cortical circuits. As such, 
they are well suited for real-time, online and anytime 
computations, and they can under certain circumstances 
exhibit unlimited computational power [1].  One important 
aspect of LSMs is their conceptual simplicity and relative 
ease of implementation in comparison to multilayer 
networks with error backpropagation training. LSMs have 
been tested with relative success in a variety of experimental 
contexts: identification of spoken words, voice, phonemes 
[2], [3], [4] and musical instruments [5], [6], robotics [7], 
movement prediction [8]; classification of musical styles [9], 
seismic data for military vehicles [10], nuclear stockpile data 
[3]; recognition of signature counterfeits  [11], and even the 
study of biological neurons [12]. However, the LSM 
performance for classification tasks is variable [13], [14], 
[15], [16], potentially due to the randomly connected and 
untrained liquid regardless of application. Several authors 

have investigated liquid optimization approaches to raise 
the performance of LSMs, including Genetic Algorithms 
[13], [17], Separation Driven Synaptic Modification [18], 
Reinforcement Learning [17], Particle Swarm Optimization 
[19], and a number of different learning methods for 
temporal representations of artificial spiking neural 
networks (statistics, Hebbian learning, gradient estimation, 
linear algebra formalisms, etc.) that are reviewed in [20].   

Still, the research on LSMs rarely focuses on the 
influence of the liquid state representations on performance. 
In most studies, the decoding of the discrete input spike 
trains relies on rate-based feature vectors used as inputs to 
a classifier. The rate coding typically counts the number of 
spikes in arbitrary time bins and filters the results with an 
exponential kernel due to its shape resemblance to the 
postsynaptic currents in biological neurons [21]. This 
ignores the spike timing, with potentially detrimental 
consequences on LSM classification performance. In this 
work, we propose a model of the liquid states that is based 
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on temporal information extracted from the input spike 
trains, aiming to improve classification performance 
without increasing the liquid’s dimensionality. We show 
that this model outperforms a rate-based model at 
classifying Poisson-distributed spike trains in noisy 
conditions regardless of the sampling frequency of the 
liquid states. We therefore suggest a synchrony-based 
measure of the Separation Property (SP) of LSMs, for a more 
robust and biologically plausible interpretation. 

This paper is divided as follows: the next section 
provides a brief description of the LSM model, with 
examples of use in classification problems. In section III, we 
focus on the common rate-based representation of liquid 
states to show that it leaves apart critical temporal 
information about spike trains. We also review the known 
measures of SP and underline the absence of synchrony-
based methods to quantify it. Section IV proposes a novel 
representation of the liquid state based on spike metrics, as 
well as a composite state model that incorporates both rate 
and temporal representations in a composite feature vector. 
We also describe the methodology used to test performance 
hypotheses about synchrony in the context of classifying 
Poisson-distributed input spike trains, as well as the 
correlation of performance with SP measures. We present 
the simulation results in Section V before a discussion and 
conclusions.  

2. The Liquid State Machine Model (LSM) 

Figure 1 summarizes the processing steps in the LSM 
model, showing the input signal encoding (a, b), the spatio-
temporal propagation within the liquid (c), the liquid state 
vector coding (d) and the interpretation by a readout 
mechanism (e).  The core of the LSM is the neural liquid, or 
microcircuit, which consists in a grid of interconnected 

artificial spiking neurons, usually in 3-dimensional space by 
analogy to biological cortical columns (see Figure 1.c). The 
neurons occupy the nodes of this structure and are usually 
connected by randomly generated synapses. Due to its 
inputs and recurrent connections, the liquid forms a 
dynamic system endowed with the memory of previous 
states [4], [22], [23]. As a result, it continuously projects 
input signals onto a high-dimensional space. This mapping 
fosters the emergence of spatiotemporal patterns 
(trajectories, or “time-varying changes in the active state” [24], 
p. 114) that may be identified by simple, memoryless 
readouts [13], [3], as long as two major constraints are 
enforced: the Approximation Property (AP) and the 
Separation Properties (SP); AP guarantees that the readout 
can approximate any function of the liquid states to an 
arbitrary level of accuracy, whereas SP ensures that 
trajectories produced in the liquid by different input stimuli 
are well differentiated. 

The readout maps liquid states to meaningful outputs; in 
the case of classification, it projects state vectors onto classes. 
Similar to Support Vector Machines, the capability to 
separate complex trajectories by linear discriminators is 
guaranteed by the fact that the “the dimension of the state space 
exceeds the ‘complexity’ of the trajectories” [24].  

The readout is the only LSM element that requires 
training, which may confer an advantage to the model over 
alternative architectures, since training a recurrent network 
of artificial spiking neurons can be a hard problem. 
However, the way the liquid states are encoded to serve as 
input feature vectors to the readout may play a role in 
achieving peak performance. This subject seems to have 
been largely ignored by the research community and most 
studies represent the liquid states by the same approach: 

Figure 1: Typical Liquid State Machine model 

http://www.jenrs.com/


N. Pajot et al., Neural Synchrony in LSM 
 

www.jenrs.com                                     Journal of Engineering Research and Sciences, 2(11): 01-14, 2023                                             3 

measuring the spike rate in preset time intervals. Therefore, 
any potential phase information benefit is lost. 

2.1. Models of Liquid States 

Two broad approaches to represent the liquid states can 
be seen in the literature: sampling of analog signals [25], 
[10], such as the postsynaptic potential or the neural 
membrane voltage [26] and spike train decoding [23], [27], 
[28], [29], [8], [24]. T the typical representation in the latter 
is a state matrix obtained by filtering the discrete spike 
trains generated within the liquid after exposure to a 
stimulus ([3], [13], [30], [27], [10]). The filtering step is 
typically performed by convolution with an exponential 
kernel due to its resemblance to the shape of postsynaptic 
currents [21]. As a result, the spike firings within a liquid 
composed of N neurons are converted into an N-
dimensional continuous signal [24], and each element of the 
state matrix stores the sampled values of this signal for a 
given observation interval, sampling rate, and neuron in the 
liquid. This representation is in effect a “rate code” (whereas 
small bin sizes can turn the representation into a 
“coincidence detector” [21]). 

Although widely used to represent the liquid states, 
rate-based feature vectors miss a key aspect of the neural 
code: the actual timing of spike emissions, hence neglecting 
phase information [20], [31], [32]. On the other hand, it is 
now accepted that neural coding cannot be fully understood 
by only examining the rate of spike firing [33], [18], [34], [35], 
[36], [32], [31], and that the spike timing also encodes 
information. Hence, the synchrony between spike trains 
may be a cornerstone for understanding neural codes, as 
“temporal codes employ those features of the spiking activity that 
cannot be described by the firing rate.” [32]  

The temporal decoding of liquid states has already been 
suggested before. In [29], the authors underline the potential 
power of the temporal relationships between the spike 
trains in the liquid, while [3] advocates the use of readouts 
that incorporate spike timings, but no study has examined 
the respective efficiency of synchrony-based and rate-based 
approaches. Similarly, SP models that consider the 
synchrony between spike trains in the liquid are rare [18]. 

2.2. Separation Property 

The Separation Property evaluates the amount of 
“separation between the trajectories of internal states” [23] that 
are triggered in the liquid by two different input stimuli. 
The more separation, the easier it is for a readout endowed 
with the approximation property to distinguish between 
two different state trajectories in the liquid. This 

macroscopic property of the liquid can thus contribute to 
LSM classification performance. 

While SP is widely regarded as a crucial predictor of 
performance, there is little consensus on how to measure it. 
The literature reveals different views, including statistical 
methods [13], [3], [37], and linear algebra formalisms [14] or 
vector distances between filtered firing rates [23], [1], [37]. 
For instance, Maass [23], [1] expresses SP as the Euclidean 
distance between the filtered state vectors of each neuron 
(Gaussian kernel), Dockendorf [37] uses both the Van 
Rossum [38] metric – which exploits the notion of distance 
between filtered states – and a custom measure based on the 
cross-correlation of spike times, Legenstein and Maass [14] 
link SP to the number of linearly independent variables in 
the state matrix, suggesting that the rank of the matrix is a 
good measure of separation, and Goodman and Ventura [3] 
and Hourdakis and Trahanias [13] use statistical methods to 
measure SP, with the former relying on centroids and the 
latter on Fisher’s Discriminant Ratio (FDR). In the following 
section, we describe our synchrony matrix-based approach 
to liquid state representation, the methodology used to 
investigate the ensuing effect on classification performance, 
and we underline the relationship between the Separation 
property and LSM performance. 

3. Classification with temporal liquid state 
representations 

The proposed liquid state representation is based on the 
synchrony level between spike trains during a given time 
window, as quantified by metrics that evaluate the temporal 
similarity between the spike trains emitted by neuron pairs 
in the liquid. Thus, the metrics operate on spike timings 
rather than counts and, as stated in [39], p. 146, “If a spike 
metric leads to a high-fidelity representation, then the temporal 
features that it captures are candidates for neural codes.”  

3.1. Synchrony matrix representation of liquid states 

The synchrony matrix is constructed thanks to the 
Adaptive Spike Distance (ADS) metric ([40], [41], [42], [43], 
[44], [45]), although any other bivariate spike metric may be 
employed. We chose ADS for its sensitivity to spikes 
coincidence and the fact that it does not rely on a time-scale 
parameter. 

Given two spike trains #1 and #2 of duration T, ADS is 
calculated by averaging their instantaneous “dissimilarity 
profiles”, which measure how coincident the two spike 
trains are at any point in time. We have: 

𝐷𝐷𝑠𝑠 = 1
𝑇𝑇 ∫ 𝑆𝑆(𝑡𝑡)𝑑𝑑𝑑𝑑𝑇𝑇

𝑡𝑡=0              (1) 
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where Ds quantifies the overall dissimilarity between the 
two spike trains over T, and S(t) provides a joint measure of 
their instantaneous dissimilarity profiles at each time t. S(t) 
is defined by: 

        𝑆𝑆(𝑡𝑡)  =  𝑆𝑆1(𝑡𝑡)𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼(2)(𝑡𝑡) + 𝑆𝑆2(𝑡𝑡)𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼(1)(𝑡𝑡) 
2〈𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼(𝑛𝑛)(𝑡𝑡)〉𝑛𝑛2

           (2) 

where x(i)isi(t) stands for the instantaneous interspike interval 
of spike train #i, 〈𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼(𝑛𝑛)(𝑡𝑡)〉𝑛𝑛 is the mean interspike interval 
for both spike trains, and S1(t) and S2(t) are given by: 

       𝑆𝑆𝑖𝑖(𝑡𝑡) =  𝛥𝛥𝑡𝑡𝑃𝑃
(𝑖𝑖)(𝑡𝑡)𝑥𝑥𝐹𝐹(𝑖𝑖)(𝑡𝑡)+ 𝛥𝛥𝛥𝛥𝐹𝐹

(𝑖𝑖)(𝑡𝑡)𝑥𝑥𝑃𝑃(𝑖𝑖)(𝑡𝑡)
𝑥𝑥𝐼𝐼𝐼𝐼𝐼𝐼(𝑖𝑖)(𝑡𝑡) ,    𝑖𝑖 = 1,2    (3) 

In the previous equation, for spike train #i, x(i)P(t) and 
x(i)F(t) are the time latency to the closest previous spike and 
closest following spike at time t, respectively, and ΔtP(i) and 
ΔtF(i) are the same latency from one of these spikes to the 
nearest one in the other spike train. For example, ΔtP(1) is 
defined as: 

𝛥𝛥𝑡𝑡𝑃𝑃(1)(𝑡𝑡)  =  𝑚𝑚𝑚𝑚𝑚𝑚(|𝑡𝑡𝑃𝑃(1)(𝑡𝑡)  −  𝑡𝑡𝑖𝑖(2)|)             (4) 

where 𝑡𝑡𝑃𝑃(1)(𝑡𝑡) is the time of occurrence of the closest 
previous spike in spike train #1 at time t, and 𝑡𝑡𝑖𝑖(2) is the time 
of occurrence of the ith spike in spike train #2. A more 
comprehensive description of ADS with graphical 
illustrations can be found in [46]. Table 1 provides the 
example of a synchrony matrix for a liquid made of 4 
neurons, where d(a, b) evaluates the dissimilarity between 
the spike trains of neurons a and b as with equation (1).  

 Given the symmetry of the synchrony matrix and its 
zero diagonal, the final representation may consist only in 
the lower triangular matrix expressed as a vector. For a 
liquid composed of N neurons, the size E of this vector is: 

𝐸𝐸 =  ∑ 𝑛𝑛𝑁𝑁
𝑛𝑛=1  =  (1+𝑁𝑁)𝑁𝑁

2
−  𝑁𝑁  (5) 

3.2. Composite-state vector 

 Theoretically, rate and synchrony represent 
complementary information, since they encode two aspects 
of the spiking within a liquid (see [39], p.148, for an in vivo 
example). Therefore, taking inspiration from [10], we can 
enhance the representation of liquid states by combining 
filtered rates and synchrony information. Then, the size of 

the features vector extracted from the liquid would increase 
by N. For example, N=8 would lead to a vector of 8 rate 
elements (one for each neuron) and 28 synchrony elements 
(from equation 5). We expect this composite state 
representation to lead to better classification results than by 
only using rate-based or synchrony-based representations. 

A. SP quantification with spike metrics 

Using the hypothesis that the spike trains generated for 
different classes of input signals are significantly dissimilar 
(i.e., distant or unsynchronized), SP expresses the average 
spike train dissimilarities in the liquid. To build this 
synthetic measure out of spike distance metrics, we proceed 
similarly to getting the Fisher’s discriminant ratio (FDR) of 
a 2-class classification problem: 

1) For each stimulus belonging to one of the classes, we 
build the list of corresponding liquid states, composed 
of the spike trains of each neuron in the liquid for the 
duration of the experiment. 

2) we then sample pairs of liquid states by including one 
from one class and one from the other. 

3) we measure the dissimilarity for each sampled pair with 
a distance metric. The separation measure is the mean 
of the obtained results. 

 In this paper, we test cost-based measures (Victor-
Purpura distance [47], [48], vector embedding (Van Rossum 
distance [38], Schreiber Similarity [49], Hunter-Milton 
Reliability [50]), scale-free measures (Spike 
Synchronization, ISI Distance, Spike Distance [51], [52], [40], 
[41], [42], [43], [44], [45] and statistical methods (Jolivet 
Coincidence [53]. The methodology for verifying the 
efficiency of these new approaches in described next. 

4. Methodology of Testing 

To test the performance of each model, we aggregate 
and compare the error rates of randomly generated LSMs at 
classifying Poisson-distributed spike trains, using rate-
based, synchrony-based and composite liquid state 
representations. As a corollary, we also quantify how the 
synchrony-based SP measures correlate with the error rate.  

4.1. Experimental setup 

Three hundred random liquids are generated and fed 
with as many jittered versions of two template spike trains. 
These input signals are generated by adding temporal noise 
(“jitter”) to each template. Hence, each spike of the template 
is randomly shifted in time by an amount drawn from a 
uniform distribution with mean 0 and standard deviation 
equal to the desired jitter level. The values used in this paper 

Table 1: Example of a synchrony matrix for a 4-neuron LSM. 

Neuron 1 2 3 4 

1 0 d(1,2) d(1,3) d(1,4) 

2 d(2,1) 0 d(2,3) d(2,4) 

3 d(3,1) d(3,2) 0 d(3,4) 

4 d(4,1) d(4,2) d(4,3) 0 
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(1 ms, 4 ms, 10 ms) are loosely inspired by [23] who used 4 
ms and 8 ms in their “high jitter” experimental contexts. 

the original spike train pair, of which 200 are used to train 
the readout and 100 to collect the testing error.  

Table 2: Classification experiments and corresponding spike train templates 

Experiment  First spike train before and after filtering Second spike train before and after filtering 

1: Two high-frequency spike trains 
( ƛ1= ƛ2=100) 

  

2: Two low-frequency spike trains 
( ƛ1= ƛ2=20) 

  

3: One high-frequency spike train (ƛ1=  
100) and one low-frequency  spike 

train (ƛ2=20) 

  

http://www.jenrs.com/
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The spike output from the LSM is recorded, sampled, 
and processed in three different ways to represent the liquid 
states: 

1. Sampling and exponential filtering by convolving the 
spike trains with an exponential kernel of width 0.3 
(rate coding); 

2. Sampling and calculating the synchrony matrix 
(synchrony coding); 

Aggregating the two previous representations into a 
composite one (composite coding). 

Three different experiments are conducted to evaluate 
the LSM classification performance, each one involving a 
pair of random Poisson distributed spike trains. Table 2 
indicates the ƛ value of each train (taken from [40]) with 
example realizations before and after filtering for rate 
coding. Each experiment considers 300 jittered variations of  

4.2. Neural Microcircuit 

The liquid is organized as a 2x2x2 column (two layers of 
2x2 neural grids), composed of 80% excitatory and 20% 
inhibitory Leaky Integrate and Fire (LIF) neurons as in [54], 
with dynamic synapses. A single input neuron connects to 
the liquid pool, and static synapses are set randomly based 
on the physical distance between pairs of neurons. The 
probability of establishing a connection is as follows [30]: 

  𝑝𝑝 = 𝐶𝐶𝑒𝑒−�
𝐷𝐷(𝑎𝑎,𝑏𝑏)

λ �
2

   (6) 

 where λ is a connection parameter that controls both the 
average number of connections and the average distance 
between connected neurons [45], D(a, b) is the Euclidean 
distance between two neurons a and b, and C is a scaling 
parameter influenced by the excitatory or inhibitory effect 
of the connected neurons. In this study, λ was set to 2 so that 
any pair of neurons in the liquid column might be 
connected, and C was set to different values taken from 
previous studies ([23], [30]) and based on measures taken 
from cortical brain areas [30]. By default, they are set at 0.3 
(for a connection between a pair of Excitatory-Excitatory 
neurons), 0.2 (Excitatory-Inhibitory), 0.4 (Inhibitory-
Excitatory), and 0.1 (Inhibitory-Inhibitory). All other 
parameters are left untouched. 

The chosen dimensions for the liquid allow for a large 
range of performance levels throughout the tests, 
depending only on the neuron type and connection 
topology of the liquids. We can easily generate drastically 
different liquid configurations, which in turn endow each 
LSM with largely different performance levels. An example 
of a 2x2x2 microcircuit is presented in Figure 2, where the 

neurons shown in cyan are excitatory, and those in magenta 
are inhibitory. The input neuron is the one located at 
position (0,0,0). 

 
Figure 2: 2x2x2 neural microcircuit 

The neural dynamics are set by the following membrane 
voltage equation (from [55] and [56]): 

𝜏𝜏𝑚𝑚
𝑑𝑑𝑉𝑉𝑚𝑚
𝑑𝑑𝑑𝑑

= −�𝑉𝑉𝑚𝑚 − 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟� + 𝑅𝑅𝑚𝑚�𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) + 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�  (7) 

where τm represents the membrane time constant, Vm the 
membrane potential, Vresting the resting membrane potential, 
Rm the input resistance, Isyn the current supplied by the 
synapses (also called “post-synaptic current” or PSC), Iinject 
an optional background current and Inoise is a Gaussian 
random variable with mean 0 and a given variance. At time 
t = 0, Vm is set to a default voltage Vinit. During the course of 
the simulation, a spike is emitted if Vm exceeds a threshold 
Vthresh: the membrane potential is then reset to a given voltage 
Vreset and remains at this level for the duration of the absolute 
refractory period Trefract. Table 3 summarizes the values of 
these parameters during simulations. They are the default 
values of the simulation tool (see simulation tool subsection 
below).  

       The amplitude of the postsynaptic current (Isyn) depends 
on previous spike activity, which constitutes a form of short- 
term plasticity (the model is described in [57]). The total 
post-synaptic current going into a neuron j from all the 
neurons i connected to it after a spike is described by the 
following equation: 

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) =  ∑ 𝐼𝐼𝑖𝑖𝑖𝑖(𝑡𝑡)𝑖𝑖      (8) 

Table 3: default parameters of the neural membrane model 

Parameter Description Value 

Cm Membrane capacitance 3e-08 F 

Rm Membrane resistance 1e+06 Ω 

Vthresh Spike threshold -0.045 V 

Vresting Membrane voltage at rest -0.06 V 

Vinit Initial voltage condition -0.06 V 

Vreset Post-spike voltage -0.06 V 

Trefract Maximum refraction period 0.003 s 

Inoise Standard deviation of added noise 0 A 

Iinject Injected current 0 A 
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where 
𝐼𝐼𝑖𝑖𝑖𝑖(𝑡𝑡) =  𝑤𝑤𝑖𝑖𝑖𝑖 . 𝑒𝑒𝑒𝑒𝑒𝑒( −𝑡𝑡

𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠
)     (9) 

and Iij(t) is the post-synaptic current flowing from neuron i 
and j; wij is the synaptic strength of the connection, and 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠 
is the synaptic time constant.  

      Contrary to static synapses, wij varies with previous 
spike trains for dynamic synapses as follows [57]: 

𝑤𝑤𝑖𝑖𝑖𝑖 = 𝑊𝑊. 𝑟𝑟𝑛𝑛 .𝑢𝑢𝑛𝑛         (10) 

where W is the absolute synaptic efficiency (or weight); rn 
and un quantify the short-term depressing and facilitating 
effects after spike n has been fired. The two variables are 
described by the following two equations [57]: 

𝑟𝑟𝑛𝑛+1 =  𝑟𝑟𝑛𝑛(1 − 𝑢𝑢𝑛𝑛+1). exp �−𝛿𝛿𝛿𝛿
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟

� + 1 − exp �−𝛿𝛿𝛿𝛿
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟

�       (11) 

and 

𝑢𝑢𝑛𝑛+1 =  𝑢𝑢𝑛𝑛. exp � −𝛿𝛿𝛿𝛿
𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

� + 𝑈𝑈(1 − 𝑢𝑢𝑛𝑛 . 𝑒𝑒𝑒𝑒𝑒𝑒 � −𝛿𝛿𝛿𝛿
𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�)      (12) 

       As indicated in [45], the absolute synaptic weights for a 
given connection are drawn from a gamma distribution 
with mean W and standard deviation (𝑊𝑊. 𝑆𝑆𝑆𝑆𝑆𝑆). 𝛿𝛿𝛿𝛿 is the 
elapsed time between spike n and n+1; 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  and 𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟 are the 
time constants of the facilitating and depressing plasticity 
effects respectively. U is a constant describing the fraction of 
the absolute synaptic efficiency used. The values of these 
parameters are indicated in Table 4. 

2. Sampling, memory and decoding liquid states – The liquid 
states must be sampled in time in order to construct the 
input state vectors to the readout, with the sampling time 
window having an impact on classification performance. 
Although LSMs are known to possess “the capability to hold 
and integrate information from past input segments over several 
hundred ms” ([40], p.8), shorter sampling intervals typically 
provide less spike information. The scarcity of spike 
information in these samples can make classification harder, 
for an increased classification error rate. Thus, the memory 
span capability of LSMs plays a crucial role in providing 

liquid state samples with information from the past, 
effectively enriching them through the temporal integration 
of input stimuli: any state of the liquid will then keep some 
memory of previous states, which allows the readout to be 
memoryless. 

 
Pathological synchrony Over-stratification 

Figure 3. Example of two pathological liquids (from [46]) 

The role of memory in the classification performance of 
LSMs is relatively under-studied, but two extreme spike 
train patterns can emerge from pathological liquids: over-
stratification ([15], [3]) and pathological synchrony [15]. The 
former happens when spikes are not propagated for a long 
enough time, resulting in a lack of memory capacity; the 
latter is the result of infinite feedback loops within the 
neurons, effectively spiking in synchrony and obfuscating 
the “real”, important states. Figure 3 shows an example of 
each case. 

Another important parameter to consider is Tau, the 
synaptic time constant controlling the time required for the 
postsynaptic response to fade to zero after being injected 
with current. Figure 4 illustrates the examples of an input 
spike train, the postsynaptic response and the resulting 
spike train for three different values of Tau.  

 In this work, Tau is set to 0.25, a value that increases the 
overall performance across all tests and all liquid state 
representations while avoiding temporal stratification and 
pathological synchrony.  The choice of sampling rates (10 
Hz, 4 Hz and 2 Hz) was inspired by similar values used in 
the literature [3], [2], [8], [29], [10]. 

Tau = 0.01 
 

Tau = 0.1 Tau = 0.25 

Figure 4. Illustration of the effect of different values of the synaptic time constant on spike trains. 
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4.3. Readout 

A simple linear regression was chosen to avoid the potential 
impact of more advanced techniques such as multi-layer 
perceptrons, Support Vector Machines, etc., which may 
provide hard to interpret results due to their own 
capabilities. Thus, the predicted class value 𝒚𝒚�i  of a feature 
state vector 𝒙𝒙𝒊𝒊 is given by: 

𝒚𝒚�𝒊𝒊 = 𝒎𝒎 .𝒙𝒙𝒊𝒊 + 𝑏𝑏   (13) 

where m, the slope of the separating hyperplane and b, the 
intercept, are estimated using the least squares method. The 
output of this simple readout is passed through a step 
function for binary classification: for a given value n 
returned by the regression, the class y[n] is given by the 
following equation: 

𝑦𝑦[𝑛𝑛]  =  { −1,𝑛𝑛 <= 0;  1,𝑛𝑛 > 0} (14) 

4.4. Simulation tool 

We use CSIM (Circuit SIMulator, [58]), a neural network 
simulator that can handle LSM models with different 
neuron and synapse models. CSIM is built in C++ for 
performance considerations and provides an easy-to-use 
MATLAB interface. This tool uses the exponential Euler 
method of numerical integration, with a default time step 
for the update of 0.1 ms. A thorough description and a 
comparison to other simulators are provided in [55] and 
[59]. Each stimulus is simulated for 1000ms, and we used 
the default parameter values indicated in Table 3 for the 
neural dynamics (equation 7) and in Table 4 for the synaptic 
dynamics (equations 8 to 12) 

4.5. Aggregate measure of error 

The classification error of each simulation is measured 
as the MAE (Mean Average Error) of the training and testing 
steps (only the testing results are presented herein). The 
aggregate error for all 300 LSMs is the median of the 
individual errors. We chose the median over the mean 
because it mitigates outlier effects due to the large variations 
of performance observed in different LSMs, thus providing 
a “truer” portrait of performance. These measures are 
compared for equality at a 99% confidence level by a 
Wilcoxon rank-sum test for medians (the mean MAEs are 
also recorded and tested for equality using a t-Test for 
validation purposes). The results obtained for the “filtered 
rates” representation serve as a baseline for the other tests. 

In all, 27 experiments are performed, each with a unique 
combination of the following parameters: 

- 3 sample rates (10 Hz, 4 Hz, 2 Hz); 

- 3 levels of jitter (1 ms, 4 ms, 10 ms); 

- 3 stimuli pairs frequency patterns (100-100 Hz, 20-
20 Hz and 100-20 Hz). 

5. Results 

We begin with the efficiency of the temporal coding of 
liquid states and the roles of sampling rate, jitter and 
memory capabilities. Then, we consider the problem of 
larger liquids and finally present the results on the new 
models of SP. 

5.1. Filtered rates vs. Synchrony matrix vs. composite 
representations. 

Figure 5 reports the MAE results for the three types of liquid 
state representations averaged across all 27 experiments and 
sample frequencies. It shows a significantly better 

Table 4: Default parameters of the dynamic synapse model 

Parameter Description Value 

W(EE) Mean synaptic weight (Excitatory-Excitatory 
connection) 

30e-9 

W(EI) Mean synaptic weight (Inhibitory-Excitatory 
connection) 

-19e-9 

W(II) Mean synaptic weight (Inhibitory-Inhibitory 
connection) 

-19e-9 

W(IE) Mean synaptic weight (Excitatory-Inhibitory 
connection) 

60e-9 

SHW Multiplier of the standard deviation of synaptic 
weights 

0.7 

U(EE) Synaptic efficacy utilization (Excitatory-Excitatory 
connection) 

0.5 

U(EI) Synaptic efficacy utilization (Inhibitory-Excitatory 
connection) 

0.25 

U(II) Synaptic efficacy utilization (Inhibitory-Inhibitory 
connection) 

0.32 

U(IE) Synaptic efficacy utilization (Excitatory-Inhibitory 
connection) 

0.05 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟(EE) Time constant for depression (Excitatory-Excitatory 
connection) 

1.1 s 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟(EI) Time constant for depression (Inhibitory-Excitatory 
connection) 

0.7 s 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟(II) Time constant for depression (Inhibitory-Inhibitory 
connection) 

0.144 s 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟(IE) Time constant for depression (Excitatory-Inhibitory 
connection) 

0.125 s 

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(EE) Time constant for facilitation (Excitatory-Excitatory 
connection) 

0.05 s 

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(EI) Time constant for facilitation (Inhibitory-Excitatory 
connection) 

0.02 s 

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(II) Time constant for facilitation (Inhibitory-Inhibitory 
connection) 

0.06 s 

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(IE) Time constant for facilitation (Excitatory-Inhibitory 
connection) 

1.2 s 
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performance of the composite-state approach over the other 
state representations (36% better than using filtered rates).  

 
Figure 5. Classification performance as a function of liquid state representation. 

The synchrony-matrix state representations ranked 
second behind the composite-state approach on average, 
but the synchrony-only representations performed slightly 
worse than the rate-based ones when the stimuli pairs were 
of different spike emission rates (i.e., 100 Hz and 20 Hz). In 
this case, the difference between the rates of emission led to 
clearly distinct rate-based representations, resulting in 
better performance as seen in Figure 6. 

 
Figure 6. Classification performance as a function of input frequency  type. 

5.2. Impact of the sampling frequency 

Figure 7 shows that higher sampling rates degrade the 
classification performance. This can be explained by the fact 
that less information is then conveyed by each sample, albeit 
temporal resolution is increased.  

 
Figure 7: Classification performance as a function of input sampling rate. 

 
Figure 8. Classification performance for different spike train jitter levels 

5.3. Impact of jitter on performance 

Here also, increased levels of temporal noise decrease 
performance as may be expected. The degradation is 
significant as shown in Figure 8, but it appears to be less 
important than when using different sampling frequencies. 
Even a 10 ms jitter (representing between 10% and 50% of 
the stimulus base frequency) has a limited effect on 
classification error. 

B. Effect of a bigger cortical column 

The previous observations remain valid for a 3x3x3 
LSM. Figure 9 shows the relative performance of each liquid 
state representation and for each of the three pairs of input 
stimuli. Again, the composite-state approach shows a 
significant improvement over the classical and the 
synchrony matrix methods. There are, however, caveats to 
the extensibility of the synchrony matrix approach as 
discussed in the next section. 

 
Figure 9. Median MAE for a 3x3x3 liquid 

5.4. Role of memory 

As expected, the value of Tau had a deep impact on 
performance. The difference between best and worst 
performance across a few sample points corresponding to 
Tau values ranging from 0 to 1.5 can be as high à 22.81% in 
the cast of the composite-state representations (see Table 4). 
It is also clear from Figure 10 that the relationship between 
memory and performance is nonlinear and dependent on 
the type of liquid state representation. 
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Table 4: Impact of memory on performance 

 Filtered Rates Synchrony Matrix Composite 

Minimum Error 0.3073 0.3005 0.2309 

Maximum Error 0.3607 0.3560 0.2992 

Variation 14.81% 15.59% 22.81% 

5.5. Separation measures 

We expect a negative correlation between the 
Separation measure and classification error. The magnitude 
of this correlation is an indication of how good a predictor 
of performance SP is. As shown in Figure 11, FDR performs 
best among the “classical” SP measures (Centroids, Ranks, 
Van Rossum distance, Gaussian distance). On the other 
hand, the newly introduced separation measures based on 
spike metrics seem to correlate even more with the 
classification performance of LSMs. The measures based on 
spike synchronization, ISI-distance (and its adaptive 
variant), adaptive rate-independent spike distance, and 
Schreiber correlation all correlate below the -0.5 mark. 

 
Figure 10. Performance as a function of Tau, the synaptic time constant 

 
Figure 11. Correlation of SP measurement type with performance 

 
Figure 12. Correlation of SP measures with performance for a rate-based 
state representation 

However, this synthetic chart shown in Figure 11 hides 
the local discrepancies between the different measures, 
since some of them perform significantly better in certain 
situations. For instance, Figure 12 shows that FDR correlates 
generally better with rate-based representations, but Figure 
13 shows the opposite for synchrony-based representations 
(either using a synchrony matrix or a composite-state 
representation).  

 
Figure 13. Correlation of SP measures with performance for synchrony-
based and composite representations 

6. Discussion and future research 

At the core of each LSM study lies a neuron/synapse 
simulator for validation. It is not only a model of 
computation, but also a simplified model of the cortical 
columns found in real-life neural systems. This biological 
inspiration suggests that neuroscientific discoveries 
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regarding the understanding of the “neural code” may also 
enhance the computational model. We discuss below our 
findings on rate and temporal coding, the role of SP as a 
performance predictor, and the influence of sampling and 
memory on performance before ending this paper with a 
short review of the results of other comparable studies and 
concluding. 

6.1. Rate and temporal decoding 

The temporal decoding of liquid states can easily match 
the levels of LSM classification performance reached by 
rate-decoding approaches, while composite state feature 
vectors go beyond: they allowed to raise the overall 
performance without increasing the LSM dimensionality, 
even in the context of highly noisy inputs. These findings 
point to the critical role of phase information and temporal 
decoding in LSM classification, encouraging more research 
to explore temporal coding and decoding schemes. For 
instance, more encoding strategies based on phase 
information or absolute spike timings ought to be 
investigated (see [60] for inspiration), as well as more 
advanced spike rate estimation mechanisms (several of 
them are presented in [61]). With regards to performance, 
this study also found that the liquid state sampling 
frequency (in the light of its relationship to memory 
capabilities) and the topology of connections are critical 
factors, and they could thus become targets of optimization 
for peak performance. But, as the next subsection shows, the 
currently proposed measures of SP do not correlate well 
enough with LSM classification performance. 

On the negative side, one major limitation of the 
synchrony matrix representation of liquid states is that the 
matrix grows with liquid size, with a quadratic impact on 
the synchrony vector size (equation 5). For example, for a 
2x2x2 liquid, the number of elements of the feature vector is 
28 as already mentioned, and for a 4x4x4 liquid, this number 
reaches 2080 (from equation 5 with N=64). Large feature 
vectors tend to promote overfitting: for instance, the linear 
regression that we use as a classifier quickly becomes 
overwhelmed with them. Several ideas can be put forward 
to cope with large-size liquids and reduce the 
dimensionality of the feature vectors. They include: 

– Principal Component Analysis of the synchrony 
matrices for dimensionality reduction. 

– Hierarchical construction of liquids: connecting a large 
liquid to gradually smaller ones until a suitably small 
liquid is found. 

– Stochastic sampling of pairs of neurons in the liquid and 
subsequent reconstruction of the synchrony and rate 
information (also suggested in [5]). 

– Temporal filtering and fuzzification: creating aggregate 
spike trains from liquid subregions (for example, we 
filter 2x2x2 regions in a 6x6x6 liquid to create a 3x3x3 
“aggregate” liquid) and applying a form of temporal 
filtering, replacing multiple spikes emitted within a 
certain “fuzzy” timeframe by a single one at the mean of 
the that interval. 

However, although temporal decoding may be a 
promising technique, it does not solve the performance 
variability across liquids. One way to address this problem 
is to determine performance predictors and engineer more 
efficient liquids. 

6.2. Performance predictors and liquid optimization 

The differences between “classical” SP and synchrony-
based measures seem to highlight some complementarity 
between the two approaches. On average, our measure of 
SP roughly explained 50% of the performance of an artificial 
classification experiment (the absolute amount of 
correlation between SP and generalization error was, at best, 
slightly over 0.5). So, a question remains: what is missing 
from SP measures that could explain the missing 50%? Two 
very broad hypotheses can be put forward: 

a) Other performance predictors should be used instead 
of or in conjunction with SP; 

b) Our evaluation of  SP is incomplete or deficient: some 
crucial information may not be captured by statistical 
methods, linear algebra or spike distance metrics. 

While more SP measures (Bray-Curtis [62] and other 
vector distances [63], etc.) should be tested, we think that a 
custom, composite SP measure built out of rate and 
synchrony information should also  be investigated. Indeed, 
synchrony-based or hybrid measures tend to correlate 
better with synchrony-based state representations while 
statistical measures perform better with rate-based 
representations. These results seem to hint that the ideal 
separation measure could be a hybrid of FDR and 
synchrony metrics, exploiting the idea that phase and rate 
information are complementary representations of the same 
spiking activity. 

6.3. Memory and state sampling frequency 

Our results also show that the memory capacity of a 
liquid has an impact on classification performance, 
particularly when using composite-state representations 
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(over 22% gap between best and worst performance, 
significantly higher than for rate-based or synchrony-only 
representations). Determining the optimal memory 
parameters and sampling frequency to extract enough 
information while preserving temporal resolution and 
avoiding pathological memory conditions deserves 
attention. The standard approach to divide the time axis into 
same-duration bins can create two problems: a) empty 
states, b) window boundary issues, especially for synchrony 
calculation (spikes fired just before or after the time window 
boundaries are not accounted for).  

We observed a significant degradation of performance 
when the state sampling frequency was increased 
(illustrated in Figure 7), attributed to the decline of the 
information content of each sample and the increased time 
resolution. The reduction of the width of the sampling time 
window has two consequences: 

a) More state samples required to cover the entire 
simulation , with the compounded sampling error most 
likely increased (i.e., the probability of missing relevant 
spikes at the boundaries of each time window). 

b)  Lower average number of spikes that can be captured 
in each sample, which in turn augments the impact of 
missed spikes on the total count of spike firings. 

These two combined effects can lead to less reliable feature 
vectors. Low spiking activity also happens during network 
“warm up”, as discussed in [6] and [17].  A solution to these 
problems may be to use interleaved sampling with window 
smoothing as done in automatic voice recognition systems. 

6.4. Related work on LSM performance 

Several authors have explored the question of the 
classification performance of the LSM model and 
highlighted its strengths and limitations in various contexts, 
but there seems to be a relative dearth of results comparable 
to ours, as methodologies and data vary significantly across 
studies. It is also worth noting that we have deliberately left 
out research on readout performance, although works such 
as [64] show that this crucial element of the LSM model can 
also be improved. 

Putting aside the previous caveats, the conclusions we 
draw from this work are very much in line with those of the 
seminal work of Maass and al. [23] who validated the role 
of SP in LSM performance using a globally comparable 
method. In our work, we looked at this problem from the 
angle of liquid state representations, but numerous studies 
have focused on other aspects and suggested techniques to 

increase both the separability and the generalization 
properties of an LSM. The list includes: 

- Optimizing the connection topology and the synaptic 
weights ([65], [19], [13], [17], [18]); 

- Careful selection or mixtures of neuron types ([23], 
[66], [16], [1]); 

- Addition of parallel columns [23]; 

- Construction of hierarchical liquids [16]; 

- Correct choice or composition of liquid state 
representations [10]; 

- Selection of the right memory parameters [3]; 

- Usage of ensemble techniques [5]. 

In addition, the problem of quantifying SP remains open. 
In [62] and [37], the authors indicate that their own custom 
measure of SP outperforms those based on either the 
ubiquitous Gaussian distance or the Van Rossum metric, but 
they did not provide correlation results with actual 
performance. Similarly, compelling evidence of a strong 
correlation between classification performance and SP is 
reported in [14]. The measures proposed by [3], [18] and [13] 
correlate to levels up to 0.79, 0.68 and 0.86 respectively, 
whereas our own results show an average correlation of 
only slightly above the 0.5 mark, a discrepancy than can be 
explained by the differences in the methodologies and 
validation contexts.  

7. Conclusion 

In this paper, we have shown through simulation 
experiments that the temporal decoding of spike trains by 
evaluation of the synchrony between pairs of neurons in the 
liquid can improve the LSM performance for classification 
tasks. We have also shown that the Separation Property, a 
fundamental characteristic of LSMs, can reliably be 
measured by spike metrics.  

While there is a strong consensus in the research 
community that the classification performance of the LSM 
model can be raised, no definitive solution has yet emerged. 
We believe that more research is needed to improve the 
aforementioned approaches and/or combine their strengths 
to improve the LSM core performance in classifying time-
varying input data. We also think that the results presented 
here should be tested and validated on a larger scale. 
Moreover, if the temporal decoding of liquid states 
improves classification performance, its efficiency in a less 
artificial context remains to validate. 
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ABSTRACT: In this article, it has been proposed a functional design of Baggage Cart with Weighing 
Mechanism for Hospitality Industry based on empirical observations. This design is expected to 
promote and become one of the high demand products which can later be used especially by hotels 
and respective airlines. It has been often observed that travelers are always concerned about the 
maximum weight of their baggage allowed in order to board a flight. Because as per norms of airlines 
one needs to carry a specific amount of baggage in the flight, in case of extra weighed baggage carried 
by a guest, he/she is charged extra amount as per KG by the respective airline. Keeping this point in 
mind, travelers are always conscious about the weight of their baggage before boarding a flight to 
avoid the last-minute hassle of paying huge extra money, and sometimes they need to drop the 
necessary items out from the baggage to adjust the weight of the baggage. In hotels, a guest request to 
weigh his/ her luggage is dealt with in the following ways: The front office associate/porter first needs 
to fetch the baggage from the guest room and bring it up to the bell desk or need to drag it up till time 
office / receiving area where it is weighed on a heavy-duty weighing scale. It is the traditional way of 
measuring baggage. The traditional way is time-consuming, uncomfortable, and less suitable to 
support the need of the traveler. Hence, to minimize the time and efforts, we wanted to invent a 
mechanism that will help and reduce the burden of managing the separate weighing machine, and 
therefore we came up with a baggage cart with a weighing mechanism in it. 

KEYWORDS: Baggage Cart, Weighing Mechanism, Customer Satisfaction, Service Quality 

 

1. Introduction 

Passenger Satisfaction is a crucial metric in order to 
evaluate airport performance. International airports in 
various regions or countries usually do not compete with 
each other. Passengers generally do not have the choice to 
choose between airports, irrespective of the quality and 
price of airport services. However, Passenger’s demand 
for airport services is likely to be fairly inflexible [1]. To 
minimize time, effort, and ease out the task, the design 
provides a mechanism to weigh the baggage as per the 
guest’s request. While working in the hotel industry, it 
was a routine task to deal with guests and their needs and 
out of all to weigh their baggage was one of them. One 
genuine problem which is paid less attention and 
provided with an ordinary, less effective, or non-
hospitable solution is the handling of a traveler’s need of 

weighing his baggage. Moreover, Airports’ key customers 
are passengers and their initial impressions of airport 
facilities and services can significantly impact their 
perceptions and evaluations of the airport. Therefore, it is 
vital for the airports to provide safe, comfortable and 
convenient services in a cost-effective manner [2]. 
Transactions involving goods and services are not the only 
aspects of business. Its capacity to last is significantly 
reliant on a variety of humanitarian aspects related to the 
management and upkeep of commercial relationships 
with clients, suppliers, and staff, particularly when 
conducting business internationally [3]. Keeping these in 
mind, Quality of Service as apparent by customers is a 
comparison amongst performance and expectations [4]. 
As per [5], The overall observation of service quality is 
determined by the modification between customers’ 
expectations and their actual experiences. When a 
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customer’s experience matches their expectation, service 
quality is perceived as upright. In other words, Quality of 
the service is measured by comparing customer 
expectations with their experiences and this comparison is 
based on the performance of service delivery. The goal of 
providing better service to clients is to meet their needs in 
addition to making sure they are completely satisfied with 
the service they are utilizing [6]. In the hospitality 
industry, it is a routine task to weigh the baggage of 
guests. The proposed design provides a mechanism to 
weigh the baggage as per the guest's request with minimal 
time, effort. Present solutions are not convenient and need 
the efforts of the porter to fetch the baggage to and fro 
between the guests' rooms and hotel utilities which is a 
time-consuming process. 

2. Technical Background 

 At present, the hospitality industry is using the 
following mechanisms to weigh the baggage. Based on 
empirical observations and as shown in Figure 1 below, 
Earlier In a traditional way, a porter needs to fetch the bag 
from the guest room which is taken to the time office / 
receiving area where it is weighed on a heavy-duty 
weighing scale. The moment it’s being measured, it is 
properly tagged and delivered to the respective guest 
room. The process needs to be executed immediately on 
the guest’s demand as the guest has to check out and take 
a flight or train. Even a reasonable delay in the process 
upsets the guests and creates a bad impression of the hotel. 

 
Figure 1: Traditional way of Measuring Baggage through the help of 

Porter 

 In another mechanism, as per empirical observations 
and as shown in Figures 2 & 3 below, some hotels use a 
weighing device with a lifting hook. The porter has to hold 
the device and lift the bag hooked to the device to weigh 
it. Sometimes the process may result in a muscular sprain 
in the porter’s hand or back or lead to dropping the bag, 
which could again lead to a bad impression of the hotel. 

 In a few hotels, as per empirical observations and as 
shown in Figure 4 below, the guest is prompted to 
measure his / her baggage on his own by using the 

weighing scale kept in their bathroom. However, this 
system is not suitable as it is meant for weighing human 
body weight. In case one holds a bag and stands on the 
machine, it gives total weight which is not an appropriate 
method. it’s not even feasible to keep a large piece of 
baggage on the surface of a weighing scale. 

 
Figure 2: Traditional way of Measuring Baggage through a weighing 

device with a lifting hook (top view) 

 
Figure 3: Traditional way of Measuring Baggage through a weighing 

device with a lifting hook (front view) 

 
Figure 4: Traditional way of Measuring Baggage through the weighing 

scale kept in their bathroom 

3. Related Work 

3.1. Prior Art 

As per empirical observations, figure 5 represents the 
traditional way of measuring the baggage. It would be 
easy and convenient for the front office associate/porter to 
use efficient ways to reduce their efforts and save time. 

As per empirical observations, the use of the proposed 
mechanism in baggage cart is not restricted or limited to 
just hotels only, even the respective airlines can use it 
during  a  passenger's  arrival  inside  the  airport,  before  
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Figure 6: Proposed design for Baggage Cart with Weighing Mechanism for Hotels and Airlines 
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moving towards their flight one needs to finish check-in 
formalities including the weighing of their bags. Using 
this mechanism would enable them to get the results faster 
than the existing ones. 

 
Figure 5: Traditional way of Measuring Baggage through the weighing 

scale 

3.2. Advantage of the proposed system in comparison with 
prior art 

• Time Effective: It saves time as it is always available 
with Front Office / Bell Desk. 

• Easy Handling: It is always handy and in use by Bell 
Desk Staff. 

• Reduced Efforts: No more to-and-fro efforts, as a 
handy baggage cart with a weighing mechanism, is 
available all the time. 

3.3. Proposed Solution 

The mechanism was designed to minimize the time 
and effort required in the traditional weighing method 
through a separate weighing machine. The proposed 
design allows installing the weighing mechanism on the 
baggage cart. The proposed design for Baggage Cart with 
weighing mechanism for hotels and airlines are shown in 
figure 6. 

4. Hardware Implementation 

As per empirical observations, the surface of the 
baggage cart has a mechanism to measure the weight. 
Upon placing a bag on the cart's surface, it will display the 
weight on the digital display mounted on the cart. The 
baggage cart will appear like a regular baggage cart when 
the digital meter is turned off. 

5. Conclusions 

The product is designed to eliminate the existing flaws 
used by respective hotels and airlines of guests for 
weighing their luggage, especially at the eleventh hour of 
checking out of the hotel. As per the enclosed pictures 
from 1-4, traditionally these are the methods of fetching 
baggage and measuring them too which are not at all 
convenient and time-effective. The most significant 
advantage of the baggage cart with a weighing mechanism 
is that it can be used by both hotels and airlines for their 
purposes. This product is expected to find high acceptance 

by hospitality professionals because of lesser effort, easy 
handling, and being time effective. 
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ABSTRACT: Robust and accurate localization is crucial for mobile robot navigation in complex indoor
environments. This paper introduces a robust and integrated robot localization algorithm designed
for such environments. The proposed algorithm, named Branch-and-Bound for Robust Localization
(BB-RL), introduces an innovative approach that seamlessly integrates global localization, position
tracking, and resolution of the kidnapped robot problem into a single, comprehensive framework. The
process of global localization in BB-RL involves a two-stage matching approach, moving from a broad
to a more detailed analysis. This method combines a branch-and-bound algorithm with an iterative
nearest point algorithm, allowing for an accurate initial estimation of the robot’s position. For ongoing
position tracking, BB-RL uses a local map-based scan matching technique. To address inaccuracies that
accumulate over time in the local maps, the algorithm creates a pose graph which helps in loop-closure
optimization. Additionally, to make loop-closure detection less computationally intensive, the branch-
and-bound algorithm is used to speed up finding loop constraints. A key feature of BB-RL is its Finite
State Machine (FSM)-based relocalization judgment method, which is designed to quickly identify and
resolve the kidnapped robot problem. This enhances the reliability of the localization process. BB-RL’s
performance was thoroughly tested in real-world situations using commercially available logistics
robots. These tests showed that BB-RL is fast, accurate, and robust, making it a practical solution for
indoor robot localization.

KEYWORDS Branch-and-bound, Global localization, Position tracking, Robot kidnapping

1. Introduction

The growing demand for mobile robots in tasks such as
repair, transportation, and cleaning necessitates the devel-
opment of efficient techniques for robot localization [1]–[5].
Particularly in known environments, robots should be able
to localize themselves within a prebuilt map, enabling them
to position themselves based on data collected from various
sensors. The problem of localizing mobile robots in indoor
environments can be categorized into three sub-problems:
position tracking, global localization, and the kidnapped
robot problem [6, 7]. This paper proposes a fast, robust,
and accurate algorithm to achieve indoor localization of
mobile robots, effectively solving the three localization sub-
problems simultaneously in real-world applications.

Recent advancements in indoor robot localization re-
search have shown significant progress, yet challenges
remain in simultaneously addressing three critical local-
ization issues. The first issue involves global localization.
Often, an initial pose is determined by observing the robot’s
approximate position in the environment to reduce compu-

tational effort and maintain localization stability. Despite
this, without an initial estimate, achieving desirable global
localization remains difficult.

The second issue is position tracking. Here, the chal-
lenge lies in the timely elimination of accumulated errors.
To address this, two main strategies are employed. The first
is simultaneous localization and mapping (SLAM), which
involves frontend scan matching and backend optimiza-
tion. While effective, SLAM methods are computationally
demanding and rely on loop-closure detection to correct
errors. The second strategy involves odometry, such as
visual or LiDAR odometry, which calculates the robot’s
relative pose incrementally using adjacent data. However,
these methods are prone to error accumulation over time,
making them suitable primarily for short-term tracking.

Finally, the third issue is the kidnapped robot problem.
This occurs when a robot, initially well-localized, is unex-
pectedly moved to an unknown location. This problem
can be split into two scenarios: real kidnapping, where
the robot is physically relocated by external forces such as
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human intervention or an accident, and perceived kidnap-
ping, which results from localization failures. Addressing
this issue effectively remains a challenge for most existing
approaches.

Considering these aspects, we propose a robust and ac-
curate robot localization algorithm, which consists of three
parts: global localization, position tracking, and relocaliza-
tion judgment.

• The global localization algorithm, which is used to deter-
mine the robot’s initial pose, can be divided into two
stages. In the coarse matching stage, the branch-and-
bound algorithm based on depth-first search (DFS)
is used to promptly identify the absolute position of
the robot on the map without any initial estimate. In
the fine matching stage, the iterative nearest point
algorithm is used to perform iterative optimization to
determine the optimal initial pose of the robot. This
algorithm can rapidly converge anywhere on the map,
and the robot pose exhibits global optimality.

• The position tracking algorithm is used for the contin-
uous localization of the robot when the initial pose
is known. A local map-based scan matching method
is used to estimate the relative pose of the robot and
simultaneously build a local map. Moreover, a global
pose graph optimization algorithm is used to eliminate
the accumulated errors between local maps. Addi-
tionally, to ensure that the computing time is nonin-
tractable, a DFS-based branch-and-bound algorithm is
used to accelerate the process of identifying the loop
constraints.

• The relocalization judgment algorithm is used to address
the problem of robot kidnapping and eliminate the
accumulated errors of the robot. We propose an
FSM-based relocalization judgment method based on
confidence calculation and dual-threshold judgment
to effectively monitor the localization status of the
robot. When the calculated confidence is less than the
minimum threshold, the global localization algorithm
is invoked for localization recovery.

The main contributions of this research can be summa-
rized as follows:

1. Development of a Two-Stage Global Localization Algorithm:
We introduce a novel two-stage global localization
algorithm that combines the broad search capabilities
of the branch-and-bound algorithm with the local
optimization efficiency of the iterative closest point
algorithm. This ensures the robot quickly identifies
the globally optimal initial pose without relying on
any preliminary estimates.

2. Establishment of a Position Tracking Algorithm: Our re-
search incorporates a position tracking algorithm that
integrates frontend local map-based scan matching
with backend pose graph optimization. This approach
provides a highly accurate state estimation of the robot,
crucial for precise navigation.

3. Creation of an FSM-based Relocalization Judgment Algo-
rithm: We have developed an innovative FSM-based

relocalization judgment algorithm that utilizes an in-
flated occupancy grid map to minimize the impact of
sensor measurement noise. This algorithm is adept
at efficiently detecting instances of robot kidnapping,
thereby safeguarding against localization failures in
diverse scenarios and ensuring swift and effective
localization recovery.

4. Proposal of a Joint Localization Algorithm: The research
culminates in a comprehensive joint localization al-
gorithm capable of concurrently addressing the chal-
lenges of global localization, position tracking, and
robot kidnapping in indoor settings. The efficacy of
this algorithm has been rigorously validated using
commercial logistics robots, demonstrating its success-
ful application in real-world environments.

2. Related work

Consistent and efficient localization is a core concept of in-
door robot navigation, as knowledge of the robot position is
crucial in deciding future actions [8]. In recent years, several
researchers have focused on indoor robot localization [9].
However, most of the existing approaches focus on solving a
specific problem of localization (such as global localization),
which is fundamentally different from the motivation of our
work.

Localization refers to the procedure of determining the
robot pose with respect to its environment by using various
noisy sensors. According to the type of measurement data,
the sensors used in the process of robot localization can be
divided into two classes: proprioceptive sensors and extero-
ceptive sensors. Proprioceptive sensors (such as encoders
and IMUs) measure the robot motion by using deduced
reckoning to calculate the relative robot displacement [10]–
[12]. Since such sensors consider the instantaneous speed
or acceleration to estimate the robot state, the integrated
error in the localization process increases in a nonbounded
manner over time. Hence, such sensors are usually used
in combination with exteroceptive sensors that can deter-
mine the absolute positions to enhance the robot’s ability in
managing uncertainties [13]–[16]. Proprioceptive sensors
address position tracking issues due to their inability to
sense environmental information.

In addition to the methods based on proprioceptive
sensors for localization, several approaches use exterocep-
tive sensors to recognize the environment around a robot
to estimate the robot location. Among these methods,
SLAM is widely used. In terms of the primary type of
adopted sensor, the SLAM algorithm can be divided into
two classes: visual SLAM and LiDAR SLAM. Visual SLAM
aims to address the pose estimation of cameras with visual
information. This method has evolved from the use of
monocular cameras [17] to stereo cameras [18] and depth
cameras [19]. The classic variants of monocular SLAM
include ORB-SLAM [20], DSO [21], LSD-SLAM [22], and
SVO [23]. Certain researchers, [24] adapted ORB-SLAM to
a fisheye camera, tightly coupled visual information and
IMU data to robustly estimate the camera pose and used
the multimap technology to effectively solve the problem
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of localization failure. In another study [25], a rolling-
shutter camera and IMU were tightly coupled to minimize
the photometric error to estimate the robot pose. Other
researchers [26, 27, 28] used deep neural networks to elimi-
nate the scale ambiguity of monocular cameras and extract
high-level semantic features to enhance the system robust-
ness and accuracy. The classic variants of stereo SLAM
include ORBSLAM2 [29], ORBSLAM3 [30], PL-SLAM [31],
and SOFT2 [32]. An event camera [33] was used to ad-
dress the problems of high dynamics and low light, and the
depth estimation of multiple viewpoints was merged in a
probabilistic manner to build a semidense point cloud map.
Notable research on RGB-D SLAM includes that on the
RTAB-MAP [34], bundle fusion [35], and Kintinuous [36].
Moreover, a lightweight semantic network model was pro-
posed [37], which integrates multiple technologies such as
VIO, pose graph optimization, and semantic segmentation,
to achieve the high-precision reconstruction of the three-
dimensional environment. Deep learning techniques have
also been employed in visual SLAM to extract features, en-
hancing the algorithm’s ability to interpret and understand
the visual information as in LIFT-SLAM [38] and Object-
Fusion [39]. Because depth cameras can directly obtain
the depth information of the environment, their use has
been widely considered [40]. However, processing of the
depth data is computationally expensive, and it is difficult
to satisfy the real-time operation requirements of the CPU.
Moreover, the frontend odometry aspects of visual SLAM
can only estimate the relative pose of the robot, and back-
end loop-closure detection can only achieve relocalization
in similar scenes. Therefore, this approach cannot realize
global localization.

LiDAR SLAM can be divided into 2D LiDAR SLAM and
3D LiDAR SLAM according to the type of LiDAR used. The
classic 3D LiDAR SLAM algorithms include LOAM [41],
HDL graph slam [42], and SuMa++ [43]. LOAM exhibits
a high performance on the KITTI dataset, and thus, many
improved versions of this algorithm have been proposed.
In [44], the distinctive edge features and planar features
were extracted to achieve two-step Levenberg–Marquardt
optimization. In [45], the LiDAR and IMU data were tightly
coupled. The IMU preintegration factor was introduced
in the pose graph optimization to update the bias of the
IMU, and the accumulated errors were corrected through
loop-closure detection. Moreover, excellent schemes for
2D LiDAR SLAM have been proposed in recent years. The
classic filter-based algorithms include Fast SLAM [46] and
Gmapping [47], and graph-based algorithms include Karto
SLAM [48] and Cartographer [49]. Cartographer, devel-
oped by Google engineers, has been proven to be a complete
SLAM system that integrates localization, mapping, and
loop-closure detection. At the frontend of this algorithm,
the relative pose of the robot is calculated using the scan-
to-submap matching method, which has a significantly
lower accumulated error than the scan-to-scan matching
method [50]. Additionally, compared with the scan-to-map
matching method [51], it is considerably less computation-
ally intensive and can run in real time. Similarly, since the
origin of the robot localization is determined when initializ-
ing the algorithm, LiDAR SLAM is essentially an odometry

technique and cannot solve the problems of global localiza-
tion and robot kidnapping. To realize indoor localization,
2D LiDAR has been widely used due to its cost and accuracy.
Certain researchers [52] and [53] attempted to enhance the
accuracy of their localization system by using the extended
Kalman filter to achieve multisensor fusion. However, these
approaches cannot solve the problems of global localization
and robot kidnapping. In [54], a quasistandardized 2D
dynamic time warping (QS-2DDTW) method was proposed
to solve the problem of robot kidnapping. The approach
uses scan data for two consecutive ranges to obtain the
geometric shape similarity of the environment to determine
the robot state. Nevertheless, this approach cannot solve the
position tracking problem. However, other studies [55]–[59]
addressed the three major localization problems by using
the adaptive Monte Carlo localization algorithm. Notably,
using only ultrasonic sensors, the localization accuracy of
the order of decimeters can be achieved.

In addition to the two types of exteroceptive sensors for
localization, several wireless devices (such as WiFi, UWB,
Bluetooth, and RFID) can be deployed indoors to realize
reliable localization. In [60] and [61], the Kalman filter
was used to fuse IMU and UWB data to obtain a relatively
accurate robot pose. However, these approaches could
not solve the problems of global localization and robot
kidnapping. In addition, high accuracy localization was
achieved using commercial WiFi devices [62]. The robust
principal component analysis for extreme learning machine
algorithm (RPCA-ELM) could suppress the effect of mea-
surement noise in the localization process. In [63] and [64],
to enhance the robustness of localization, UHF radio fre-
quency identification technology was adopted. However,
the system accuracy depended on the RFID tag, and global
localization could not be realized at arbitrary positions.
Furthermore, localization was realized in [65] and [66] by
deploying a set of photoresistor sensors on a robot to collect
information regarding an LED array in the environment.
However, high-precision position tracking could not be
realized. In addition, a robot localization system based
on asynchronous millimeter-wave radar interference was
proposed [67], which used the interference between mul-
tiple millimeter-wave radars with known positions in the
environment to calculate the position of the robot. However,
the system exhibited limited localization accuracy.

In summarizing the state of the art in indoor robot lo-
calization, it is clear that researchers have made significant
strides using a variety of methodologies and sensor tech-
nologies. From SLAM implementations—both visual and
LiDAR-based—to sophisticated sensor fusion techniques
leveraging proprioceptive and exteroceptive sensors, in-
cluding the use of wireless technologies like WiFi, UWB,
Bluetooth, and RFID to enhance localization capabilities,
each method aims to address specific facets of the complex
challenge of localization, focusing on global localization,
position tracking, or resolving the kidnapped robot problem.

Despite these advances, a comprehensive solution that
simultaneously addresses all three critical challenges of
indoor robot localization remains elusive. Existing studies
tend to focus on optimizing specific aspects of localization
rather than offering a unified algorithm capable of han-
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dling global localization, precise position tracking, and the
kidnapped robot scenario in an integrated manner. This
gap in the research landscape underscores the innovative
potential of the proposed BB-RL algorithm, which aims to
provide a holistic approach to the multifaceted problem of
autonomous indoor navigation. By doing so, BB-RL aspires
to establish a new method in the field, offering a more ro-
bust, accurate, and comprehensive solution to indoor robot
localization than currently available methods.

Some literature mentions studies that attempt to address
all three major localization challenges simultaneously using
the Adaptive Monte Carlo Localization algorithm [55]–[59].
These studies illustrate the potential of multi-sensor fusion
and intelligent algorithms to enhance indoor localization
accuracy and robustness. However, despite offering a com-
posite solution, these approaches may still face limitations
in practical application, such as dependency on specific
types of sensors, the impact of environmental complexity on
localization accuracy, and challenges in maintaining high
precision in dynamic and unknown environments.

The Self-Adaptive Monte Carlo Localization (SA-MCL)
method represents an advancement in addressing the inher-
ent challenges of robot localization, including global local-
ization, position tracking, and the "kidnapping" problem,
where a robot is moved to an unknown location. Previ-
ous studies have shown that by employing the adaptive
Monte Carlo localization algorithm, significant strides can
be made in solving these three major localization challenges.
These methods, however, are predominantly based on 2D
environments and utilize ultrasonic sensors for sensing.

Transitioning from 2D to 3D environments introduces
new challenges for the Monte Carlo Localization (MCL)
algorithm. In [68], the authors propose a pure 3D MCL
localization algorithm to address these challenges directly.
Meanwhile, other approaches, such as the one by [69], adapt
2D MCL for localization in 3D maps. These methods il-
lustrate the diversity of strategies being explored to solve
localization problems in three-dimensional spaces using the
MCL framework in 3D Map. The demand for computational
resources and memory usage significantly increases in 3D
Monte Carlo localization due to the necessity to process
and track a much larger number of particles to accurately
estimate a robot’s pose in three-dimensional space. Each par-
ticle’s position, orientation, and weight must be maintained,
leading to escalated memory requirements as the particle
count increases. Furthermore, without prior knowledge of
the robot’s approximate location, distributing particles ef-
fectively throughout the three-dimensional space to ensure
comprehensive coverage and, by extension, the accuracy of
the localization process, presents a considerable challenge.
This challenge underscores the complexity of initializing
the algorithm in 3D spaces, which is vital for the successful
application of Monte Carlo localization methods in more
complex environments.

In [70], the authors developed a branch-and-bound
(BnB)-based 2D scan matching technique utilizing hier-
archical occupancy grid maps of varying sizes. While this
approach provides accurate and fast global localization on
2D maps, its processing time significantly increases when
applied to 3D maps. In [71], the authors advanced this

research by introducing a BnB-based method for 3D global
localization, which more effectively addresses the challenges
of extending the work of [70] to three-dimensional environ-
ments. However, these studies primarily focus on global
localization issues without offering an integrated solution.

In summary, despite attempts to address the three major
localization challenges simultaneously and the existence of
various methods focusing on solving specific issues, there
remains a significant research gap in developing an accurate
and robust comprehensive localization system. This high-
lights the importance and innovative value of proposing
new algorithms, such as the BB-RL algorithm introduced in
this paper, aimed at enhancing the performance of indoor
robot localization. The BB-RL algorithm seeks to overcome
the limitations of existing solutions through innovative tech-
niques and methods, providing a more comprehensive and
effective solution to meet the demands of complex indoor
environments for robot navigation.

3. System overview

3.1. Hardware setting

The hardware settings are shown in Figure 1. The adopted
autonomous mobile robot (AMR) is a commercial differen-
tial wheeled logistics robot, model IR300, which is equipped
with an Intel NUC8BEH minicomputer as the computing
platform of the robot; two SICK TIM561 LiDAR for range
measurements, which are deployed diagonally on the left
front and bottom right of the robot and have a measure-
ment frequency of up to 10 Hz; an inertial measurement
unit model LMPS-be1, which is used for high-frequency
linear acceleration and angular velocity measurement and
can exhibit a measurement frequency of up to 200 Hz; two
wheel encoders, which are used to measure the wheel speed
with a measurement frequency of up to 50 Hz.

3.2. System architecture

The system architecture of the proposed algorithm is shown
in Figure 2. The algorithm is composed of three parts: global
localization, position tracking, and relocalization judgment.

Figure 1: IR300 robot, manufactured by Sunspeed Robotics Ltd, Co.
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Figure 2: System architecture

In the localization process, we first obtain the robot’s
initial pose in the environment through the global localiza-
tion algorithm, which is a two-stage matching algorithm
composed of a branch-and-bound algorithm and an iterative
closest point algorithm. After determining the robot’s initial
pose, we implement the position tracking algorithm, which
uses the initial pose as the robot’s initial state to realize
local map-based scan matching. To effectively eliminate
the accumulated errors between local maps, we maintain a
global pose graph at the backend of the algorithm. When a
valid loop closure is detected, the algorithm is implemented
to correct the accumulated errors. Finally, we use a single
thread to implement the relocalization judgment algorithm
to monitor whether the robot can be located correctly when
the position tracking algorithm is used. When the confi-
dence of the current localization result is less than the set
dual-thresholds, the global localization algorithm is called
to reinitialize the algorithm.

4. Global Localization

Global localization, as an indispensable part of our algo-
rithm, is mainly used to determine the robot’s initial pose
and ensure localization recovery when the robot is kid-
napped. When the algorithm is implemented, we first con-
vert the prebuilt point cloud map into multiple occupancy
grid maps with different resolutions. Subsequently, we use
the DFS-based branch-and-bound algorithm to accelerate
the matching of the current LiDAR data with the occupancy
grid maps. Finally, the iterative nearest point algorithm
is used to continue the optimization on the computational
results of the DFS-based branch-and-bound algorithm and
ensure rapid convergence to obtain the optimal pose of the
robot.

4.1. Global search using the branch-and-bound algorithm

We formulate global localization as a search problem on the
occupancy grid map. The linear and angular search window
sizes can be easily determined according to the map size. To
ensure the search accuracy, we set the linear step size as the
grid size. The angular step size can ensure that the farthest
LiDAR point smax moves once without exceeding the map
resolution r. Thus, the angular step size ε can be estimated
using the following equation:

ε arccos1 −
r2

2s2
max

(1)

Furthermore, the integral number of steps covering the
set linear and angular search window sizes can be computed
as:

sx ⌈
S x

r
⌉, sy ⌈

S y

r
⌉, sθ ⌈

S θ
ε
⌉ (2)

where S x and S y are the linear search window sizes in
the x- and y-directions, respectively. S θ is the angular search
window size. sx and sy are the integral numbers of the
linear steps in the x- and y-directions, respectively, and sθ
is the integral number of the angular steps. If the center of
the occupancy grid map is assumed to be the origin of the
search process, the search set can be defined as:

W {−
1
2

sx, ...,
1
2

sx} × {−
1
2

sy, ...,
1
2

sy} × {−
1
2

sθ, ...,
1
2

sθ} (3)

Because the time to search an occupancy grid map in-
creases exponentially with increasing map size, we apply
the branch-and-bound algorithm to accelerate the search
process. In practical applications, we build a global search
tree to determine the initial pose for a given occupancy grid
map, where each node in the tree represents a search result.
The map search process is converted into node transversal
in the search tree, and the target is to identify the leaf node
with the best score.

In contrast to the breadth-first search-based branch-and-
bound algorithm, which traverses most of the nodes in the
search tree to identify the leaf node with the best score, we
use the DFS-based branch-and-bound algorithm to promptly
evaluate the nodes by performing a layer-by-layer search on
multiple occupancy grid maps with low to high resolutions
and prune the intermediate nodes that do not meet the
boundary conditions and all the corresponding subnodes.
Therefore, only a few nodes need to be traversed to identify
a leaf node with the best score. The flow of the algorithm is
illustrated in Figure 3.

Schematic of the DFS-based Branch-and-Bound Method
(Search Tree Depth d 3). The root node is implicitly divided
into different subnodes to form a set N0, and a node n0 is
extracted to illustrate the algorithmic process.

First, we use the prebuilt point cloud map to create
multiple occupancy grid maps with high to low resolutions.
Specifically, we first rasterize the point cloud map according
to the required highest resolution r0. The probability value
of each grid is averaged according to the number of point
clouds in the grid, and the resulting occupancy grid map
is denoted as map0. Subsequently, according to the depth d
of the global search tree, map0 is downsampled d − 1 times.
The resolution of mapii 1, ..., d − 1 obtained by each down-
sampling is doubled to 2ir0. Finally, we save these maps
from low to high resolutions.
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Figure 3: Schematic of the DFS-based branch-and-bound method (search
tree depth d 3). The root node is implicitly divided into different subnodes
to form a set N0, and a node n0 is extracted to illustrate the algorithmic
process.

Second, we consider the search strategy. In the global
search tree, the root node corresponds to the set of all possi-
ble solutions. We do not explicitly express this node but only
branch it into a series of child nodes, which can be denoted
as the set N0 of all possible solutions searched on mapd−1.
The leaf nodes represent a possible solution searched on
map0. Each node ni in the tree is represented as a tuple of
integers:

ni dx, dy, dφ, ch (4)

where dx and dy represent the position offsets in the x-
and y-directions relative to the origin of the search process,
respectively. dφ is the rotation offset relative to the positive
direction of the search process, and ch represents the height
of the search tree in which the node is located. Each node
in the search tree is defined as a search area with a certain
boundary.

Each node with ch > 1 can branch into four child nodes
of height ch − 1:

Nn {2dx, 2dx 1} × {2dy, 2dy 1} × {dφ} × {ch − 1} (5)

For each leaf node with ch 0, branching cannot continue
to generate new nodes. Thus, the search pose corresponding
to the leaf node is a possible solution. When the leaf node
with the best score is found, the optimal solution to the
problem can be expressed as

ξ∗n r0dx, r0dy, εdφ (6)

Finally, the upper bound calculation strategy is imple-
mented. An excellent upper bound can help promptly
identify the optimal solution to the problem. To ensure
the accuracy of the upper bound, when building multiple
occupancy grid maps with low to high resolutions, the
probability value of each grid in mapii 1, ..., d − 1 is the
maximum probability value of the corresponding 2i × 2i

grids in map0. Therefore, the grids on the occupancy grid
map with a lower resolution have a higher probability value:

S coren N

i1
Fch

MultimapTξn si (7)

where Fch
Multimap transforms the LiDAR point to the map

frame to obtain the probability of the corresponding grid
according to the prebuilt multiple occupancy grid maps.
The search process is essentially a table lookup process,
and thus, the computational complexity of the algorithm is
always maintained in a constant range. The specific steps of
the algorithm are shown in Algorithm 1.

Algorithm 1: Branch-and-bound Algorithm Based
on Depth First Search.

Input: current period t, current scan St , point cloud
map mp

Parameters : search tree depth d, search window
sizes S x, S y, S θ, occupancy grid map
highest resolution r0

Output: robot initial guess ξ∗n
Convert point cloud map mp to multiple occupancy grid
maps;

sx ← ⌈S xrd−1⌉;
sy ← ⌈S yrd−1⌉;
ε← arccos1 − r2

02s2
max;

sθ ← ⌈S θε⌉;
best_score← 0;
ch ← d − 1;
for jx ← −sx to sx do

for jy ← −sy to sy do
for jθ ← −sθ to sθ do

n← jx, jy, jθ, ch;
Push n into N0;

end
end

end
initialization;
Initialize a priority queue N to save each node in N0
according to the score;

while N , empty do
Pop the node n with the beat score from N;

end
if S coren > best_score then

if n is a leaf node then
ξ∗n ← ξn;
best_score← S coren;

end
else

Split n→ Nn :
{2dx, 2dx 1} × {2dy, 2dy 1} × {dφ} × {ch − 1};

Compute the score of each node in Nn;
Store each node in Nn into N according to the
score;

end
end

4.2. Optimization of the initial pose using the iterative nearest
point algorithm

Although the pose ξ∗n specified by the DFS-based branch-
and-bound algorithm has global optimality, the final search
accuracy is inevitably limited by the highest resolution of
the occupancy grid map. Hence, we use the iterative closest
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point algorithm to further optimize ξ∗n.
The iterative nearest point algorithm calculates the rigid

transformation matrix between the two sets of point clouds
in an iterative manner. We convert the matching problem
between the two sets of point clouds into a nonlinear least
squares problem and iteratively compute the rigid transfor-
mation matrix around the initial value ξ∗n. We assume that
the robot pose in the iterative process is ξ x, y, φ, the point
in the point cloud map is p′i , the current LiDAR point is pi,
and the error function e is defined as

eξ argmin
1
2

N

i1

∥∥∥pi − expξ∧ p
′

i

∥∥∥2
2 (8)

where exp· represents the exponential mapping of so3→
S O3. We can use iterative algorithms (e.g., Gauss–Newton
and Levenberg–Marquardt) to solve this problem. The Jaco-
bian matrix of the iterative update process can be expressed
as follows:

∂e
∂δξ

−I expξ∧ p
′

i
∧ (9)

The convergence speed of the iterative nearest point algo-
rithm is affected by the maximum number of iterations and
the robot pose difference calculated by two consecutive itera-
tions. When the algorithm is used on hardware-constrained
robot platforms, and it is necessary to consider the oper-
ating efficiency and localization accuracy, the convergence
conditions can be alleviated. Our algorithm provides a
satisfactory initial guess. Additionally, the number of point
clouds involved in the matching is small. Hence, the con-
vergence condition can be met after several iterations.

5. Position Tracking

The position tracking algorithm is of significance in enhanc-
ing the performance of the localization algorithm, especially
in challenging circumstances such as those involving map
expiration or environmental changes due to dynamic ob-
stacles. In this paper, we use a scan matching method that
aligns the current LiDAR data with the local map. The local
map contains a certain number of LiDAR frames, which are
expressed in an occupancy grid map. The map is updated
continuously with each new LiDAR data. When the local
map is built, it is added to the backend pose graph for
optimization. The accumulated errors are corrected with
the introduction of loop constraints to ensure the accuracy
of the position tracking algorithm.

5.1. Frontend local map-based scan matching

The matching process involves inserting the current LiDAR
data into the appropriate position in the local map. We
formulate this process as a local nonlinear optimization
problem, in which the LiDAR pose is optimized relative
to the current local map. The problem is solved using the
Gauss–Newton method. By iteratively optimizing the er-
ror function, a LiDAR pose with the highest probability
is identified. In the optimization problem, Tξ denotes the
transformation matrix that transforms the LiDAR data into
the local map. The error function can be expressed as:

Eξ argmin N

i1
1 − FTξ si

2 (10)

where F : R2 → R represents a bicubic interpolation
function that smooths the sum of the probability values of
each LiDAR point in the local map. Specifically, we assume
that Tξ s is defined as a point x, y in the two-dimensional
plane. In this case, the bicubic interpolation function is:

Fx, y 3

i1

3

j0
f xi, y jWx − xiWy − y j (11)

where f xi, y j is the probability of the four neighborhoods
xi, y j around the point x, y, and W· represents the weight of
the xi, y j interpolation on x, y, computed as:

Wx


a 2|x|3 − a 3|x|2 1 f or|x| ≤ 1

a|x|3 − 5a|x|2 8a|x| − 4a f or1 < |x| < 2
0 otherwise

(12)

where a takes values in the range −0.75,−0.5. Solving Eξ
is a local nonlinear optimization problem. Thus, a satisfac-
tory initial guess is critical. Before scan matching, we use a
two-stage pose prediction method to obtain this initial guess.
First, we use the extended Kalman filter (EKF) algorithm
to fuse the wheel odometry and IMU data. The process
uses these two types of data as observation information to
update the state of the moment, as in [12].

Second, we use a multilocal-map-based scan matching
method to further optimize the fusion result. The specific
process is shown in Algorithm 2.

In the beginning, we perform a 2× downsampling on
the local map to generate multiple local maps with resolu-
tions ranging from high to low. Subsequently, we intend to
find a LiDAR pose that maximizes the probabilities at the
current LiDAR data in the lowest resolution local map. The
initial pose is provided by the fusion result. Moreover, to
ensure the matching accuracy, the pose obtained by match-
ing against this local map is used as the initial value of
the subsequent matching. This process is repeated until
the matching against the highest resolution local map is
realized, and the optimal initial guess is obtained.

After identifying the appropriate position, we insert the
LiDAR data into the local map. This process updates the
probability value of the corresponding grid. Each insertion
of the LiDAR data is equivalent to adding an observation,
and the result of the observation is saved using a hit set and
miss set. According to the ray-tracing model, we use the
projected LiDAR point as the hit point and save the grid
point closest to this hit point in the hit set. Each grid point
passing through the rays between the hit point and LiDAR
data origin is saved in the miss set.

When the grid in the local map has never been observed
previously, the probability is zero. When the grid is ob-
served for the first time, it is assigned a probability value
determined by its set (hit set or miss set). Each subsequent
observation is based on the following formula to update the
probability value of the grid:
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Algorithm 2: Multilocal-map-based Scan Match-
ing.

Input: current local map mapt, current scan St
Parameters : search window sizes S x, S y, S θ,

downsampling times num
Output: ekf predicted pose ξek f

t , current predicted
matching pose ξmul

t

initialization;
2 times downsampling the current local map mapt to
form a set {map1

t ,map2
t , ...,mapnum

t };
count ← 0;
best_score← 0;
while count ≤ num do

rcur ← resolution of mapnum−count
t ;

sx ← ⌈S xrcur⌉;
sy ← ⌈S yrcur⌉;
ε← arccos1 − r2

02s2
max;

sθ ← ⌈S θε⌉;
for jx ← −sx to sx do

for jy ← −sy to sy do
for jθ ← −sθ to sθ do

score← K
k1 FT

ξ
ek f
t rcur jx,rcur jy,rcur jθ

hk;
if score > best_score then
ξek f

t ← ξek f
t rcur jx, rcur jy, rcur jθ;

best_score← score;
end

end
end

end
count ← count 1;

end
ξmul

t ← ξek f
t ;

S S − LogMeas (13)

where S is the probability value of grid s after observa-
tion z, S − is the probability value of grid s before observation,
and LogMeas represents the measurement model of the up-
date process, which can be defined as

S logOdds | z (14)

S − logOdds log
ps 1
ps 0

(15)

LogMeas log
pz | s 1
pz | s 0

, z ∈ {0, 1} (16)

where the logOdd function converts the product op-
eration between the probability values into an addition
operation, ps 1 is the probability that grid s is occupied
before the observation, and ps 0 is the probability that grid
s is free before the observation. According to the value of z,
LogMeas has two states. The specific value is determined
by the sensor characteristics.

5.2. Backend pose graph optimization

The local map-based scan matching method can only de-
crease the short-term accumulated errors. However, the

built local maps also accumulate errors over time, which can
be optimized by building a global pose graph in the backend.
In this process, we first use LiDAR frames that satisfy both
rotation and translation conditions as key frames. Subse-
quently, we add all the keyframes and local maps to the
pose graph as nodes to be optimized. Finally, the estimated
trajectory is smoothed according to the constraints between
the keyframe nodes and local map nodes. The optimization
process of the pose graph is shown in Figure 4.

After a new loop constraint is constructed in the backend
of the algorithm, we optimize the pose graph. We formulate
the optimization process as a nonlinear least squares prob-
lem, in which the error term describes the error between the
measured and estimated values. We consider the keyframe
i and local map j as examples. The pose of keyframe i in the
world frame is ξs

i , and the pose of local map j in the world
frame is ξ l

j. The error term can be expressed as

ei j zi j − hξs
i , ξ

l
j (17)

where zi j is the relative pose measured between keyframe
i and local map j, calculated through loop-closure detection.
hξs

i , ξ
l
j is the relative pose estimated between keyframe i

and local map j, which represents the result of the local
map-based scan matching.

The algorithm involves two types of constraints, namely,
internal and loop constraints. The internal constraints are
generated by keyframes and local maps that have subordina-
tion relationships. Specifically, the keyframes are inserted in
the local map. In contrast, the loop constraints are generated
by keyframes and other local maps, that is, the keyframes
are associated with historical local maps. When more local
maps are added to the pose graph, the time to identify
the loop constraints gradually increases. Therefore, a DFS-
based branch-and-bound algorithm is used to accelerate the
search for loop constraints.

The process of loop-closure detection is similar to that of
the DFS-based branch-and-bound algorithm used in global
localization, except that the search range is changed from
a global map to historical local maps. Hence, the search
window no longer contains the prebuilt map but a partial
area inside the local map. Because the frontend provides
the current pose estimation ξ f ront of the robot, we use the
pose as the search origin to traverse the search space around
it. The result ξloop is defined as

ξloop ξ f ront r0dx, r0dy, εdφ (18)
If k represents the constraint between local map i and

keyframe j, the error function can be expressed as

argmin K

k1
eT

kξ
s
k, ξ

l
kΣ
−1
k ekξ

s
k, ξ

l
k (19)

where Σ−1
k is the information matrix of the error term

formed by keyframe i and local map j. The objective of opti-
mizing the error function is to adjust ξs and ξ l to minimize
the trajectory errors formed by all nodes. Since no constraint
relationship exists between each local map and keyframe
in the pose graph, in solving the nonlinear optimization
problem, considerable time is not required to calculate the
Hessian matrix and only the pose increment needs to be
solved via the Cholesky decomposition.
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Figure 4: Schematic of the optimization of the backend pose graph.

6. Relocalization judgment

In numerous practical application scenarios, such as in ware-
house logistics, robots are required to accomplish specific
tasks within extensive workspaces. Due to the inability
to form loop closures within short periods, robots tend to
accumulate errors gradually. Furthermore, challenges arise
when incorrect observational data leads to ’robot kidnap-
ping’, making it arduous to achieve localization recovery
solely through position tracking algorithms.

In light of these challenges, we introduce an FSM (Finite
State Machine)-based relocalization judgment algorithm.
This algorithm initiates by acquiring the confidence level
of the robot’s current pose through the alignment of cur-
rent LiDAR data with an inflated occupancy grid map.
Subsequently, based on pre-set dual-threshold conditions,
we assess the necessity to engage the global localization
algorithm for timely localization recovery.

6.1. Confidence calculation and dual-threshold judgment

We use a method similar to the calculation of scores in
scan matching to verify the pose ξpt obtained by the po-
sition tracking algorithm. In contrast to the point cloud
registration algorithm that adopts the Euclidean distance to
calculate the matching score between the two point clouds,
we use the pose ξpt to project the current LiDAR data S
onto the occupancy grid map and calculate the sum of the
probability values of each LiDAR point si falling on the
corresponding grid:

S coreξpt
1
N

N

i1
MTξpt si (20)

where Tξpt converts the current LiDAR data S from the
LiDAR frame to the map frame, and M· is used to calculate
the probability value of each LiDAR point projected onto
the occupancy grid map.

In this process, the occupancy grid map is converted
from the prebuilt point cloud map. The resolution of this
map is the same as that of the local map generated by the
position tracking algorithm.

In practical applications, since there are relatively few
valid points in the LiDAR frame, the measurement error of
each valid point affects the confidence calculation results.

Considering this aspect, we use an inflated occupancy grid
map instead of the original occupancy grid map to suppress
the impact of LiDAR measurement errors.

In contrast to the cost map used to set the expansion
areas to avoid robot collisions, we use the inflated occu-
pancy grid map to reduce the error caused by noisy LiDAR
measurements. When designing the inflated occupancy
grid map, we first set the expansion radius rin f according to
the sensor range accuracy and extend it outward from the
obstacle to obtain the expansion area according to rin f . The
grid probability in the expanded area is

Pin f x, y e−kδd (21)

where δd is the distance between grid x, y and the ob-
stacle, and k is the scale factor. When k is large, the grid
probability Pin f x, y decreases rapidly. The probability of
Pin f x, y is limited to the range 0, 1. The process of generating
an inflated occupancy grid map is shown in Figure 5. We
update the confidence calculation formula as follows:

S coreξpt
1
N

N

i1
MIn f MapTξpt si (22)

Figure 5: Process of generating an inflated occupancy grid map.

After calculating the confidence according to the above
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formula, we use the dual-threshold judgment to evaluate
the pose ξpt .

1. When the confidence is greater than the set threshold
Th2, the LiDAR data are projected inside the expan-
sion area of the map, and the errors of the confidence
calculation are generated by the noisy LiDAR mea-
surements.

2. When the confidence is between the two thresholds
Th1 and Th2 Th2 > Th1, the accumulated errors exceed
expectations, and the robot kidnapping problem does
not occur. Therefore, we call the global localization
algorithm to complete the search in the local area near
the pose ξpt to correct the accumulated errors.

3. When the confidence is less than the set threshold Th1,
the robot kidnapping problem is considered to occur.
We invoke the global localization algorithm to search
the whole map. Specifically, the search window of the
branch-and-bound algorithm covers the occupancy
grid map to complete the localization recovery.

6.2. Relocalization judgment based on finite state machine

To monitor the localization state in real time, we use the
idea of a finite state machine to model the relocalization
judgment process. The mathematical model for a certain
finite state machine can be defined as

M Q,Σ, δ, q0, F (23)

where Q is a nonempty set consisting of a finite number
of states. According to the results of the position tracking
algorithm, the states of the whole algorithm are divided into
three categories: normal localization qnorm, large localization
error qerr, and localization failure qkid, which correspond to
three cases of the dual-threshold judgment. Therefore, Q
can be defined as

Q qnorm, qerr, qkid (24)

where Σ represents the set of all inputs that can be ac-
cepted by each state, that is, the set of trigger conditions
that cause the state transition. In this algorithm, we use the
result of the dual-threshold judgment as the trigger condi-
tion. Additionally, we use enorm, eerr and ekid to represent the
inputs of the algorithm in the transition between qnorm, qerr
and qkid. At this time, Σ is defined as

Σ enorm, eerr, ekid (25)

where δ : Q × Σ→ Q represents the state transition func-
tion, which is mainly based on the current trigger condition
e to complete the state transition of the algorithm from the
current state qcur to the second state qsec:

qsec δqcur, e (26)

where q0 is the initial state. F is the set of termina-
tion states, which is a subset of Q that represents that the
algorithm is acceptable in this state (for instance, qnorm).

At the beginning of the algorithm operation, the robot is
normally located. We first define the initial state q0 as the

state qnorm and subsequently determine the trigger condition
according to the result of the confidence calculation.

1. If the result of the confidence calculation is greater
than Th2, the condition enorm is triggered. The algo-
rithm maintains the state qnorm and outputs the result
of the position tracking algorithm.

2. When the result of the confidence calculation is be-
tween Th1 and Th2 Th2 > Th1, the condition eerr is trig-
gered. The algorithm executes the function δqnorm, eerr
to achieve the transition from qnorm to qerr, that is, the
global localization algorithm is called to perform a
search in the local range.

3. When the result of the confidence calculation is less
than Th1, the condition ekid is triggered. The algorithm
executes the function δqnorm, ekid for the transition be-
tween the two states of qnorm to qkid. Specifically, the
global localization algorithm is invoked to perform a
search on the global map.

The state transition relationship in the finite state ma-
chine is shown in Figure 6. The specific steps of the FSM-
based relocalization judgment algorithm are shown in Al-
gorithm 3.

Figure 6: State transition relationship in the finite state machine.

This algorithm is expected to solve the problem of robot
kidnapping. Hence, it is necessary to search for the best
matches on the global map. To ensure the stability of the
algorithm, we limit the number of calls to the global local-
ization algorithm to manage the errors in the confidence
calculation caused by environmental changes (such as dy-
namic environments). Our confidence calculation method
averages the matching probabilities of each LiDAR point
participating in the scan matching. The method exhibits a
certain degree of robustness in scenarios involving slight
environmental changes; however, its performance is limited
in cases involving severe environmental changes. Thus, it is
preferable to limit the number of calls to global localization.
When the set maximum number of times is reached, the
relocalization judgment algorithm is automatically termi-
nated.
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7. Experiments

As described in this section, we validate the robustness and
accuracy of our algorithm through extensive experiments.
First, we present the implementation details, including the
experimental environment and preparation steps. Second,
we describe the evaluation of our algorithm in a simulated
laboratory environment and analysis of the performance of
different parts. Finally, we assess the performance of our
algorithm in an actual workshop environment.

Algorithm 3: Relocalization judgment based on
finite state machine.

Input: current period t, current scan St , inflated
occupancy grid map m, position tracking
pose ξpt

Parameters :confidence thresholds Th1, Th2, Number
of relocalization Nrel

Output: optimal robot pose ξ∗t
initialization;
score← 0;
S tatusFlag← f alse;
count ← 0;
while S tatusFlag f alse do

score← S coreξpt ;
if score < Th2 then

if Th1 ≤ score ≤ Th2 then
ξ∗t ← GlobalLocalizationξpt , S t;
count ← count 1;

end
else
ξ∗t ← GlobalLocalizationS t;
count ← count 1;

end
end
else
ξ∗t ← ξpt ;
count ← 0;

end
if count ≥ Nrel then

S tatusFlag← true;
end

end

7.1. Implementation Details

Using the Gazebo physical simulation platform, we build
a virtual laboratory environment that mimics the layout
and dimensions of the real-world laboratory. In such a
typical structured environment, we use a simulated jackal
robot with basic sensors (e.g., 2D LiDAR, IMU, and wheel
encoders) to perform the experiments. To perform the as-
sessment in an actual workshop environment, we use the
IR300 commercial logistics robot to conduct the experiments.
The environments are shown in Figure 7(a) and Figure 7(b).

In the preparation stage, we use an open-source 2D Li-
DAR SLAM algorithm to build a point cloud map of the
environment. The process can be divided into three stages:

1. Data preprocessing: Raw sensor data for time synchro-

nization are collected to alleviate the errors caused by
the difference in the working frequency of different
sensors;

2. Mapping: The handle is used to ensure that the robot
can traverse the complete environment to build a point
cloud map in real time;

3. Postprocessing: The built point cloud map is filtered
to eliminate anomalies and outliers.

(a) Simulated laboratory environ-
ment with dimensions of 20 m×20
m.

(b) Actual workshop environment
with dimensions of 30 m×60 m

Figure 7: Experiment environment.

7.2. Localization experiment in the simulated laboratory environ-
ment

We first test the global localization in the simulated labo-
ratory environment. The size of the laboratory is approxi-
mately 20 m×20 m; thus, we set the linear search window
sizes in the x- and y-directions as 30 m, respectively, and
the angular search window size is set as 2π. The depth
of the search tree in the branch-and-bound algorithm is
7. Correspondingly, there exist seven built occupancy grid
maps, in which the highest resolution of the occupancy
grid map is r0 0.4 m. To ensure that the iterative nearest
point algorithm can achieve the highest accuracy, we set
the maximum number of iterations as 100 and maximum
tolerance of two consecutive iterations as 10−13.

In the experiment, we select six positions on the map to
test the performance of the algorithm. To uniformly cover
the free space of the environment, the selected adjacent
positions are separated by ∆d 5 m, and the orientations of
each position are uniformly distributed in −π, π, as shown
in Figure 8(a). When the robot starts operating, it automati-
cally implements the global localization algorithm to obtain
the robot’s initial pose based on the current LiDAR data, as
shown in Figure 8(b) and Figure 8(c).

ex and ey denote the position error between the real posi-
tion and estimated position of the robot, and eφ represents
the difference between the real and estimated orientations.
In addition to these standard criteria, we consider the run-
time and success rate of the algorithm. The runtime refers to
the time from the beginning of the algorithm to the time at
which the final result is obtained. The success rate describes
the probability of successful localization at the specified
position. When the error between the real position and
estimated position of the robot is less than 0.05 m and the
orientation error is less than 2◦, the localization is considered
successful. We perform 20 experiments for each specified
position.

www.jenrs.com Journal of Engineering Research and Sciences, 3(2): 22-42, 2024 32

http://www.jenrs.com


Zhang et al., Robust Localization Algorithm

(a) Positions selected on the map for the
global localization experiment

(b) Before global localization at #3 (c) Global localization at #3

Figure 8: Evaluation of the global localization algorithm in the simulated laboratory environment.

In the test, we verify the performance of the proposed al-
gorithm. Hence, a comparison experiment is not conducted
for the following reasons:

1. The localization result is compared with the real posi-
tion of the robot;

2. Few open-source algorithms can achieve global local-
ization. Actual results for the few algorithms that
can accomplish this function have been extensively
reported. Therefore, the details do not need to be
presented.

According to Table 1, the average orientation error is
less than 0.2◦, the average position errors in the x- and
y-directions are less than 0.03 m and 0.01 m, respectively.
As described in Section 4, the search accuracy of the branch-
and-bound algorithm is limited by the highest resolution of
the occupancy grid map (0.4 m). However, the two-stage
matching algorithm achieves a localization accuracy that
is higher than that of algorithms that use an occupancy
grid map with a resolution of 0.05 m for scan matching.
Moreover, we achieve a 100% localization success rate in
each position.

The runtime varies considerably across positions (Fig-
ure 9). According to the runtime of each stage in the global
localization algorithm, the most notable time consumption
pertains to the determination of the initial pose by the
branch-and-bound algorithm. In contrast, the runtime of
the iterative closest point algorithm is stable and occupies
only a small proportion. Although the runtime does not
meet the requirements of real-time localization, considering
the actual size of the map used in the search process, our
algorithm can promptly find the global pose of the robot and
dramatically decrease the time associated with redundant
calculations.

In the algorithm, when the depth (d 7) is constant,
the resolution r0 of map0 used in the branch-and-bound
algorithm directly influences the localization accuracy and
runtime. We analyze the impact of the different resolu-
tions r0 on the algorithm at position 4 −6.33, 1.23,−45◦. The
results are shown in Table 2. When r0 is small, although
the solution obtained by the branch-and-bound algorithm
is closer to the optimal solution, the search time is large.
In contrast, the proposed algorithm achieves a reasonable
balance between the efficiency and localization accuracy.
The localization result obtained by the proposed algorithm

does not considerably fluctuate with the change in r0, and
the runtime is exponentially decreased.

Figure 9: Runtime distribution for specific positions (BBS: branch-and-
bound algorithm, ICP: iterative closest point algorithm, BB-RL: proposed
algorithm).

To assess the accuracy of our algorithm, we conducted
50 experimental runs in the simulation environment, and
for each run, we randomly selected a position on the map
to measure the error. The results are shown in Figure 10.
The average position errors in the x- and y-directions are
0.02037 m and 0.00648 m, respectively. The average ori-
entation error is 0.00129 rad, and the average runtime is
576.35 ms. Additionally, the maximum position error in
the x- and y-directions are 0.0317 m and 0.0185 m, respec-
tively. The maximum orientation error is 0.00353 rad, and
the maximum runtime is 1027.67 ms.

Next, we conduct the position tracking experiment. We
assume that the robot’s initial pose is known (automatically
obtained by Gazebo). In the test, the robot moves in a
circle around the indoor environment. The starting and
ending points coincide. We evaluate the error of the robot
between the starting and ending points. The process is
shown in Figure 11. As a reference, we compare the AMCL
and Cartographer frameworks to verify the accuracy of the
algorithm.

In the parameter settings, the number of local maps for
multi-local-map-based scan matching was established as 3.
For loop-closure detection, the linear search window size
was set at 20 m and the angular search window size for loop
detection at 2π radians. Additionally, the search depth was
defined as 7.

The trajectory of each algorithm is shown in Figure 12.
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Table 1: Global localization results for specific positions in the simulated laboratory environment.

Position exm eym eφrad Runtimems Success Rate%

#1 0.0249 -0.00631 0.000119 277.806 100
#2 0.0130 -0.00529 0.00123 440.500 100
#3 0.0191 -0.00455 0.000581 585.314 100
#4 0.0236 -0.00971 0.00267 380.872 100
#5 0.0246 -0.00933 0.000609 809.102 100
#6 0.0180 -0.00303 0.000237 734.903 100
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Figure 10: Experimental results of 50 positions randomly selected for global localization in the simulated laboratory environment.

(a) Operation of the robot in the
simulated laboratory environment

(b) Real-time trajectory of the
robot shown on the map

Figure 11: Evaluation of the position tracking algorithm in the simulated laboratory environment.
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Table 2: Experimental results of global localization algorithm at position 4 with different resolutions r0.

r0 exm eym eφrad Runtimems

0.5m
BB-RL 0.02319 0.00626 0.00426 329.356
BBS 0.33 0.27 0.03045 262.846

0.4m
BB-RL 0.02236 0.00546 0.00271 411.043
BBS 0.07 0.03 0.01378 295.019

0.3m
BB-RL 0.02332 0.00480 0.00609 647.166
BBS 0.03 0.03 -0.03621 531.401

0.2m
BB-RL 0.02331 0.00633 0.00209 1069.53
BBS 0.07 0.03 0.00163 1016.26

0.1m
BB-RL 0.02019 0.00332 0.00584 6069.81
BBS 0.03 0.03 -0.00288 5980.87

0.05m
BB-RL 0.02148 0.00370 0.00198 31851
BBS 0.02 0.02 0.00211 31808.9

Results obtained using AMCL, Cartographer, and the pro-
posed algorithm are relatively close to the ground truth
because the sensor data obtained in the simulation environ-
ment are ideal, and no sensor failures or other emergencies
occur. However, according to the analysis of trajectory de-
tails, the proposed algorithm fits the ground truth more
closely. According to the trajectory error comparison shown
in Table 3, the proposed algorithm outperforms the com-
pared algorithms in terms of the accuracy. The Figure 13
shows the time-based error of the position on both the x-
axis and y-axis, as well as the orientation error during the
position tracking experiment.

Figure 12: Comparison of trajectories of different position tracking algo-
rithms in a simulated laboratory environment.

Finally, the relocalization experiment is conducted. Since
the correction of the accumulated errors is reflected in the
experimental results of the position tracking, we test only
the localization recovery ability of the algorithm in the case
of robot kidnapping. First, we initialize the robot and con-
trol it to move in the environment. Second, we suddenly
move the robot to positions A, B, C, and D (Figure 14) to
artificially create a robot kidnapping situation to verify the
effectiveness of the relocalization. Due to only a few existing
open-source algorithms can solve the robot kidnapping
problem. Additionally, no uniform standard for the ex-
perimental procedure exists. Hence, we do not conduct a
comparison experiment in this test.

Table 3: Comparison of the position tracking error in the simulated labora-
tory environment.

exm eym eφrad

BB-RL 0.01398 -0.00176 0.00108
AMCL -0.06515 -0.070497 -0.0278

Cartographer -0.05141 0.043688 0.00232

(a) Position error in the x-direction and y-direction

(b) Orientation error in the y-direction

Figure 13: Time-based error analysis of the BB-RL position tracking algo-
rithm compared to ground truth data.

Before the test, to ensure that the map has the same reso-
lution as that of the local map used in the position tracking
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algorithm, we convert the prebuilt point cloud map into an
occupancy grid map with a resolution of 0.05 m. According
to the range accuracy of the LiDAR, the expansion radius rin f
is set as 0.1 m, the scale factor is set as 1, and the thresholds
Th1 and Th2 are set as 0.5 and 0.8. The experimental results
are shown in Figure 15.

(a) Specific positions to which the
robot travels

(b) Position at which robot kidnap-
ping occurs

Figure 14: Process of relocalization experiment in the simulated laboratory
environment.

(a) Relocalization at #A (b) Relocalization at #B

(c) Relocalization at #C (d) Relocalization at #D

Figure 15: Relocalization results for positions A, B, C, and D following a
robot-kidnapping.

The quantitative results are shown in Table 4. Among
these results, the average position errors in the x- and y-
directions are less than 0.03 m and 0.01 m, respectively, the
orientation error is less than 0.1◦, the runtime is within 600
ms, and the success rate at each position is consistent with
global localization, remaining at 100%. From the overall
perspective, the relocalization results are similar to those of
the global localization in the simulation environment. When
the relocalization judge algorithm is used to identify if the
robot is kidnapped, localization recovery can be effectively
realized by calling the global localization algorithm.

7.3. Localization experiment in the actual workshop environment

A global localization experiment is conducted in the actual
workshop environment. In this experiment, the parameters

of the branch-and-bound algorithm are changed. Because
the size of the workshop is approximately 60 m ×30 m, we
set the linear search window sizes in the x- and y-directions
as 70 m and 40 m, respectively. All other parameter settings
are the same as those in the global localization experiment
in the simulated laboratory environment.

Similarly, we select six positions on the map to analyze
the performance of the algorithm. Each adjacent position is
separated by ∆d 15 m, and the orientation of each position
is uniformly distributed in −π, π. The selected positions are
shown in Figure 16. The localization process of position 3 is
shown in Figure 17 and Figure 18. The evaluation criteria
and number of experiments are the same as those in the
global localization experiment in the simulated laboratory
environment.

Figure 16: Positions selected on the map for the global localization experi-
ment.

Figure 17: Robot-kidnapping on position #3.

Figure 18: Global localization on position #3.

According to Table 5, the average position errors in the
x- and y-directions are less than 0.032 m and 0.02 m, re-
spectively, and the average orientation error is less than
1.2◦. Compared with the experimental results of global
localization in the simulated laboratory environment, the
error of global localization in the workshop environment is
significantly larger. The sensor noise and interference of the
dynamic environment in the actual environment are more
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Table 4: Relocalization results for specific positions in the simulated laboratory environment.

Position exm eym eφrad Runtimems Succuess Rate%

A 0.02448 0.000870 -0.000313 401.946 100
B 0.02017 -0.00485 0.000605 376.736 100
C 0.02452 0.00723 -0.00116 538.637 100
D 0.02205 0.00374 0.00114 329.169 100

Table 5: Global localization results for specific positions in the actual workshop environment.

Position exm eym eφrad Runtimems Succuess Rate%

#1 0.02261 -0.00402 0.00711 459.686 100
#2 0.02289 -0.00326 0.00884 605.213 100
#3 0.02382 0.01919 0.01673 633.351 95
#4 0.03064 0.01212 0.01193 1260.876 90
#5 0.02819 0.00895 0.00416 833.633 95
#6 0.02775 -0.01226 0.01938 671.117 95

unpredictable than those in the simulation environment
and directly affect the localization accuracy.

The success rate is slightly decreased at positions 3-6 be-
cause the current LiDAR data tend to produce mismatches
with the occupancy grid map. The runtime associated with
each stage in the global localization algorithm (Figure 19)
shows that the overall runtime at each position increases. Es-
pecially, at position 4, the overall running time is 1260.87 ms,
1226.81 ms of which correspond to the branch-and-bound
algorithm. This finding demonstrates that most of the time
consumed by the global localization algorithm pertains to
the branch-and-bound algorithm implementation.
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Figure 19: Runtime distribution for specific positions.

Moreover, in this experiment, we test the impact of dif-
ferent resolutions r0 of map0 used in the branch-and-bound
algorithm on the localization accuracy and runtime when
the depth (d 7) remains unchanged. The experimental
results at position 1 −0.43,−0.365, 0◦ are shown in Table 6.
Compared with the results of the simulated laboratory en-
vironment, the runtime at different resolutions r0 is higher
due to the increased size of map0. However, the proposed
algorithm exhibits similar localization accuracies at different
resolutions r0. Therefore, we can choose r0 0.4 m to balance
localization efficiency and accuracy.

Table 6: Experimental results of global localization algorithm at position 1
with different resolutions r0.

r0 exm eym eφrad Runtimems

0.5m
BB-RL 0.02313 -0.00623 0.00505 398.397
BBS -0.145 0.31 0.0333 369.458

0.4m
BB-RL 0.02281 -0.00172 0.00545 532.387
BBS -0.145 0.11 0.0133 507.262

0.3m
BB-RL 0.02273 -0.00901 0.00462 934.256
BBS -0.145 -0.09 0.03 910.888

0.2m
BB-RL 0.02205 -0.01520 0.00489 1878.96
BBS 0.055 -0.09 0.00667 1864.33

0.1m
BB-RL 0.01898 -0.01287 0.00465 14806.3
BBS 0.055 0.01 0.0133 14796.1

0.05m
BB-RL 0.02157 -0.00126 0.00537 296631
BBS 0.005 0.01 0.01167 296612

To assess the accuracy of the global localization algo-
rithm, we conducted 50 experiments in a real-world envi-
ronment. For each experiment, we randomly selected a
position on the map to evaluate the error. The results are
shown in Figure 20. The average position errors in the x-
and y-directions are 0.02516 m and 0.0079 m, respectively.
The average orientation error is 0.0089 rad, and the average
runtime is 734.18 ms. Additionally, the maximum position
errors in the x- and y-directions are 0.03675 m and 0.02669
m, respectively. The maximum orientation error is 0.0193
rad, and the maximum runtime is 1407.48 ms. Compared
with the results in the simulated laboratory environment,
the position error and runtime are higher, although the
actual engineering needs can still be satisfied.

Next, we perform the position tracking experiment. First,
we assume that the robot’s initial pose is the origin of the
map in this experiment. Subsequently, we control the robot
to move in a circular path in the workshop to return to the
starting point. Finally, the error between the starting point
and ending point is calculated as the accuracy criterion. As
a reference, we compare the results of EKF fused with IMU
and wheel odometry, AMCL, and Cartographer to verify
the accuracy of the algorithm. The experiment is shown in
Figure 21 and Figure 22 .
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Figure 20: Experimental results of 50 positions randomly selected for global localization in the actual workshop environment.

Figure 21: Operation of the robot in the actual workshop environment

Figure 22: Real-time trajectory of the robot shown on the map in the actual
workshop environment.

All the parameter settings are the same as those in the
position tracking experiment in the simulated laboratory
environment. The trajectory of each algorithm is shown
in Figure 23. Notably, (1) the trajectory error associated
with the EKF fusion is the largest; (2) there exists a certain
deviation in the local details between each trajectory; and
(3) the trajectory of the AMCL near the starting point is not
closed.

Figure 23: Comparison of trajectories of different position tracking algo-
rithms in an actual workshop environment.

According to Table 7, the position error in the x-direction
of EKF fusion is approximately 1 m, the position error in
the y-direction of AMCL is approximately 0.9 m, and the
orientation error of AMCL exceeds 4.5◦. In contrast, the pro-
posed algorithm achieves satisfactory results in all aspects:
the position errors in the x- and y-directions are both less
than 0.05 m, and the orientation error is less than 1◦.

Table 7: Comparison of position tracking errors in the actual workshop
environment.

exm eym eφrad

BB-RL -0.03780 0.04696 0.01111
AMCL 0.16055 0.87677 0.08407

Cartographer -0.08248 0.12581 0.01017
IMUOdom -0.96486 0.16832 0.05129

Finally, a relocalization experiment is conducted in the
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(a) Specific positions to which the robot travels (b) Position at which robot kidnapping occurs (c) Relocalization at #A

(d) Relocalization at #B (e) Relocalization at #C (f) Relocalization at #D

Figure 24: Relocalization results for positions A, B, C, and D (the red line represents the trajectory of the robot before robot kidnapping occurs, the
measurement data of the LiDAR are represented by the green line, and the position of the robot is represented by the orthogonal coordinate axes)

Table 8: Relocalization results for specific positions in the actual workshop environment.

Position exm eym eφrad Runtimems Succuess Rate%

A 0.02819 0.00895 0.00416 904.561 95
B 0.02686 -0.00881 0.00632 630.238 95
C 0.02246 -0.00195 0.00937 374.754 100
D 0.02302 -0.00736 0.00207 434.718 100

actual workshop environment. The same experimental
method as that of the relocalization experiment in the simu-
lated laboratory environment is followed: First, the robot
is controlled to move in the workshop through the handle.
Second, a robot kidnapping situation is created by artificially
moving the robot to positions A, B, C, and D (Figure 24(a)
and Figure 24(b)). Finally, the position error and orientation
error of different positions are calculated. In terms of the
parameter settings, the thresholds Th1 and Th2 are set as 0.5
and 0.75, respectively. The resolution of the inflated occu-
pancy grid map is 0.05 m, the expansion radius rin f is set as
0.2 m, and the scale factor k is set as 1. The experimental
results are shown in Figure 24(c), Figure 24(d), Figure 24(e)
and Figure 24(f).

According to Table 8, the error in the actual workshop
environment is higher than that in the simulated laboratory
environment. At position A, the position error in the x-
direction exceeds 0.028 m, the orientation error exceeds 0.2◦,
and the runtime is close to 1 s. Additionally, the runtime
at positions C and D is significantly decreased with values
of only 374.754 ms and 434.718 ms, respectively. For the
success rate, relocalization failures occur at positions A and
B. However, overall, the success rate is maintained at each
selected position.

Building on the introduction of the Branch-and-Bound
for Robust Localization (BB-RL) algorithm, the experimental
findings can be effectively summarized. The BB-RL algo-
rithm offers a potent solution for indoor robot localization
by harmoniously integrating position tracking, global local-

ization, and the resolution of the kidnapped robot dilemma
within a cohesive framework. The evaluation shows that
BB-RL achieves a balance among speed, accuracy, and ro-
bustness, establishing it as an effective and practical choice
for indoor robot localization scenarios.

In summary, the proposed trajectory aligns more closely
with the ground truth compared to those generated by other
compared algorithms. The BB-RL algorithm surpasses
competing algorithms in accuracy. Regarding the kidnap-
ping problem, robots equipped with BB-RL successfully
overcome localization failures, maintaining a commendable
success rate. The effectiveness of the BB-RL algorithm in
solving the three core localization challenges has been con-
firmed in real-world settings, achieving sustained accuracy
and an appropriate execution frequency. This underscores
the algorithm’s viability and efficiency in practical appli-
cations, particularly in navigating and localizing within
indoor environments.

8. Conclusion and Future Work

A robust and accurate localization is crucial for effective path
planning, precise motion control, and reliable obstacle avoid-
ance in the field of autonomous robotics. Recognizing the
need for accurate and robust localization in real-world ap-
plications, this paper presents a BB-RL (Branch-and-Bound
for Robust Localization) algorithm for indoor mobile robots.
Its novelty lies in the comprehensive and integrated ap-
proach to addressing the three key localization tasks: global
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localization, position tracking, and the kidnapped robot
problem.

The approach begins with a two-stage global localization
algorithm to determine the robot’s initial pose. A DFS-based
branch-and-bound algorithm ensures the search solution is
globally optimal. To achieve localization precision beyond
grid resolution, the iterative closest point (ICP) algorithm
refines this solution locally.

For continuous position tracking, a local map-based scan
matching technique is used. To achieve reliable results, a
two-tier prediction method combining an Extended Kalman
Filter (EKF) with multi-local map-based scan matching is
proposed, ensuring initial guesses converge to the global
optimum. Additionally, a global pose graph is constructed
to minimize accumulated errors across local maps, while a
DFS-based branch-and-bound algorithm accelerates loop-
closure detection.

Long-term stability of the algorithm is maintained
through an innovative Finite State Machine (FSM)-based
relocalization judgment method, which uses an inflated
occupancy grid map to reduce LiDAR measurement noise
effects on confidence calculations. A dual-threshold judg-
ment strategy accurately identifies the robot’s localization
state, triggering the global localization algorithm as needed
for timely localization recovery.

In conclusion, our algorithm shows out for its robust-
ness, scalability, and practicality, underscored by its fast
processing capabilities. Extensively tested in both simu-
lated laboratory environments and real-world workshops,
it has also been successfully implemented on a commercial
logistics robot platform. This deployment demonstrates not
only its high localization accuracy but also its robust and
rapid performance in diverse operational contexts.

Finally, we have underscored the advantages of our local-
ization framework, especially in indoor environments prone
to localization difficulties, such as logistics warehouses and
factory inspections. These environments require a robust
and accurate localization algorithm. By integrating existing
sensor data with advanced algorithms, our framework sig-
nificantly improves localization accuracy and robustness in
these complex scenarios.

In the future, our research will focus on utilizing a
broader array of features for robot localization, including
the features from 3D point cloud maps and camera sensors.
These data types promise to enhance localization accuracy
by providing a richer set of environmental information.
However, incorporating these algorithms and features is
expected to increase computational demands. A key direc-
tion for our future work will be to find a balance between
integrating these diverse and multi-dimensional features
and maintaining efficient processing speeds. We aim to in-
tegrate 3D point cloud features for improved relocalization
without compromising computational efficiency.

Another aspect of our future work will address the chal-
lenges posed by complex, dynamic environments, such as
scenarios where robots are surrounded by crowds. Identify-
ing the cause of localization failures—whether due to actual
kidnapping scenarios or temporary disruptions caused by
dynamic environmental factors—and deciding whether to
initiate relocalization presents a challenge we plan to ad-

dress. This involves differentiating between true kidnapping
situations and temporary conditions caused by dynamic
environments, thereby guiding the decision on whether
relocalization is necessary.

This comprehensive approach, leveraging a variety of
data sources and technologies, is designed to ensure that
localization challenges, even in the most demanding en-
vironments, can be effectively addressed. Our goal is to
provide a more comprehensive and reliable solution for
indoor robot localization, overcoming current limitations
and preparing for future challenges.
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ABSTRACT: As the market economy has continued to develop, businesses have consistently 
prioritized profits, excessively emphasizing income and financial gains while neglecting ecological 
conservation and financial fraud. Consequently, the phenomenon of "greenwashing" has emerged. 
How to prevent this "greenwashing" phenomenon while pursuing economic benefits and enabling 
high-quality business development has become a focal point. Therefore, this paper analyzes whether 
the ESG (Environmental, Social, and Governance) performance of listed companies has an impact on 
the enhancement of the Total Factor Productivity (TFP) of enterprises. This study aims to explore how 
companies, while striving to maximize economic interests, can more proactively undertake 
environmental protection and social responsibility, thereby promoting the green transformation of 
enterprises. Using A-share listed companies from 2012 to 2022 as the sample, through an empirical 
examination of the correlation between the ESG performance of listed companies in China and the TFP 
of enterprises, the following conclusions are drawn: (1) ESG performance significantly promotes the 
TFP of enterprises, indicating that higher ESG performance corresponds to higher TFP; (2) Through 
intermediary effect tests, it is found that corporate reputation plays a role in enhancing the TFP of 
enterprises. That is, through good ESG performance, a company's reputation is improved, thereby 
leading to higher TFP; (3) Heterogeneity analysis demonstrates that the impact of good ESG 
performance on the enhancement of TFP is more significant in large-scale enterprises and state-owned 
enterprises. 

KEYWORDS: ESG performance；Total Factor Productivity (TFP)；Corporate reputation 

 

1. Introduction  

Globally, issues concerning Corporate Social 
Responsibility (CSR) and Environmental, Social, and 
Governance (ESG) in sustainable development have 
garnered widespread attention. This attention originates 
not only from academia but also from governments, 
investors, media, and the general public. With shifts in 
policy orientation across the globe, more and more 
countries and regions are encouraging companies to fulfill 
their social and environmental responsibilities. ESG 
disclosure has become an integral part of a company's 
daily operations. For instance, the United Nations 
Sustainable Development Goals (SDGs) present a global 
consensus that demands active engagement from 
companies in addressing social and environmental issues. 
This is reflected in legislative and regulatory frameworks 
in numerous countries, offering policy support for 

corporate sustainability [1]. The proliferation of ESG 
disclosure is not merely a compliance requirement but has 
profound implications on business operations and 
investment decisions. Previous studies indicate that ESG 
disclosure aids in enhancing a company's reputation, 
reducing investment risks, and attracting more socially 
responsible investors [2]. This transformative shift is not 
confined to traditional CSR realms but encompasses 
operational performance closely associated with Total 
Factor Productivity (TFP). This paper's focal point is the 
relationship between ESG performance and TFP, with 
corporate reputation as the mediating variable. TFP is a 
crucial metric for assessing a company's performance, 
considering the comprehensive efficiency of multiple 
production factors[3,4]. The impact of ESG performance 
on TFP might be conveyed through various channels, with 
corporate reputation being a vital intermediary 
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mechanism. However, current research on how ESG 
performance affects TFP remains limited, especially in 
exploring mediating mechanisms [5]. This study aims to 
bridge this knowledge gap by delving into how ESG 
performance influences TFP through corporate reputation, 
providing practical guidance for corporate decision-
makers, investors, and policymakers. 

In recent years, more studies have started to focus on 
the relationship between ESG performance and TFP. In [6], 
the authors found a positive correlation between high ESG 
performance and higher TFP. They suggested that 
enhancing ESG performance might reduce environmental 
and social risks, enhance corporate reputation, and 
consequently affect TFP. Similarly, the research findings of 
[7] also indicate that companies with strong ESG 
performance exhibit higher TFP. However, these studies, 
while providing evidence, have certain limitations. 
Primarily, existing research often leans towards 
qualitative analysis or employs small samples, lacking 
large-scale quantitative analysis. This might limit the 
universality and robustness of the conclusions. Moreover, 
although some studies suggest that ESG performance may 
influence TFP through reputation channels, in-depth 
research into related mediating mechanisms remains 
relatively limited [8]. 

The innovative aspects of this study design will 
encompass several areas. Firstly, we aim to conduct 
comprehensive quantitative analysis using a large-scale 
dataset to address the deficiencies in current research [9]. 
This will contribute to a more comprehensive 
understanding of the relationship between ESG 
performance and TFP. Secondly, we will extensively 
investigate how ESG performance influences TFP through 
corporate reputation, exploring the details and pathways 
of the mediating mechanism. Finally, we will employ 
various methods, including robustness checks and 
heterogeneity analysis, to validate the robustness and 
universality of the research results, thereby enhancing the 
credibility of the study [10]. In summary, this paper aims 
to fill the research gap regarding the relationship between 
ESG performance and TFP, explore its mechanisms, and 
offer practical guidance for corporate decision-making 
and policy formulation. Through this research, we 
anticipate better comprehension of the connection 
between ESG and corporate operational performance, 
providing further insights for sustainable economic 
development. 

2. Literature Review and Research Hypotheses 

2.1. ESG Performance and Total Factor Productivity 

According to the theory of information asymmetry, 
investors often require a substantial amount of relevant 
information to make decisions. In situations of severe 
information asymmetry, investors might make erroneous 

decisions, thereby reducing the allocation efficiency of the 
capital market. This leads to high-quality companies 
finding it challenging to obtain substantial funding for 
innovative activities, while less efficient companies can 
continue to acquire funds for less efficient production 
models. In [11], the authors demonstrated that the ESG 
rating of listed companies can reflect a company's level of 
corporate governance and effectively indicate the quality 
of information disclosure. There exists a significant 
positive correlation between these two aspects. 
Additionally, higher levels of corporate governance can 
effectively reduce situations where management sacrifices 
the company's long-term interests for personal gains due 
to agency problems and significantly curb the interests' 
encroachment by major shareholders [11–13]. By fully 
disclosing relevant information, companies enable 
investors to better understand their developmental status, 
facilitating the movement of capital in the capital market 
toward high-quality companies. Consequently, this 
enhances the ESG rating of listed companies, enabling 
companies to obtain more substantial resources for 
production activities, thereby increasing the total factor 
productivity of enterprises [14]. 

From a stakeholder theory perspective, if a company 
demonstrates excellent ESG performance, it can gain the 
trust of various stakeholders, thereby fostering the 
improvement of relationships among groups of 
stakeholders such as shareholders, employees, consumers, 
creditors, and the media. This leads to additional funding 
sources for external investments and internal research and 
development. Firstly, internal research and development, 
as a driving force for technological progress, enables 
companies to increase their knowledge reserves, optimize 
the combination of production factors, improve and 
upgrade production technology to enhance production 
efficiency. Additionally, research and development can 
help companies achieve technological innovation, 
providing new impetus for company development. 
Secondly, regarding external investments, limited 
resources can be invested in more efficient projects, 
thereby reducing the risk of resource misallocation and 
increasing total factor productivity [15]. Based on this, the 
following hypothesis is proposed: 

H1: ESG performance contributes to enhancing the 
total factor productivity of enterprises. 

2.2. ESG Performance, Corporate Reputation, and Total 
Factor Productivity 

In the 1970s, signal transmission theory, stemming 
from information asymmetry theory, became a focal point 
for many scholars. Signal transmission theory is employed 
to alleviate information asymmetry. It posits that 
companies should timely disclose relevant internal 
information to enable outsiders to better understand the 
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company's actual operational status, thereby reducing 
information asymmetry. Moreover, to acquire external 
resources more effectively, internal personnel actively 
disclose information about the company to convey the 
company's operational situation to the external 
environment. Companies often use signals such as profits 
and incentives as financial indicators, while in the current 
scenario, ESG reports, non-financial indicator disclosures, 
have become an aspect that investors particularly focus on. 
Therefore, actively engaging in ESG disclosure essentially 
informs the market that the company considers the 
interests of various stakeholders during its operations, 
maintaining a positive stakeholder relationship, thus 
enabling the acquisition of more external resources [16–18]. 

Compared to companies that do not undertake social 
responsibility, socially responsible companies can 
transmit positive information about their good 
operational management to the outside world, thereby 
gaining the trust of more stakeholder groups, aiding the 
establishment of higher social reputation for the company 
[19]. Furthermore, corporate reputation is an intangible 
asset that allows companies to obtain capital from the 
outside, thereby alleviating the financing constraints of the 
company. Simultaneously, it increases the probability of 
attracting high-quality talents, which are crucial elements 
for company growth and also ensure the investment in 
human resources [19,20]. 

Hence, the following hypothesis is formulated: 

H2: Corporate reputation acts as a mediator in the 
impact of ESG performance on the total factor 
productivity of enterprises. 

3. Research Methods 

3.1. Sample Selection 

This study primarily investigates the impact of ESG 
performance of A-share listed companies on the total 
factor productivity of enterprises. Data were collected and 
organized through the Guotai An (CSMAR) database and 
the Wind Information (WIND) database. Using the 
Huazheng ESG rating data, the study period was set from 
2012 to 2022, considering the availability of other key 
research variables. The data selection followed these 
criteria: (1) ST and *ST companies were removed; (2) 
companies from the financial and insurance industries 
were excluded; (3) samples with missing values were 
eliminated, resulting in an observed sample of 5993. To 
mitigate the influence of outliers on empirical results, a 1% 
winsorization was applied to continuous variables. 

3.2. Variable Definitions 

Dependent Variable: The total factor productivity (TFP) 
of enterprises was measured using methods such as OP, 

LP, OLS, etc. The study used the [21] and [22] methods to 
measure TFP through the LP method. 

Explanatory Variable: The explanatory variable in this 
study is ESG performance. The study constructed the 
Huazheng ESG rating index by referencing mainstream 
ESG rating systems both domestically and internationally. 
Each indicator's applicability was deliberated to exclude 
unsuitable or unattainable data. Based on the rating 
criteria, ESG ratings were divided into 8 levels, from low 
to high: C, CC, CCC, B, BB, BBB, A, AA, and these ratings 
were used as the explanatory variable to measure a 
company's ESG performance. 

Mediating Variable: After consulting relevant 
literature on corporate reputation, various foreign 
methods for measuring corporate reputation were 
examined, such as the "Most Admired Companies in 
America," "Global Most Admired Companies," and 
"Reputation Index" published by Fortune magazine. 
However, due to differences in cultural aspects between 
the East and the West, these methods might not be suitable 
for research on Chinese companies. Hence, building upon 
the work in [23], this study measured corporate reputation 
using intangible asset data. 

Control Variables: Existing data suggests that factors 
such as company size, financial status, debt-paying ability, 
profitability, and corporate governance all impact the 
improvement of total factor productivity. Hence, referring 
to the methods of reference [24], the following control 
variables were selected: (1) Company Size (Size), (2) 
Company Age (Age), (3) Debt-to-Asset Ratio (Lev), (4) 
Return on Assets (ROA), (5) Fixed Asset Ratio (Fixed), (6) 
Company Growth (Growth), (7) Company Market Value 
(TobinQ), (8) Management Shareholding Ratio (Mshare), 
(9) Equity Concentration (Top10), and (10) Independent 
Director Ratio (Outdir). Definitions for related variables 
are detailed in Table 1. 

3.3. Model design 

To examine the impact of ESG performance on total 
factor productivity and explore the relationship between 
ESG performance, corporate reputation, and total factor 
productivity, a fixed-effects model based on the mediation 
effect testing method proposed [25] is established. To test 
the impact of ESG performance on overall factor 
productivity, the following model is designed: 

TFPit=α0+α1ESGit+∑αjControlsit + u i+ λt+  εit      （1） 

1. This model aims to investigate how ESG performance 
affects total factor productivity by considering various 
control variables. 

2. Using corporate reputation as the dependent variable, 
the model aims to investigate the influence of ESG 
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performance on corporate reputation. The model is 
represented as: 

Rep it =β0+β1ESGit+ ∑βjControls it+ ui + λt+εit（2） 

This model examines the impact of ESG performance 
on corporate reputation, incorporating control variables. 

3. Incorporating both ESG performance and corporate 
reputation, this model examines whether corporate 
reputation mediates the relationship between ESG 
and total factor productivity: 

TFPit = γ0+ γ1 ESGit + γ2Rep it +∑γjControls  it+ ui + λt+εit 
（3） 

This model investigates the potential mediation effect of 
corporate reputation in the relationship between ESG and 
total factor productivity. 

Here, I represents the enterprise， t represents the year ，
Controls represents the control variables ， ui

 represents 
individual fixed effects， λt

 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭 𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟 𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞, 
𝐚𝐚𝐚𝐚𝐚𝐚 εit

 represents the random disturbance term. 

Table 1. Variable definition explanations 

Variable type Variable Names: variable 
symbol 

variable definition 

Dependent  
Variable 

High-Quality Development 
of Enterprises TFP 

Measurement of Total Factor Productivity using the LP 
method 

Independent 
Variable 

 

Enterprise ESG Performance 
ESG 

Assignment of values from 1-8 based on the Huazheng 
ESG rating from low to high 

Mediating  
Variable 

Corporate Reputation 
Rep 

Natural logarithm of Intangible Asset Net Value 

 
Control  
Variable 

 
 
 
 
 

Company Size Size Natural logarithm of Total Assets of the enterprise 
Company Age Age Age of the enterprise from its establishment to the 

specific period 
Asset-Liability Ratio LEV Total Liabilities to Total Assets ratio of the enterprise 

Asset Yield/Asset 
Profitability Ratio ROA 

Net Profit to Total Assets ratio 

Fixed Asset Ratio Fixed Net Fixed Assets to Total Assets ratio 
Company Growth Potential Growth Growth in Total Assets of the enterprise 

Company Market Value TobinQ Market Value to Total Assets ratio 
Management Holding 

Percentage 
Mshare Quantity of Management-held Shares to Total Shares 

Equity Concentration 
Top10 

Sum of the shareholding proportion of the top 10 
shareholders of the enterprise 

 
Proportion of Independent 

Directors Outdir 
Proportion of Independent Directors among the total 

number of Board Members 

Table 2: Descriptive statistics of variables 

Variable name Sample size Mean value Standard deviation Minimum value Maximum value 
TFP 5993 8.634 1.115 4.706 13 

ESG1 5993 3.965 1.162 1 8 
Size 5993 22.608 1.313 18.524 28.293 
Lev 5993 0.493 0.207 0.01 1.957 

ROA 5993 0.03 0.075 -0.894 0.517 
Cashflow 5993 0.047 0.078 -0.556 0.661 

FIXED 5993 0.225 0.177 0 0.929 
Growth 5993 0.276 2.175 -0.985 87.484 
Indep 5993 0.374 0.059 0.167 0.714 
Top10 5993 0.534 0.152 0.106 0.952 

TobinQ 5993 2.025 2.16 0.674 76.82 
Age 5993 3.058 0.244 1.946 3.761 

Mshare 5993 0.036 0.111 0 1.694 
Rep 5993 18.935 1.877 7.458 24.398 
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4. Analysis of empirical results 

4.1. Descriptive Statistics 

Descriptive statistical analysis, as depicted in Table 2, 
provides an overview of the collected data. This study 
gathered a total of 5993 valid samples, encompassing 14 
variables. Among these variables, the total factor 
productivity (TFP) ranges from a minimum of 4.706 to a 
maximum of 13, with a standard deviation of 1.115. These 
values indicate significant differences in development 
across various industries in China. 

The ESG performance (ESG1) of companies varies 
substantially, ranging from a minimum of 1 to a maximum 
of 8, with an average value of 3.965 and a standard 
deviation of 1.162. This highlights the considerable 
diversity in ESG performance among different companies. 

Regarding corporate reputation (Rep), the average 
value is 18.935 with a standard deviation of 1.877. These 
figures illustrate significant differences in reputation 
among different enterprises. Such variability among the 
samples enhances the effectiveness of the empirical model 
analysis. The differences between samples enable more 

comprehensive matching in regression analysis, resulting 
in more credible and robust outcomes. 

4.2. Correlation Analysis 

The correlation analysis reveals significant 
relationships among the variables. From Table 3, it is 
evident that the correlation coefficient between ESG and 
total factor productivity is 0.276. This indicates a 
substantial positive association between ESG performance 
and total factor productivity, and the research findings are 
statistically significant at the 1% level. This result provides 
initial support for hypothesis H1, suggesting that ESG 
performance significantly enhances total factor 
productivity. 

Furthermore, the analysis shows a strong correlation 
between corporate reputation and ESG performance, with 
a correlation coefficient of 0.153. Additionally, the 
correlation coefficient between corporate reputation and 
total factor productivity stands at 0.361, both achieving 
statistical significance at the 1% level. These results 
suggest that ESG performance elevates total factor 
productivity through the enhancement of corporate 
reputation, thereby providing preliminary validation for 
hypothesis H2.

Table 3: Correlation analysis of variables 

Variables TFP ESG1 Size Lev ROA 
Cashflo

w 
FIXE

D 
Growt

h 
Indep Top10 

Tobin
Q 

Age 
Msha

re 
Rep
ut 

(1) TFP 1.000              

(2)ESG1 
0.276**

* 
1.000             

(3) Size 
0.737**

* 
0.312*

** 
1.000            

(4) Lev 
0.361**

* 
0.044*

** 
0.415*

** 1.000           

(5) ROA 
0.179**

* 
0.189*

** 
0.086*

** 
0.357*

** 
1.000          

(6)Cashfl
ow 

0.100**
* 

0.047*
** 

0.040*
** 

0.205*
** 

0.405*
** 

1.000         

(7) 
FIXED 

0.197**
* 

0.050*
** 

-0.004 -0.017 
0.041*

** 
0.232*** 1.000        

(8) 
Growth 

0.038**
* 

0.041*
** 

0.010 0.014 
0.070*

** 
0.006 

-
0.026* 

1.000       

(9) Indep 0.016 
0.096*

** 
0.038*

** 
0.000 

-
0.036*

* 
0.040*** 

-
0.034*

* 
0.004 1.000      

(10) 
Top10 

0.273**
* 

0.084*
** 

0.333*
** 

0.083*
** 

0.133*
** 

0.085*** 
0.031*

* 
0.048*

** 

-
0.036*

* 
1.000     

(11)Tobin
Q 

0.301**
* 

0.122*
** 

0.391*
** 

0.209*
** 

0.013 0.018 
0.074*

** 
-0.011 

0.029*
* 

0.124*
** 

1.000    

(12) Age 
0.101**

* 
0.095*

** 
0.130*

** 
0.060*

** 
0.089*

** 
-

0.045*** 

-
0.126*

** 
0.023 

0.040*
** 

-0.019 0.026* 1.000   

(13) 
Mshare 

-0.022 -0.008 
0.088*

** 
0.139*

** 
0.099*

** 
0.059*** 

-
0.121*

** 

0.053*
** 

-0.003 0.006 0.007 
-

0.176*
** 

1.000  

(14) Rep 
0.361**

* 
0.153*

** 
0.560*

** 
0.105*

** 
0.075*

** 
0.116*** 

0.220*
** 

-
0.026* 

0.005 
0.153*

** 

-
0.212*

** 
-0.004 

-
0.027* 

1.000 

*** p<0.01, ** p<0.05, * p<0.1 
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Table 4: Variance Inflation Factor (VIF) Test 

Variables VIF 1/VI
F 

Size 1.78 0.561 
Lev 1.54 0.65 
ROA 1.32 0.759 
ESG1 1.22 0.82 
Age 1.17 0.855 
Top10 1.15 0.87 
Tobin

Q 
1.1 0.909 

Mshar
e 

1.07 0.933 

FIXED 1.05 0.949 
Indep 1.02 0.982 
Growt

h 1.00 0.998 

In order to accurately mitigate the interference of 
multicollinearity among the variables, a VIF test was 
conducted. The analysis results, as presented in Table 4, 
reveal that all variables have VIF values less than 5. This 
indicates that there is no evidence of multicollinearity 
among the variables. Hence, the selection of variables is 
reasonable, and the analytical data results possess a higher 
level of reliability. 

 

4.3. Hausman Test 

Prior to conducting regression analysis, a Hausman 
test was employed to determine whether a fixed effects 
model or a random effects model should be selected. The 
test results, as displayed in Table 5, indicate that the test 
statistics for each variable are less than 0.01. This signifies 
that for this research, a fixed effects model is more suitable 
compared to a random effects model. 

4.4.  Baseline Regression Analysis 

Following the research approach, a baseline regression 
was conducted to explore the relationship between a 
company's ESG performance and Total Factor 
Productivity (TFP). The results of the model are presented 
in Table 6. Model (1) includes Total Factor Productivity 
(TFP) and Company ESG1 performance alone, while 
Model (2) incorporates Total Factor Productivity (TFP), 
Company ESG1 performance, and control variables. 

The analysis indicates that the value of ESG1 in Model 
(1) is 0.0454, and in Model (2), it stands at 0.0484. Both 
values are statistically significant at the 1% level, 
indicating a positive impact of a company's ESG 
performance on its Total Factor Productivity. In other 
words, as a company's ESG performance improves, its 
Total Factor Productivity tends to increase. 

Table 5: Hausman Test 

variable (b) (B) (b-B) sqrt(diag(V_b-V_B)) 

ESG1 0.008 0.011 -0.004 0.001 
Size 0.525 0.562 -0.037 0.006 
Lev 0.276 0.333 -0.057 0.014 

ROA 1.46 1.548 -0.088 0.009 
FIXED -1.076 -1.018 -0.058 0.023 

Growth 0.001 0.001 0.001 0.001 
Indep 0.167 0.127 0.04 0.03 
Top10 0.04 0.045 -0.005 0.023 

TobinQ 0.004 0.004 0 0.001 
Age 0.608 0.252 0.355 0.104 

Mshare 0.351 0.281 0.07 0.032 
b = Consistent under H0 and Ha; obtained from xtreg. 

B = Inconsistent under Ha, efficient under H0; obtained from xtreg. 

Test of H0: Difference in coefficients not systematic 

chi2(5) = (b-B)'[(V_b-V_B)^(-1)](b-B) = 333.59 

Prob > chi2 = 0.0000 
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Model (1) has an adjusted R-squared of 0.107, 
whereas Model (2), which includes control variables, 
exhibits an adjusted R-squared of 0.275. The higher 
adjusted R-squared in Model (2) compared to Model (1) 
suggests that the inclusion of control variables enhances 
the model's fit. 

Table 6: Baseline Regression Results 

 TFP TFP  
 (1) (2) 

ESG1 0.0454*** 0.0484*** 
 (4.9122) (6.3509) 

Lev  1.0163*** 
  (18.1972) 

ROA  2.1160*** 
  (20.5147) 

FIXED  -1.2914*** 
  (-17.2327) 

Growth  -0.0000 
  (-0.9690) 

Indep  0.0791 
  (0.5050) 

Top10  0.8605*** 
  (11.7103) 

TobinQ  -0.0148*** 
  (-9.1943) 

Age  1.2318*** 
  (36.8100) 

Mshare  0.4258*** 
  (4.0982) 

cons 8.3609*** 3.9117*** 
 (225.0124) (29.0693) 

N 5993 5993 
adj. R2 0.107 0.275 

4.5. Mediation Analysis 

The results of the mediation effect for company 
reputation are depicted in Table 7. Model (1) represents 
the regression model between the dependent variable and 
independent variable along with control variables in the 
absence of Reputation. Model (2) includes the regression 
model of the independent variable, control variables, and 
Reputation. Lastly, Model (3) displays the regression 
model between the dependent variable and independent 
variable after adding control variables and Reputation. 

The regression outcomes reveal a significant impact of 
a company's ESG performance on the enhancement of 
Total Factor Productivity under the mediation effect of 
company reputation. Both Model (1) and Model (3) exhibit 
significant results for ESG performance at a 1% confidence 

level. Specifically, when a company's ESG1 performance 
increases by 1 unit, it leads to a 0.0471 unit increase in 
high-quality development for the enterprise. In Model (2), 
the mediator variable, company Reputation, shows a 
significant positive correlation with ESG ratings at a 1% 
level. This signifies the transmission role of company 
reputation between ESG ratings, indicating that an 
improvement in ESG performance enhances company 
reputation, further boosting Total Factor Productivity. 

Table 7: Company Reputation Mediation Effect 

  TFP Rep TFP 
 (1) (2) (3) 

ESG1 0.047*** 0.070*** 0.043*** 
 (6.07) (4.05) (5.50) 

Rep   0.070*** 
   (10.12) 

Lev 0.903*** 0.667*** 0.856*** 
 (14.16) (4.75) (13.55) 

ROA 1.891*** 0.067 1.887*** 
 (17.65) (0.28) (17.82) 

FIXED -1.027*** 0.441** -1.058*** 
 (-12.16) (2.37) (-12.67) 

Growth 0.020*** 0.004 0.020*** 
 (7.18) (0.63) (7.17) 

Indep 0.175 -0.905** 0.239 
 (1.05) (-2.47) (1.45) 

Top10 0.849*** 1.406*** 0.750*** 
 (10.47) (7.87) (9.29) 

TobinQ -0.033*** -0.029*** -0.031*** 
 (-7.92) (-3.18) (-7.51) 

Age 1.197*** -0.446 1.228*** 
 (5.64) (-0.95) (5.86) 

Mshare 0.313*** 1.023*** 0.241** 
 (2.79) (4.14) (2.17) 

Y   0.070*** 
   (10.12) 

cons 4.191*** 18.230*** 2.910*** 
 (6.50) (12.83) (4.48) 

N 4783 4783 4783 
R2 0.405 0.207 0.419 

adj. R2 0.318 0.091 0.334 

t statistics in parentheses 
* p < 0.1, ** p < 0.05, *** p < 0.01 

The resolution of images should not be less than 118 
pixels/cm when width is set to 16 cm. Images must be 
scanned at 1200 dpi resolution and submitted in jpeg or tiff 
format. Graphs and diagrams must be drawn with a line 
weight between 0.5 and 1 point. Graphs and diagrams 
with a line weight of less than 0.5 point or more than 1 
point are not accepted. Scanned or photocopied graphs 
and diagrams are not accepted. 
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4.6.  Robustness Tests 

4.6.1 Replacing the Dependent Variable 

To test the robustness of the model, the dependent and 
independent variables were replaced. In the previous 
basic regression analysis, the ESG ratings from Huazheng 
were assigned numerical values according to their order. 
For robustness testing, following the methodology from 
previous research by [26] and [27], a reassignment of the 
Huazheng ESG ratings was done. Publicly available data 
indicate that these ratings can be categorized into three 
levels: A-rated companies are ESG performance leaders, 
B-rated companies represent average ESG performance, 
and C-rated companies lag behind. In this context, the 
ESG2 variable was assigned values according to these 
definitions to replace ESG1. Additionally, the alternative 
measurement methods for the dependent variable, Total 
Factor Productivity, were considered. Robustness testing 
included using the OP method, OLS method, and fixed-
effect method to reevaluate Total Factor Productivity and 
use these new measurements as dependent variables. 

In Table 8, Model (1) represents the replacement of the 
explanatory variable ESG1 with ESG2. Models (2), (3), and 
(4) represent the results of regressions using OLS, fixed-
effect, and OP methods with different measurements of 

the dependent variable. The results show that ESG 
performance remains highly significant in all models at a 
1% significance level. This consistency in results suggests 
that the model is robust. 

4.6.2 Instrumental Variable 

The baseline regression results indicate that the better 
the ESG performance, the stronger the positive effect on 
enhancing a company's total factor productivity. However, 
this result could also be due to the fact that companies 
with higher total factor productivity are more willing to 
actively improve their own ESG rating, potentially leading 
to a two-way causal endogeneity issue. To address this 
potential endogeneity issue, this paper employs lagged 
ESG performance and the industry average ESG 
performance as instrumental variables in a two-stage least 
squares regression. In the first-stage regression of the two-
stage least squares method, the study uses the firm's ESG 
performance as the explained variable, the lagged ESG 
performance, and industry average ESG performance as 
explanatory variables, alongside the control variables 
From Model (1), controlling for industry and time effects 
in a least squares regression. In the second stage, the study 
employs the total factor productivity measured by the OP 
and LP methods as the explained variables and ESG 
performance as the explanatory variable for regression.

Table 8: Replacing the Dependent Variable 

 TFP_LP (1) TFP_OLS (2) TFP_FE (3) TFP_OP (4) 
ESG1  0.0709*** 0.0770*** 0.0191*** 

  (8.4224) (8.8641) (2.6220) 
ESG2 0.1248***    

 (7.0238)    
Lev 1.2301*** 1.2503*** 1.3103*** 0.7495*** 

 (19.9518) (20.2767) (20.6031) (14.0487) 
ROA 2.3734*** 2.3542*** 2.4035*** 1.9902*** 

 (20.8115) (20.6719) (20.4631) (20.1982) 
FIXED -0.2301*** -0.2165*** -0.0589 -1.0492*** 

 (-2.7761) (-2.6171) (-0.6898) (-14.6566) 
Growth -0.0001* -0.0001* -0.0001** -0.0000 

 (-1.8598) (-1.9281) (-2.0534) (-0.7751) 
Indep -0.0789 -0.1321 -0.1822 0.2694* 

 (-0.4559) (-0.7635) (-1.0210) (1.8001) 
Top10 1.2332*** 1.2340*** 1.3121*** 0.6541*** 

 (15.1693) (15.2100) (15.6809) (9.3184) 
TobinQ -0.0180*** -0.0182*** -0.0190*** -0.0123*** 

 (-10.1472) (-10.2735) (-10.3803) (-8.0163) 
Age 1.6894*** 1.6823*** 1.7672*** 1.0993*** 

 (45.5806) (45.5339) (46.3758) (34.3910) 
Mshare 0.2287** 0.2391** 0.2112* 0.3907*** 

 (1.9898) (2.0845) (1.7849) (3.9369) 
cons 4.5909*** 4.5490*** 4.7424*** 2.8117*** 

 (30.8029) (30.6185) (30.9489) (21.8732) 
N 5878 5878 5878 5878 

adj. R2 0.299 0.301 0.305 0.225 

http://www.jenrs.com/


  J. Zhang et al., "Greenwashing" or "helping" 

www.jenrs.com                           Journal of Engineering Research and Sciences, 3(3): 01-12, 2024                                      9 
 

The regression results are presented in Table 9. It can be 
observed that in the first stage of Table 9, the regression 
coefficients of L.ESG and IndESG are both significantly 
greater than 0 at the 1% significance level. This indicates a 
high correlation between these two instrumental variables 
and the explanatory variables. The results of the weak 
instrumental variable test and over-identification test also 
demonstrate the effectiveness of the instrumental variable 
selection in this study. Looking at columns (2) and (3) of 
Table 9, the regression coefficients for ESG are 0.101 and 
0.185, both significant at the 1% level. This demonstrates 
that, even after using instrumental variables to address 
potential endogeneity issues in the two-stage least squares 
regression, the conclusions of this study still hold, 
affirming that a strong ESG performance in companies can 
contribute to increased total factor productivity. 

Table 9: Results of Instrumental Variable Regression 

 First Second Second 
 ESG (1) TFP_OP (2) TFP_LP (3) 

ESG  0. 101∗∗∗ 0. 185∗∗∗ 
  ( 17. 47) ( 26. 61) 

L. ESG 0. 774***   
 (145.65)   

IndESG 0. 066***   
 (3. 94)   

Control YES YES YES 
YEAR YES YES YES 

INDUSTRy YES YES YES 
_cons 0. 924*** 5. 125*** 6. 580*** 

 (7. 64) (71.22) (76.07) 
N 5878 5878 5878 

adj. R2 0. 614 0. 484 0. 552 

4.6.3 Controlling for Individual Effects 

To further address estimation biases caused by 
endogeneity, this study undertook regression analysis 

controlling for individual effects. Table 10 provides 
regression results simultaneously controlling for 
individual, industry, and yearly effects. From Table 10, it 
is observed that after controlling for individual effects, the 
coefficients for ESG are 0.0629, 0.0654, 0.1142, and 0.1194, 
all significant at the 1% level. This indicates that strong 
ESG performance in companies can enhance total factor 
productivity and affirms the prior research conclusion 
even after addressing potential endogeneity by controlling 
for individual effects. 

4.6.4 Sample Selection Issue 

This paper employs the Heckman two-stage regression 
to address potential sample selection issues. In the first 
stage Probit regression, the dependent variable DESG is a 
dummy variable. When ESG is greater than the mean, 
DESG is 1; when ESG is less than the mean, DESG is 0. The 
exogenous instrument variable remains the industry 
average of ESG performance (IndESG). The choice of the 
industry average of ESG performance as an exogenous 
instrument variable is because a company's ESG 
performance can be influenced by industry ESG 
performance, especially the industry environment, social 
responsibility awareness, and corporate governance, 
which can affect a company's ESG performance. Other 
control variables remain consistent with Model (1). The 
inverse Mill's ratio is calculated from the first-stage 
regression results, and it is included in the model for the 
second-stage regression. The regression results, as shown 
in the second column and third column of Table 11, 
demonstrate that the ESG regression coefficients for both 
OP and LP measures of total factor productivity are 
significant at the 1% level. This indicates that even after 
employing Heckman's two-stage regression to overcome 
potential sample selection issues, the study's conclusion 
remains valid, demonstrating the robustness of the 
research findings. 

Table 10: Results of Regression Controlling for Individual Effects 

variable ( 1) ( 2) ( 3) ( 4) 
 TFP_OP TFP_OP TFP_LP TFP_LP 

ESG 0. 0629∗∗∗ 0. 0654∗∗∗ 0. 1142∗∗∗ 0. 1194∗∗∗ 
 ( 15. 22) ( 16. 12) ( 23. 60) ( 24. 98) 

Control YES YES YES YES 
YEAR NO YES NO YES 

INDUSTRY NO YES NO YES 
FIRM NO YES NO YES 
_cons 4. 8033∗∗∗ 4. 8910∗∗∗ 6. 4325∗∗∗ 6. 4697∗∗∗ 

 ( 105. 99) ( 80. 20) ( 121. 30) ( 90. 03) 
N 5878 5878 5878 5878 

Adj. R2 0. 4488 0. 5001 0. 5426 0. 5793 
F 1713. 11 526. 8621 2495. 51 725. 0600 
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Table 11: Heckman Two-Stage Regression Results 

variable ( 1 ) ( 2 ) ( 3 ) 
DESG TFP_OP TFP_LP  

ESG  0. 0796∗∗∗ 
( 19. 53) 

0. 1436∗∗∗ 
( 29. 47) 

IndESG 0. 0935∗∗ 
( 2. 08) 

  

imr  
1. 6762∗∗∗ 

( 10. 77) 
2. 1807∗∗∗ 

( 11. 72) 
Control YES YES YES 
YEAR YES YES YES 

INDUSTRY YES YES YES 
_cons 0. 9302∗∗∗ 4. 6803∗∗∗ 6. 2011∗∗∗ 

 ( 2. 76) ( 71. 93) ( 79. 72) 
N 5787 5878 5878 

Adj. R2  0. 4869 0. 5559 
F  524. 3927 691. 3780 

4.7.  Further Research 

4.7.1 Analysis Based on Scale Heterogeneity 

Larger companies tend to hold leading positions 
within their industries due to their robust risk resilience 
and extensive funding sources, providing a secure 
foundation for the full realization of ESG's role. This 
subsequently aids companies in alleviating financing 
constraints and increasing research and development 
investments, thus enhancing total factor productivity. 
Accordingly, this study anticipates that the positive 
impact of excellent ESG performance on the total factor 
productivity of large-scale enterprises will be greater than 
that on small and medium-sized enterprises (SMEs). 
Therefore, In [28, 29], papers measures company size 
using the natural logarithm of total assets and groups the 
sample based on the mean of this indicator. Companies 
larger than the mean are categorized as large-scale 
enterprises, while those smaller than the mean are 
classified as SMEs. Subsequently, group regression and 
inter-group coefficient difference tests are conducted 
based on Model (1). Columns (1) and (2) in Table 12 
provide the results of the group regression, showing that 
while the ESG coefficients in both sample groups are 
significantly positive, the regression coefficients in the 
large-scale enterprise sample (0.0744 and 0.1291) are 
higher than those in the SME sample (0.0095 and 0.0398). 
Moreover, the inter-group coefficient difference test also 
indicates significance at the 1% level, confirming the 
hypothesis that excellent ESG performance has a greater 
positive impact on the total factor productivity of large-
scale enterprises compared to SMEs. 

4.7.2 Heterogeneity Analysis Based on Property Rights 

For state-owned enterprises, they possess stronger 
talent and technological advantages and tend to have 
easier access to funding sources during financing. 

Consequently, state-owned enterprises' research and 
development investments often enjoy more robust 
financial support, contributing to an improved total factor 
productivity. In this scenario, state-owned enterprises are 
better positioned to leverage the advantages of excellent 
ESG performance, translating it into impetus for increased 
research and development investments to enhance total 
factor productivity. Therefore, this study expects that 
excellent ESG performance has a greater positive impact 
on the total factor productivity of state-owned enterprises 
compared to non-state-owned enterprises. 

Table 12: Heterogeneity Test Results Based on Scale 

 ( 1) (2) (3) (4) 

variable TFP_OP TFP_OP TFP_LP TFP_LP 

ESG 0. 0744∗∗∗ 0. 0095∗ 0. 1291∗∗∗ 0. 0398∗∗∗ 

 ( 12. 95) ( 1. 90) ( 19. 83) ( 7. 26) 

Control YES YES YES YES 

YEAR YES YES YES YES 

INDUSTRY YES YES YES YES 

_cons 5. 4618∗∗∗ 5. 6829∗∗∗ 7. 8087∗∗∗ 7. 4120∗∗∗ 

 ( 51. 23) ( 85. 13) ( 64. 67) ( 101. 60) 

N 5787 5878 5787 5878 

Adj. R2 0. 3843 0. 2829 0. 4481 0. 3346 

F 150. 8827 121. 3907 195. 9741 154. 4751 
Coefficient difference test between groups 
Chi2( 1) = 71. 15 
Prob>Chi2 = 0. 0000 
Chi2( 1) = 106. 61 
Prob>Chi2 = 0. 0000 

To test the heterogeneous effects of ESG performance 
on the improvement of total factor productivity for state-
owned and non-state-owned enterprises, this study uses a 
dummy variable based on the ownership nature. State-
owned enterprises are represented as 1, while non-state-
owned enterprises are represented as 0. Group regression 
is conducted based on Model (1), and inter-group 
coefficient difference tests are performed. Columns (3) and 
(4) in Table 13 present the regression results for the sub-
samples of state-owned and non-state-owned enterprises. 

The regression coefficients for ESG in state-owned 
enterprise results are 0.1072 and 0.1721, both significant at 
the 1% level. In the non-state-owned enterprise results, the 
ESG coefficients are 0.0527 and 0.1084, also significant at 
the 1% level. While both are significantly positive at the 1% 
level, the regression coefficient for state-owned 
enterprises   is   higher   than   that   for   non-state-owned  
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Table 13: Heterogeneity Test Results Based on Property Rights 

variable ( 1) ( 2) ( 3) ( 4) 
 TFP_OP TFP_OP TFP_LP TFP_LP 

ESG 0. 1072∗∗∗ 0. 0527∗∗∗ 0. 1721∗∗∗ 0. 1084∗∗∗ 
 ( 14. 51) ( 10. 74) ( 19. 56) ( 18. 58) 

Lev 1. 3074∗∗∗ 1. 4923∗∗∗ 1. 7763∗∗∗ 2. 2212∗∗∗ 
 ( 23. 99) ( 45. 49) ( 27. 39) ( 56. 92) 

Control YES YES YES YES 
YEAR YES YES YES YES 

INDUSTRY YES YES YES YES 
_cons 4. 8553∗∗∗ 5. 1079∗∗∗ 6. 6820∗∗∗ 6. 6744∗∗∗ 

 ( 41. 67) ( 68. 11) ( 48. 18) ( 74. 81) 
N 4564 5878 4564 5878 

Adj. R2 0. 5018 0. 4409 0. 5588 0. 5040 
F 184. 4533 289. 8876 231. 6766 373. 3346 

enterprises. Moreover, the inter-group coefficient 
difference test is significant at the 1% level, indicating that 
excellent ESG performance has a more substantial 
positive effect on the total factor productivity of state-
owned enterprises compared to non-state-owned 
enterprises. 

5. Conclusion and Enlightenment 

5.1. Research Conclusions 

This study focuses on A-share listed companies from 
2012 to 2022, utilizing the Huazheng rating index to 
measure corporate ESG performance and validating the 
correlation between ESG performance and total factor 
productivity of listed companies. The main conclusions 
drawn from this research are as follows: 

ESG Performance and Total Factor Productivity: ESG 
performance significantly enhances a company's total 
factor productivity. This implies that higher ESG 
performance correlates with increased total factor 
productivity. 

Effect of Corporate Reputation: Empirical analysis 
demonstrates that a company's reputation significantly 
influences the enhancement of its total factor productivity. 
This indicates that improving a company's reputation 
through good ESG performance further elevates its total 
factor productivity. Furthermore, these conclusions 
remain robust after various sensitivity tests such as 
altering the computation method of the explained variable, 
alternative assignment methods for explanatory variables, 
implementing instrumental variable methods to alleviate 
potential endogeneity issues, and utilizing the Heckman 
two-stage method to correct sample selection biases. 

Heterogeneity Analysis: The research shows that the 
impact of good ESG performance on enhancing total factor 

productivity is more pronounced in large-scale enterprises 
and state-owned enterprises. 

5.2. Policy Insights 

Based on the conclusions drawn in the previous 
sections, the paper proposes policy recommendations in 
the following areas: 

Policy Formation: Governments should expedite the 
formulation of laws and regulations governing corporate 
ESG performance to establish a robust institutional 
framework, directing policies to steer companies toward 
high-quality development. This includes fostering 
environmentally friendly practices and preventing 
inadequate or untimely disclosures, thus discouraging 
unethical behaviors born from insufficient information, 
such as illegal waste disposal or opportunistic practices. 

Enhanced Regulatory Oversight: Regulatory 
authorities should intensify their focus on corporate ESG 
performance by implementing stricter laws, establishing 
robust regulatory mechanisms, and employing more 
robust measures to maintain market order. Introducing 
third-party audit mechanisms for comprehensive 
assessment and evaluation of a company's ESG 
performance would ensure its quality and credibility. 

Balanced Perspective on ESG Performance: Companies 
should adopt a balanced perspective on the unique role of 
ESG performance. They should invest efforts into 
achieving a win-win scenario in terms of economic and 
social benefits based on their specific circumstances. 
Acknowledging the necessity of improving ESG 
performance for sustainable development, companies can 
align economic and social benefits, promoting 
organizational legitimacy for their high-quality 
development. 

http://www.jenrs.com/


  J. Zhang et al., "Greenwashing" or "helping" 

www.jenrs.com                           Journal of Engineering Research and Sciences, 3(3): 01-12, 2024                                      12 
 

This research provides practical policy implications to 
promote sustainable business practices and organizational 
growth. 
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ABSTRACT: Variants of proportional navigation (PN) are perhaps mostly used guidance laws for tactical
homing missiles. PN aims to generate commanding missile lateral acceleration proportional to line of
sight (LOS) angular rate, so that missile velocity vector rotates in such a way to assure interception of a
target. In order to generate commanding lateral accelerations, the guidance system needs measurements
of LOS angular rate and the closing velocity between the missile and the target, or the missile velocity. A
device which provides guidance information is referred to as the missile seeker. In the case of imaging
based seekers (visible light (EO), infrared light (IIR)), LOS rate is estimated using imaging sensor, while
closing or missile velocity is measured using appropriate sensors or guess estimated. In this paper, we
present the design and simulation of a missile homing system which includes: true PN guidance law,
linear multiloop acceleration autopilot, and gimbaled imaging based missile seeker. Target seeker uses
advanced deep machine learning object detection YOLO (You only look once) model, for target detection
and tracking as well as LOS rate estimation. Comprehensive simulation model, consisting of full 6DOF
missile and controls dynamics, 3D world and camera model, is developed. Intensive simulation results
show performances of the proposed missile homing system.

KEYWORDS Missile guidance, YOLO, Missile seeker, Proportional navigation, 6DOF

1. Introduction

Many missile guidance and control laws have been devel-
oped in the past. Reported missile autopilot designs have
ranged from classical linear to the most advanced ones
[1]–[4]. The most widely used guidance law among them is
a variant of proportional navigation(PN) [5]–[8]. Homing
missiles using a variant of proportional navigation (PN)
guidance law require measurement of LOS angular rate
and measurement of closing velocity or missile velocity.
This implies that missile seeker is able to detect and track
targets during engagement. In active homing missiles, radar
based missile seeker is used to detect the target, track the
target and measure LOS rate and closing velocity. In passive
homing missiles, strap-down or gimbaled imaging sensor
(EO/IIR) based missile seeker is used to detect the target,
track the target and estimate LOS angular rate, while missile
velocity is measured with an appropriate sensor (IMU). In
this work, a two axis (pitch and yaw) gimbal carrying an
imaging device keeps the target in the camera field of view
(FOV) by means of a gimbal control tracking loop. Accurate
measurement of tracking error is of essential importance
for tracking accuracy and LOS rate estimation. Tracking
error is obtained by locating targets within the image using
appropriate image processing techniques. Thanks to rapid
advances in deep machine learning(convolutional neural
networks), high accuracy and high speed deep learning
object detection models have emerged. The most prominent

among them is the YOLO (You only look once) family [9].
This work investigates application of YOLO deep machine
learning object detector for tracking error measurements
and consecutive LOS angular rate estimation in missile
seeker. YOLO performance assessment in guidance loop
is realized by means of a comprehensive Matlab/Simulink
simulator, which includes nonlinear 6DOF missile and con-
trols dynamics as well as 3D world (scene) and imaging
models. This work was motivated by the fact, that to the
best of the authors knowledge, no published work has been
found which deals with similar simulation study.

2. Missile 6-DOF dynamic model

In order to simulate missile guidance, a high-fidelity non-
linear model is needed. Cruciform missile can be modeled
as a rigid body which is governed by a system of coupled
nonlinear first order differential equations with constant
coefficients:

Ṗ = L/Ix (1)
Q̇ = PR (Iz − Ix) /Iy + M/Iy (2)

Ṙ = PQ
(
Ix − Iy

)
/Iz + N/Iz (3)

u̇ = vR − wQ + Fx/m (4)
v̇ = wp − uR + Fy/m (5)
ẇ = uQ − vP + Fz/m (6)
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Where u, v and w are missile velocities along x, y and z axes
of the missile body frame. P, Q and R are rotational angular
velocities about x, y and z axes of the missile body frame. Fx,
Fy and Fz are forces which are acting along the respected
body axes and L, M and N are moments which are acting
along the respected body axes. Ix, Iy and Iz are moments of
inertia about the missile body axes. Inertia cross products
are zero since the missile airframe is symmetric. For a
cruciform missile, aerodynamic forces can be approximated
as follows [10]: Fx

Fy

Fz

 =

Cx0 +Cx2

(
α2 + β2

)
CNβ
CNα

 (7)

Total force on acting along the missile body axes can:Fx

Fy

Fz

 =
T00
 + mg

 − sin θ
sin ϕ cos θ
cos ϕ cos θ

 − qS


Cx0 +Cx2

(
α2 + β2

)
CNβ
CNα

 (8)

Where q = ρv2
m/2 is the dynamic pressure, q is the density of

air at given altitude and vm is the total velocity of the missile.
The gravitational force is naturally given in earth reference
frame so it has to be transformed to body axes frame. In the
previous equation, Cx0 and CN are aerodynamic coefficients
calculated at the various angles of attack α and sideslip an-
gles β. Angle of attack and sideslip angle can be calculated
as follows:

α = arctan
w
v

(9)

β = arctan
v
u

(10)

Furthermore, it is important to define Euler RPY angles
which describe the orientation of the missile with respect to
the inertial reference frame. Euler angles can be integrated
from the following equation:ϕ̇θ̇

ψ̇

 =

1 sin ϕ tan θ cos ϕ tan θ
0 cos ϕ − sin ϕ
0 sin ϕ

cos θ
cos ϕ
cos θ


PQR
 (11)

Moments acting on the missile are a consequence of rota-
tion of actuator surfaces and of forces acting on the missile.
Aerodynamic forces are acting on the point called the center
of pressure, while the gravitational force is acting on the
center of gravity of the missile. This causes a moment which
rotates the missile. Therefore, the missile moments can be
calculated as follows: LMN

 =
 0
−rXFAZ

rXFAY

 + qS
vm

CLPP
CMQQ
CNRR

 + qS

CLδEδE

CMδVδV

CNδPδP

 (12)

In the previous equation, rx is the distance between center
of gravity and center of pressure and FAY and FAZ are ae-
ordynamic forces acting along the missile body axes. CLP,
CMQ and CNR are rolling, pitching and yawing aerodynamic
coefficients respectively. CLδE , CLδV and CLδP are aerody-
namic coefficients with respect to the angular displacement
of actuator surfaces denoted by δE , δV and δP. Table 1 shows
used missile parameters [11].

Table 1: Missile parameters

Ix Iy, Iz m Cx2

0.024 kgm2 0.958 kgm2 11.25 kg 0.484
Cx0 CNδP CMδV CLδE

2.04 0.0905 0.0905 0.0905
CN CMQ CNR CLP

3.298 −10 −10 0.0905
T rx ρ S

750 N −0.119 m 1.225 kg/m3 0.0314 m2

3. Proportional navigation

The basic intuition of proportional navigation(PN) [12] is
to generate commanding lateral accelerations which are
proportional to the line of sight rate (LOS) angular rate as
follows:

ac = Nλ̇vc (13)

Where ac is the commanded lateral acceleration normal to
the line of sight, N ≥ 2 is the effective navigational ratio and
vc is the relative velocity between the missile and the target.
These commanded accelerations are then forwarded to the
autopilot which makes sure that the missile achieves these
lateral accelerations. In recent works, authors simulated
this guidance method on 6-DOF missile simulator in Matlab
in [13] and [14]. For even more insight into missile guidance
and control, the reader is referred to [10], [11], [15]–[21]. As
is shown in figure 1, in order to calculate λ or λ̇ it is needed
to measure relative distance and relative velocity between
the missile and the target.

Figure 1: Geometry of proportional navigation

Unfortunately, these values cannot be measured without
an active radar which most tactical missiles do not have.
Similarly, the closing velocity vc cannot be measured without
an active radar. That is why this article implements another
variant of PN called the pure proportional navigation whose
commanding accelerations are normal to the missile velocity
[12] and are given by:

ac = Nλ̇vm (14)

Missile seeker is the device that has to measure LOS rate.
The seeker is made out of two independent gimbal axes, two

www.jenrs.com Journal of Engineering Research and Sciences, 3(3): 19-26, 2024 20

http://www.jenrs.com


M. Hodžić et al., Missile Guidance using Proportional Navigation

servo motors and an imaging (EO/IIR) sensor. These two
gimbals move across the vertical and the horizontal plane
in order to lock onto the target. Once locked, the seeker can
measure the tracking error, which is noted with ϵ in figure 1.
Earlier work [14], [22]–[25] explain in great detail on how to
obtain LOS and LOS rate from the measured tracking error.
The LOS angular rate in vertical plane can be obtained using
the following equation:

λ̇zm = ϵz
s

τs + 1
+ θ̇h + θ̇m (15)

Where θm is the Euler pitch angle of the missile relative to
the inertial frame of reference, θh is the angular position of
the gimbal servo relative to the missile centerline in vertical
plane and ϵz is the measured tracking error in the vertical
plane. Angular velocity θ̇m is easy to obtain using rate gyro
as is explained in [14] and θ̇h has to be calculated from mea-
sured angular rates around the body axes as is explained
in [13]. Similar to equation 15, LOS rate in the horizontal
plane can be obtained as follows:

λ̇ym = ϵy
s

τs + 1
+ ψ̇h + ψ̇m (16)

Where ψm is the Euler yaw angle of the missile relative to
the inertial frame of reference, ψh is the angular position
of the gimbal servo relative to the missile centerline in the
horizontal plane and ϵy is the measured tracking error in
the horizontal plane. Most tactical missiles have infrared
homing seeker. Because of this, tracking error cannot be
measured directly but it is assumed to be indicated angular
position of the target relative to the camera centerline or
boresight [10]. This paper aims to simulate a seeker sensor
which utilizes Matlab 3D camera, which would measure the
tracking error from obtained images. Matlab interface for
Unreal Engine allows simulations of 3D vehicles as well as
taking images from Unreal Engine world. Also, implemen-
tation, simulation and control of gimbal servo system are
presented in this article since it is guidance requirement to
keep the tracking error as low as possible.

4. Autopilot design

If the missile lateral accelerations are exactly equal to the
commanded accelerations commanded by the guidance
subsystem, then the interception is guaranteed. Missile sub-
system which will ensure this is referred to as the autopilot.
From the missile dynamic model, it can be shown that there
will be no cross-coupling between yaw and pitch motion if
the missile is not rolling. Therefore, it is imperative that the
autopilot ensures zero roll angle of the missile. Once that is
achieved, motion in yaw and pitch plane can be controlled
independently. Therefore, it is enough to implement three
PID controllers. One PID controller to ensure roll stability
and two PID controllers for two lateral accelerations. Figure
2 shows a roll controller design.

KA KP Missile ϕ
− −

ϕ̇
+ϕre f = 0 +

Figure 2: Roll controller design

Roll controller employs a cascade error regulation. The in-
ner loop which feeds back roll derivative is a damping loop
which ensures minimum oscillations in the roll channel. In
order to achieve lateral acceleration tracking, an expression
for calculating lateral acceleration is needed. In order to
calculate them, a derivative of a rotating vector is needed
and that vector has to be transformed into coordinate sys-
tem whose x-axis coincides with the velocity vector. Such
coordinate system is also called the wind frame. Therefore,
accelerations in the wind frame are given by:ax

ay

az

 =
cosα cos β − sin β sinα cos β
sin β cosα cos β − sinα sin β
− sinα 0 cosα



 u̇v̇ẇ
 +
PQR
 ×
uvw



(17)
Where ay and az are missile horizontal and vertical acceler-
ation components normal to the velocity vector and ax is
the missile acceleration component along the velocity vec-
tor. This acceleration is usually zero since the missile does
not have any fuel left during the terminal guidance phase.
Figure 3 shows a controller for lateral accelerations. Similar
design for horizontal and vertical acceleration components is
employed. The inner loop reduces response oscillations and
the outer loop ensures that the lateral acceleration follows
the demanded lateral acceleration.

KA KP Missile a− −

θ̇
+ac +

Figure 3: Lateral acceleration controller design

Missile aerodynamics coefficients change with respect to the
Mach number, angle of attack, angle of sideslip, altitude and
angular velocities, so it might be advisable to design multi-
ple controllers for various operating points. This approach
is referred to as gain scheduling [26, 27]. In his article fixed
gain linear (PD) controllers are used regardless of missile
homing operational conditions, due to their simplicity and
robustness.

5. YOLO neural network

In order to calculate the tracking errors ϵy and ϵz, it is first
required to localize object in the image. Furthermore, it is
needed to classify the object in the obtained image. There is
a handful of requirements that the localization algorithm
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has to satisfy in missile guidance applications. First, dur-
ing simulations images are obtained from Unreal Engine
environment so the algorithm must be able to work with arti-
ficial images. Second, the algorithm has to be very fast since
camera can generate images with very high frequency. Most
suitable localization algorithm in this case is You Only Look
Once(YOLO) convolutional neural network. YOLO was first
introduced in 2016 where object detection was reframed as
a single regression problem straight from image pixels to
bounding box and class probabilities [9]. This made sure
that YOLO needed only one passage through the network
to obtain localization result which made it much faster then
existing algorithms which were based on region proposals.
Over time, a number of object detectors based on YOLO
were developed. Most notably, YOLO9000 [28], YOLOv3
[29] and YOLOv4 [30] and YOLOv8 [31]. This article uses
YOLOv4 since it is latest available in Matlab. YOLOv4 in
Matlab is pretrained on Common Objects in Context(COCO)
dataset [32] which consists of 80 classes and over 330000
images.

6. Camera model

Let us assume the pinhole camera model as is shown in the
Figure 4 [33].

Figure 4: Pinhole camera model

Let X and Y denote the object size and let x and y denote size
of the image in the image plane. Let fx and fy denote hori-
zontal and vertical focal length measured in pixels which
is also the distance of image plane from the CCD sensor.
Inspecting Figure 4, it can be seen that tracking error angle
in vertical plane can be evaluated as follows:

ϵz = arctan
y
fy

(18)

For vertical tracking error angle, the equation is analogous:

ϵy = arctan
x
fx

(19)

It is straightforward to implement calculation of the tracking
errors. YOLO detector can obtain bounding box around
the detected target with coordinates of the upper left cor-
ner(denoted with xt and yt) and its width and height(denoted

with w and h). Now expressions for vertical and horizontal
tracking errors are as follows:

ϵz = arctan
yt + h/2

fy
(20)

ϵy = arctan
xt + w/2

fy
(21)

7. Seeker camera gimbal servo controls

The camera is mounted on the head of the missile and it
can rotate about the vertical and the horizontal axes on
gimbal (yaw, pitch) using two DC motors. Rotational mo-
tions of these two motors is independent. Figure 5 shows
mechanical structure of a missile seeker.

Figure 5: Seeker gimbal mechanical structure

The goal of these DC motor based servo systems is to nullify
the tracking error so that the target is always at the center of
the obtained image. Therefore, the target tracking problem
can be viewed as a control problem where the tracking
error is considered an output value with desired reference
value equal to zero. This way, radome refraction error is
minimized and better measurements are available. It is im-
portant to note that the gimbal servo control systems have
to be sufficiently fast in order to quickly eliminate tracking
errors. The servo motor can be modeled as a second order
linear system as follows:

G(s) =
ω2

n

s (s + 2ξωn)
(22)

Where ξ and ωn are damping coefficient and system an-
gular frequency respectively. The tracking loop dynamics
bandwidth is very wide, usually about 100 rad/sec [10]. A
standard PID controller is used for each gimbal axis. The
controllers are tuned so that they achieve acceptable settling
time and overshoot.

8. Missile guidance system synthesis

Each previous section presents a single part of the mis-
sile guidance system. The typical missile guidance system
consists of guidance system, missile seeker, autopilot and
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the missile itself. Figure 6 shows the block diagram of the
missile guidance system.

PN Autopilot

YOLO Gimbaled camera

Missile

Seeker

acy , acz δV , δP, δE

ϵy, ϵz

λ̇ym , λ̇zm

a, ϕ̇, θ̇, ψ̇, ϕvm

Image

Figure 6: Missile guidance system design

Missile guidance systems design showed in the figure 6 only
measures the image of the target. The remaining measure-
ments can be obtained from the missiles internal sensors.
Missile linear and angular velocities can be measured using
inertial measurement units (IMU), from which Euler angles
and their derivatives can be obtained using sensor fusion
technique. Gimbal angles are measured by appropriate
angle transducers.

9. Simulation

Previously described missile guidance system was imple-
mented in Matlab and Simulink implementing previously
described equations. Missile and the target position and
orientation are fed into Unreal Engine blocks. Matlab of-
fers Simulation 3D camera block to obtain images from the
Unreal Engine scene. Simulation 3D camera block outputs
an image which is fed to the YOLO block(implemented as
a Matlab system) which calculates tracking errors given
by equations 18 and 19. Camera generates 100 frames per
second(fps) which is fast enough to capture tracking error
dynamics. Obtained tracking errors are then fed into two
PID controllers as error inputs. Controller outputs are fed
into gimbal systems as inputs and gimbal positions are fed
into camera as inputs to rotate the camera relatively to the
missile body. Based on the equation 15, the seeker subsys-
tem estimates the line of sight angular rate in the vertical
and the horizontal plane. Subsystem for proportional navi-
gation calculates the required lateral accelerations in vertical
and horizontal plane. The autopilot subsystem calculates
required elevator, rudder and aileron deflections.
Figure 7 shows trajectories of the target and the missile
during the terminal guidance phase. The target is at the
initial relative height of 200 meters and an initial relative dis-
tance of 500 meters. The target is escaping with the velocity
100m/s and moving sideways with the velocity 20m/s. It
can also be seen that the missile is aiming at future intercept
point rather than following the target. This means that PN
requires lower commanded acceleration comparing to more
traditional guidance methods.
Figure 8 shows one frame which is processed by YOLO

detection algorithm. Here it can be seen that YOLO finds
the bounding box around the object and that the object is in
the center of the image.

Figure 7: Missile and the target trajectories

Figure 8: Example of one image frame

Figure 9 shows obtained tracking errors. It can be seen that
there are some initial oscillations due to the target moving
which can be interpreted as output disturbances in the track-
ing errors.
Figures 10 and 11 show estimated and real LOS rates in
the vertical and the horizontal plane respectively. It can be
seen that the seeker estimates LOS rates fairly quickly and
that they approach zero as the distance shortens which is a
requirement for interception.
Figure 12 shows the missile Euler angles. It can be seen
that the roll angle is always zero because the roll controller
stabilizes the missile roll channel. The autopilot steers the
missile so the missile has to keep an almost constant yaw
and pitch angle in order to achieve a hit.
Figures 13 and 14 show commanded and achieved lateral
accelerations. It can be seen that the autopilot subsystem
ensures that the missile lateral accelerations are equal to the
demanded PN accelerations.
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Table 2: Missile performance table

Initial yaw
heading error

Initial pitch
heading error

Target horizontal
acceleration

Target vertical
acceleration

Miss
distance

Maximum required
horizontal acceleration

Maximum required
vertical acceleration

−0.15 rad 0.15 rad 0 0 0 m 1.0384 m/s2 9.81 m/s2

−0.15 rad 0.3 rad 0 0 0 m 1.2325 m/s2 9.6998 m/s2

0 rad 0 rad 0.15g 0 0 m 1.8232 m/s2 43.6711 m/s2

0 rad 0 rad 0.3g 0 0 m 3.6392 m/s2 43.6711 m/s2

0 rad 0 rad 0.45g 0 0 m 5.4415 m/s2 43.6711 m/s2

0 rad 0 rad 0.6g 0 2.7509 m 7.2246 m/s2 43.6711 m/s2

0 rad 0 rad 0 0.15g 0 m 22.7714 m/s2 43.6562 m/s2

0 rad 0 rad 0 0.3g 0 m 23.2802 m/s2 43.6562 m/s2

0 rad 0 rad 0 0.45g 13.3609 m 23.2802 m/s2 43.6562 m/s2

10. Performance analysis

Proportional navigation can guarantee interception of a
target moving with constant velocity. If the target is maneu-
vering or accelerating, there can be nonzero miss distance.
Proportional navigation can ensure interception even if
there is an initial heading error, although this requires the
missile to have more energy available and larger demanded
accelerations. Table 2 shows performance for various head-
ing errors and target accelerations. Final miss distance and
maximum required accelerations are chosen as a measure
of performance. It can be seen that proportional naviga-
tion can nullify the miss distance due to the initial heading
error given that the missile can achieve demanded lateral
acceleration. If the target is accelerating, the proportional
navigation may not be able to nullify the miss distance.

11. Conclusion

This article presents design and simulation of missile hom-
ing system. The missile homing system consist of guidance
law, autopilot and imaging based target tracking subsystem
(missile seeker). In this work the guidance law is based
on true proportional navigation. Autopilots stabilize roll
angle and regulate horizontal and vertical accelerations.
They are standard linear multi loop controllers. Two axes
(pitch, yaw) gimbaled seeker use standard PID controllers
to track the target. The seeker uses state-of-art deep ma-
chine learning YOLO (You Only Look Once) object detector
for tracking error measurements and LOS rate estimation.
Comprehensive homing missile simulator is developed, and
simulation results show robust accuracy of the proposed
scheme to target velocity, launch heading errors and low
level target maneuvering. Our future research work will
focus on design and simulation of advanced guidance and
control laws, as well as design and simulation of advanced
machine learning algorithms.
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ABSTRACT: Estimating the natural voluntary movement of human joints in its entirety is a 
challenging problem especially when high accuracy is desired. In this paper, we build a modular 
estimator to estimate the elbow joint motion including angular displacement and direction. Being 
modular, this estimator can be scaled for application to other joints. We collected surface 
Electromyographic (sEMG) signals and motion capture data from healthy participants while 
performing elbow flexion and extension in different arm positions and at different effort levels. We 
preprocessed the sEMG signals, extracted features array, and used it to train an ANN-based Softmax 
classifier to estimate the angular displacement and movement direction. When compared against the 
motion cap-ture data, the classifier achieved estimation accuracy ranging from 80% to 90% with a 
resolution of 5°, which translates into Pear-son Correlation Coefficient (PCC) ranging from 0.91 to 0.95. 
Such high PCC values in mimicking the voluntary movement of the upper limb may help toward 
building intuitive prostheses, exoskeletons, remote-controlled robotic arms, and other Human Ma-
chine Interface (HMI) applications. 

KEYWORDS: Elbow Angle Estimation, ANN, Softmax Classifier, sEMG, Signal Processing 

 

1. Introduction and Literature Review  

An Individual’s intent to perform any physical 
movement that involves the contraction of skeletal 
muscles can be estimated by analyzing the corresponding 
muscles’ electromyography (EMG) signal [1,2]. An EMG 
signal is the electrical manifestation of the neuromuscular 
activation associated with a muscle contraction [3]. EMG 
signals are characterized as a stochastic and nonlinear 
signal due to a large number of motor units and their 
different firing rates, as it carries the brain command to 
create a muscle contraction [4]. Since the EMG signal has a 
low signal-to-noise ratio in addition to its stochastic 
nature, it is hard to fully utilize the information embedded 
in it with high accuracy without implementing various 
filtering, dimension reduction, and/or pattern recognition 
techniques [4,5]. EMG can be measured by using one of 
two methods; surface EMG or sEMG and intramuscular 
EMG. sEMG is measured on the skin above the muscle of 
interest using an electrode to measure the muscle’s 
electrical activity i.e. EMG signal [6]; therefore, this 

technique is categorized as noninvasive [6,7]. 
Intramuscular EMG, on the other hand, is measured from 
within the muscle of interest by inserting thin metal 
electrodes into the muscle and referenced to the surface 
electrode placed above the muscle [8]. Consequently, it 
requires more caution than sEMG to perform and it is 
considered an invasive procedure [9,10]. As a result, 
sEMG is the dominant method to study how the human 
body controls skeletal muscles as it is safer, easier to 
perform, and can be implemented in end products with 
less complexity [7,10]. 

This work focuses on estimating the direction and 
angular displacement of the elbow’s joint flexion and 
extension movement using the information embedded 
within sEMG data of the related muscles. Below we 
mention some of the related research addressing the same 
problem using various methods. The authors trained an 
Artificial Neural Network (ANN) to estimate the upper 
limb joint angles from related muscles’ sEMG data, in their 
experiment setup the upper arm was held fixed at the 
shoulder level [11]. Their ANN was able to follow the 
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target angle in training data, and they showed low average 
Mean Square Error (MSE) for eight participants. The 
authors measured the upper limb joint angles, muscles 
EMG and set a constant load to estimate the angle-torque 
relation during constant muscle activation in able-bodied 
humans using ANN [12]. The authors showed the 
effectiveness of Kalman Filter in linearizing a set of twelve 
time-domain features. They estimated the elbow joint 
angle during elbow flexion with a fixed load and position 
which in turn increased the elbow angle estimation 
accuracy [13]. The authors used least squares support 
vector regression to estimate the knee and hip joint angles 
using sEMG signals [14]. Their data was from able-bodied 
participants performing treadmill and leg extension 
exercises. They were able to achieve single-digit Root 
Mean Square Error (RMSE) between measured and 
estimated joint angles in training data. The authors were 
able to estimate the elbow joint angle in able-bodied 
participants, using multiple time-delayed features of the 
sEMG and random forests [15]. They were able to achieve 
single-digit MSE but they had a fixed time window, with 
strictly one degree of freedom, fixed arm effort, and fixed 
arm orientation. The same authors from [15] used grey 
feature weighted least square support vector machine 
algorithm to estimate the elbow joint angle [16]. Similar to 
[15], the estimation was for one degree of freedom while 
the elbow was fixed on the table, and the starting angle 
between the forearm and the upper arm was 90°and the 
wrist joint was kept along the forearm and again all the 
movements were done with empty hand i.e. single effort 
level. The authors used EMG to model muscle activation 
with the help of a feed-forward ANN and Gaussian 
process to estimate the fingers’ joint angles of ten able-
bodied participants [17]. Their estimation involved more 
than one degree of freedom, but was held constant at one 
effort level. The authors used Radial Basis Function ANN 
to estimate the elbow joint angle for a flexion and 
extension movement in healthy participants [18]. Their 
experimental setup included fixed elbow location, fixed 
elbow orientation, and a fixed effort level. They achieved 
correlation coefficient values between actual and 
estimated angle ranging from 0.76 to 0.91 depending on 
the movement speed.  

The above literature review shows that most, if not all, 
of the related research, did not account for the following 
factors when trying to estimate the elbow’s joint 
movement: 

1. Different limb orientation when performing the 
movement 

2. Carried load changes between trials of the same 
movement 

3. Movement speed variation between trials 

Therefore, the goal of this work is to estimate the 
human elbow joint displacement and direction using 
sEMG signals for one degree of freedom at two different 
limb orientations, two different load levels, and variable 
movement speed, thus expanding on the previously 
mentioned studies. By developing such a versatile joint 
angle estimator, we broaden the utilization of sEMG signal 
data in different Human Machine Interface (HMI) 
application. For an instant prosthesis development has, in 
a way, surpassed the current limb action estimation 
techniques; as modern prostheses have multiple degrees 
of freedom, actuated by motors capable of fine movements 
[19], while the majority of the cur-rent literature focuses on 
the estimation of the limb torque during a muscle 
contraction and not so on the final location of the limb [19–
21]. The estimator developed in this work is designed with 
a modular approach from the software point of view; so it 
can be scaled to other joints and their corresponding 
muscle groups, e.g., the wrist or the shoulder. 

2. Elbow Joint Movement Estimation 

In this section, we describe the biomechanics of the 
elbow joint and which muscles to focus on to estimate the 
elbow flexion and extension movement, we also discuss 
the sEMG signal characteristics and the procedure used in 
collecting sEMG data for this study. Then we show the 
methods used to preprocess this data and the building 
blocks of the elbow angle estimator, and by the end of this 
section, we show the estimation results of the developed 
estimator and the correlation factor between the actual 
and estimated elbow angles.   

2.1. Elbow Joint Anatomy and Biomechanics 

Healthy humans take their elbow joint function for 
granted, but as researchers try to tackle this joint, they 
realize how complicated this joint is. The elbow joint 
consists of and is a pathway to a lot of different types of 
bone structures, tissues, vessels, and fibers [22,23], 
however in this work we are focusing on the muscles 
responsible for flexing and extending the joint which can 
be divided into two groups [23]. 

1. The prime movers and heavy lifters of the forearm are 
[23]: 

A. Biceps   (Elbow Flexion) 

B. Brachialis  (Elbow Flexion) 

C. Triceps   (Elbow Extension) 

2. The secondary movers and supporting muscles are 
[23]: 

A. Brachioradialis  (Elbow Flexion) 

B. Pronator teres  (Elbow Flexion) 

C. Anconeus  (Elbow Extension) 
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The location of the three heavy lifting muscles in 
number 1 above with respect to the upper limb is shown 
in Figure 1 [22]. 

Triceps 
Lateral 
Head

Triceps 
Long 
Head

Brachialis

Biceps 
Long 
Head

Biceps 
Short 
Head

 
Figure 1: Shows the location of elbow joint muscles targeted in this 

study [22]. 

What is interesting is that the body utilizes the elbow 
muscles in a selective, highly case-dependent manner [22]. 
For unconstraint and unloaded forearm moving at 
medium speed, and when the arm is on the side of a 
standing hu-man, biceps, and brachialis are mainly used 
to raise and lower the arm, and triceps is mainly used to 
stabilize the elbow. This movement is known as biceps 
curls. And the opposite is true when the hand is raised 
above the shoulder and the arm is extended to the top. In 
this case, the triceps is mainly used to extend the arm, 
biceps and brachialis are used to stabilize the elbow, this 
movement is known as triceps extension [23]. 

2.2. sEMG Signal Limitations 

Many researchers agree that sEMG is the most 
common and most feasible way to study limbs’ 
movements and to control prosthetic limbs [24]. 
Nevertheless, getting useful data from the stochastic 
sEMG signal has its own challenges [25]. Common 
disadvantageous characteristics and noise sources of 
sEMG signal are [26–30]: 

1. sEMG signal is Quasi-Random in nature 

2. High noise to signal ratio (NSR)  

3. Cross-talk noise, which can be mitigated by using 
smaller footprint sensors and by accurately 
targeting the muscles in question 

4. Inherent equipment and electrode noise (can be 
estimated to a certain degree from resting trials of 
sEMG data re-cording session) 

5. Inherent electromagnetic noise from the 
environment e.g. electric power, (part of which can 
be figured out from the power line frequency, 60 
Hz in the USA) 

6. Motion artifact noise (usually high amplitude, 
comparable to sEMG signal and low frequency 1-
10 Hz) 

7. Heartbeat artifact noise, which is usually very 
consistent with Electrocardiographic (ECG) signal. 

8. Other biological noise sources, e.g. blood flow 
velocity, fat index, and skin temperature. 

9. Fatigue resulting from task repetition and/or 
increasing the load has its toll on the sEMG signal. 

10. sEMG signal distribution is highly non-Gaussian 
at low and high levels of force, whereas the 
distribution has its maximum gaussianity at the 
mid-level of maximum voluntary contraction 
(MVC). Therefore some techniques may work well 
at certain levels of the contraction power and fail at 
different levels [28]. 

It is obvious that most of the above-mentioned 
drawbacks are biological noises, some of which can be 
dealt with using different kinds of filters, and others will 
need different approaches to get more accurate data from 
the sEMG. 

2.3. Data Collection 

Since we can reflect the sEMG signal processing and 
classification from able-bodied to amputees with not 
much loss of accuracy [31,32], in this study we will only 
collect data from volunteer able-bodied participants. The 
data collection was done in accordance with the 
Institutional Review Board (IRB) guidelines. Our study 
was approved by IRB with protocol number 18-134-R1. 
After describing the whole procedure to the volunteers 
and signing the consent form, four silver/silver chloride 
(Ag/AgCl) electrodes were put on the muscles responsible 
for flexing and extending the elbow joint. The first channel 
was assigned to the biceps between the long-head and 
short-head, the second to brachialis, the third to triceps 
lateral, and the fourth and last channel was assigned to 
triceps long head. Retro-reflective markers were placed on 
the right arm of the participants to utilize the Vicon motion 
capture system to measure the elbow joint angular 
displacement. Noraxon TeleMyo Direct Transmission 
System (Noraxon  USA Inc)  was used to record the sEMG 
and motion data. The sEMG sampling frequency was set 
to 1500 Hz. Each participant was asked to perform fifteen 
arm flexing and extension movements at their own pace in 
three different arm positions: 

A. The arm is relaxed by the participant side, a.k.a 
biceps curl movement  

B. The arm abducted to shoulder height to the side of 
the participant, in which the elbow flexes and 
extends in the horizontal plane, perpendicular to 
the gravitational force. 

C. Arm above the shoulder, i.e. overhead arm 
extension movement a.k.a triceps extension. 
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All three of the above movements were done with an 
empty hand and while holding a 5-pound weight (two 
effort levels). We also recorded sEMG data for each arm 
position while it’s idle i.e., with no movement. Each trial 
lasted approximately 20 seconds which is the average time 
the participants took to complete 15 repetitions. 

We allocate 80% of the acquired data for training the 
classifier and 20% for testing it. We also implement a five-
fold cross-validation method on the whole data to verify 
the effectiveness of the classifier across all sections of the 
data. 

2.4. Signal Preprocessing 

As mentioned in Section 2.2, sEMG signal suffer from 
different kinds of noise; to address some of these signal 
imperfections, preprocessing is a must to obtain useful 
information out of the signal. In this case, we have 
implemented the following: 

1. Removal of DC bias. 

2. Notch filters to filter out power line fundamental 
and harmonic frequencies. 

3. Bandpass filter allowing frequencies ranging from 
30-400Hz to pass and has a low band stop 
frequency of 25Hz and a high band stop frequency 
of 450Hz. 

4. Scaling up the signal by a factor of two. 

2.5. Elbow Joint Motion Estimator 

In this section, we design the estimator which will 
estimate the elbow joint’s angular displacement 
magnitude in degrees, as well as its movement direction. 
Furthermore, it needs to do so while being insensitive to 
the elbow’s angu-lar speed, orientation, or load changes. 

The designed estimator is a classifier at its core, and to 
be more specific it is an ANN-based Softmax classifier. The 
softmax function is shown in (1) [33]: 

𝑃𝑃(𝑐𝑐𝑟𝑟|𝑥𝑥) =

⎩
⎨

⎧
𝑃𝑃�𝑥𝑥�𝑐𝑐𝑟𝑟�𝑃𝑃(𝑐𝑐𝑟𝑟)

∑ 𝑃𝑃�𝑥𝑥�𝑐𝑐𝑗𝑗�𝑃𝑃�𝑐𝑐𝑗𝑗�𝑘𝑘
𝑗𝑗=1

    , (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)

𝑃𝑃(𝑐𝑐𝑟𝑟|𝑥𝑥) = 𝑒𝑒𝑎𝑎𝑟𝑟

∑ 𝑒𝑒𝑗𝑗
𝑎𝑎𝑘𝑘

𝑗𝑗=1
   , � 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�
 (1) 

Where 

𝑎𝑎𝑟𝑟 = ln�𝑃𝑃(𝑥𝑥|𝑐𝑐𝑟𝑟)𝑃𝑃(𝑐𝑐𝑟𝑟)�  

𝑃𝑃(𝑥𝑥|𝑐𝑐𝑟𝑟) is the conditional probability of the sample 𝑥𝑥 
given class 𝑟𝑟  and it has to satisfy the following two 
conditions: 

0 ≤ 𝑃𝑃(𝑐𝑐𝑟𝑟|𝑥𝑥) ≤ 1   ,   ∑ 𝑃𝑃�𝑐𝑐𝑗𝑗�𝑥𝑥�𝑘𝑘
𝑗𝑗=1 = 1 

𝑃𝑃(𝑐𝑐𝑟𝑟) is the class prior probability 

and the ANN is trained using the scaled conjugate 
gradient algorithm, [34] provides an elaborate explanation 

on this algorithm. The selected loss function for this 
training is cross-entropy which is given in (2) [33]: 

𝐸𝐸 = − 1
𝑛𝑛
∑ ∑ 𝑡𝑡𝑖𝑖𝑖𝑖 ln�𝑦𝑦𝑖𝑖𝑖𝑖� + �1 − 𝑡𝑡𝑖𝑖𝑖𝑖� ln�1 − 𝑦𝑦𝑖𝑖𝑖𝑖�𝑘𝑘

𝑗𝑗=1
𝑛𝑛
𝑖𝑖=1  (2) 

Where 

𝐸𝐸 is the loss function 

𝑁𝑁 is the number of samples 

𝐾𝐾 is the number of classes 

𝑡𝑡𝑖𝑖,𝑗𝑗 means the 𝑖𝑖𝑡𝑡ℎ sample belongs to the 𝑗𝑗𝑡𝑡ℎ class 

𝑦𝑦𝑖𝑖𝑖𝑖 is ANN response for sample 𝑖𝑖 for class 𝑗𝑗 

As mentioned in section 2.2 sEMG has some random 
properties and inherited noises associated with it; thus, be-
fore feeding the sEMG data to the estimator it needs to 
undergo a feature extraction process. This process serves 
two key purposes: 

1. Dimension reduction and normalization. 

2. Amplify useful data and suppress noises. 

Then the classifier will use the extracted features array 
instead of the sEMG data to do the classification. 

We have chosen the following time-domain features: 

1. Mean Absolute Value; 𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑁𝑁
∑ |𝑥𝑥𝑛𝑛|𝑁𝑁
𝑛𝑛=1  

2. Number of Zero Crossings; 𝑁𝑁𝑁𝑁𝑁𝑁 = ∑ 𝑠𝑠(𝑥𝑥𝑖𝑖 , 𝑥𝑥𝑖𝑖+1)𝑁𝑁−1
𝑛𝑛=1  

 Where 𝑠𝑠(𝑥𝑥, 𝑦𝑦) = �1 𝑖𝑖𝑖𝑖(𝑥𝑥 ∙ 𝑦𝑦) < 0
0 𝑖𝑖𝑖𝑖 (𝑥𝑥 ∙ 𝑦𝑦) ≥ 0 

3. Number of Slope Sign Changes; 𝑆𝑆𝑆𝑆𝑆𝑆 =
∑ 𝑠𝑠𝑠𝑠(𝑆𝑆𝑆𝑆𝑖𝑖 , 𝑆𝑆𝑆𝑆𝑖𝑖+1)𝑁𝑁−1
𝑛𝑛=2  

Where 𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑦𝑦) = �1 𝑖𝑖𝑖𝑖(𝑥𝑥 ∙ 𝑦𝑦) < 0
0 𝑖𝑖𝑖𝑖 (𝑥𝑥 ∙ 𝑦𝑦) ≥ 0   and  𝑆𝑆𝑙𝑙𝑖𝑖 =

𝑦𝑦𝑖𝑖−𝑦𝑦𝑖𝑖−1
𝑥𝑥𝑖𝑖−𝑥𝑥𝑖𝑖−1

 

4. Root Mean Square Value; 𝑅𝑅𝑅𝑅𝑅𝑅 = �1
𝑁𝑁
∑ 𝑥𝑥𝑛𝑛2𝑁𝑁
𝑛𝑛=1  

5. Variance within each Channel; 𝐶𝐶ℎ𝑉𝑉𝑉𝑉𝑉𝑉 = 1
𝑁𝑁−1

∑ |𝑥𝑥𝑛𝑛 −𝑁𝑁
𝑛𝑛=1

𝜇𝜇|2 

 Where 𝜇𝜇 = 1
𝑁𝑁
∑ 𝑥𝑥𝑛𝑛𝑁𝑁
𝑛𝑛=1  

6. Variance Across Channels; 𝐴𝐴𝐴𝐴ℎ𝑉𝑉𝑉𝑉𝑉𝑉 =
1

𝑛𝑛𝑛𝑛ℎ−1
∑ �𝑥𝑥𝐶𝐶ℎ𝑛𝑛 − 𝜇𝜇�2𝑛𝑛𝑛𝑛ℎ
𝑛𝑛=1  

 Where 𝜇𝜇 = 1
𝑛𝑛𝑛𝑛ℎ

∑ 𝑥𝑥𝐶𝐶ℎ𝑛𝑛
𝑛𝑛𝑛𝑛ℎ
𝑛𝑛=1  

7. RMS Difference between Agonist (𝐴𝐴𝐴𝐴) and Antagonist 
(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)  Muscles; 𝑅𝑅𝑅𝑅𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∑ 𝑅𝑅𝑅𝑅𝑆𝑆𝑛𝑛

𝑁𝑁𝐴𝐴𝐴𝐴
𝑛𝑛=1 −

∑ 𝑅𝑅𝑅𝑅𝑆𝑆𝑛𝑛
𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 
𝑛𝑛=1  

8. Integration of absolute value of sEMG; 𝐼𝐼|𝐸𝐸𝐸𝐸𝐸𝐸| =
∑ |𝑥𝑥𝑛𝑛|𝑁𝑁
𝑛𝑛=1 ∗ 𝑡𝑡𝑠𝑠 

 Where: 𝑡𝑡𝑠𝑠 = 1
𝑠𝑠𝑠𝑠

 ; 𝑠𝑠𝑠𝑠 is the sampling frequency 
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9. Signal Power; 𝑆𝑆𝑆𝑆 = ‖𝑥𝑥‖2

𝑁𝑁
 

 Where ‖𝑥𝑥‖ = �𝑥𝑥12 + 𝑥𝑥22 + ⋯+ 𝑥𝑥𝑁𝑁2  

10. Average of the Signal RMS Envelope; 𝑅𝑅𝑅𝑅𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
1
𝑁𝑁
∑ 𝑅𝑅𝑅𝑅𝑆𝑆𝑛𝑛𝑁𝑁
𝑛𝑛=1  

And the following frequency-domain features: 

1. Mean Signal Frequency; 𝑚𝑚𝑚𝑚 = ∑ 𝑆𝑆𝑃𝑃𝑛𝑛∙𝑓𝑓𝑛𝑛𝐹𝐹
𝑛𝑛=1
∑ 𝑆𝑆𝑃𝑃𝑛𝑛𝐹𝐹
𝑛𝑛=1

 

2. Average Waveform Length; 𝑊𝑊𝐿𝐿 = 1
𝑚𝑚𝑚𝑚

 

From section 2.3 and the previously mentioned 
features, we have a 4×12 feature array for each time 
window. This array has a fixed size regardless of the time 
window length and therefore helps the classifier to be 
indifferent to the joint motion speed. Thus, the input layer 
of the ANN classifier is set to be 48. One positive side effect 
of having multiple signal features is the compensation for 
a relatively low number of sEMG signal electrodes [35], as 
we examined only four muscles in this study.  

Since the angular range of motion of a healthy human’s 
elbow joint flexion-extension movement is [0°,145°] [36], 
we have selected the classes to be 0°, -5°, and +5° to keep 
the estimation resolution at 5° or 3.45% at a theoretical 
100% classification accuracy. Where 0° represents a no-
movement, -5° represents 5° flexion movement, and +5° 
represents 5° extension movement. However, 100% 
classification accuracy is hard to achieve especially with 
sEMG data, therefore, we have added two more classes -
10°, and +10° to boost the overall classification accuracy. 
This is true because classes having the same direction but 
different displacements have more features similarity than 
classes with the same displacement and different 
direction. Therefore, the classifier is more likely to miss 
classify +5° as +10° than to miss classify +5° as -5° and vice 
versa. So, adding these extra two classes will aid in 
keeping the classification accuracy within 5°. As a result, 
the output layer of the ANN classifier is set to be 5, 
corresponding to 5 distinct classes. We have chosen 
Matlab R2020a to build the estimator and hence the 
classifier; Figure 2 shows a block diagram of the designed 
ANN classifier, Figure 3 shows the data flow throughout 
the elbow joint motion estimation system. 

Input
Features

Array

Output
Classes

W

b

+

Softmax Layer

 
Figure 2: The ANN softmax classifier block diagram. 
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Figure 3: The elbow joint motion estimator flow chart. 

2.6. Estimation Results 

This section shows the results of the elbow joint 
movement estimation. We first begin by training the ANN 
soft-max classifier for the training data set for a maximum 
of 4000 epochs. Training data and testing data of biceps 
curl motion confusion matrices are shown in Figure 4 and 
Figure 5 respectively. 

 
Figure 4: Classifier’s confusion matrix for the training data. 

 
Figure 5: Classifier’s confusion matrix for the testing data. 
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The order of the classes at the output layer of the 
classifier is as follows +5°, +10°, -5°, -10°, and 0°. If we look 
closer into Figure 4 and Figure 5 we can notice that most 
of the confusion happens between the same direction 
motions. So, if we do a simple probability analysis on the 
testing data, we can see that adding the two longer 
displacement classes helps in keeping the error within 5°. 

𝑘𝑘+5° = 88.1% ; 𝑘𝑘+10° = 89% 
𝑘𝑘−5° = 88.5% ; 𝑘𝑘+10° = 85.5% 

𝑘𝑘+5°𝑜𝑜𝑜𝑜+10° = 88.1% + 89% − (88.1% × 89%) = 98.69% 
𝑘𝑘−5°𝑜𝑜𝑜𝑜−10° = 88.5% + 85.5% − (88.5% + 85.5%)

= 98.33% 
Adding two longer displacement classes helps in 

increasing the accuracy of the classifier in determining the 
direction to more than 98%. This is true because most of 
the confusion happens between the same direction 
movement as they have more similarity across their 
features. 

 
Figure 6: Biceps curls with a 5 pound weight target angle versus 

estimated angle (confusion for training and testing data are 89.2% and 
88.6% respectively). 

 
Figure 7: Biceps curls with empty-handed target angle versus 

estimated angle (confusion for training and testing data are 88.5% and 
80% respectively). 

 
Figure 8: Arm flexion and extension at shoulder level in a horizontal 
plane target angle versus estimated angle (confusion for training and 

testing data are 90.4% and 83.5% respectively). 

Figure 6, Figure 7, and Figure 8 show the actual joint 
angle versus estimated angle, training and testing data, for 
biceps curl with 5 pounds weight, biceps curl empty-
handed and arm at shoulder level flexion and extension 
respectively. 

We have chosen Pearson Correlation Coefficient (PCC) 
as a performance index when comparing the estimated 
elbow angle against the actual angle because unlike other 
commonly used performance indices, it is proven to be 
more accurate in representing the statistical association 
between two continuous variables as it employs the 
covariance between the two variables in its calculation 
[37]. PCC value ranges from +1 to -1, the closest it gets to 
+1 the more the two vectors are similar to each other. PCC 
can be found using (9) [16]: 

𝑃𝑃𝑃𝑃𝑃𝑃(𝑆𝑆𝑆𝑆𝑔𝑔1, 𝑆𝑆𝑆𝑆𝑔𝑔2) = 𝑐𝑐𝑐𝑐𝑐𝑐(𝑆𝑆𝑆𝑆𝑔𝑔1,𝑆𝑆𝑆𝑆𝑔𝑔2)
𝜎𝜎𝑆𝑆𝑆𝑆𝑔𝑔1∙𝜎𝜎𝑆𝑆𝑆𝑆𝑔𝑔2

  (9) 

Where  

𝑐𝑐𝑐𝑐𝑐𝑐(𝑆𝑆𝑆𝑆𝑔𝑔1, 𝑆𝑆𝑆𝑆𝑔𝑔2 )  is the covariance of 𝑆𝑆𝑆𝑆𝑔𝑔1  and 𝑆𝑆𝑆𝑆𝑔𝑔2 
which is given by (10) 

𝑐𝑐𝑐𝑐𝑐𝑐(𝐴𝐴,𝐵𝐵) = 1
𝑁𝑁−1

∑ (𝐴𝐴𝑖𝑖 − 𝜇𝜇𝐴𝐴)∗(𝐵𝐵𝑖𝑖 − 𝜇𝜇𝐵𝐵)𝑁𝑁
𝑖𝑖=1   (10) 

𝜇𝜇𝑥𝑥 is the mean of 𝑥𝑥, which is given by  𝜇𝜇𝑥𝑥 = 1
𝑁𝑁
∑ 𝑥𝑥𝑛𝑛𝑁𝑁
𝑛𝑛=1 , 

and (∗) denotes the complex conjugate. 
𝜎𝜎𝑆𝑆𝑆𝑆𝑔𝑔1 and 𝜎𝜎𝑆𝑆𝑆𝑆𝑔𝑔2  are the standard deviation of 𝑆𝑆𝑆𝑆𝑔𝑔1 and 

𝑆𝑆𝑆𝑆𝑔𝑔2 respectively and it's given by (11) 

𝑆𝑆 = � 1
𝑁𝑁−1

∑ |𝐴𝐴𝑛𝑛 − 𝜇𝜇|2𝑁𝑁
𝑛𝑛=1   (11) 

Table 1 list the PCC values for the estimated elbow joint 
movements for both training and testing sets for the 
designated movement. 

 

http://www.jenrs.com/


  Abdullah Y. Al-Maliki et al., Estimation of Elbow Joint 

www.jenrs.com                        Journal of Engineering Research and Sciences, 3(4): 01-09, 2024                                            7 

Table 1: Elbow joint movement estimation correlation coefficient. 

Movement 
Training / 

Testing 
PCC 

Biceps curl with an empty hand 
Training 0.92 
Testing 0.92 

Biceps curl with 5 lbs. 
Training 0.94 
Testing 0.95 

Triceps extension with an empty hand 
Training 0.92 
Testing 0.91 

Triceps extension with 5 lbs. 
Training 0.95 
Testing 0.95 

Arm flexion at shoulder level in a 
horizontal plane with an empty hand 

Training 0.92 
Testing 0.92 

Arm flexion at shoulder level in a 
horizontal plane with 5 lbs. 

Training 0.94 
Testing 0.92 

Figure 9 shows the histogram of time-window length 
in seconds for weighted biceps curls (i.e., 5 lbs) which in 
turn shows that the estimator was able to work with a 
variety of time-window sizes for the same angular 
displacement (and thus variable speeds) and still maintain 
high accuracy, i.e. +80% in classification and 0.91 in 
correlation. 

 
Figure 9: Time-window length in seconds. 

3. Discussion 

This work describes human’s upper limb movement 
estimation using sEMG data. We have designed an 
estimator that can estimate elbow joint movement 
immediately after the neural command sensed through 
sEMG signals at the muscles. Three muscles were targeted 
in this work, biceps brachialis, and triceps. The raw sEMG 
signal underwent preprocessing before it was fed to the 
estimator. The estimator used a combination of time and 
frequency domain features extracted for each sEMG 
channel. The features array is then fed to an ANN-based 
softmax classifier to be trained to classify five classes in 
joint angle displacement. The classifier had an accuracy 
ranging from 80- 90% for different effort levels and limb 
orientation. The classification was easier for the classifier 

when the participant carried weight in his hand, which 
increase the accuracy by 5-7%. The selection of the classes 
and the accuracy of the classifier translates to PCC 
between actual and estimated angles ranging from 0.91 to 
0.95.  

This study aimed to estimate the voluntary movement 
of upper extremities at the joint level. Since the 
appendicular skeleton has 126 bones [22], it’s not feasible 
to estimate all the joints movements in one study. To 
compensate for that we build an estimator that is modular 
from the software point of view. We believe the developed 
estimator can work to estimate the movement of any joint 
in the appendicular skeleton with no modification if we 
use 4 sEMG channels per joint per degree-of-freedom; 
assuming that we can properly distinguish agonistic and 
antagonistic muscles for the chosen joint. 

We have chosen the elbow joint for this study because 
of three main reasons: first, ease of access to its agonistic 
and antagonistic muscle groups; second, its movement can 
be done in different planes with respect to the torso; and 
third, we can vary the joint load easily by asking the 
participant to hold weights. The last two reasons are 
essential to check the versatility of the estimator and to 
make sure it has consistent estimation in different 
movement conditions. We see this as a necessity because 
all the related literature reviewed in this study did not 
account for such variation during joint movement 
estimation  [11–16]. Furthermore, we validate the 
estimator across the whole dataset by implementing a five-
fold cross-validation technique when training and testing 
the estimator. 

Being based on ANN, the softmax classifier took a 
relatively long time to be trained, and it averaged about 30 
minutes for the whole data set. But, on the other hand, the 
average estimation time per segment was about 1 
microsecond, and according to the research in [38], this 
speed is more than sufficient for real-time applications. 
We used Windows 10 Pro 64-bit PC with Intel Core i7-
4790K CPU and 32 GB RAM and Matlab R2020a to train 
and test the estimator, which can be a valid option for 
some but not all Human Machine Interface (HMI) 
applications targeted to benefit from this study. 

The developed estimator can predict the current data 
segment joint angle with high accuracy regardless of the 
previous and the next data segment angle estimation 
accuracy.  In other words, misestimation in a single data 
segment doesn’t affect the consecutive data segments. 
Moreover, due to the selected movement classes, any 
misestimation will stay within the set 5° resolution which 
is reflected by the high PCC values shown in Table 1. The 
choice of features across time-domain and frequency-
domain, the choice of classes, and the choice of the 
classifier all contributed to high estimation accuracy with 

http://www.jenrs.com/


  Abdullah Y. Al-Maliki et al., Estimation of Elbow Joint 

www.jenrs.com                        Journal of Engineering Research and Sciences, 3(4): 01-09, 2024                                            8 

0.91 to 0.95 correlation between actual and estimated 
elbow angle by using only four sEMG sensors on the 
joint’s agonistic and antagonistic muscles. 

4. Conclusion 

The designed estimator achieved higher accuracy in 
joint movement estimation regardless of the joint 
orientation, speed, or effort level than the similar work 
reviewed in this paper. Which introduces the ability to 
continuously track the intended movement of the elbow 
joint with more than 90% correlation. Although the 
proposed estimator in this work doesn’t have 100% joint 
movement estimation accuracy, section 2.6 and Figures 5 
to 8 show that the estimator has over 98% accuracy in 
predicting the direction of the movement even if it makes 
a mistake whether the movement is 5° or 10°, as its error 
margin to predict the wrong direction of movement is less 
than 2%. 

And since the sEMG signals from able-bodied can be 
used to simulate the human limbs response in amputees 
[17,39,40], this work can be of great help towards a more 
natural myoelectric-prosthesis action, and it can also be 
used to other HMI applications. 
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ABSTRACT: The method of assessment affects on learning by determining how students manage their 
time and prioritize subjects. It is widely accepted that students may demonstrate different skills in 
different assessment formats. The authors demonstrated how e-assessment through the Halomda 
educational platform can not only improve student learning outcomes, but also enrich their learning 
experiences. In addition, it is shown how ChatGPT integrated with two new math exploration tools 
into proprietary Chat-Mat™ module, can help students learn at home and in the classroom, as well as 
support teachers in their daily work of reviewing student assignments. The outcomes of teaching 
courses with Halomda not only reveal impressive student performance on final exams but also 
illustrate a strong correlation between exam scores and weekly assignment grades. 
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1. Introduction 

 Like other learning activities, various methods of e-
learning are available, tailored to the specific knowledge 
and skills being achieved. As for the assessment, it is 
conducted considering the context and purpose, 
acknowledging that learners may demonstrate varying 
strengths in different assessment formats and that when 
students are actively engaged in the activities, it results in 
deeper thinking and long-term retention of learned 
concepts [1]. The method of assessment plays a key role in 
shaping learning outcomes, impacting how students 
allocate their time and which areas they prioritize to focus 
on [2-3]. Assessment is typically categorized into the 
following types: (1) formative assessment, which serves 
developmental purposes and occurs during the learning 
process, (2) summative assessment, which aims to 
evaluate whether students have acquired the expected 
knowledge or skills, (3) continuous assessment, which 
means that both formative and summative assignments 
are used during the course. The feedback provided 
through formative assessment assists students in tracking 
their learning progress and serves as a motivational tool. 

 E-assessment finds broad application, especially in the 
realms of formative and continuous assessment. Several 
authors [4] highlighted the fact that e-assessment employs 
traditional assessment methods but facilitated via online 
processes and digital tools.  However, it could be pointed 
out that e-learning and e-assessment are not only digital 
tools, for instance, “many students take e-assessments 
primarily for the marks, but in doing so, they learn from 
the questions and especially the feedback” [5]. As digital 
technology becomes more accessible in education, 
educators worldwide are increasingly tasked with 
addressing its potential impact on the academic success of 
the students. In [6] is argued that when interacting with 
dialog-based AI models, the goal and context of the 
desired content should be clearly and concisely defined, 
and guidance should be provided by adding the necessary 
instructions and parameters for the appropriate outcome. 
The authors agree with the authors of [7], that there are 
two main approaches in technology-assisted assessment, 
namely - assessment with technology and assessment 
through technology.  

Of course, e-learning and e-assessment has its own 
challenges. Cheating has become a greater problem with 
increased use of e-assessment [8-9], since cheating and 
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plagiarism undermine the validity and reliability of the e-
assessment process, eroding students' trust in its integrity 
[10-12], and, of course,  cheating poses a serious threat to 
important university exams whether they are conducted 
on campus or online [13]. Students’ cheating and 
plagiarism with regards to e-assessment and using AI 
technologies are object of  research of different authors [14-
15], [8], [11]. One approach to mitigate cheating in e-
assessment is through the utilization of student 
authentication and authorship checking systems, like the 
TeSLA system [8-9], [11], [16]. However, such strategies to 
combat cheating are particularly well-suited for 
humanities courses and offer limited effectiveness in 
engineering disciplines [17]. Hence, biometric and 
plagiarism-based checking systems represent just a few of 
the effective measures to mitigate cheating. One potential 
way to prevent online assessment cheating is to provide 
each student with unique test instructions, questions, and 
results. However, creating and administering 
personalized assessments for each student requires 
significant preparation time and may not be practical for 
widespread implementation. To overcome this problem, 
the use of computer-based assessment tools can help 
streamline the process and reduce the time required for 
setup. Various tools are available in widely used learning 
management systems (LMS) to create tests or multiple-
choice assignments, allowing students to submit written 
assignments to the teacher for manual grading.  

Following the increasing usage of AI technologies, and 
specifically ChatGPT, in education and learning, and 
exponentially growing number of research in this field, the 
Halomda developed a unique technology enabling 
students to create prompts including complex math 
expressions, to feed them into the built-in ChatGPT, and 
to use the answers in self-learning.  The authors share the 
hope of the authors of [6] that by overcoming concerns 
about plagiarism and leveraging the potential of artificial 
intelligence tools to remove existing barriers to learning, 
“the educational community will flourish in an 
increasingly AI-enhanced world”. 

 This paper is organized as follows: Section 2 discusses 
the related systems in the field of a math e-assessment; 
Section 3 presents the abilities of the Halomda system; 
Section 4 is devoted to the e-learning and e-assessment 
based on the Halomda platform; Section 5 draws 
conclusions. 

2. E-assessment in higher mathematics courses 

The use of e-assessment in higher mathematics courses 
has been shown to be successful in various studies. In [18], 
the authors stated that the implementation of e-
assessment strategies, particularly using multiple-choice 
questions in Moodle, led to improvements in teaching and 
learning processes. In [19], the author further supported 

this, demonstrating the effectiveness of online quizzes as a 
form of assessment in pure mathematics. However, in [20] 
is highlighted the need for further research on the practice 
of assessment in proctored and unproctored math e-
learning courses, particularly in relation to academic 
integrity. Some known systems that support online 
assignments in mathematics, are: STACK [21], WebAssign 
[22], WeBWorK [23], Numbas [24]. These systems 
primarily target basic mathematics, which imposes 
limitations on the complexity of problems that can be 
presented. 

 STACK utilizes a computer algebra system (CAS) 
called Maxima, which is capable of handling mathematical 
tasks such as manipulating mathematical expressions. The 
primary objective of the system is to evaluate students' 
mathematical responses, generate problems, provide 
feedback, assign numerical grades, and create internal 
notes for subsequent analysis. The strength of CAS lies in 
its capacity to verify algebraic equivalence. However, if it 
is crucial to differentiate between different forms of 
answers in a given exercise, the exercise creator must 
specify in advance which answer formats are acceptable. 
Once the exercises are created, they can be reused multiple 
times, thereby reducing the time and workload for 
teachers. Furthermore, since the system operates 
independently of teacher supervision, assistants, or 
classroom availability, students can access it at any time of 
day or from any location. It's evident that not all question 
types are suitable for implementation with CAS. 
Assessing skills such as proof writing and other forms of 
reasoning cannot yet be automated [25]. Challenges that 
students may face with STACK often arise from attempts 
to use unfamiliar syntax when entering answers [26]. 

 WebAssign is a versatile web-based instructional 
system that offers students additional practice 
opportunities and provides convenient access to their 
performance assessments. The software underlying the 
platform identifies mathematically equivalent expressions 
in the background. The system offers several benefits, 
including immediate feedback, the ability for multiple 
attempts, ease of access, and access to online tutoring [26]. 
The primary drawbacks include the fact that technical 
difficulties experienced by some students, reduced 
interaction with instructors leading to possible neglect of 
assignments; the need to match the system's format 
precisely when entering answers, and a less user-friendly 
experience when asking questions in the tutoring center 
[26]. From our point of view, the utility of WebAssign is 
somewhat constrained as it primarily serves homework 
assignments. Additionally, its integration with specific 
textbooks means that it must be used in conjunction with 
the selected textbook, further limiting its applicability.  

WeBWorK is an open-source online homework system 
for math and science courses that enables teachers to 
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publish problems for students to solve online. Supported 
courses encompass a range of subjects, including college 
algebra, discrete mathematics, probability and statistics, 
single and multivariable calculus, differential equations, 
linear algebra, and complex analysis. However, it is worth 
noting that the current engineering content available in the 
WeBWorK library is limited [27]. Furthermore, the utility 
of the WeBWorK system is constrained by its primary 
focus on homework assessment. 

Numbas is an online assessment system specifically 
designed for mathematics subjects and offers several 
benefits [28]. The system excels at formative assessment 
and uses client-side grading, although it still requires a 
server to store grades. Numbas makes it easy to create 
questions using appropriate mathematical notation, and 
students can enter symbols that are displayed 
mathematically. The system supports the creation of 
complex questions with features such as randomization 
and automatic scoring and can easily integrate with 
learning management systems. However, there are 
limitations in using this system including concerns related 
to infrastructure, support, the required skills in both 
teachers and students, as well as time constraints [28].  

3. The Halomda Platform 

The primary didactic advantage of the Halomda 
platform over the aforementioned e-systems is its ability 
to integrate the three main methods of mathematical 
education - Learn, Train, and Test (Figure 1) ([29] – [31]).  

The necessity for a universal, user-friendly, simple yet 
powerful math platform prompted Halomda Educational 
Software [29] to develop Math-Xpress, initially introduced 
in 2001 [30]. Subsequently, additional modules have been 
integrated into the program, forming a multifunctional 
Math package with a unified user interface. 

  

 

 

 

Figure 1 [29]: Modes of learning  

These interconnected modules rely on proprietary 
computer algebra (CA) and interactive geometry 
algorithms, enabling linkage between modules that share 
common objects. The system comprises five modules: 

• XPress-Editor - a formula editor that allows graphical 
WYSIWYG (What You See Is What You Get) editing 
of math expressions thus enables compiling of new 
items by unexperienced in programming people [31]. 

•  XPress-Graph - a graph plotter. 

•  XPress-Geometry - a 2-D and 3-D geometry explorer. 

• XPress-Evaluator.  

• XPress-Tutor. For e-assessment purposes, it can be 
used independently; together with the XPress-Task 
Editor these modules form a comprehensive platform 
for e-teaching, e-learning, and e-assessment of 
mathematics courses. 

 Over the past few years, thousands of problems have 
been developed to cover courses in arithmetic, elementary 
algebra, and geometry for primary and intermediate 
schools, as well as algebra, trigonometry, and introduction 
to calculus for high schools. Additionally, courses in 
Calculus, Linear algebra, Differential equations, 
Probability, and Statistics have also been addressed. 
Throughout the course, students receive a comprehensive 
set of basic problems that thoroughly cover the 
curriculum. Typically, this set comprises 50 to 150 
problems, arranged into 13 weekly assignments for one 
semester [31].   

3.1. Typical student interaction with the platform 

Throughout the course, students are provided with a 
comprehensive set of basic problems that cover the entire 
curriculum. Typically, this set comprises 50 to 150 
problems, arranged into 13 weekly assignments for one 
semester [31]. In Learn mode, students are presented with 
a series of problems, each of which includes randomly 
selected parameters to ensure that different attempts 
produce different initial sets of parameters. Students have 
the opportunity to request help, which is provided at three 
levels: General help, which describes a solution method 
common to all problems within a particular topic; a List of 
steps to solve a problem with a description of each step; 
and the Result of each solution step. In Train mode, 
students are presented with multiple-choice options for 
the possible results of each step, facilitating extensive and 
interactive training.  In Test mode, no help is provided, 
and the student is required to complete a series of tasks 
that simulate the conditions of a regular test.   

Usually, students start with Test mode, attempting to 
solve problems without assistance. The system allows 
them to quit the test without penalty but limits the number 
of attempts for each task. If a student exits a Test mode due 
to difficulty, he can switch to Learn or Train modes to 
understand how to solve similar problems. Tasks in the 
Test mode differ from tasks in the Learn and Train modes 
only in the values of randomly generated parameters. The 
Learn and Train modes offer more than just problem 
solving; they include additional educational resources 
such as links to external files, websites, videos, etc. to 
enrich the learning experience. 

3.2. Mitigating cheating through the Halomda platform 

     Adaptability of students' responses significantly 
reduces the likelihood of cheating. For example, requiring 
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students to enter their answers manually rather than 
choosing from multiple answer options greatly reduces 
the likelihood of dishonesty. Math-Xpress uses two 
approaches to evaluate student responses in exam mode: 
using so called “semi-intelligent” multiple choice 
questions (SI-MCQs) and open-ended (OA) mode. This 
approach is demonstrated with a problem shown in 
Figure 2:  

 

Figure 2 [29]: Task example 

      During the Learn mode, a student has the 
possibility to get the results of each step of the problem 
solution, one of which is the proper answer, and the other 
three – wrong answers (Figure 3, a). As in usual MCQ-
mode, a student can select an answer by clicking on it (in 
our example:  𝑧𝑧1 = −1, 𝑧𝑧2 = 𝑖𝑖, 𝑧𝑧3 = 1). In case of a wrong 
answer, a student is provided with short feedback as  can 
be seen in Figure 4. 

 

Figure 3 [29]: Step results 

 

 

 

 

Figure 4 [29]: System comments 

      Due to the possibility of free-hand typing, the 
student may decide to enter another expression, for 
example, just: (−1;  𝑖𝑖;  1), and the system will accept them. 
This ability of the system is provided by the task developer 
(teacher, instructor), who endeavors to anticipate the most 
expected options for the correct answer that students can 
enter. 

In open access mode, the result windows are hidden, 
and students are prompted to manually enter the correct 
answer. Here, the task designer can choose between two 
evaluation options: the requirement of strict identity of 
expressions or their algebraic equivalence. In the first case, 

the student's answer is compared with all possible 
answers (both correct and incorrect) given in the task. In 
the latter case, the comparison is carried out using 
computer algebra methods to determine algebraic 
equivalence. For example, the following pairs of 
expressions are considered equivalent: 

 

 

An exam may consist of various tasks, each requiring a 
different assessment method. It is the responsibility of the 
teacher to determine the most suitable assessment 
approach for each problem.  

The operation of any math assessment system within 
Moodle (or another Learning Management System (LMS)) 
can enhance cheating prevention through a combination 
of random test selection and parameter randomization for 
tasks. This entails integrating Math core functionalities 
(such as computer algebra operations, expression 
evaluation, and test result calculation) into the Moodle 
code and transferring student data into the Moodle LMS. 

 Halomda has developed a plugin that enables the 
system to operate seamlessly within Moodle, facilitating 
the transfer of results into the Moodle LMS. 

3.3.  Integration of ChatGPT into the Chat-Mat™ module of 
Halomda 

In order to provide students with an easy access to 
ChatGPT, the last version of Halomda platform includes it 
as one of a new built-in features: Graph-Men (plot and 
explore graphs) (Figure 5), Algebraic Calculator 
(Equation Solver and Symbolic evaluator in 10 areas of 
mathematics) (Figure 6), ChatGPT and recommended 
Key Prompts (Figure 7).  

 

 

 

 

 

 

Figure 5: Graph Plotter 

In addition to incorporating an AI bot into the system 
interface, Halomda developed a tool to graphically edit 
mathematical expressions and present them in the LaTeX 
format required by ChatGPT. For instance, to compose a 
prompt for ChatGPT including calculation of the limit:  
lim
𝑥𝑥→0

sin𝑥𝑥
𝑥𝑥

  , it is required to type: 

lim_{x\rightarrow0}{(\frac{sinx}{x})}&& 
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The graphical editor of mathematical expressions offers 
students the ability to enter limits using the appropriate 
editor templates (Figure 8), making it easy to include 
results by copying and pasting into the ChatGPT message 
box allowing students to easily communicate with the bot. 
This feature makes communicating with the bot easier, 
allowing students to interact with it more effectively. 

 

Figure 6: Algebraic Calculator 

 

Figure 7: Chat-Mat module 

 

 

 

 

 

Figure 8: Graphical editing 

2 Key Prompts as a new form of self-learning 

The main didactical questions arose from most of the 
publications on using ChatGPT in education of 
mathematics ([32], [33], [34]) are: 

 a) How to effectively address the issue of frequently 
encountering incorrect responses from ChatGPT? 

 b) In what ways can students utilize ChatGPT as a 
math tutor beyond just direct problem-solving, 
considering the occasional inaccuracies? 

  The suggested answers, based on the teacher's 
experience and implemented by Halomda in Chat-Math 
module, can be summarized in the following statement: A 

student's knowledge of any subject in mathematics is 
directly proportional to the time spent studying the 
subject. The more activities offered to students, the greater 
success is expected! 

Following this idea, the authors suggest that the 
communication with ChatGPT will stimulate the students 
by presenting other aspects of the problem solving beyond 
the algebraic technique provided by the Learn and Train 
modes of the system. To achieve this, the authors 
recommend that students ask the AI bot diverse questions. 
These questions (called prompts) should enhance their 
overall knowledge and understanding of the subject and 
also refine their problem-solving abilities, ultimately 
leading to greater success in exams. According to [35], 
“effective prompts are characterized by the following 
fundamental principles: clarity and precision, contextual 
information, desired format, and verbosity control, which 
means that “writing effective prompts is complicated for 
nontechnical users, requiring creativity, intuition, and 
iterative refinement”. 

 To help students in composing  appropriate prompts, 
a list of recommended “Key Prompts” is included with 
each problem in the Learn and Train sections of the 
system. It consists of 3 types of prompts reflecting the 
didactical ideas to engage students, including: 

1. Solution of the equation; performing algebraic 
operations; solving integrals; finding derivatives, 
limits, etc., relevant to the topic. 

Although the solution provided by ChatGPT may 
sometimes be incorrect and/or incomplete, its added value 
lies in the complementary verbal explanation it offers; the 
contextual Help recommends the students to verify the 
answer using the Algebraic Calculator or plot graph with 
Graph-Man - two other modules included in the Chat-
Mat- package.  

2. Reminding definitions, theorems, proofs relevant to 
the subject.  

3. Asking broad questions about history, practical 
applications, "tricky" or amusing questions (like 
paradoxes, etc.).  

Providing students with a list of possible 
(recommended) prompts not only teaches them to 
compose their own prompts but also enhances their 
learning experience by providing additional content 
required for a deeper comprehension of the subject matter. 

 The only tool to communicate with ChatGPT is a 
prompt. In the case where a student is interested in asking 
for help in solving math problems from class assignments, 
it is enough to copy the question in the ChatGPT message 
window, while writing the mathematical expressions in 
LaTeX format. To achieve this, the Chat-Mat module of the 
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Halomda platform includes a tool for editing and copying 
expressions in ChatGPT. 

In addition to entering mathematical expressions for 
evaluation, it is useful to write them so that ChatGPT 
generates a concise but comprehensive answer. To 
demonstrate the students how to write math prompts, a 
short Instructions containing the rules and 
recommendations are included in the list of Key Prompts, 
thus completing the didactical need for effective use of 
ChatCPT.  

The role of Key Prompts is two-fold: firstly, to 
demonstrate students how to formulate math prompts, 
and secondly, to enhance the overall value of the course, 
as previously outlined.    

The combination of three exploration tools – Key 
Prompts, Algebraic Calculator and Graph Plotter - allows 
students to not only observe the solution (provided by 
ChatGPT), but also check its correctness using the 
Algebraic Calculator, receive explanations from ChatGPT, 
and visualize and check it using the Graph Plotter.  

The following example demonstrates the use of the 
Chat-Mat™ module to solve the following: 

Problem 1. Find the domain of the function 

𝑓𝑓(𝑥𝑥) = 3 log2(𝑥𝑥 + 4) − 1 + log2(𝑥𝑥 − 2) 

and solve the equation: 

                   3 log2(𝑥𝑥 + 4) = 1 − log2(𝑥𝑥 − 2). 

ChatGPT 3.5 gives a correct answer to the first 
question, including detailed explanations (Figure 9), but 
fails to solve the equation, giving the (correct!) comments 
for the incorrect calculations (Figure 10 and Figure 11), and 
final wrong answer (Figure 11).  

 

 

 

 

 

 

 

 

 

 

 

Figure 9: ChatGPT correct answer 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: ChatGPT miscalculation 

When students are aware of the bot's possible mistakes, 
they can follow the Instructions and try to check the result 
in another way, for example, visually - by plotting a 
corresponding graph using the graph module of Chat-Mat 
(Figure 12, a), or the Algebraic Calculator (Figure 12, b). 

The intersection of the two curves shown in Figure 
12,a), representing the graphs of the functions from two 
sides of the equation, shows that the solution given by the 
bot is wrong. This may encourage students to analyze the 
reason why this happened - this is in fact, the (hidden) 
didactical purpose of the Chat-Mat activity!   

 

 

 

 

 

 

 
 

 

Figure 11: ChatGPT wrong answer 

 

 

 

 

 

 

 

Figure 12 (a): Correct solution by Graph Plotter 
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Figure 12 (b):   Correct solution by Algebraic Calculator 

Students can check each solution step of the bot and 
discover the mistake in the calculations (Figures 10 and 
11), or/and use the Algebraic Calculator (Figure 12, b), 
compare the solutions and find the mistakes of ChatGPT. 
The AI abilities of ChatGPT enable them to continue the 
conversation and try to fix the problem (Figure 13). 

 

 

 

 

 

 

 

 

 

 

 
Figure 13:  Conversation with ChatGPT 

Such interactions between a student and three Chat-
Mat tools – ChatGPT, Graph Plotter and Algebraic 
calculator provide the opportunity for a deeper 
understanding of the subject, despite the possibility of 
ChatGPT solving the problem incorrectly. 

In order to help students in composing their own 
prompts, lists of Key Prompts have been created and 

included into several assignments in Mathematics and 
Physics, like: Complex Functions, Calculus-I, 
Transcendental Functions, Basics of Quantum mechanics 
and more.   

4. E-assessment via the Halomda platform 

The existence of software for solving mathematical 
problems has always been problematic due to the possible 
misuse of it by students during online examination. The 
Halomda platform does not allow students to get help 
neither from the built-in Algebraic Calculator or Help 
option of the system, nor to get access to ChatGPT: all such 
options are blocked during Test mode (i.e. during the 
exams).  

Using ChatGPT or math-solver software during online 
exam or even asynchronous test is practically impossible, 
as long as writing math prompts in LaTeX format 
necessities using the Halomda’s built-in tools (which are 
typically disabled during Test mode). Additionally, 
within the Test mode of the Halomda system, solution of 
a problem often requires answering intermediate steps. 
Furthermore, the randomization of task parameters helps 
mitigate cheating, which is crucial for ensuring trusted 
assessments. 

So, the e-assessment offered by the Halomda platform 
won't interfere with its solving AI abilities.           

The benefits of availability of three learning modes: 
Learn (providing the basic concepts of the subject), Train 
(allowing practice) and Test (providing opportunities for 
assessment, including self-assessment) can be 
summarized as follows: 

(1) For students, the platform offers a comprehensive 
learning tool that includes an interactive e-textbook 
and extensive training on common problems 
encountered in the final exam. Combined with the 
ability to provide instant feedback, the Halomda 
platform significantly improves the learning process.  

(2) For educators, the platform provides an interactive 
lesson presentation guide along with automatically 
generated trustworthy grades for midterm 
assignments. 

Over the past decade, five basic Higher Mathematics 
courses at Ariel University in Israel have employed the 
Halomda educational platform for teaching and 
assessment, serving more than 3,000 students annually. 
The platform's e-assessment module proved 
indispensable for conducting online assessments during 
the pandemic [36]. Additionally, Calculus-1 and 
Elementary Math courses were conducted for 60 students 
at Talpiot and Orot teachers colleges, respectively. Each 
course was structured into 13 lessons, either face-to-face or 
online, followed by problem-solving seminars. 
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Consequently, students were assigned 13 weekly tasks 
(mandatory), based on Test mode of the Halomda 
platform, typically comprising 10 tasks with randomized 
parameters. Each task included detailed solutions and 
explanations, functioning as an interactive e-textbook for 
students and an instructional guide for teachers during 
online sessions. The Train mode facilitated students' 
necessary practice, while the Test mode encouraged them 
to tackle all typical problems, comprehensively covering 
the course curriculum. 

Upon completing the course, students were invited to 
participate in an online questionnaire. The authors asked 
about their exam grades as well as the average grade for 
all Xpress-Tutor assignments. The final exam results 
revealed both high scores (Figure 14(a)) and a positive 
correlation between exam grades and weekly assignment 
grades (Figures 14 a), b)).  

 

  

 

 

 

Figure 14 (a): Grades of the final exam [31]                      

 
 
 
 
 
 
 
 
Figure 14 (b): The average grades of assignments [31] 

The authors also queried participants about their 
preferred mode of preparation for the exam. The findings 
depicted in Figure 15 revealed that Test and Train modes 
were the most favored options (70.6 and 66.7% 
respectively). 

 

 

 

 

 

 

Figure 15: The preferred mode of learning [31] 

Figures 16 and 17 display the responses of students to 
the following queries: To what extent did the system help 
you in preparing to class exam? (Figure 16) and To what 

extent was the operation of the system simple and clear? 
(Figure 17) (on both diagrams the horizontal axes show the 
rates of correspondent values).   

  

 

 

 

 

Figure 16: Rate of helpfulness [31] 

 

 

 

 

 

Figure 17: Rating of clarity of the system [31] 

The results show that students felt that the system 
significantly helped them prepare for the exam. They 
found that the use of the system is simple and clear. 

Using the Halomda platform has demonstrated 
increased student interest and engagement in the subject, 
as well as significant improvements in learning outcomes. 

5. Conclusion 

This paper analyzes the most recognized e-learning 
and e-assessment systems in the field of higher 
mathematics and highlights the limitations of each of 
them. Addressing the needs of both students and teachers, 
Halomda Educational Software has developed Math-
Xpress, a versatile, user-friendly and reliable math 
platform. Math-Xpress offers various modes of interaction 
with students, including Learn, Train, and Test modes. 
The integration of the system into LMS-Moodle is a 
beneficial feature that helps teachers in their routine test 
checking. 

To facilitate the communication of math students with  
ChatGPT, the latest version of the Halomda platform 
integrates it as a new built-in feature along with Graph-
Men for plotting and exploring graphs, Algebraic 
Calculator for equation solving and symbolic evaluation, 
and recommended Key Prompts for various topics across 
several subjects. The authors believe that dialogue with 
ChatGPT through properly formulated Prompts can 
become a new and effective form of self-learning.  

Finally, the survey results show a good correlation 
between final exam scores (which are proctored and 
administered on campus) and weekly assignment scores. 
This shows the advantages of using the Halomda platform 
for e-learning and e-assessment purposes, which can be 
considered in different directions: the ability of students to 
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learn from feedback, which significantly enhances 
students' learning activities (more than 70% of students 
rated the usefulness of the system as 4 or 5 points), andthe 
ability to get help from ChatGPT and compare its response 
with other functions of the Halomda platform.  

The further development of the system and the ideas 
behind it is planned to be focused on the fast growing if AI 
tools, and particularly their abilities in solving math 
problems in different areas of mathematics. A study on 
using of ChatGPT by students of three teachers’ colleges 
has begun and will be presented soon.   
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ABSTRACT: The article considers the issue of modeling the multi-step process of customs clearance 
of goods in foreign trade. A mathematical model of control of the process under consideration has been 
developed. A brief review of existing methods for solving the linear programming problem with 
variable coefficients of the target function is given. The essence of customs risks has been studied and 
a method for identifying customs risks of reliability using threshold matrixes has been proposed. An 
algorithm for controlling the reliability of the customs value of goods is developed and the results of 
the implementation of this algorithm are given 
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1. Introduction  

International trade has long been considered the 
fundamental form of international economic relations. The 
pace of globalization in the first quarter of the XXI century 
confirms the role of international trade as the main driver 
of socio-economic development of countries. Analysis of 
the dynamics of international trade in the period from 
2000 to 2015 shows that the export of developed countries 
increased from $4.243212 trillion to $8.613816 trillion 
(+103.00%), developing countries - from $2.059532 trillion 
to $7.344534 trillion (+256, 61%), countries with economies 
in transition - from 149.573 billion dollars to 525.571 billion 
dollars (+251.38%). On average, the volume of exports of 
world trade goods increased by 254.2% [1]. 

At the same time, the customs services of the countries 
participating in international trade play an important role 
in the international supply chain. There is a theory in the 
scientific literature, according to which any customs 
system successively passes several separate phases of its 
activity, characterized by the specificity of its relations 
both with foreign trade participants and with the state. 
Today, the customs systems of developed countries are in 
the “customs for foreign trade participants” phase, while for 
most developing countries the “customs for the government” 
phase is characteristic, and in a number of disadvantaged 
and underdeveloped countries, the “customs for 
themselves” phase is observed. [2]. 

Conversely, the faster a country's customs service 
approaches the "customs for foreign trade participants" 
phase of development, the faster the country approaches 
the level of developed countries. Today, the development 
of the activities of the customs service of each country is 
possible only through the use of modern information and 
communication technologies. Therefore, such 
requirements are imposed to the methods of customs 
service management as orientation of models on artificial 
intelligence, possibility of synthesis of adaptive control 
system and application to complex analysis of multilevel 
system.  

From this point of view, the task of optimal 
management of the process of organizing customs control 
and customs clearance of non-trading goods is relevant. 

 

2. The problem of optimal management of the 
customs clearance process  

The purpose of any type of control is to change the 
state of the control object in accordance with a 
predetermined task. Control methods should answer the 
question, "how can we construct an algorithm that can 
control a given object in a way that achieves a 
predetermined goal?". To do this, the developer needs to 
know how the control object will respond to different 
influences, that is, the control object model is needed. 
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There are many definitions to the concept of "model". 
One of them is close to our question: “A model is an object 
that allows you to study the behavior of another object, 
which is called the original”. The model and the original 
should be similar so that the conclusions drawn from 
studying the model can be applied to the original[3].  

As noted above, in order to study the control object, it 
is necessary to know how it reacts to various influences on 
it. If we denote these influences as "input" signals for the 
control object, then the changes occurring under the 
influence of these "input" signals can be regarded as 
"output" signals. That is, the object interacts with the 
external environment using "incoming" and "outgoing" 
signals.  

If the documents submitted to the customs authorities 
in this process are taken as "inputs" for modeling the 
multi-stage customs clearance process and denote them by 
X(t), then customs clearance will be carried out in 
accordance with these documents. In this case, you can 
take as an "output" signal the information received as a 
result of customs clearance, and designate it Y (t) (Fig. 1.)  

here: 
c(t), r(t), v(t)- set of impacts of customs clearance results to 
management; 
c(t) - objects of organization of customs control (goods, 
vehicles, persons), documents, additional information 
flows, etc.; 
r(t) – risks that may affect the process (information, 
human, financial and other resources); 
v(t) - obstacles to achieving the goal (refusal, etc.). 
This set of influences moves the customs clearance system 
Z(t) towards a given goal and generates a vector of output 
results Y(t). From a mathematical point of view, the 
function Y(t) is the reaction of the control object - the 
customs clearance process - to external influences. 

Optimal management of the multi-stage customs 
clearance process can be carried out with respect to a 
number of objectives. In  particular, optimization is 
envisaged in relation to one of the following goals: 

• ensuring the completeness of revenues to the state 
budget, i.e. maximization of revenues to the state 
budget; 

• minimize the amount of arrears that may not go to the 
state budget, that is, possible damage to the budget; 

• Reduction of expenses of the entrepreneur - 
participant of foreign trade, i.e. minimization of 
damage caused to him in the process of customs 
clearance; 

• minimize time for customs clearance processes; 
• other purposes. 

The purpose of this study is the optimal management 
of the customs clearance process, as well as minimizing 
the time spent on this process. Because it will ultimately 
lead to minimization of time for the customs clearance 
process, as well as to maximize revenues to the state 
budget and minimize the costs of the entrepreneur - 
participant of foreign trade. 

It is known that in the general case the question of linear 
optimization can be expressed as follows [4]: 
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      (1.2) 

In this research paper, in the formation of a 
mathematical model of optimal control of the process of 
multi-stage customs clearance in relation to the time 
consumed, it is proposed to use the stages of customs 
clearance shown in Table 1.  

 
Figure 1: The main factors of the customs clearance process 
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Table 1. "Customs Clearance Process: Task Execution Matrix" 

Estimated 
execution time 

Function names Implementer 

t1 Preparation of necessary primary documents for customs clearance 

Foreign trade 
participant or 
customs broker 

t2 
Determination of the code of goods according to the harmonized system 
Commodity nomenclature 

t3 Calculation of the customs value of goods 
t4 Calculation of customs payments 
t5 Preparation of cargo customs declaration 
t6 Ensuring customs payments 

t7 Submit a preliminary declaration to the customs authorities prior to the 
arrival of the shipment 

t8 Cargo delivery under customs control Carrier 
t9 Storage related to customs inspection procedures Customs 

warehouse jointly 
with a foreign 
trade participant 
and the customs 
service 

t10 Delay of goods due to inability to release due to technical or other reasons 

t11 Storage initiated by the owner of the goods 

t12 Request additional documents when necessary 

Customs Service 

t13 Direct the cargo to the appropriate (red, yellow or green) customs control 
lane based on the analysis of submitted documents and risk profiles 

t14 Implementation of procedures either according to the principles of red road 
customs 

t15 Implementation of procedures either on the basis of the yellow road 
customs 

t16 Implementation of procedures either according to the principles of green 
road customs 

t17 Control over the completeness of receipt of customs payments 

t18 
Release of cargo into free circulation or for export in accordance with the 
established procedure 

 

The presented list of functions is grouped into four 
main blocks. These functions are performed by customs 
authorities, foreign trade participants and enterprises 
providing services in the customs field. The organization 
of customs clearance is characterized by a large number of 
operations performed, the complexity of which is 
determined by a combination of factors: type of goods, 
country of origin, declared customs value of the goods,  

From the above table it follows that the process of 
multi-stage customs clearance covers 18 stages, of which 
stages 1-7 are performed by a foreign trade participant or 
a customs broker, stage 8 - by a cargo carrier, stages 9-11 - 
stages are performed by owners of customs warehouses, 
and for execution 12 - 18 - the stages are responsible for the 
employees of the customs service. That is, in formula (1.1), 
n = 18. 

18

1
( ) mink k

k
f t r t

=

= →∑    (1.3) 

where: rk = rk (X) – the level of risk of execution of the 
k-stage; 

X=X(x1,x2,…,x58) –vector, xi  elements of which are 
determined depending on the value of the corresponding 
columns of the cargo customs declaration. In practice, the 
level of risk of customs clearance is determined depending 
on the documents submitted for customs clearance, 
including the cargo customs declaration. 

At the same time, the estimated time of duration of the 
customs clearance process for responsible executors is 
determined by normative and directive documents, in 
particular, documents approved by the Cabinet of  

Ministers of the Republic of Uzbekistan.  If we denote 
them as b1, b2, b3 and b4, respectively, conditions (1.2) will 
come to the following form: 
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(2.1) 
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   (1.4) 

here: n=18, m1=7, m2=8, m3=11, m3=18. 
ajk=0 at the values of index j, which are not included in 

conditions (1.4) 

The above formulas (1.3) and (1.4) give a mathematical 
model of the problem of optimal control of the process of 
multi-stage customs clearance. 

3. Analysis of existing methods for solving the linear 
programming problem with variable coefficients 

The obtained results (1.3) and (1.4) show that the 
mathematical model of the problem of optimal control of 
the process of multistage customs clearance has the form 
of a linear programming problem with variable 
coefficients of the objective function. Currently, there are a 
number of effective methods available for solving the 
linear programming problem. 

In particular, for constant values of the coefficients (rk) 
of the objective function (1.3) under the limiting conditions 
(1.4), a number of methods are used in practice to 
determine its minimum value. These include methods 
such as the simplex method, the deployment of a function 
on algebraic polynomials, Fourier series, the use of spline 
functions, and others. A sufficient number of computer 
programs for numerical solution of this problem have 
been implemented.  

However, the features of the problem of optimal 
control of the multi-stage customs clearance process, 
which is described in (1.3) - (1.4) are variable coefficients 
of the target function. The functions rk = rk(X) which 
represent the degree of risk of the k - process, is a function 
of the variables of the cargo customs declaration. This 
requires a specific approach to solve this problem. 

In particular, the 3rd and 4th stages "calculation of the 
customs value of goods" and "calculation of the amounts of 
customs payments" of Table 1. are important stages in the 
customs clearance process in ensuring the fulfillment of 
fiscal tasks assigned to the customs authorities. 

This fact indicates the relevance of improving 
mathematical modeling of the customs clearance process 
and its comprehensive study. 

At the same time, the study of scientific papers on the 
study of similar problems showed that a sufficient number 
of studies have been carried out and certain methods have 
been developed for solving the problem of linear 
programming with variable coefficients. 

For example, the work of [6] is one of the relatively 
early studies in this area. The problem of parametric 
programming of the following form is considered: 
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here: cj - elements of some ordered functional prospace ℑ
, aij, bi - known, a xj - unknown real numbers, X - plan of 
the problem (non-negative solution of the problem (2.1)) 
Plan X* is optimal if for any plan X f(X)<f(X*). Note that 
the values of the target function (2.1) belong to the space 
ℑ , in which the usual properties of numerical inequalities 
are known to hold.  

The existence of a solution to problem (2.1) is proved 
in this paper by introducing the concept of resolving 
combinations of problem (2.1), considered as elements of 
the space ℑ , are comparable with the zero of this space, 
i.e., if x∈R, then one and only one of three relations holds: 
x>0, x <0, and x =0. Under these conditions, the following 
theorem is proved:  

Theorem. The problem (2.1) with a non-empty set of 
plans and a target function bounded from above, 
satisfying the condition: all solving combinations of 
coefficients of the target function are comparable to zero, 
has a solution. 

However, the paper does not provide a methodology 
for determining the existing solution. 

In [7], a parametric programming problem of the 
following kind is considered: 
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here aij( x), bi( x) and cj( x) – some piecewise constant 
argument functions x = (x1, x2 , …, xn ).  
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The functions aij( x), bi( x) and cj( x) are defined on the 
same set G = {x ∈ G ⊂ Rn }. There exists a finite partition G 
= UGk , (k =1, l) such that the functions are constant in each 
subset Gk, and Gk and Gk+1  can intersect only along their 
boundaries. 

By requiring that in problem (1)-(2) the target function 
z(x) and the constraint functions:  

1
( ) ( ) ( ), 1,

n

i ij j j
j

f x a x x b x i m
=

= − =∑  

be continuous and convex, by a simple enumeration of a 
finite number of regions Gk, in each the usual linear 
programming problem is solved. 

The work [8] is devoted to the study of the problem of 
parametric programming of the following form:    

here: X=(x1,…xn)T – n-dimensional vector of unknown 
variables, which satisfies the constraints (2.3), forming the 
set of admissible solutions of the proble;  

1 1 2 2( ) ( ) ( ) ... ( )
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n n x D

j

f X c t x c t x c t x extr

A t X b t
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∈
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b(t)=(b1(t),b2(t),...,bm(t))T and C(t)=(c1(t),...,cn(t))T – parametric 
vectors of free terms of constraints and coefficients of the 
target function, respectively;  

A(t)n×m=(aij(t)), i=1...n, j=1... m is an n×m-dimensional 
matrix of parametric constraint coefficients. The functional 
dependence on the parameter t can be either linear or 
nonlinear. 

In the work on the basis of simplex method and 
differential transformations the methods of solving linear 
programming problems with parametric coefficients of 
the target function and right parts of constraints are 
considered, allowing to organize simple iterative 
calculations and excluding the solution of systems of 
inequalities.  

In this case, it is assumed that the parametric functions 
X=(x1,…xn)T, b(t)=(b1(t),b2(t),...,bm(t))T and C(t)=(c1(t),...,cn(t))T 
are sufficiently smooth, have smooth differentials, and 
have explicit expressions. 

In the studies of the authors [9] and [10] the linear 
programming problem with variable parameters is 
considered, in which not only variables included in its 
composition, but also coefficients, as well as the right part 
and parameters (coefficients at variables) of the target 
function can change.  

An approach is proposed that allows solving linear 
programming problems with interdependent variable 
coefficients using the simplex method. 

The formulation of the problem is as follows: 

here: 𝑚𝑚 — number of restrictions, 

𝑛𝑛 — number of variables, 

and additional restrictions on variable coefficients:  
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 (2.5) 

In the constraint system (2.4)-(2.5), all parameters −𝑖𝑖𝑖𝑖, 
𝑎𝑎+𝑖𝑖𝑖𝑖, 𝑠𝑠−𝑘𝑘, 𝑑𝑑𝑘𝑘𝑘𝑘𝑘𝑘, 𝑠𝑠+𝑘𝑘, 𝑝𝑝𝑙𝑙𝑙𝑙𝑙𝑙, 𝑟𝑟𝑙𝑙, 𝑐𝑐−𝑗𝑗, 𝑐𝑐+𝑗𝑗, f𝑖𝑖𝑖𝑖 are constants set during the 
problem formulation process. Conditions (2.5) are 
sometimes called interval conditions and problem (2.4) is 
an interval linear programming problem with 
interdependent variable coefficients. 

Under these conditions, the following lemma is 
proved by constructive method: 

Lemma. Let in the linear programming problem (2.4) 
- (2.5) there are variable coefficients that depend on a 
parameter of the form aij=aij(tj), having a domain of 
definition on a certain interval [αj; βj] and continuously 
differentiable on it. Then the simplex method applied to 
solve such a problem converges if the above constraints 
are satisfied. 

The proof is constructive in the sense that it 
substantiates the execution of all stages of the 
implementation of the simplex method, taking into 
account condition (2.5). The essence of the proposed 
method is that at each step the number of the column 
entering the basis at the next iteration of the simplex 
method algorithm is determined and calculations are 
performed on the points of minimum of the function 𝑎𝑎𝑖𝑖𝑖𝑖(t) 

In [11], the following parametric programming problem 
was considered: 

(2.3) 

(2.4) 
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To solve the linear parametric programming problem, 
it is assumed that the coefficients change insignificantly 
with respect to their average values, as, for example, the 
cost of goods depending on the exchange rate or inflation 
rate. In such cases, when the relative changes in the 
coefficients are of the order of 10% or less, it is proposed 
to use the asymptotic perturbation method. Its essence is 
reduced to the search for the decomposition of the desired 
functions into functional series, the rapidity of 
convergence of which depends on the "smallness parameter" 
of the relative change of the functions affecting the 
problem. 

The algorithm for solving the problem is as follows. 
We assume solutions of the problem (2.6) in the form of 
series consisting of corrections of the corresponding order: 

Z = Z0 + Z1 + Z2 +...; 
xi = xi0 + xi1 + xi2 +...; 

The values of Zk and xik are determined in an iterative 
way, assuming Z0 and xi0 as the first approximation in the 
iteration process. The values of Z0 and xi0are the solution 
of a simple linear programming problem (1), when their 
average values aij0, bi0 and cj0 are taken instead of the 
variable coefficients aij(x), bi(x) and cj(x). 

For example, if cj(x) is continuous in the interval [0;1], 
then we take as its mean value: 

1
0

0

( )j jc c x dx= ∫   (2.7) 

The above brief overview shows that the problem of 
linear programming with variable coefficients is a well-
known problem that has sufficient applications and is 
being studied everywhere. A certain number of methods 
for solving this problem have been developed, which are 
successfully applied depending on the problem 
formulation and application area. 

4. Trigger graph model of the process and customs risk 
criterion  

Based on the results of the above analysis, we can say 
that all methods of solving the linear programming                                 
problem with variable coefficients imply certain 

requirements for the ratio of the coefficients of the target 
function. First, an explicit form and smoothness of the 
parametric function are required. Second, when applying 
some methods of solving this problem, additional 
conditions such as continuity and differentiability of the 
given function are required. 

However, in the case of the problem of optimal control 
of the customs clearance process, the parametric 
coefficients of the target function do not have an explicit 
expression and the above conditions cannot be required. 
Consequently, there are certain difficulties in applying the 
available methods to solve the problem, and it is required 
to explore new approaches. 

Based on the latter findings, to minimize the target 
function (1.3) under conditions (1.4), it is proposed to 
ensure minimization of the coefficients of the target 
function rk(X), which represent the degree of risk of the k 
– process. Without violating the conditions of the stated 
problem and generality, we can assume that: 

( ) 0, 1,18kr X k≥ =   (3.1) 

The task of minimizing the coefficients of the target 
function rk(X) gives rise to the task of investigating the 
essence of customs risks 

The above studies have led to the fact that customs 
risks from the mathematical point of view is a function of 
many variables, is not presented in an explicit form, there 
are considerable uncertainties in its characteristics in terms 
of smoothness, continuity, differentiability and other 
qualities. 

Before moving on to research on the specifics of the 
customs risk, it is important to consider the essence of the 
risk as a whole, since it is inherent in various fields of 
activity. There are many approaches to defining the 
concept of "customs risk". For example, the working group 
of the World Customs Organization, preparing the 
document "World Customs Organization Compendium 
on Customs Risk Management" in 2011, gave the 
following definition: "Risk: the result of doubts arising in 
relation to objects" [12]. In scientific literature it is defined as 
follows: "Risk is the probability of violation of customs 
legislation associated with evasion of payment of customs 
duties and taxes due" [13]. 

In these or other definitions of customs risk, which are 
observed in previously published scientific papers, the 
"probability of violation of customs legislation" passes as the  
main predicate. This means that the mathematical  
expression of customs risk must necessarily include the 
"probability of violation of customs legislation" model.  

Based on the above, in order to develop a mathematical 
approach to this definition, it is necessary to study 
customs legislation both  at  the  national  level  and  at  the  
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a) 

 
b) 

Figure 2: Simplified graph model (a) and explanatory scheme (b) of the process of foreign trade operations 
(author's development)

international level. At the same time, the importance of 
studying international conventions in the field of customs 
should be emphasized, as the process of a foreign trade 
operation is directly related to foreign partners.  

Fig. 2. shows a simplified graph model (a) and an 
explanatory scheme (b) of the process of foreign trade 
operations. 

An analysis of the customs legislation on the day of 
the present research shows the following. By the 
beginning of the second half of 2023, more than 2216 
normative legal documents related to the regulation of the 
activities of customs authorities of the Republic of 
Uzbekistan were in force (Table 2). 

Table 2: Information on legal documents related to the regulation of the 
activities of the customs authorities of the Republic of Uzbekistan 

Type of normative document Amount 
Laws of the Republic of Uzbekistan 57 
Codes of the Republic of Uzbekistan 12 
Decrees of the President of the Republic 
of Uzbekistan 

322 

Resolutions of the President of the 
Republic of Uzbekistan 

767 

Resolutions of the Cabinet of Ministers 
of the Republic of Uzbekistan 

1011 

Orders of the Cabinet of Ministers of the 
Republic of Uzbekistan 

11 

legal acts registered with the Ministry of 
Justice of the Republic of Uzbekistan 

36 

Total 2216 
(author's development) 

Despite the fact that there is such an extensive customs 
legal framework, the main task of the customs authorities 
of the Republic of Uzbekistan is to protect the economic 

security of the country and almost all the rules of this 
framework are focused on the following two main tasks 
[14]:  

a) fulfillment of the fiscal task - ensuring the 
completeness of customs payments collection; 

b) prevention, detection and suppression of violations of 
customs legislation, including smuggling. 

The study of customs legislation and practical 
experiments showed that between the above-mentioned 
main tasks of managing foreign trade operations, in terms 
of procedure, there is an irreconcilable contradiction. This 
contradiction is manifested in the following: 

a) the key parameter for increasing customs payments is 
the time spent on customs clearance of foreign trade 
goods: the less time spent on customs clearance of a 
particular foreign trade cargo, the more cargo will be 
cleared for a certain period of time, hence, more customs 
payments will be made to the state budget during this 
period. 

At the same time, the number of violations of customs 
legislation and the volume of goods of illegal circulation 
are increasing, since the time for a detailed study of the 
consignment of goods being processed remains minimal. 

b) the key parameter for reducing customs law violations 
is also the time spent on customs clearance of foreign trade 
goods: the more time to study a specific consignment of 
foreign trade cargo, the less chance there is to commit 
violations of customs legislation.  

At the same time, the amount of revenues to the state 
budget from customs payments decreases, as the foreign 
trade turnover for a certain period of time decreases. 
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b) 

Figure 3: Trigger graph model (a) and its explanatory scheme (b) of the main tasks of foreign trade operations management 
(author's development) 

To minimize irreconcilable contradictions between the 
main tasks of managing foreign trade operations in 
procedural terms, in practice, a customs risk management 
system is used. Trigger graph model of the main tasks of 
foreign trade operations management with application of 
risk management system is shown in Fig.3. 

It should be noted that both functions - the function y1, 
which reflects the volume of receipt of customs payments, 
and the function y2, which reflects the volume of illegal 
goods (customs law violations) are functions of time, i.e. 
yi= yi(t). Both functions are inversely proportional to the 
ratio of customs clearance time, i.e. 

1( ), , 1,2i i iy where linear functions itϕ ϕ= − =     (3.2) 

On the other hand, the conducted experiments 
showed that with an increase in the volume of goods of 
illegal circulation (offenses of the customs legislation), the 
receipts of customs payments decrease, i.e. functions y1 
and y2 are inversely proportional to each other: 

1
2

1( ),i iy where linear functionyψ= Ψ −       (3.3) 

The mathematical contradiction reflected in (3.2) and 
(3.3) gives rise to the need for an optimization problem 
about the choice of time for customs clearance of foreign 

trade goods. It is required for each batch of goods to 
review the duration of customs clearance time and choose 
it so that there would be maximum receipt of customs 
payments and minimum volume of goods of illegal 
turnover (violations of customs legislation). 

This task can be solved only if the following 
conditions are met: 

a) choose the minimum time for customs clearance, in 
the absence of customs risk; 

b) choose the time of customs clearance sufficient to 
ensure the minimization of the customs risk, if it is 
detected. 

5. Risk assessment of the reliability of customs 
information  

We mentioned above that in the scientific literature 
there is a theory according to which any customs system 
successively goes through several separate phases of its 
activity, characterized by the specifics of its relations both 
with foreign trade participants and with the state. Three 
phases of development are noted: the customs systems of 
developed countries are in the “customs for foreign trade 
participants” phase, in most developing countries the 
phase “customs for the government” is characteristic, and in 

a) 
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a number of underdeveloped countries there is a “customs 
for themselves” phase. 

Proceeding from the fact that the Republic of 
Uzbekistan is carrying out large-scale works on 
transferring the customs service to the phase "customs for 
foreign trade participants", the authors of this paper study 
customs risks, categorizing them into three classes: 

a) customs risks for business; 
b) customs risks of economic security; 
c) corruption risks. 

a) when it comes to the customs risk for business, it means 
the submission of an unreliable customs declaration by the 
business to the customs authorities. Analysis of the 
database of violations of customs legislation for several 
years shows that every 4th fact about such violation is the 
result of false declaration. 

Despite the fact that at the present stage of 
development of foreign trade, favorable conditions are 
created for a law-abiding participant in foreign trade, the 
laws react rather harshly towards them if they have 
submitted an unreliable customs declaration to the 
customs authorities. The consequence of such phenomena 
for them can sometimes be undesirable, severe and long-
lasting. 

Therefore, the primary task of the customs service of 
the Republic of Uzbekistan today is to minimize customs 
risks for business. 

b) the customs risk of economic security is the probability 
of violation of customs legislation by a participant in 
foreign trade, associated with evasion of payment of due 
customs duties and taxes. 

c) corruption risks shall mean abuse of official powers, 
receiving and giving bribes, bribery, mediation in bribery, 
commercial bribery or other illegal use by a customs 
officer of his/her official position contrary to the legitimate 
interests of the state, in order to obtain benefits for 
himself/herself or for third parties. 

Thus, the first step in solving the problem of optimal 
management of the customs clearance process (1.3) - (1.4) 
is to minimize the implicit function rk(X), which represent 
the degree of risk of unreliable declaration of foreign trade 
goods, i.e. minimization of customs risks for business. To 
solve this problem it is necessary to assess the reliability of 
information about the goods on all its parameters, i.e. it is 
required to conduct a multivariate analysis of information 
about the goods. Information about the goods is fully 
reflected in the cargo customs declaration. 

The research of the authors of this paper has shown 
that the customs cargo declaration is one of the 
fundamental documents of the customs clearance process. 

It is formalized in the form of a multidimensional matrix 
X, which is the source of state customs statistics [15].  

A brief characterization of the customs cargo 
declaration is as follows:  

a) number of columns - 58; 
b) the level of detail of each column of the cargo customs 

declaration is determined depending on the 
complexity of the task, but not more than 40; 

c) L - the total number of cargo customs declaration per 
year. 

It should be noted that each layer of this matrix 
corresponding to l=l0 reflects a separate cargo customs 
declaration. It can be labeled as follows: 

0 0 0

0 0 0

0 0 0

11 1 2 1 40

2 1 2 2 2 40
0

58 1 58 2 58 40

l l l

l l l

l l l

x x x

x x x
X

x x x

 
 
 =  
 
 
 



  



     (4.2) 

Assessing the validity of information about the goods 
for all its parameters requires controlling and assessing the 
validity of all elements of the matrix (4.2). The study of 
existing methods for solving this problem showed that the 
problem of identifying unreliable customs declarations is 
a special case of the general and, as you know, ancient 
problem of identifying false information, i.e. how to 
distinguish "truth" from "falsehood". 

This famous problem is mentioned in many ancient 
writings, beginning with Aristotle (384 BC), who is the 
founder of logic as a science [16]. One of the great scientists 
who devoted his entire conscious life to the study of the 
task of distinguishing "truth" from "falsehood" is Imam al-
Bukhari. His book Al-Jami'as-Sahih has been tested for 
over 11 centuries and is considered the most authentic 
book today [17]. 

The concept of information reliability has different 
meanings in philosophy, the theory of forensic evidence, 
epistemology, logic, probability theory, psychology, 
natural science and other areas. There is no single 

(4.1) 
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definition of the term, although many famous 
philosophers have tried to give their own definition of the 
term. In logic and philosophy, reliability often acts as a 
synonym for the concept of "truth" and characterizes 
indisputable, firmly substantiated and demonstrative 
knowledge. 

A "threshold matrix" (TM) is proposed to determine the 
concept of reliability of the elements of the customs cargo 
declaration (4.2.) (4.3.). 

 

here: 1 2,ij ijη η - some positive real numbers or textual 

information. 
Definition 1. Each element of the matrix is 

0 0ijlx X∈
called reliable if the following condition is satisfied 

01 2ij ijl ijxη η≤ ≤         (4.4) 

where: 1≤ i ≤58, 1≤ j≤ 40. 
Definition 2: If all elements of the matrix 

0 0ijlx X∈  are 

reliable, then the customs cargo declaration is called 
reliable. 
Conditions (4.4) are called criteria, and the elements of the 
"Threshold Matrix" are called indicators of the reliability of 
the cargo customs declaration. 
From Definition 1-2, the following statement is easily 
proved: 
Statement 1. If at least one element of the matrix 

0 0ijlx X∈ does not satisfy the conditions (4.4), then the 

corresponding cargo customs declaration is unreliable. 
To assess the reliability of a cargo customs declaration, the 
authors of this work propose the following function: 

 

1 0
0

0

20
0

1

1 2

2

,

1,

,

ij ijl

ijl ij

x
ij ijl

ij ij ijl ij

x
ijl ij

e if x

if x

e if x

η

η

η

ρ η η

η

−

−

 ≥= ≤ ≤


≥

      (4.5) 

here:1≤ i ≤58, 1≤ j ≤40. 

The function 𝜌𝜌𝑖𝑖𝑖𝑖 can be estimated as follows: when the 
conditions 𝜂𝜂𝑖𝑖𝑖𝑖1 ≤ 𝑥𝑥𝑖𝑖𝑖𝑖𝑙𝑙0 ≤ 𝜂𝜂𝑖𝑖𝑖𝑖2 are satisfied for all 1≤ i ≤58, 1≤ 

j ≤40 function value 𝜌𝜌𝑖𝑖𝑖𝑖 = 1; otherwise, - 𝜌𝜌𝑖𝑖𝑖𝑖 > 1. In other 
words, the function 𝜌𝜌𝑖𝑖𝑖𝑖  reflects the quantitative 
assessment of the reliability of the element 𝑥𝑥𝑖𝑖𝑖𝑖𝑙𝑙0  ∈X0 of the 
cargo customs declaration. Then the matrix ρ (4.6) is the 
matrix of the reliability of the cargo customs declaration 
X0. 

11 1 2 1 40

2 1 2 2 2 40

58 1 58 2 58 40

ρ ρ ρ
ρ ρ ρ

ρ

ρ ρ ρ

 
 
 =  
 
 
 



  



   (4.6) 

with the above notations, the following theorem is proved: 
Theorem 1. In order for the cargo customs declaration 

X0 to be reliable, it is necessary and sufficient to fulfill the 
following condition: 

58

1 1
1ij

i j
ρ

= =

Ρ = =∏∏        (4.7) 

Ρ is the coefficient of reliability of the customs cargo 
declaration X0. It follows from (4.5) and (4.7) that the 
coefficient Ρ takes on the values Ρ=1 only if for all 1≤ i ≤58, 
1≤ j ≤40 the conditions 

01 2ij ijl ijxη η≤ ≤ are satisfied, 

otherwise Ρ >1. 

6. Algorithm of control of risks of reliability of 
calculation of customs payments 

To verify the above results, let's consider the tasks of 
controlling the risks of reliability of the calculation of 
customs payments. The amount of customs payments for 
the import of goods is determined as follows: 
S=D+E+V 

where: D- the amount of customs duty, E- the amount of 
excise tax, V- the amount of value-added tax on goods. 
They are determined mainly by the so-called "ad valorem 
rates". This means that the amount of each of the above 
types of customs payments is determined depending on 
the established rate in percentage terms. For example, the 
rate of value added tax in the Republic of Uzbekistan is set 
at 12% of the customs value of the goods. 

The formulas for calculating them are as follows: 

D = d c; 
E = ec; 
V= 0.12 (c +D +E). 

where: c is the customs value of the goods, d is the rate of 
customs duty, e is the rate of excise tax. 

(4.3) 
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After simple arithmetic transformations, you can get: 
S=D+E+V= c (d+ e+0.12(1 + d + e)). 

Hence, it can be seen that the amount of customs 
duties on imports of a particular good depends directly on 
the customs value of the good c. The lower the customs 
value of the goods, the lower the receipt of customs 
payments to the state budget. 

Considering this circumstance, the "Threshold 
Matrices" were formed in the form of "Price Information 
Bulletins". The table reflects the following data: 

η7- date of registration of the customs value of goods; 
η33- commodity code in accordance with the 

Harmonised System (HS); 
η15 – code of the country of departure of the goods; 
η34 – country of origin code; 
η45– customs value of goods. 

The other elements of the "threshold matrix" for the 
considered criterion of the reliability of the customs value 
of goods are of little importance. 

Then conditions (4.4) have the following form: 

7 7

15 15

33 33

34 34

45 45

| | 90x
x
x
x
x

η
η
η
η
η

− ≤

=

=

=

≤

 

 

 

Taking into account the above designations, an 
algorithm for controlling the customs value of goods has 
been developed (Fig. 4)  

It should be noted that the “Price Information Bulletin” 
is a characteristic feature of the national legislation of the 
Republic of Uzbekistan, and is not observed in the practice 
of the customs services of other countries. 

7. Conclusion 

In conclusion, I would like to note that the authors of 
this article conducted research on minimizing customs 
risks for business. This is due to the fact that large-scale 
work is being carried out in the Republic of Uzbekistan to 
organize the work of the customs service on the principle 
of “customs for participants in foreign trade”. Because, 
the faster the country’s customs service approaches the 
stage of development “customs for foreign trade 
participants,” the faster the country approaches the level 
of developed countries. 

When it comes to customs risk for a business, it means 
submitting an unreliable customs declaration to the 
customs authorities on the part of the business. An 
analysis of violations of customs legislation over several 
years shows that every 4th fact of such a violation is the 
result of an unreliable declaration. It is known that for an 
unreliable declaration, punishment is provided up to 
criminal. The consequences of such an incident can 
sometimes be undesirable, severe and long-term for 
business.  

Figure 4: Algorithm for controlling the customs value of goods 
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The research carried out within the framework of this 
article showed that the task of identifying unreliable 
customs declarations is a special case of the general and, 
as we know, ancient task of identifying false information, 
i.e. how to distinguish “truth” from “falsehood”. 

To determine the reliability of a cargo customs 
declaration, the authors proposed a “threshold value 
matrix” method, which in fact forms a “knowledge base” 
of a production expert system that represents knowledge 
in the form of “IF-THEN” rules. The block diagram of the 
algorithm for one of these rules is shown above in Fig. 4. 

The software of this expert system determines existing 
errors in the customs cargo declaration as they are 
received by the customs authorities via the Internet and 
automatically informs the foreign trade participant about 
this. No administrative or criminal sanctions will be 
applied to a foreign trade participant who promptly and 
voluntarily corrects errors. 

Currently, 53 logical rules have been established in the 
knowledge base to control the reliability of the customs 
value of goods, which make it possible to localize such 
customs risks. As a result of the implementation of these 
rules in 2022, in 88 thousand 897 cases, the risks of 
“unreliability of the customs value of goods” and debts to 
the state budget in the equivalent of more than 9 million 
968.8 thousand US dollars were prevented. 
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ABSTRACT: The imminent 5G and 6G communication systems are projected to exhibit 
substantial advancements in comparison to the current 4G communication system. Several 
critical and prevalent concerns pertaining to the service quality of 5G and 6G communication 
systems encompass elevated capacity, extensive connectivity, minimal latency, robust security 
measures, energy efficiency, superior quality of user experience, and dependable connectivity. 
Undoubtedly, 6G communication is expected to offer markedly improved performance across 
these domains compared to 5G communication. The integration of the Internet of Things (IoT) 
within the framework of the tactile internet is anticipated to be a fundamental component of 
advanced communication systems, encompassing both 5G and beyond (5GB), such as 5G and 6G. 
Consequently, 5GB wireless networks will encounter various challenges in accommodating 
diverse types of heterogeneous traffic and meeting the specified parameters related to service 
quality. Optical wireless communication (OWC), alongside various other wireless technologies, 
emerges as a promising candidate to fulfill the requisites of 5G communication systems. This 
comprehensive review articulates the efficacy of OWC technologies, including Visible Light 
Communication (VLC), Light Fidelity (LiFi), Optical Camera Communication (OCC), and Free 
Space Optics (FSO) Communication, as a viable solution for the successful deployment of 5G/6G 
and IoT systems.                                               

KEYWORDS: 5G, 6G, internet of things, heterogeneous traffics, wireless technologies, communication systems, Optical 
Wireless Communication   

1. Introduction   

In recent times, OWC technologies have garnered 
significant research attention owing to their notable 
features [1–5]. OWC designates wireless connectivity 
utilizing the optical spectrum. OWC has positioned itself 
as a favored complementary technology to Radio 
Frequency (RF)-based wireless technologies, particularly 
in the context of future communication networks, 
encompassing the 5G and 6G communication systems. 
OWC technologies exhibit several notable features, 
including broad spectrum coverage, high data rates, 
minimal latency, robust security, cost-effectiveness, and 
energy efficiency. These attributes effectively cater to the 
demanding specifications of 5GB communications, 
exemplified by 5G and 6G technologies. In addition to this, 
the IoT network is gaining significant importance, with a 
proliferation of end-user devices or sensors being 

interconnected within IoT. Furthermore, the integration 
of tactile internet will emerge as a pivotal aspect of future 
IoT, facilitating real-time communication systems across 
various societal, industrial, and commercial applications. 
In visualizing the concept of IoT, there is an exponential 
surge in the quantity of physical devices connected to the 
internet [6]. Hence, the IoT generates a substantial volume 
of data. OWC technologies assume a crucial role in 
sensing, monitoring, and facilitating resource sharing 
within the extensive device connectivity of IoT networks 
[2,6]. Additionally, OWC can effectively fulfill the low-
power consumption and stringent security requisites of 
IoT. 

The specifications for the 5G communication system 
have been finalized, and it is anticipated that 5G will be 
fully implemented by 2020 [7]. The forthcoming 5G 
communication infrastructure will introduce novel 
services characterized by exceptionally high Quality of 
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Service (QoS). Key attributes of 5G communication 
services will encompass unparalleled system capacity, 
minimal latency, enhanced security measures, extensive 
device connectivity, minimal energy consumption, and 
exceptional Quality of Experience (QoE) [7–11]. The 
introduction of the 6G communication system is projected 
to occur within the timeframe spanning 2027 to 2030. 
While the precise specifications for 6G have yet to be 
defined, numerous researchers are actively engaged in its 
development [12–16]. Research challenges encompassing 
capacity enhancement, augmented connectivities, latency 
reduction, heightened security, improved energy 
efficiency, elevated user QoE, and enhanced reliability are 
focal points addressed by both the 5G and prospective 6G 
communication systems. The forthcoming 6G 
communication infrastructure is anticipated to serve as a 
global communication cornerstone, offering service levels 
significantly superior to those of 5G. 

RF currently serves as a prevalent choice for diverse 
wireless connectivity needs. However, RF-based wireless 
communication encounters significant hurdles, including 
spectrum limitations, susceptibility to interference, and 
stringent regulatory constraints. Sole reliance on RF 
technologies proves inadequate in meeting the demands 
of 5G and IoT networks. Consequently, researchers are 
diligently exploring alternative spectrums to address the 
escalating requirements. One particularly promising 
avenue involves leveraging a significantly expansive 
optical band. This strategic shift toward OWC holds 
considerable potential for advancing 5G and IoT 
networks, offering distinct advantages over conventional 
RF-based networks. These advantages encompass 
heightened data rates, diminished latency, enhanced 
security, and improved energy efficiency [1–3], [6]. 
Effective communication spans distances ranging from a 
few nanometers to over 10,000 kilometers, facilitated by 
the implementation of various OWC systems [2]. Key 
technologies integral to OWC networks comprise VLC 
[6][17–19], LiFi [20–22], OCC [23–27], and FSO [28–30]. A 
subsequent section provides a concise exploration of the 
distinctions and commonalities inherent in these 
technologies. Each of these technologies possesses unique 
strengths alongside certain limitations. Diverse OWC 
technologies present a spectrum of services catering to 
indoor, outdoor, and space communications. 
Consequently, OWC technologies assume a crucial role in 
realizing the objectives of 5G and IoT systems. 

Our prior review paper concerning OWC [2] 
extensively examines and compares various optical 
wireless technologies, offering a comprehensive 
understanding of their distinctions. However, the 
primary objective of the current review paper diverges 
from providing a detailed explanation of OWC 
technologies. Instead, its focus is on illustrating how 

OWC technologies can serve as an effective solution for 
the seamless deployment of 5G/6G and IoT systems. 
Within this study, we delineate potential detailed 
solutions for 5G/6G and IoT utilizing diverse OWC 
networks. This paper's contributions can be succinctly 
outlined as follows: 

1. Comprehensive examination of the key 
characteristics of 5G and IoT networks, with a brief 
presentation of potential 6G requirements. 

2. Concise discussion of various OWC technologies 
within the context of 5G/6G and IoT systems. 

3. Detailed exploration of the scope of OWC 
technologies in meeting the specific requirements of 
5G/6G and IoT deployments. 

4. Thorough survey of recent advancements in OWC 
technologies pertaining to 5G and IoT solutions, 
accompanied by a discussion on emerging research 
trends. 

5. In-depth consideration of challenging issues 
associated with the deployment of OWC for 5G/6G 
and IoT solutions. 

The subsequent sections of the paper are structured 
as follows: Section 2 furnishes a concise overview of the 
requirements associated with 5G, 6G, and IoT. Section 3 
provides an in-depth description of various OWC 
technologies. In Section 4, the potential of OWC 
technologies to address the demands of 5G, 6G, and IoT 
systems is elucidated. Section 5 delves into several key 
challenging issues inherent in OWC-based 5G/6G and IoT 
solutions. Finally, Section 6 encapsulates the conclusion 
of this paper. 

2. Concise Examination of the Requirements for 5G, 
6G, and IoT 

5G is anticipated to deliver a significant enhancement 
in key attributes compared to 4G, enabling efficient 
support for the burgeoning array of heterogeneous 
multimedia applications with varying requirements [11]. 
The specifications for 5G requirements have been 
delineated, with full deployment of the 5G system 
anticipated by 2020. The essential requirements of 5G can 
be succinctly summarized as follows: 

• High Traffic Volume: The mobile data volume per unit 
area is projected to increase by a factor of 1000 in 
comparison to 4G wireless networks, accompanied 
by a surge in the number of connected wireless 
devices, which is expected to be 100 times higher. 

• Massive Connectivity: 5G is designed to facilitate 
massive connectivity, with the capability to connect 
ten to 100 times more devices than the 4G 
communication system [11]. 
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• High User Data Rate Link: The 5G networks are 
mandated to support exceptionally high user data 
rates, enabling users to achieve up to 10 Gbps, 
representing a ten to 100-fold increase compared to 
4G. 

• Low-Energy Consumption: Significantly reduced 
energy consumption is a pivotal requirement in the 
5G communication system, aiming to achieve more 
than a 90% reduction, i.e., 10 times lower compared 
to 4G networks [11]. 

• Extremely Low Latency: Ensuring extremely low 
latency, with end-to-end latency levels ranging from 
sub-millisecond to a few milliseconds, is a critical 
objective for 5G networks [11]. 

Researchers are currently engaged in the 
standardization of requirements for 6G networks [12–
16,31–34]. A pivotal requirement for 6G is anticipated to 
be ultra-high bit rates per device, ranging from tens of 
gigabits per second to terabits per second [12,31]. 
Furthermore, 6G is projected to exhibit 1000 times higher 
simultaneous wireless connectivity compared to 5G. 
Envisaged characteristics for 6G encompass ultra-long-
range communication coupled with ultra-low-power 
consumption, ensuring user experiences with latency of 
less than 1 millisecond [13]. Other key anticipated 
features of 6G include spatial multiplexing, higher 
spectral efficiency at 100 bits per second per Hertz, ultra-
high wireless security, exceptional reliability, ultra-low-
power consumption, and the integration of massively 
connected complex networks. 

The networks will possess distinct characteristics 
designed to accommodate the demands of 5G wireless 
communication systems. The essential features of future 
5G and 6G networks can be encapsulated as follows: 

• Ultra-High-Density Network: To ensure consistent QoE, 
accommodate massive connectivity, and meet high 
capacity demands, 5G networks are anticipated to 
exhibit significantly higher density, characterized by 
ultra-dense heterogeneous networks, compared to 
their 4G counterparts. 

• Small-Cell Networks: The establishment of high-
density small-cell networks is identified as a 
fundamental characteristic in the design of 5G 
communication systems. 

• Higher Spectral Efficiency: 5G systems are poised to 
optimize frequency spectrum utilization through the 
incorporation of multiple-input and multiple-output 
techniques, advanced coding and modulation 
schemes, and innovative waveform design. The 
targeted spectral efficiency for 5G is set to be at least 
three times higher than that of 4G networks. 

• Low Cost: A key objective for 5G systems is to achieve 
a 100-fold increase in efficiency compared to 4G 
systems, delivering a hundred times more data traffic 
using the same energy across the network. This 
necessitates the adoption of low-cost network 
equipment, reduced deployment expenses, and 
enhanced power-saving functionalities on both 
network and user equipment sides [35]. 

• Offloading Heavy Traffic to Indoors: Recognizing that 
nearly 80% of mobile traffic is generated indoors, a 
strategic characteristic of 5G and 6G networks 
involves offloading this substantial data volume to 
indoor small cells. This approach aims to alleviate the 
strain on macrocells, preserving valuable resources 
and enhancing overall network efficiency [36]. 

3. Brief Overview of OWC Technologies 

The four primary OWC technologies, namely VLC, 
LiFi, OCC, and FSO, are regarded as promising solutions 
to address the requirements of 5G/6G and IoT networks 
due to their unique features. Figure 1 provides a concise 
depiction of the architectures of these technologies [37]. In 
terms of infrastructure, these technologies exhibit 
variations in transmitter types, receiver configurations, 
and communication media. VLC utilizes light-emitting 
diodes (LEDs) or laser diodes (LDs) as transmitters and 
photodetectors (PDs) as receivers, utilizing only visible 
light (VL) as the communication medium. LiFi, akin to 
Wireless Fidelity (WiFi) technology, offers high-speed 
wireless connectivity alongside illumination, employing 
LEDs or diffuse LDs as transmitters and PDs as receivers. 
While VL serves as the forward path medium, LiFi 
employs infrared (IR) for the return path communication, 
although VL can also be utilized for the return path. 
However, the uplink communication performance in both 
VLC and LiFi may be constrained as receiver devices in 
most user equipment, such as smartphones, are not 
equipped with high-power LEDs [38–40]. Furthermore, 
they exhibit limitations in return path performance when 
the uplink involves diffused light, facing significant 
interference from the downlink lights. OCC employs an 
LED array or light as a transmitter, with a camera or 
image sensor serving as the receiver. The inclusion of 
built-in complementary metal-oxide semiconductor 
cameras enhances the capability to capture photos and 
videos [41]. The camera can be of either global shutter or 
rolling shutter type [42]. OCC typically utilizes VL or IR 
as the communication medium, although the ultraviolet 
(UV) spectrum can also be employed. FSO technology 
commonly employs a LD and PD as the transmitter and 
receiver, respectively. However, heterodyne optical 
detection receivers are also utilized in FSO 
communication. Typically, it operates using IR as the 
communication medium but can also utilize VL and UV. 
Table 1 outlines a comparison of performance metrics 
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Table 1: Performance Metric Comparison Across Different Optical Wireless Communication Technologies [2,18,20,24,28,43] 

 

across various OWC technologies [37]. These technologies 
exhibit distinct differences, with each offering specific 
characteristics. Notably, VLC distinguishes itself by 
employing visible light as its communication medium. A 
LiFi system is required to support seamless mobility, 
bidirectional communication, point-to-multipoint, and 
multipoint-to-point communications. Among all OWC 
technologies, only the OCC system utilizes a camera or 
image sensor as a receiver. Leveraging the narrow beams 
of focused light from a LD transmitter, FSO systems can 
establish both long-distance and high-data-rate 
communication links. For further insight into the 
variances among OWC technologies, refer to our previous 
work [2]. 

 

Figure 1: Taxonomies of OWC for 5G, 6G, and Internet of Underwater 
Things Communications. 

4. OWC Technologies for the 5G, 6G, and IoT 
Solutions 

4.1. Advantages of Opting for OWC Technologies 

 The RF band spans from 3 kHz to 300 GHz within the 
electromagnetic spectrum [2]. However, the range of 3 
kHz to 10 GHz is predominantly utilized by existing 
wireless technologies due to its favorable communication 
properties. This spectrum is nearing exhaustion and falls 
short in meeting the high demands of 5G/6G and IoT 
networks. Additionally, it is subject to stringent 
regulations imposed by local and international 
authorities. 

O WC emerges as a compelling alternative, offering 
outstanding features to address these stringent 
requirements. OWC finds application across a diverse 
range of scenarios, including machine-to-machine, 
device-to-device, chip-to-chip, vehicle-to-vehicle, vehicle-
to-infrastructure, infrastructure-to-vehicle, point-to-point, 
and point-to-multipoint communications [2,6,29]. The 
inherent properties of light enable connectivity across a 
wide range, spanning from nanometers to over 10,000 km. 
This facilitates various communication scenarios, such as 
ultra-short-range inter-chip interconnects using FSO 
systems and in-body networks employing VLC, OCC, or 
LiFi systems. Other applications encompass short-range 
LiFi, vehicle-to-everything (V2X) communications, 
indoor positioning, medium-range inter-building 
networks, long-range inter-city backhaul connectivity, 
and extended-range satellite-to-satellite communications. 

Furthermore, OWC technologies offer the capability 
to establish high-data-rate communication links. Key 
features of OWC encompass a wide unregulated 
bandwidth, enhanced security measures, low power 
consumption, cost-effectiveness in infrastructure and 
device deployment, absence of interference with RF 
devices and networks, high Signal-to-Noise Ratio (SNR), 
and seamless integration into existing lighting 
infrastructures. However, a notable limitation of OWC 
systems is the susceptibility to transmission blockage by 
obstacles. 

The coexistence of RF and OWC networks presents an 
effective strategy for mitigating the limitations inherent in 
individual RF-based and optical wireless communication 
systems. Figure 2 showcases several notable 5G/6G and 
IoT platforms leveraging OWC technologies [37]. OWC 
networks have the capacity to support a myriad of 
applications across various aspects of daily life, including 
V2X communications, underwater communications, 
cellular connectivity support, space communication, 
smart shopping, eHealth, and smart home systems. This 
section elucidates how OWC networks can deliver 
effective solutions for the deployment of 5G, 6G, and IoT 
networks. 

Problem Parameter VLC Lifi OCC FSO 

Topology of 
communication 

Direction Uni or Bi-direction Bi-direction Uni-direction Uni or 
Bidirection 

Area of Communication Distance 20m 10m 60m 10, 000km 
Deployment support for mobility Not- compulsory compulsory Not- Compulsory No 
Effect on environment Indoor/ Outdoor No/Yes No/Yes No Yes 
Obstruction Level of Interference Low Lows Zero Low 
Speed of communication Data rate 100Gbps using LD 

and 10Gbps using 
LED 

100Gbps using LD 
and 10Gbps using 
LED 

55Mbps 40Gbps 

Network Performance Security (related to 
data encryption and 
protection measures) 

High High High High 
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4.2. Achieving Service Quality Characteristics 

Substantial Capacity Enhancement: Achieving thousand-
fold capacity improvements in 5G networks necessitates 
a significantly broader bandwidth, a requirement readily 
met by the optical spectrum. Table 2 provides a 
comparison of RF and optical frequencies within the 
electromagnetic spectrum [44]. The RF band occupies 
merely 300 GHz of this vast spectrum, while the optical 
band (ranging from 300 GHz to 30 PHz) offers 
considerably greater potential. Currently, only a fraction 
of the optical spectrum, encompassing parts of visible 
light, near-infrared, and middle ultraviolet, is actively 
utilized. However, ongoing research aims to expand 
utilization across the optical spectrum and enhance its 
efficiency. Notably, the terahertz band (0.3–3 THz) within 
the infrared region is anticipated to play a crucial role in 
future high-data-rate cellular communications [31]. 
Leveraging the expansive optical spectrum through 
various OWC technologies presents an opportunity to 
accommodate the substantial data capacity requirements. 
Additionally, high-speed network connectivity is 
imperative to support the extensive connectivity 
demands of massive IoT deployments. Thus, the optical 
spectrum holds promise in handling the substantial data 
traffic generated by high-data-rate heterogeneous 
multimedia applications in 5G, 6G, and IoT networks. 

 

Figure 2: OWC networks for the 5G/6G and IoT platforms. 

Ultra-High User Data Rate: The anticipated transmission 
rates for 5G mobile communication systems are projected 
to average around 1 Gbps, with a peak rate of 10 Gbps [8]. 
Subsequently, 6G is expected to support even higher bit 
rates ranging from tens of Gbps to Tbps per device. 
Notably, VLC and LiFi technologies demonstrate the 
capability to deliver exceptionally high-data-rate services 
at the user level. LiFi, in particular, offers comprehensive 
network support, encompassing point-to-multipoint, 
multipoint-to-point, and bidirectional communications 
akin to WiFi. VLC has already achieved a confirmed data 

rate of 100 Gbps [18,45]. FSO technology also excels in 
supporting high-data-rate services both indoors and 
outdoors, facilitating outdoor remote high-speed 
connectivity. Additionally, OWC utilizing the UV band 
extends its capabilities to offer high-data-rate, non-line-
of-sight communications [4]. Ongoing research initiatives 
aim to further elevate data rates within OWC 
technologies. Consequently, OWC technologies emerge 
as valuable complementary solutions for enabling high-
data-rate connectivity in 5G, 6G, and advanced 
communication systems. As illustrated in Figure 3, a 
diverse array of OWC technologies facilitates high-speed 
connectivity scenarios for both indoor and outdoor users, 
as well as in V2X communications, offering promising 
prospects for supporting advanced communication 
systems beyond 5G and 6G [44].

Property RF Spectrum Optical Spectrum 

Frequency 
Range 

Limited (3 kHz 
to 300 GHz) 

Extensive (300 GHz 
to 30 PHz) 

Bandwidth Restricted Broad 

Utilized 
Spectrum 

Primarily 
below 300 
GHz 

A small portion 
(Visible light, near-
infrared, middle 
ultraviolet) actively 
used 

Future Research Limited 
expansion 
potential 

Ongoing research to 
explore and expand 
utilization 

Emerging Band Terahertz 
band (0.3–3 
THz) within 
infrared 

Potential for high-
data-rate cellular 
communications in 
terahertz range [31] 

Communication 
Medium 

Radio waves Light waves 

Interference 
Potential 

Susceptible to 
interference 
due to 
crowded 
spectrum 

Lower interference 
potential as optical 
spectrum is 
underutilized 

Capacity 
Potential 

Limited 
capacity due to 
spectrum 
congestion 

High capacity 
potential due to 
broad spectrum 
availability 

Ultra-low latency: Achieving low latency is a critical 
requirement for communication systems, especially in the 
context of 5G and beyond. OWC systems typically 
operate along line-of-sight (LOS) paths, resulting in 
minimal communication distance and no signal loss due 
to obstructions. In contrast, RF-based communications 
utilize both LOS and non-line-of-sight (NLOS) paths, 
encountering significant signal loss in NLOS scenarios 
and increased communication distances. Despite both 
optical and RF signals propagating at the speed of light, 
optical communication systems demonstrate faster 
communication due to rapid propagation. Furthermore, 
optical systems exhibit short processing times, enabling 
the provision of communication services with a fraction 

Table 2: Comparison of RF and optical spectra [2–6,21,29] 
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of millisecond end-to-end delays. Consequently, OWC 
technologies emerge as a promising solution for 5G 
communication systems, delivering services with 
negligible latency. 

Ultra-low-energy consumption: Energy efficiency stands out 
as a paramount requirement in the design of 5G, 6G, and 
IoT systems. OWC systems, predominantly structured 
around LEDs, align with this imperative. Currently 
deployed LEDs exhibit minimal power consumption, and 
ongoing global research endeavors are focused on further 
reducing their energy usage. Notably, LEDs serve a dual 
purpose by functioning as both illumination sources and 
communication transmitters, eliminating additional 
energy consumption when utilized for illumination. In 
comparison to RF sensors, LED sensors demonstrate 
significantly lower energy consumption. Consequently, 
OWC technologies present a compelling solution, 
offering communication systems with markedly low 
power consumption. This aligns seamlessly with the 
critical demand for energy-efficient communication 
systems in the deployment of 5G and IoT technologies. 

Figure 3: Achieving high-speed connectivity through various OWC 
technologies. 

Reliable connectivity: Ensuring dependable connectivity 
stands as a pivotal criterion for any communication 
system. OWC systems offer a notably elevated SNR, 
particularly beneficial for indoor users. In outdoor 
scenarios, OCC ensures interference-free communication 
and a robust SNR, maintaining stable performance even 
with increased communication distances. FSO also 
exhibits commendable SNR levels for long-distance 
outdoor communication. Furthermore, OWC networks 
present an additional tier for indoor users, contributing to 
heightened communication system reliability. 
Consequently, OWC systems play a crucial role in 
enhancing connectivity reliability for users within the 
realms of 5G/6G and IoT networks. 

Ultra-high security: OWC technologies, essential for the 
robust communication demanded by 5G, 6G, and IoT 
networks, ensure a high level of security. Due to the 
inability of OWC signals to penetrate obstacles, external 

entities are prevented from unauthorized access to 
sensitive information. The impervious nature of OWC 
technology prevents external network hacking devices 
from intercepting internal optical signals. This 
unparalleled security feature makes OWC systems 
particularly well-suited for the exchange of information 
in highly sensitive domains, such as healthcare. 
Consequently, OWC systems provide an elevated level of 
security for 5G/6G and IoT networks. 

4.3. Fulfilling the Network and Infrastructure Characteristics 

Network densification using highly dense heterogeneous 
networks: Network capacity enhancement can be achieved 
through three primary methods: network densification, 
spectrum efficiency optimization, and utilization of 
additional frequency spectra. Network densification 
involves the strategic addition of more cell sites to 
augment capacity, encompassing the deployment of 
small cells and the optimization of frequency utilization. 
This approach strategically places cell sites in capacity-
constrained areas to augment overall capacity and 
alleviate traffic congestion on surrounding sites. Network 
densification is particularly relevant in densely populated 
areas with significant traffic volumes. The 5G/6G 
communication systems, characterized by high system 
capacity and per-user data rates, necessitate the 
densification of access networks and the deployment of 
supplementary network infrastructures. Increasing the 
number of small cells can boost traffic volume, while 
reducing the access network-to-user distance enhances 
achievable data rates. Consequently, network 
densification, specifically through the deployment of 
small cells, becomes imperative to fulfill the demands of 
5G/6G paradigms. In dense deployments, a combination 
of macrocells, wide-area networks, and various indoor 
and outdoor optical or RF small cells is employed. Each 
indoor environment may host multiple optical small cells 
(e.g., VLC, LiFi, and OCC networks) alongside RF small 
cells. Outdoor applications, such as vehicular networks 
and street lighting, also utilize numerous optical small 
cells for communication. The dense deployment of OWC 
networks aligns with the network densification criterion, 
ensuring a high-capacity FSO backhaul connectivity. 
Figure 4 illustrates that the OWC-based small-cell 
networks, in conjunction with RF small cells, contribute 
to a highly dense network deployment. 

Multi-tier architecture and convergence of heterogeneous 
networks: To address the evolving requirements of future 
communication, networks will leverage a multi-tier 
architecture comprising broader coverage satellite and/or 
macrocell networks supporting smaller cells housing RF 
small cells alongside optical VLC, LiFi, and OCC 
networks. In this architecture, VLC and LiFi technologies 
form a sub-tier below RF small cells. Illustrated in Figure 
4 is an exemplary depiction of this multi-tier architecture 
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featuring macrocells, RF small cells, and optical small 
cells. The integration of optical small cells, including VLC 
and LiFi, presents an opportunity to augment high-
capacity capabilities within multi-tier wireless 
heterogeneous networks. Consequently, the burden on 
costly satellite or macrocell networks can be alleviated 
through load offloading to small-cell networks. Indoor 
OWC systems can efficiently serve a significant number 
of users, enhancing the overall service quality provided 
by outdoor macrocell and satellite networks, which are 
often constrained by capacity limitations. Furthermore, 
the incorporation of OWC technologies within multi-tier 
heterogeneous networks addresses the limitations 
inherent in RF-based wireless communication systems. 
Optical and RF signals operate independently, mitigating 
interference effects within the multi-tier network 
infrastructure. In essence, OWC technologies will assume 
a pivotal role in the advancement of multi-tier 
heterogeneous networks, spanning across 5G, 6G, and 
future generations of communication systems. 

 

Figure 4: Scenario of heterogeneous multi-tier networks containing an 
RF microcell, many RF small cells, and a large number of optical small 
cells. 

Provision of hybrid network connectivity: Each of the distinct RF 
and optical wireless technologies possesses inherent 
limitations and advantages. The integration of 
heterogeneous networks, characterized by the coexistence of 
both RF and OWC technologies, offers an effective solution 
to overcome these limitations. The concurrent operation of 
two systems enhances link reliability and facilitates load 
balancing, thereby optimizing network performance. In 
outdoor applications, the hybrid system proves particularly 
advantageous in mitigating atmospheric effects. Figure 5 
provides Performance Analysis of Hybrid Radio Frequency 
and Free Space Optical Communication Networks with 
Cooperative Spectrum Sharing. Collaboration between RF 
and optical links is leveraged to establish direct or relay-
based connectivity from a source to a destination. The relay 
system incorporates optical links, connecting either from 
source-to-relay or relay-to-destination within the hybrid 
framework. Additionally, the simultaneous utilization of 
optical and RF links is possible in either or both of these 

connection scenarios. The configuration of forward and 
return communication links may vary based on application 
scenarios and the specific hybrid architecture. This can 
involve separate forward and return paths or the sharing of 
paths, where optical links handle the forward path, and RF 
links manage the return path. Consequently, OWC 
technologies assume a pivotal role in the strategic design of 
hybrid systems, effectively mitigating limitations and 
providing viable solutions within the context of 5G/6G 
networks. 

 

Figure 5: Performance Analysis of Hybrid Radio Frequency and Free 
Space Optical Communication Networks with Cooperative Spectrum 
Sharing 

Massive device connectivity: Robust connectivity on a large 
scale stands as a pivotal attribute in the landscape of future 
communication systems. In the 5G era, the IoT is anticipated 
to interconnect a diverse array of up to 50 billion 
heterogeneous devices. This connectivity extends beyond 
mobile phones, encompassing applications in vehicles, 
household electronics, and medical equipment, contributing 
to the realization of a smart society [46]. The IoT, facilitated 
by massive connectivity, enables the integration of various 
sensors and physical devices, allowing them to communicate 
and interact autonomously, free from human intervention 
[47]. Projections for the 6G paradigm indicate an even 
broader scope, connecting a greater number of intelligent 
devices. OWC emerges as a pivotal enabler for achieving 
massive connectivity. The escalating use of LEDs is 
noteworthy due to their cost-effectiveness, low energy 
consumption, and extended lifespan. OCC, in particular, 
garners significant interest within the realm of IoT. 
Leveraging existing or minimally modified infrastructures, 
OCC presents economically viable solutions for a diverse 
range of IoT applications. Thus, OWC technology, 
employing low-power LEDs, has the potential to establish an 
extensive network of connections, aligning with the 
objectives of 5G/6G and IoT networks. Figure 6 illustrates 
various examples of widespread connectivity across 
different environments through diverse OWC technologies, 
supporting applications in homes, healthcare, transportation 
systems, remote connectivity, and smart grid systems [44]. 
In the context of smart grids, which integrate operational and 
energy-measuring devices like smart meters, appliances, 
renewable energy resources, and energy-efficient 
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technologies, OWC technologies facilitate extensive 
connectivity. Through these interconnected elements, smart 
grids serve as foundational components for effective energy 
management within a sustainable environment [47]. 

 

Figure 6: Several instances exemplify extensive connectivity facilitated 
by OWC technologies. 

The IoT networks are characterized by several crucial 
requirements, including low device cost, low power 
consumption, economical deployment, heightened energy 
efficiency, robust security and privacy measures, and the 
ability to accommodate a large number of devices. LED-
based OWC systems encompass all the essential features 
necessary to support the diverse needs of the IoT. Presently, 
key technologies employed for IoT connectivity include 
Zigbee, Bluetooth Low Energy (BLE), and WiFi. Zigbee, 
recognized for its cost-effectiveness and low-power 
attributes, serves as a prevalent wireless mesh network 
standard for IoT applications [48]. However, Zigbee faces 
limitations in terms of transmission rates and security levels, 
with interference emerging as a concern in densely 
populated Zigbee networks. BLE, designed as a low-energy 
variant of Bluetooth for short-range communication, 
operates in a single-hop topology (piconet) where one master 
device communicates with several slave nodes, alongside a 
broadcast group topology featuring an advertiser node 
broadcasting to multiple scanners [48]. On the other hand, 
WiFi lacks guaranteed QoS and is susceptible to interference 
due to shared unlicensed bands with Zigbee, Bluetooth, and 
various other devices in the Industrial, Scientific, and 
Medical (ISM) band. In contrast, OWC technologies exhibit 
superior capabilities in meeting the specific requirements of 
IoT networks compared to existing wireless technologies. 
The inherent advantages of OWC systems position them as a 
robust solution for addressing the multifaceted demands of 
IoT applications. 

Small-cell networks: A highly effective approach for 
enhancing area spectral efficiency involves reducing the 
cell size in instances where a limited number of users are 
served by each cell [49]. In the evolution of 
communication systems, the third-generation system 
exclusively featured microcellular networks to support 
cellular connectivity. The 4G system introduced small-cell 
and microcell deployments alongside macrocellular 
networks, while the upcoming 5G system is anticipated to 

incorporate ultra-dense small-cells in addition to macro 
cellular networks [50]. The reduction in cell size presents 
an opportunity to allocate more spectra to each user. The 
integration of indoor small-cells or femtocells has 
significantly expanded possibilities in this regard. An 
indoor small-cell typically has a cell radius of around 10 
meters, catering to five to six users [51]. This deployment 
strategy proves cost-effective and energy-efficient, 
meeting coverage and capacity requirements [52]. With 
the anticipated peak user data rates reaching 10 Gbps for 
5G and 1 Tbps for 6G communication systems, the 
management of heavy data traffic, particularly generated 
indoors, becomes crucial. Consequently, the deployment 
of highly dense small-cell networks emerges as a key 
characteristic of 5G communication systems. Indoor VLC 
and LiFi technologies contribute to the creation of highly 
dense small cells. Each network formed under a single 
light source is considered a small cell, and in large indoor 
spaces, hundreds of VLC/LiFi-based small cells can be 
established. Therefore, OWC networks align with the 
criteria essential for the development and success of 
5G/6G networks. 

Seamless movement: Seamless mobility is a pivotal 
requirement for the incorporation of any technology into 
the 5G networks. The LiFi system stands out by providing 
comprehensive support for mobility, addressing the 
demands of both 5G and anticipated 6G communication 
systems. High-capacity backhaul networks play a crucial 
role in connecting the access network to the core network. 
Presently, backhaul networks predominantly utilize 
dedicated fiber, copper, microwave, mm Wave, and 
occasionally satellite links [8,53]. Satellite links for 
backhaul connectivity are contingent on alternative 
options. In the context of 5G systems, a high-capacity 
backhaul network is indispensable for facilitating the 
exchange of substantial data traffic between the access 
and core networks. Without a robust high-capacity 
backhaul network, even if the access networks support 
Gbps communication links to user equipment, the 
communication system remains incomplete, with a low-
capacity backhaul network posing a potential bottleneck. 
To address this challenge, optical wireless networks, such 
as FSO systems, alongside wired optical fiber networks, 
present effective solutions. FSO systems exhibit 
remarkable features for establishing high-capacity, long-
range outdoor backhaul links. Figure 7 illustrates 
Establishment of high-capacity backhaul connectivity for 
a ship connectivity, space communications, cellular BS & 
remote connectivity. FSO technology can also establish 
high-quality connectivity with Macrocellular Base 
Stations (MBSs), offering an alternative to existing 
backhaul network technologies. A comparative analysis 
in Table 3 highlights the achieved data rates and latencies 
of key backhaul technologies. While optical fiber 
currently boasts the highest throughput, FSO systems 

Connectivity 
of V2X 

Cloud 
Smart grid connectivity 

 

Micro-LED 
patch 

Connectivity of home appliances using 
LED-based VLC, LiFi, and OCC 
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demonstrate comparable throughput. Given their similar 
transmitter and receiver architecture, FSO systems have 
the potential to achieve throughput levels similar to 
optical fiber systems in the near future. Latency, 
calculated for transmission during backhaul connectivity, 
underscores the FSO network's potential as a valuable 
complementary solution to wired, microwave, and 
mmWave systems, supporting high-data-rate 
communications in 5G and 6G networks. 

 

Figure 7: Establishing high-capacity backhaul connectivity for a ship 
connectivity, space communications, cellular BS & remote connectivity. 

Table 4: Comparison of the achieved data rates and latencies in the 
existing important backhaul  technologies [2,9,54] 

Backhaul 
Technology 

Achieved Data 
Rates Latency 

Optical Fiber 
Highest 
throughput 

Low 

Copper Moderate Moderate 

Microwave Moderate Moderate 
mm Wave Moderate Moderate 
Satellite Varies High 

Green Communication: The realization of green 
communication in future 5G/6G and IoT networks relies 
on various factors, including energy-conscious network 
deployment, the selection of communication devices, and 
the design of communication network protocols. 
Achieving environmental sustainability necessitates 
energy-efficient communication methods, a goal that can 
be effectively met through the increased utilization of 
LED-based OWC technologies. OWC technologies are 
poised to handle a substantial portion of the overall 
wireless data volume, leading to significant energy 
savings when employed for indoor communication. By 
leveraging LEDs, which serve dual purposes as both 
communication devices and illumination sources, OWC 
networks have the potential to contribute significantly to 
energy efficiency. Furthermore, OWC systems can play a 
role in energy harvesting (EH), as demonstrated by 
integrating solar cells into VLC links. This integration 
allows solar cells to function not only as energy harvesters 
but also as optical receivers [55]. Consequently, OWC 
systems play a pivotal role in establishing 
environmentally conscious communication systems, a 

key characteristic integral to the development of 5G/6G 
and IoT networks. 

Tactile internet support: The International 
Telecommunication Union characterizes the Tactile 
Internet as the forthcoming internet infrastructure 
merging ultra-low latency with exceptionally high levels 
of availability, reliability, and security. Representing the 
next phase of evolution for the IoT, the Tactile Internet 
will extend its scope to include interactions between 
humans and machines, as well as machine-to-machine 
interactions [56–59]. OWC technologies possess the 
capability to underpin the Tactile Internet. In a prior 
study [60], we introduced Human Bond Communication 
(HBC) as a concept facilitating continuous bidirectional 
communication among multiple users. 

Intelligent transportation: Vehicular communication stands 
as a pivotal component of the modern era, promising 
pervasive connectivity with ultra-reliable and low-
latency features [61]. V2X communications play a vital 
role in enhancing road safety, optimizing traffic efficiency, 
and ensuring the availability of infotainment services [62]. 
The Dedicated Short-Range Communication (DSRC) 
technology, operating in the 5.9 GHz band, is extensively 
utilized for supporting V2X communications, particularly 
in applications focused on vehicular safety [63]. In 
addition to DSRC, millimeter-wave (mm Wave) bands 
have gained prominence in V2X communications due to 
their ability to deliver Gigabits per second data rates, 
surpassing the capabilities of DSRC [63]. Furthermore, 
OWC technologies emerge as a promising option for 
ensuring reliable connectivity in LOS conditions. 
Specifically, VLC and LiFi can facilitate short-distance 
inter-vehicle communications, while OCC extends 
support for communication over a distance of 60 meters 
[64]. FSO communication, utilizing laser-based 
technology, offers the potential for even longer-distance 
communication in vehicular scenarios. 

4.4. Surveys of OWC-Based 5G/6G and IoT Systems 

Numerous researchers globally are actively engaged 
in exploring OWC for the development of future 
communication networks. An innovative approach 
introduced in [60] focuses on HBC utilizing head-
mounted displays (HMDs). This method employs the 
camera of an HMD as a receiver and incorporates an IR 
light source as a transmitter, demonstrating the feasibility 
of HMDs for communication purposes. This HBC system 
enables efficient communication between users or devices 
using their respective HMDs. In [65], researchers propose 
an optical V2V communication system based on LED 
transmitters and camera receivers. This technology has 
the potential to emerge as a significant development for 
the Internet of Vehicles, where the LED transmitter in one 
vehicle communicates various data to camera receivers in 
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other vehicles using an optical communication image 
sensor. The LiFi/WiFi-integrated architecture presented 
in [66] is designed to meet the requirements of the 5G 
system, showcasing a comprehensive integration of LiFi 
and WiFi. A universal traffic management system 
detailed in [67] provides expressway and road 
information to vehicles. This system utilizes LED 
headlights as transmitters for the uplink and multiple PDs 
with lenses as receivers on the roadside. For the downlink, 
signals are transmitted from an LED on a roadside unit 
and received using an optical communication image 
sensor on the vehicle. Motivating factors for VLC usage in 
supporting highly dense users are discussed in [68]. The 
study explores VLC integration with RF technologies, 
emphasizing the importance of selecting suitable 
operating conditions for optimal outcomes in both RF and 
VLC solutions. Additionally, [69] introduces a relay-
assisted VLC system where an amplify-and-forward relay 
is employed to forward signals while simultaneously 
transmitting its own signals. The relay terminal assists the 
source terminal in forwarding signals to the destination 
terminal, with signal allocation to even and odd 
subcarriers for source and relay terminals, respectively. 

The integration of 5G New Radio (NR) with VLC 
downlink architecture is elucidated by the authors in 9-
[70], showcasing the synergistic potential of these 
emerging wireless technologies. Specifically, the 
transmission of 5G NR frames over VLC is meticulously 
implemented, marking a significant stride in bridging 
these complementary technologies. Furthermore, in the 
context of a three-dimensional hybrid RF/VLC indoor IoT 
system described in [71], a homogeneous Poisson point 
process is employed to model terminal distribution. This 
study incorporates a light energy harvesting (EH) model 
alongside a LOS propagation model for VLC, enabling 
efficient energy utilization. Notably, the harvested energy 
from PDs at each device within the room is leveraged for 
transmissions over the RF uplink. The paper underscores 
pivotal advancements in OWC technologies, addressing 
future demands posed by 5G, 6G, and IoT systems, an 
aspect largely unexplored in existing review literature. By 
comprehensively examining various OWC technologies, 
the article delineates their potential contributions towards 
realizing the objectives of next-generation wireless 
systems. 

5. Challenges of the OWC in the 5G/6G and IoT 
Solutions 

Successfully deploying OWC technologies for 5G/6G 
and IoT solutions necessitates adeptly tackling a range of 
formidable challenges. Several critical challenges are 
succinctly examined below: 

Frequent handover: Prospective communication systems 
will be characterized by heterogeneous small dense 

networks, leading to frequent handovers. These 
handovers will occur both within optical networks and 
between optical and RF networks. Given the diminutive 
size of optical cells, the likelihood of numerous 
superfluous handovers exists, necessitating the 
mitigation of unnecessary handovers and the associated 
ping-pong effect. Additionally, the distinctive properties 
of the physical and data-link layers in optical and RF-
based wireless networks pose a significant challenge for 
ensuring effective mobility support in RF/optical hybrid 
systems. 

Inter-cell interference: Effectively addressing the 
management of inter-cell optical interference emerges as 
a critical concern during the deployment of optical VLC 
and LiFi networks. The dense deployment of LEDs in 
OWC technologies has the potential to induce substantial 
interference within 5G/6G and IoT networks. 
Consequently, the mitigation of inter-cell optical 
interference stands out as a formidable challenge in this 
context. 

Atmospheric loss: The efficacy of OWC technologies is 
susceptible to various atmospheric factors such as 
scattering, refraction, air absorption, free space loss, and 
scintillation. Outdoor settings introduce additional 
challenges, as fog and dust impede the transmission of 
optical signals from the transmitter to the receiver. 
Unfavorable atmospheric conditions contribute to 
degradation in the communication link quality for FSO. 
Consequently, mitigating atmospheric losses poses a 
considerable challenge, particularly in outdoor 
environments, in striving to achieve the objectives of 5G 
networks. 

Limited uplink communication using OWC technologies: Many 
user equipment designs incorporate low-power LEDs to 
minimize power consumption. However, this presents 
challenges for VLC and LiFi systems in uplink 
communication. The use of low-power LEDs results in 
diffused, low-intensity light, making them susceptible to 
interference from downlink high-power lights and thereby 
constraining uplink communication performance. 
Additionally, the vulnerability of the uplink communication 
link is heightened by the slightest deflection or movement of 
the user equipment's receiver. Addressing these issues is 
crucial for the future enhancement of VLC and LiFi systems 
to efficiently support uplink communication. 

Low data rate of the OCC system: A significant limitation of 
the current OCC system is its constrained data rate, 
primarily attributed to the low-frame rate cameras 
employed. Achieving a high data rate is challenging 
within this framework, as evidenced by the most recent 
recorded data rate of only 55 Mbps [27]. There is a 
pressing need to augment this data rate to meet the 
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burgeoning service requirements in the context of 5G/6G 
and IoT networks. 

Flickering avoidance: Flickering refers to variations in the 
luminance of light perceivable by humans, posing a 
significant concern in OWC systems. Various modulation 
schemes employed in OWC systems may induce flickering, 
which can adversely impact human health. Effectively 
addressing this challenge involves modulating LEDs in a 
manner that mitigates flickering, adding a layer of 
complexity to the task. 

Data rate improvement of the FSO backhaul system: The 
backhaul infrastructure within 5G/6G systems is tasked 
with managing a substantial volume of data traffic to 
facilitate high-data-rate services for end-users. Failure to 
address this efficiently may lead to bottleneck issues. 
Consequently, the challenging endeavor involves 
enhancing FSO backhaul capacity in response to the 
escalating traffic volumes. 

Machine learning for OWC: The future landscape of 6G 
communication networks necessitates the incorporation 
of learning-based networking systems as a key 
requirement. Given the escalating complexity of network 
structures and diverse requirements, artificial control and 
decision-making become imperative in challenging 
environments. Supervised learning finds application in 
various OWC-based scenarios such as smart healthcare 
[72], smart home lighting [73], and OWC data mining. 
Unsupervised machine learning methods prove efficient 
for OWC data-based analysis, encompassing tasks such as 
correlation, ranking, spatial and temporal analysis, and 
flow prediction. Furthermore, reinforcement learning 
emerges as a valuable tool for optimizing data rates, 
implementing network switching, and managing traffic 
within ultra-dense OWC networks designed for 6G [14]. 
The integration of machine learning into 6G OWC 
networks facilitates intelligent network assignment, 
automated error correction, efficient decision-making, 
and network reassignment, among other functionalities. 
Notably, the application of the machine learning 
approach is integral in the context of indoor mobile robot-
based dense OWC small networks, enabling swift and 
efficient task execution. 

6. Conclusion 

The introduction of 5G communication is anticipated 
to occur by 2020, followed by the projected launch of 6G 
communication between 2027 and 2030. Realizing the 
objectives of 5G/6G and the IoT through the tactile 
internet poses several challenges. Key among these 
challenges are the provision of high capacity, massive 
connectivity, low latency, high security, low-energy 
consumption, high QoE, and highly reliable connectivity 
for 5G communication systems. Solely relying on RF-

based systems proves insufficient to meet the substantial 
demands of future 5G/6G and IoT networks. OWC 
technologies, including VLC, LiFi, OCC, and FSO 
communication, emerge as ideal complementary 
solutions to RF networks. The concurrent operation of RF 
and optical wireless systems holds the potential to 
achieve the ambitious goals set for these networks. This 
study provides a comprehensive examination of how 
OWC technologies contribute to the successful 
deployment of future 5G/6G and IoT networks. The 
characteristics of 5G, 6G, and IoT systems, as well as the 
features of OWC technologies such as VLC, LiFi, OCC, 
and FSO, are succinctly outlined. Each specification of 5G, 
6G, and IoT is individually expounded upon, 
highlighting how OWC systems facilitate the realization 
of these features. Additionally, the paper offers a 
summary of existing OWC-related studies pertaining to 
5G and IoT, making it a valuable resource for 
comprehending research contributions across various 
optical wireless systems in the context of future network 
deployment. 
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ABSTRACT: This work explores the role of simulation in computer networks, discussing various 
network types, communication protocols, and the utilization of network simulators, with a focus on 
educational settings. We specifically analyze and compare five prominent network simulators: Cisco 
Packet Tracer, Riverbed Modeler Academic Edition, GNS3, NS-3, and Mininet. These tools are 
examined in terms of their functionality, user-friendliness, and suitability for educational purposes, 
assessing how they facilitate learning for students and trainees. The comparison extends to their 
operational capabilities, differences, effectiveness, and overall impact on networking education. The 
evaluation aims to highlight each simulator's strengths and weaknesses, providing insights into their 
practical applications in an academic context. 
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1. Introduction  

In today’s interconnected world, networks 
encompass nearly every aspect of our global society, 
forming a vast web that spans the entire Earth. This 
extensive coverage is not just limited to geographic 
expansiveness but also permeates various sectors of 
human activity, ranging from economic operations and 
governmental infrastructure to personal communication 
and entertainment. Networks facilitate the seamless flow 
of information, enabling not just global connectivity but 
also driving advancements in technology and society. A 
computer network, by definition, is a system comprising 
both autonomous and non-autonomous computers or 
nodes interconnected through various means of 
communication. These networks are fundamental to the 
modern digital ecosystem, supporting an extensive array 
of devices beyond traditional computers, including 
mobile phones, printers, cameras, televisions, and even 
more sophisticated IoT (Internet of Things) devices like 
smart thermostats and security systems. The term 
"computer" in this context serves a formal role, 
recognizing any device capable of sending, receiving, and 

processing data as part of the network infrastructure. As 
networks have become ubiquitous, the functions and 
effectiveness of network simulations have similarly 
evolved to become indispensable tools in network design 
and management. These simulations are employed 
extensively across a spectrum of applications—from 
crafting robust architectures for large organizations and 
services to developing state defense mechanisms. They 
play a pivotal role in telecommunications, where they 
help in optimizing network performance and security 
under various scenarios without the need to physically 
alter the network during testing. Moreover, the role of 
network simulations extends into the realm of education, 
where they provide a practical learning experience for 
students and professionals alike. Through simulations, 
learners can explore complex network dynamics and 
interactions in a controlled environment, enhancing their 
understanding of network management, problem-
solving, and strategic planning. These simulations are 
also crucial in the design and implementation of 
networks. They allow engineers and network designers to 
experiment with network configurations, simulate loads 
and attacks, and foresee how a network might behave 
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under stress or failure conditions. The predictive 
capabilities of network simulations help in preempting 
problems and designing networks that are both resilient 
and scalable. In summary, the development of network 
technology and simulations reflects our growing 
dependence on digital connectivity and the continuous 
need for advancements in network reliability, security, 
and efficiency. As we look towards future innovations—
such as 5G networks, enhanced broadband capabilities, 
and more sophisticated cybersecurity measures—the role 
of network simulations will only grow in importance, 
shaping the backbone of our digital world and ensuring 
that networks not only cover the Earth geographically but 
also meet the evolving demands of a highly connected 
future [1].  

2. Types of Networks 

Networks are divided into wired and wireless in 
terms of their connectivity. Wired networks are defined 
as those that communicate with each other through 
physical means, namely through networking cables. 
Wireless networks communicate without any 
transmission medium such as any cable. In terms of their 
coverage, we have the 3 basic categories of networks:  

Local coverage networks that usually connect devices 
within the same building or nearby building 
infrastructure and their coverage range does not exceed a 
radius of 1 km. 

 

Figure 1: Example of a LAN network in a home or workplace. 

Metropolitan area networks consist of many LAN 
networks together and usually cover the radius of an 
entire area, a campus, or a city and usually reach a radius 
of 50km. 

Wide area networks provide much larger coverage 
than LAN & WAN as they are the sum of the above 

network types, and their coverage is considered 
unlimited because they cover the entire Earth [2]. 

 

Figure 2: Example of a MAN network in a city. 

 

Figure 3: The internet and global connectivity themselves are the ideal example 
of a WAN. 

2.1. Network communication protocols 

The most important network communication 
protocol as the entire internet is based on it. Divided into 
layers, it can manage all data transfer problems. 

A basic data transfer protocol. Unlike TCP/IP, it does 
not have security functions but supports the transmission 
of information to multiple users simultaneously. It is 
mainly used in telecommunications (VoIP) and Online 
Videogames. FTP is widely used by TCP/IP for sending 
and receiving files. The 802-protocol family is used in 
LAN and MAN networks. This protocol allows the 
changing of IP addresses between computers to   achieve 
accurate data transmission through the correct 
addressing.  

It is the initial information transmission model which 
started as an idea in 1970 and was formalized in 1984. It 
divides the entire data transfer process into 7 layers, each 
undertaking a separate process in the facilitation of 
information transfer.  
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Figure 4: The OSI operating levels. 

3. Introduction to the Network Simulations 

In this chapter, the definition of simulation, its 
operation, why we perform a network simulation, as well 
as the types of simulators with their advantages and 
disadvantages will be discussed. Simulation is called the 
study of a system with the help of a computer through a 
numerical experiment modeling technique. Essentially, 
we input (input) the data we want to study to obtain the 
desired output (output) results by mimicking the real-
world processes or system [3]. 

3.1. Network Simulation Operation 

In the intricate world of network simulations, the 
operation harmoniously blends information technology 
and statistical processes. This synergistic integration 
allows for robust data collection, analysis, and the 
creation of detailed visual representations such as 
diagrams and charts. At the heart of these operations are 
sophisticated programs specifically designed to execute 
tasks such as sampling, processing data into actionable 
insights, and graphical representation. These tools are 
crucial in turning raw data into comprehensible outcomes 
that can inform strategic decisions and optimize network 
designs [4]. 

3.1.1. DES (Discrete Event Simulation) 

Discrete Event Simulation (DES) represents a critical 
methodology in the realm of simulation technologies, 
where the flow of time is modeled as distinct, individual 
events. Each event occurs at a particular instant in time 
and marks a change of state in the system. This approach 
is widely utilized across various sectors, from complex 
industrial settings like factories and maritime 
installations to more streamlined applications such as the 
operational dynamics of household appliances. For 
instance, in large-scale industrial applications, DES can 

simulate the logistical operations of a factory floor, the 
scheduling and management of maritime ports, or the 
traffic flow of communication in large call centers. These 
environments benefit from DES's ability to model 
intricate systems where components interact at discrete 
points in time, allowing for detailed analysis of each 
interaction. On a smaller scale, DES can be applied to 
everyday applications such as the adaptive control of a 
radiator’s fan speed based on temperature fluctuations or 
the intensity adjustments of a lamp in response to changes 
in ambient lighting conditions. These simulations help in 
refining product designs to enhance functionality and 
user experience [5]. 

3.1.2. ABS (Agent-Based Simulation) 

Agent-Based Simulations (ABS) provide a dynamic 
framework where agents, autonomous decision-making 
entities with defined behaviors, interact within a 
simulated environment. This type of simulation is 
particularly suited to scenarios where complex 
interactions among agents lead to emergent behaviors 
and outcomes. ABS is extensively used in fields such as 
healthcare, where it can model the spread of diseases 
within a population, or in economics, where it can 
simulate market dynamics and consumer behaviors. 
Agents in these simulations are designed to mimic real-
world behaviors, making ABS an excellent tool for 
studying social systems and organizational structures. 
For example, in health sector simulations, agents could 
represent individuals with varying susceptibility to a 
disease, allowing researchers to study the impacts of 
interventions on disease spread [6]. 

3.1.3. CS (Continuous Simulation) 

Continuous Simulation (CS) deals with systems 
characterized by continuous state changes over time, 
modeled through differential equations. Unlike DES 
where changes occur at discrete intervals, CS provides a 
smooth and continuous description of system dynamics. 
This type of simulation is indispensable in fields like 
environmental science for studying climate change 
impacts or in engineering for assessing the stress and 
strain on materials over time. CS is particularly effective 
for simulations that require tracking of variables that 
change incrementally across every point in time, such as 
the growth of a population of animals or the dispersion of 
pollutants in an ecosystem. These simulations are crucial 
for long-term planning and forecasting in environmental 
management and urban planning [7]. 

3.1.4. HS (Hybrid Simulation) 

Hybrid Simulations combine the features of both 
discrete and continuous simulations. This blend allows 
for the modeling of systems where both continuous and 
discrete processes exist simultaneously. For example, a 
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hybrid simulation might model a manufacturing process 
(a continuous flow of materials) alongside the 
maintenance schedules of the machinery (discrete events) 
[8]. 

3.1.4.1. Continuous Processes 

Continuous simulations are used to model systems 
that change in a smooth, continuous manner over time. In 
the context of network simulations, this might involve the 
continuous flow of data through network channels, 
where parameters like bandwidth, latency, and error 
rates are modeled as continuous variables. 

3.1.4.2. Discrete Events 

Discrete event simulations, on the other hand, are 
used to model systems where changes occur at distinct 
points in time. In network simulations, this could involve 
modeling events such as packet arrivals, queue 
formations, and protocol state transitions. 

3.1.4.3.     Integration of Continuous and Discrete Models 

Hybrid simulations integrate these two approaches to 
provide a more comprehensive modeling framework. For 
instance, in a network simulation, continuous models can 
simulate the overall data flow, while discrete models can 
handle specific events like packet drops or node failures. 

3.1.4.4.     Advantages of Hybrid Simulation 

The primary advantage of hybrid simulation is its 
ability to capture the dynamic interactions between 
continuous processes and discrete events. This approach 
can provide more accurate and detailed insights into the 
behavior of complex systems, which is particularly useful 
in scenarios where both types of processes are significant. 

Hybrid simulation techniques are increasingly used 
in various fields, including manufacturing, logistics, 
healthcare, and telecommunications. They offer a 
powerful tool for analyzing and optimizing systems 
where continuous and discrete dynamics interact. 

3.2. Advantages/Disadvantages 

The adoption of simulation technologies comes with 
its set of advantages and challenges. Below, we explore 
these aspects in detail, providing a comprehensive 
understanding of the potential benefits and limitations. 
[9]. 

3.2.1. Advantages 

3.2.1.1.     Risk-Free Testing Environment 

3.2.1.1.1. Scenario Modeling 

The foremost advantage of using simulations is their 
ability to model and test every conceivable scenario for 
network implementation in a risk-free, virtual 

environment. This allows for the examination of network 
behavior under various conditions without the risk of 
disrupting actual network operations. 

3.2.1.1.2. Cost-Efficiency 

Simulations help in identifying the most efficient, 
cost-effective, and robust network configurations. This 
pre-implementation testing can save significant costs 
associated with trial-and-error approaches in real-world 
deployments. 

3.2.1.1.3. Safety 

By testing network changes in a simulated 
environment, potential issues can be identified and 
resolved before they affect live systems, ensuring 
network stability and reliability. 

3.2.1.2.     Flexibility and Scalability 

3.2.1.2.1. Scalable Models 

Simulation tools can model networks of various sizes 
and complexities, from small local networks to large-scale 
global infrastructures. This scalability allows for 
comprehensive analysis of network performance and 
potential bottlenecks. 

3.2.1.2.2. Customizable Scenarios 

Users can customize simulations to match specific 
requirements, such as testing new protocols, evaluating 
network upgrades, or assessing security vulnerabilities. 

3.2.1.3.     Enhanced Understanding and Learning: 

3.2.1.3.1. Educational Value 

Simulation tools provide a valuable educational 
resource, allowing students and professionals to visualize 
and interact with complex network topologies and 
protocols. This hands-on experience enhances 
understanding and facilitates learning. 

3.2.1.3.2. Predictive Analysis 

By simulating future network scenarios, 
organizations can proactively identify potential issues 
and implement preventive measures, enhancing overall 
network resilience. 

3.2.1.4.     Efficient Resource Allocation: 

3.2.1.4.1. Optimization 

Simulations can identify the optimal allocation of 
network resources, such as bandwidth and hardware, 
ensuring efficient utilization and minimizing wastage. 

3.2.1.4.2. Performance Evaluation 

They enable the evaluation of network performance 
under different configurations, helping in making 
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informed decisions about resource investments and 
upgrades. 

3.2.2. Disadvantages 

3.2.2.1.     Resource-Intensive Development 

3.2.2.1.1. High Costs 

The development and operation of advanced 
network simulators are resource-intensive, requiring 
significant investment in both computational resources 
and expert human capital. High-performance computing 
infrastructure and skilled personnel are essential for 
creating and managing detailed simulation models. 

3.2.2.1.2. Complex Setup 

Setting up simulation environments can be complex 
and time-consuming, particularly for large-scale or highly 
detailed simulations. 

3.2.2.2.     Limitations in Realism: 

3.2.2.2.1. Approximation of Reality 

Despite advances in simulation technology, the 
inherent unpredictability of real-world environments 
means that simulations, while highly indicative, cannot 
completely replicate all real-world variables. Factors such 
as human behavior, environmental changes, and 
unexpected network traffic patterns may not be fully 
captured. 

3.2.2.2.2. Validation Required 

Consequently, results from simulations should be 
interpreted as approximations. While they provide 
valuable insights, these results require careful 
consideration and validation against real-world data and 
experiences to ensure their accuracy and applicability. 

3.2.2.3.     Potential for Over-Reliance: 

3.2.2.3.1. Overconfidence in Simulations 

There is a risk that organizations may become overly 
reliant on simulation results, potentially overlooking the 
importance of real-world testing and validation. 
Simulations should complement, not replace, empirical 
testing and field trials. 

3.2.2.3.2.         Static Models 

Simulation models can become outdated if they are 
not regularly updated to reflect changes in technology, 
network configurations, and usage patterns. Continuous 
maintenance is necessary to ensure simulations remain 
relevant and accurate. 

3.2.2.4.     Technical Challenges 

3.2.2.4.1. Modeling Complexity 

Accurately modeling complex networks and 
protocols can be technically challenging. Simplifications 
and assumptions made during the modeling process can 
impact the accuracy of simulation results. 

Debugging and Troubleshooting: Identifying and 
resolving issues within simulation models can be 
difficult, particularly when dealing with intricate network 
interactions and behaviors. 

In conclusion, while simulation technologies offer 
numerous advantages, including risk-free testing, cost-
efficiency, and enhanced learning opportunities, they also 
present challenges such as high development costs, 
limitations in realism, and potential over-reliance. To 
maximize the benefits of simulations, it is crucial to 
balance their use with real-world testing and 
continuously validate simulation results against actual 
network performance. By doing so, organizations can 
leverage simulations to improve network design, 
optimize resource allocation, and enhance overall 
network resilience. 

4. Network Simulation Tools 

In this section, we will explore some of the most 
prevalent network simulation programs available today. 
These tools are crucial for modeling, analyzing, and 
optimizing network performance in various 
environments, ranging from educational settings to 
complex commercial deployments [10] , [11]. 

4.1. Opnet (Optical Micro-Networks) 

Opnet, now known as Riverbed Modeler, is a discrete 
event simulation (DES) tool with graphical user interface 
(GUI) support. It is widely regarded as one of the most 
comprehensive and powerful network simulators 
available in the commercial market. Opnet’s architecture 
allows it to be used in several sectors due to its ability to 
model a wide range of network components and 
behaviors. 

4.1.1. Wireless Communications 

Opnet can simulate various wireless technologies, 
including Wi-Fi, cellular networks, and satellite 
communications. It provides detailed models for radio 
frequency (RF) propagation, interference, and mobility 
patterns, enabling accurate performance analysis of 
wireless networks. 

4.1.2. Wired Communications 

The tool supports the simulation of traditional wired 
networks, including Ethernet, fiber optics, and other 
physical media. Users can model network topologies, link 
failures, and traffic patterns to study network 
performance under different conditions. 
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4.1.3. Protocols 

Opnet includes a vast library of protocol models, 
covering all layers of the OSI model. This allows users to 
simulate the behavior of routing protocols, transport 
protocols (e.g., TCP, UDP), and application-layer 
protocols, providing insights into protocol interactions 
and performance. 

4.1.4. Queues 

The simulator offers detailed queue models, enabling 
the analysis of queuing behavior in network devices such 
as routers and switches. This helps in understanding 
delays, jitter, and packet loss under various traffic loads. 

4.1.5. Microprocessors & Complex Hardware Types 

Opnet can model the internal behavior of network 
devices, including the processing power of 
microprocessors and the performance of complex 
hardware components. This capability is essential for 
studying the impact of hardware configurations on 
network performance [12]. 

4.2. Cisco Packet Tracer 

Cisco Packet Tracer is Cisco's primary network 
simulation and visualization tool, widely used in 
educational institutions, academies, and organizations for 
training and certification purposes. It provides a robust 
platform for learning, teaching, and testing network 
concepts and configurations. 

4.2.1. Learning and Teaching 

Packet Tracer is an integral part of Cisco’s 
Networking Academy curriculum. It allows students to 
practice network configuration and troubleshooting in a 
virtual environment, reinforcing theoretical knowledge 
with hands-on experience. 

4.2.2. Testing and Certifications 

The tool supports the preparation for Cisco 
certification exams (e.g., CCNA, CCNP) by providing 
realistic simulation scenarios that mirror those 
encountered in real-world networks. This practical 
training is crucial for developing the skills required to 
manage and configure Cisco networks. 

4.2.3. Features 

Packet Tracer includes a variety of features, such as 
real-time and simulation modes, allowing users to 
visualize network behavior and performance. It supports 
a wide range of Cisco devices and protocols, enabling the 
simulation of complex network topologies and 
interactions. 

 

4.2.4. Collaboration 

The tool offers collaborative features, allowing 
multiple users to work on the same network simulation 
simultaneously. This is particularly useful in classroom 
settings, where instructors and students can interact and 
share insights in real-time [13]. 

4.3. GNS3 (Graphical Network Simulator-3) 

GNS3 is an open-source network simulator that 
allows the simulation of complex networks using real 
network hardware images and virtualization 
technologies. It is highly popular among network 
professionals and enthusiasts for its flexibility and 
powerful features. 

4.3.1. Real Hardware Emulation 

Unlike other simulators that rely on abstract models, 
GNS3 uses real Cisco IOS, Juniper Junos, and other 
network operating system images to emulate actual 
hardware devices. This provides a highly realistic 
simulation environment. 

4.3.2. Integration with Virtual Machines 

GNS3 can integrate with VirtualBox, VMware, and 
other virtualization platforms, allowing the simulation of 
virtual machines alongside network devices. This is 
useful for simulating end-to-end network scenarios, 
including client-server interactions and multi-tier 
applications. 

4.3.3. Extensibility 

The simulator supports a wide range of plugins and 
third-party tools, such as Wireshark for packet capture 
and analysis. This extensibility makes GNS3 a versatile 
tool for network design, testing, and troubleshooting. 

4.3.4. Community Support 

GNS3 has a vibrant community of users and 
contributors who provide support, share configurations, 
and develop new features. This community-driven 
approach ensures continuous improvement and 
adaptation to emerging networking technologies. [14] 

4.4. NS-3 (Network Simulator 3) 

NS-3 is an open-source discrete-event network 
simulator designed for research and educational 
purposes. It provides a detailed simulation environment 
for networking protocols and internet systems. 

4.4.1. Research Focus 

NS-3 is widely used in academic and research settings 
to study the performance and behavior of networking 
protocols. It supports the simulation of a wide range of 
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network types, including wired, wireless, and satellite 
networks. 

4.4.2. Realism and Accuracy 

The simulator offers high fidelity models that closely 
mimic real-world network behavior. This accuracy makes 
it suitable for validating theoretical models and 
conducting performance evaluations. 

Programming Interface: NS-3 provides a flexible 
programming interface, allowing users to extend and 
customize the simulator to meet specific research needs. 
It supports C++ and Python, making it accessible to a 
broad range of users. 

4.4.3. Visualization Tools 

While NS-3 itself is focused on the simulation engine, 
it integrates with various visualization tools, such as 
NetAnim and PyViz, to provide graphical representations 
of network topologies and traffic flows [15]. 

4.5. Mininet 

Mininet is a network emulator that creates a realistic 
virtual network on a single machine. It is widely used for 
developing, testing, and demonstrating software-defined 
networking (SDN) applications. 

4.5.1. SDN Focus 

Mininet is specifically designed to support SDN and 
OpenFlow. It allows users to create and experiment with 
SDN topologies, controllers, and applications, making it 
an essential tool for SDN research and development. 

4.5.2. Rapid Prototyping 

The emulator can quickly instantiate network 
topologies, making it ideal for rapid prototyping and 
testing. Users can simulate large networks with hundreds 
of nodes using minimal resources. 

4.5.3. Integration with Real Networks 

Mininet can integrate with physical networks, 
enabling hybrid environments where virtual and real 
devices interact. This feature is valuable for testing SDN 
applications in realistic settings. 

4.5.4. Educational Use 

Mininet is widely used in educational settings to 
teach SDN concepts and practices. Its ease of use and 
flexibility make it a popular choice for classroom labs and 
assignments [16]. 

4.6. Presentation of Simulators 

4.6.1. Analysis of Cisco Packet Tracer 

Cisco Packet Tracer is an innovative educational tool 
that allows trainees to create networks with nearly 
unlimited capabilities, using a wide range of devices. This 
encourages diagnostics and troubleshooting, enhancing 
the learning experience. 

From the Educator's Perspective: Packet Tracer 
allows the teaching of network device functions that 
operate in the background, visible in everyday life. For 
instance, it can simulate the operation of a router, 
showing what happens from the moment a user enters a 
password until the router grants access to the user's 
device. The simulation capabilities simplify the learning 
process by providing tables, diagrams, and visual 
representations of internal functions, such as dynamic 
data transfers. The simulation function reduces 
presentation time by replacing tables and static slides 
with real-time visual effects. 

4.6.2. Benefits for Educators 

• Provides visual displays of complex technologies 
with configuration capability. 

• Allows customized, guided activities with immediate 
feedback. 

• Facilitates various learning activities like lectures, lab 
activities, homework, assessments, and games. 

• Supports network design, troubleshooting, modeling 
tasks, and case studies. 

• Enables visualization, movement, and detailed 
modeling for exploration, research, and 
experimentation. 

• Encourages learning outside the classroom. 
• Supports social learning, collaboration, and healthy 

competition. 
• Covers most protocols and technologies taught in 

Cisco seminars and courses. 

From the Student-Trainee Perspective: Packet Tracer 
offers a practical way of learning through simulation, 
allowing better opportunities to gain practical skills and 
knowledge when working with real equipment. Trainees 
gain faster experience through troubleshooting in 
simulation and real-world scenarios, building confidence 
and leading to a more productive workforce. 

4.6.3. Workspaces 

4.6.3.1.1. Logical Workspace 

Users can create logical network topologies by 
placing, connecting, and grouping virtual network 
devices. 

4.6.3.1.2. Physical Workspace 

Provides a graphic-physical dimension of the logical 
network, showing how devices like routers, switches, and 
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mainframes would appear in a real environment. It also 
includes geographical representations of networks, 
including cities, buildings, and cables. 

4.6.4. Modes of Operation 

4.6.4.1. Real-Time Mode 

The network and its devices behave like real devices, 
offering immediate real-time response for all networks 
and subnets. 

4.6.4.2. Simulation Mode 

Allows users to control the timing, internal functions 
of data transfer, and data propagation in a network, 
helping students understand the fundamental concepts 
behind network operations. 

4.6.5. Supported Protocols and Applications 

4.6.5.1. Application 

FTP, SMTP, POP3, HTTP, TFTP, Telnet, SSH, DNS, 
DHCP, NTP, SNMP, AAA, ISR, VOIP, SCCP config and 
calls ISR command support, Call Manager Express. 

4.6.5.2. Transport 

TCP/IP, UDP, TCP Nagle Algorithm & IP 
Fragmentation, RTP. 

4.6.5.3. Network 

BGP, IPv4, ICMP, ARP, IPv6, ICMPv6, IPSec, RIPv1/ 
v2/ng, Multi-Area OSPF, EIGRP, Static Routing, Route 
Redistribution, Multilayer Switching, L3 QoS, NAT, 
CBAL, Zone-based policy firewall, and Intrusion 
Protection System on the ISR, GRE VPN, IPSec VPN. 

4.6.5.4. Network Access/Interface 

Ethernet (802.3), 802.11, HDLC, Frame Relay, PPP, 
PPPoE, STP, RSTP, VTP, DTP, CDP, 802.1q, PAgP, L2 
QoS, SLARP, Simple WEP, WPA, EAP. 

4.6.6. Additional Features 

• Modular devices simulation with graphical hardware 
allowing interface card insertion into routers. 

• Multi-user functionality for collaborative 
construction of virtual networks through a real 
network. 

• Step-by-step tutorials, advanced workshops, and a 
comprehensive help feature. 

• Activity Wizard for creating custom learning 
activities with grading and feedback capabilities. 

• Lab scoring function, international language support, 
and compatibility with all platforms (Windows and 
Linux). 

4.7. Analysis of GNS3 

GNS3 is an open-source network simulator highly 
regarded for its flexibility and powerful features, 
allowing the simulation of complex networks using real 
network hardware images and virtualization 
technologies. 

4.7.1. From the Educator's Perspective 

GNS3 is a valuable tool for teaching network concepts 
and configurations, offering hands-on experience with 
real network operating system images. This allows 
students to gain practical knowledge and skills by 
working with actual network environments. 

4.7.2. Benefits for Educators 

• Provides a realistic simulation environment using 
real hardware images. 

• Supports the integration of virtual machines, 
enabling comprehensive network simulations. 

• Allows the use of a wide range of plugins and third-
party tools for enhanced functionality. 

• Offers community support for troubleshooting and 
sharing configurations. 

4.7.3. From the Student-Trainee Perspective 

GNS3 provides a practical learning platform where 
students can experiment with complex network setups 
and troubleshoot issues in a safe environment. This 
hands-on experience is crucial for developing real-world 
networking skills. 

4.7.4. Workspaces 

4.7.4.1. Topology Workspace 

Users can create and manage network topologies by 
adding, connecting, and configuring virtual network 
devices and links. 

4.7.4.2. Virtual Machine Integration 

Supports integration with virtualization platforms 
like VirtualBox and VMware, allowing the inclusion of 
virtual machines in network simulations. 

4.7.5. Modes of Operation 

4.7.5.1. Real-Time Mode 

Provides real-time simulation of network operations, 
allowing users to observe and interact with the network 
as if it were live. 

4.7.5.2. Simulation Mode 

Offers control over simulation parameters, enabling 
detailed analysis of network behavior and performance. 

4.7.6. Supported Protocols and Applications: 
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4.7.6.1. Application 

Supports a wide range of networking protocols and 
applications through real network operating system 
images (e.g., Cisco IOS, Juniper Junos). 

4.7.6.2. Transport 

Capable of simulating various transport protocols 
and behaviors, providing a comprehensive 
understanding of network interactions. 

4.7.6.3. Network 

Supports detailed simulation of network protocols, 
including routing, switching, and security protocols. 

4.7.6.4. Network Access/Interface 

Emulates a variety of network interfaces and access 
technologies, providing flexibility in network design and 
testing. 

4.7.7. Additional Features 

• Real hardware emulation for high-fidelity network 
simulations. 

• Integration with virtual machines for end-to-end 
network scenarios. 

• Extensibility through plugins and third-party tools 
like Wireshark. 

• Active community support for continuous 
improvement and problem-solving. 

4.8. Analysis of Opnet (Riverbed Modeler) 

Opnet, now Riverbed Modeler, is a comprehensive 
network simulation tool used for modeling a wide range 
of network components and behaviors across various 
sectors. 

4.8.1.1. From the Educator's Perspective 

Riverbed Modeler offers detailed simulation 
capabilities that are invaluable for teaching advanced 
network concepts and performance analysis. Its extensive 
library of models allows educators to cover a wide range 
of networking topics with high accuracy. 

4.8.2. Benefits for Educators 

• Provides detailed models for wireless and wired 
communications, protocols, and queuing behaviors. 

• Enables the simulation of complex hardware 
components and microprocessors. 

• Offers a comprehensive GUI for visualizing network 
simulations and results. 

• Supports the creation of custom simulation scenarios 
for targeted learning objectives. 

4.8.2.1. From the Student-Trainee Perspective 

Riverbed Modeler provides a powerful platform for 
students to experiment with network configurations and 
analyze performance metrics. Its detailed simulation 
capabilities help students understand the intricacies of 
network operations and the impact of various factors on 
performance. 

4.8.3. Workspaces 

4.8.3.1. Modeler Workspace 

Allows users to create detailed network models by 
adding and configuring nodes, links, and protocols. 

4.8.3.2. Simulation Workspace 

Provides tools for setting up and running 
simulations, as well as analyzing results through 
graphical and statistical outputs. 

4.8.4. Modes of Operation 

4.8.4.1. Real-Time Mode 

Simulates network operations in real-time, providing 
immediate feedback and insights. 

4.8.4.2. Simulation Mode 

Allows users to control simulation parameters and 
analyze network behavior over time. 

4.8.5. Supported Protocols and Applications 

4.8.5.1. Application 

Includes a vast library of application-layer protocols 
for comprehensive simulation of network traffic and 
interactions. 

4.8.5.2. Transport 

Supports detailed modeling of transport protocols 
like TCP and UDP, providing insights into performance 
and reliability. 

4.8.5.3. Network 

Offers extensive models for network-layer protocols, 
including various routing and switching protocols. 

4.8.5.4. Network Access/Interface 

Emulates a wide range of access technologies and 
network interfaces for flexible network design and 
testing. 

4.8.6. Additional Features 

• Detailed queue models for analyzing queuing 
behavior in network devices. 

• Support for complex hardware modeling, including 
microprocessor performance. 
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• Comprehensive GUI for visualizing network 
simulations and results. 

• Extensive library of protocol models covering all 
layers of the OSI model. 

4.9. Analysis of NSE (Network Simulator 3) 

NS3 is an open-source discrete-event network 
simulator, primarily used for research and educational 
purposes. It provides a realistic simulation environment 
for network protocols and internet systems. 

From the Educator's Perspective: NS3 is a valuable tool 
for teaching network protocols and internet systems due 
to its detailed and accurate simulation capabilities. It 
allows educators to create realistic network scenarios and 
analyze the performance of various protocols. 

4.9.1. Benefits for Educators 

• Offers a realistic and flexible simulation environment. 
• Provides extensive documentation and tutorials, 

aiding in the learning process. 
• Supports a wide range of network protocols and 

models, allowing comprehensive educational 
coverage. 

4.9.1.1. From the Student-Trainee Perspective 

NS3 provides a detailed learning platform for 
students to understand network protocols and their 
behaviors in real-world scenarios. The hands-on 
experience with NS3 aids in developing a deep 
understanding of network operations. 

4.9.2. Workspaces 

4.9.2.1. Simulation Script Workspace 

Users can write and execute simulation scripts in C++ 
or Python, allowing for detailed and customized network 
simulations. 

4.9.3. Modes of Operation 

4.9.3.1. Simulation Mode 

Provides detailed and controlled simulation of 
network scenarios, allowing users to analyze protocol 
performance and network behavior. 

4.9.4. Supported Protocols and Applications 

4.9.4.1. Application 

Includes support for a wide range of application-
layer protocols for realistic simulation of network traffic 
and interactions. 

4.9.4.2. Transport 

Provides detailed modeling of transport protocols 
like TCP, UDP, SCTP, and more, offering insights into 
their performance and reliability. 

4.9.4.3. Network 

Supports extensive models for network-layer 
protocols, including various routing and switching 
protocols. 

4.9.4.4. Network Access/Interface 

Emulates a wide range of access technologies and 
network interfaces, enabling flexible network design and 
testing. 

4.9.5. Additional Features 

• Realistic and detailed simulation environment for 
network protocols. 

• Extensible through custom scripts in C++ or Python, 
allowing for highly customizable simulations. 

• Strong community support with extensive 
documentation and user-contributed models. 

• Regular updates and active development to keep up 
with emerging networking technologies. 

4.10. Analysis of Mininet 

Mininet is an open-source network emulator that 
creates a realistic virtual network, running real kernel, 
switch, and application code on a single machine. It is 
widely used for developing and testing network 
applications and protocols. 

4.10.1. From the Educator's Perspective 

Mininet is an excellent tool for teaching software-
defined networking (SDN) and network function 
virtualization (NFV) concepts. Its ability to emulate a 
complete network on a single machine makes it accessible 
for educational environments. 

4.11. Benefits for Educators 

• Provides a realistic and interactive environment for 
teaching SDN and NFV. 

• Supports the creation of complex network topologies 
with minimal hardware requirements. 

• Includes extensive documentation and a large 
collection of example scripts for various network 
scenarios. 

4.11.1. From the Student-Trainee Perspective 

Mininet offers a hands-on learning experience, 
allowing students to experiment with real network code 
and configurations. This practical approach helps in 
understanding the intricacies of network behavior and 
management. 
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4.11.2.  Workspaces: 

4.11.2.1. CLI Workspace 

Users can interact with the Mininet environment 
through a command-line interface, allowing for the 
creation and management of network topologies. 

4.11.2.2.         Python API Workspace 

Provides a Python API for scripting network 
configurations and behaviors, enabling automation and 
customization. 

4.11.3.    Modes of Operation 

4.11.3.1 Emulation Mode 

Emulates a complete network on a single machine, 
allowing for the testing and development of network 
applications and protocols in a controlled environment. 

4.11.4.     Supported Protocols and Applications: 

4.11.4.1. Application 

Supports the deployment of real applications within 
the emulated network, providing a realistic environment 
for testing network applications. 

4.11.4.2.         Transport 

Emulates transport protocols like TCP and UDP, 
allowing for detailed analysis of their behavior and 
performance. 

4.11.4.3.         Network 

Supports a wide range of network protocols, 
including SDN protocols like OpenFlow. 

4.11.4.4.         Network Access/Interface 

Emulates various network interfaces and access 
technologies, enabling flexible network design and 
testing. 

4.11.5.     Additional Features 

• Real kernel, switch, and application code running in 
the emulated environment. 

• Supports integration with SDN controllers like 
OpenDaylight and Ryu. 

• Extensible through custom scripts and plugins, 
allowing for advanced network emulation scenarios. 

• Active community support with extensive 
documentation and user-contributed examples. 

By leveraging these tools, network professionals and 
students can gain valuable insights, improve network 
designs, and enhance overall network performance. 

These simulators provide robust platforms for learning, 
testing, and optimizing networks, ensuring efficient and 
effective network management and development. 

5. Results of the comparison & Conclusions 

In this section, we present the results of our 
comparative analysis of three prominent network 
simulation tools: Cisco Packet Tracer, GNS3, and 
Riverbed Modeler Academic Edition (Opnet). Each tool's 
capabilities, strengths, and limitations were evaluated 
based on several key criteria: educational applicability, 
user experience, simulation depth, flexibility, and 
scalability. This comprehensive comparison aims to 
provide insights into how each simulator can be 
optimally utilized in various educational and 
professional contexts. 

5.1. Comparative Criteria and Results 

5.1.1. Educational Applicability: 

5.1.1.1.     Cisco Packet Tracer 

• Strengths: Highly effective for beginners due to its 
intuitive interface and straightforward simulation 
capabilities. Integral to Cisco’s Networking Academy 
curriculum, making it a staple in foundational 
network training. 

• Limitations: Primarily focuses on Cisco devices and 
protocols, which may limit exposure to broader 
networking environments. 

5.1.1.2.     GNS3 

• Strengths: Provides a realistic simulation 
environment using real network hardware images, 
which is beneficial for advanced learning and 
professional training. Supports a wide range of 
network devices and protocols. 

• Limitations: The complexity of setup and use can be 
a barrier for beginners, requiring more advanced 
knowledge and skills. 

5.1.1.3.     Riverbed Modeler Academic Edition 

• Strengths: Offers comprehensive modeling 
capabilities that are ideal for higher education and 
professional research. Detailed simulations and 
extensive protocol support make it suitable for in-
depth studies and advanced network analysis. 

• Limitations: Resource-intensive and complex, 
making it less accessible for beginners and smaller 
educational institutions. 

5.1.1.4. NS3 
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• Strengths: Highly suitable for advanced research and 
educational purposes. Provides a realistic and 
detailed simulation environment for network 
protocols and internet systems. 

• Limitations: Requires advanced technical knowledge 
and programming skills, making it less accessible for 
beginners. 

5.1.1.5. Mininet 

• Strengths: Ideal for teaching software-defined 
networking (SDN) and network function 
virtualization (NFV). Provides a practical, hands-on 
learning experience with real network code and 
configurations. 

• Limitations: Limited to emulating rather than 
simulating, which may not fully capture the nuances 
of complex network interactions 

5.1.2. User Experience: 

5.1.2.1.     Cisco Packet Tracer 

• Strengths: User-friendly interface with visual aids 
and guided activities. Real-time and simulation 
modes enhance interactive learning. 

• Limitations: Limited to Cisco-specific environments, 
which may not fully prepare users for multi-vendor 
network scenarios. 

5.1.2.2.     GNS3 

• Strengths: Flexibility and realism due to the use of 
real network OS images. Strong community support 
provides additional resources and troubleshooting 
help. 

• Limitations: The steep learning curve and technical 
setup requirements can be challenging for less 
experienced users. 

5.1.2.3.     Riverbed Modeler Academic Edition 

• Strengths: Comprehensive GUI and detailed 
feedback mechanisms. Supports complex simulations 
with high accuracy. 

• Limitations: High cost and complexity may deter 
smaller institutions and individual learners from 
using it. 

5.1.2.4.   NS3 

• Strengths: Highly detailed and customizable 
simulation environment. Strong support for scripting 
in C++ and Python. 

• Limitations: Requires significant programming 
expertise and setup time. 

5.1.2.5.  Mininet 

• Strengths: Simple setup and easy-to-use CLI and 
Python API for network emulation. Strong 
integration with SDN controllers and virtualization 
platforms. 

• Limitations: Less detailed than full network 
simulators like NS3 or Riverbed, as it focuses more on 
emulation. 

5.1.3. Simulation Depth 

5.1.3.1.     Cisco Packet Tracer 

• Strengths: Adequate for basic to intermediate 
network simulations. Provides essential tools for 
learning network concepts and troubleshooting. 

• Limitations: Less detailed compared to GNS3 and 
Riverbed in terms of advanced protocol and network 
behavior simulations. 

5.1.3.2.     GNS3 

• Strengths: High fidelity due to real hardware 
emulation. Supports a wide range of detailed 
network scenarios. 

• Limitations: Requires substantial computing 
resources for complex simulations. 

5.1.3.3.     Riverbed Modeler Academic Edition 

• Strengths: Offers in-depth and comprehensive 
simulation capabilities, including detailed queuing 
models and hardware behavior. 

• Limitations: High complexity and resource 
requirements. 

5.1.3.4.     NS3 

• Strengths: Provides highly detailed and accurate 
simulations of network protocols. Extensive support 
for custom simulation scripts and detailed statistical 
analysis. 

• Limitations: Can be resource-intensive and complex 
to set up for large-scale simulations. 

5.1.3.5.     Mininet 

• Strengths: Adequate for emulating network 
environments, particularly useful for SDN and NFV 
experiments. 
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• Limitations: Emulation rather than full simulation, 
which limits its ability to model network behavior in 
detail. 

5.1.4. Flexibility and Scalability 

5.1.4.1. Cisco Packet Tracer 

• Strengths: Suitable for small to medium-sized 
network simulations. Allows for logical and physical 
workspace configurations. 

• Limitations: Scalability is limited compared to GNS3 
and Riverbed. 

5.1.4.2.  GNS3 

• Strengths: Highly scalable and flexible, supporting 
integration with virtual machines and a wide range of 
plugins. 

• Limitations: Requires advanced setup and 
configuration. 

5.1.4.3.  Riverbed Modeler Academic Edition 

• Strengths: Capable of simulating large-scale 
networks with detailed feedback. Highly flexible in 
terms of protocol and hardware modeling. 

• Limitations: Requires significant resources and 
expertise to manage large-scale simulations. 

5.1.4.4. NS3 

• Strengths: Extremely flexible and scalable, suitable 
for simulating a wide range of network scenarios. 
Strong support for custom extensions and detailed 
modeling. 

• Limitations: Requires extensive programming 
knowledge and resources. 

5.1.4.5. Mininet 

• Strengths: Highly flexible for SDN and NFV 
emulations, allowing integration with real network 
controllers and virtual machines. 

• Limitations: Limited scalability compared to full-
scale simulators due to its focus on emulation. 

5.1.5. 5.2 Comparative Insights 

5.1.5.1. Cisco Packet Tracer 

    Best For: Beginners and intermediate learners, 
educational institutions focusing on foundational 
network training, and environments where Cisco 
certification is a priority. 

5.1.5.1.1 Summary  

Cisco Packet Tracer’s simplicity and educational focus 
make it an excellent tool for introducing networking 
concepts. However, its limitations in multi-vendor 
simulations and advanced network behaviors mean it 
may not be suitable for more complex or diverse network 
studies. 

5.1.5.2. GNS3 

    Best For: Advanced students, network professionals, 
and users seeking a realistic and flexible simulation 
environment. 

5.1.5.2.1. Summary 

GNS3 stands out for its realism and flexibility, providing 
a highly detailed simulation experience using real 
network OS images. It is ideal for users who need to 
simulate complex networks and advanced protocols, 
although its setup complexity may be challenging for 
some. 

5.1.5.3. Riverbed Modeler Academic Edition 

    Best For: Higher education, research institutions, and 
professional training programs requiring detailed and 
comprehensive network simulations. 

    Summary: Riverbed Modeler excels in detailed and 
large-scale network simulations, offering extensive 
protocol support and detailed feedback. Its complexity 
and resource requirements make it more suitable for 
advanced users and institutional settings. 

5.1.5.4. NS3 

    Best For: Researchers, advanced students, and 
professionals requiring detailed and programmable 
network simulations. 

5.1.5.4.1.     Summary 

NS3 provides a highly detailed and customizable 
simulation environment suitable for research and 
advanced educational purposes. Its extensive support for 
custom simulation scripts and detailed statistical analysis 
makes it ideal for in-depth network studies. However, it 
requires significant programming expertise and setup 
time, which can be a barrier for beginners. 

5.1.5.5. Mininet 

    Best For: Educators and students focusing on software-
defined networking (SDN) and network function 
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virtualization (NFV), and professionals needing a 
practical, hands-on learning tool. 

5.1.5.5.1.     Summary 

Mininet is ideal for teaching and learning SDN and NFV 
concepts. It offers a practical, hands-on experience by 
allowing users to experiment with real network code and 
configurations in an emulated environment. While it is 
excellent for SDN and NFV scenarios, its emulation 
approach may not capture the nuances of complex 
network behaviors as comprehensively as full network 
simulators. 

5.2. Conclusions 

The comparative analysis reveals that each network 
simulator has its unique strengths and is best suited for 
different educational and professional contexts. Cisco 
Packet Tracer is ideal for foundational learning and 
beginner training due to its simplicity and focus on Cisco 
devices. GNS3 offers advanced simulation capabilities 
and flexibility, making it suitable for professional training 
and complex network studies. Riverbed Modeler 
provides comprehensive and detailed simulations, ideal 
for higher education and research purposes. 

Network simulators are invaluable tools in both 
educational and professional settings, offering platforms 
for students and professionals to engage with complex 
networking concepts in a practical, hands-on manner. The 
choice of the appropriate network simulator is crucial and 
should be guided by the specific needs and goals of the 
user, as each simulator brings its unique advantages and 
limitations to the table. 

Cisco Packet Tracer is particularly well-suited for 
introductory and intermediate networking courses. Its 
user-friendly interface, combined with its integration into 
the Cisco Networking Academy curriculum, makes it an 
excellent choice for institutions aiming to provide 
foundational networking education. Its real-time and 
simulation models offer flexibility in teaching methods, 
enabling instructors to visualize network operations and 
troubleshoot scenarios in a controlled environment. 
However, its focus on Cisco-specific devices and 
protocols means that it may not provide the broad 
exposure necessary for students who need to learn about 
a wider range of network environments. 

GNS3, with its ability to emulate real network 
operating systems and integrate with virtualization 
platforms, provides a high level of realism that is 
unmatched by other simulators. This makes it an ideal 
tool for advanced students and network professionals 
who require a deeper understanding of network 
operations and need to simulate complex, multi-vendor 
environments. The flexibility and extensibility of GNS3, 

supported by a strong user community, allows for 
detailed and customizable simulations. Nonetheless, its 
steep learning curve and technical setup requirements 
can be challenging, making it less suitable for beginners. 

Riverbed Modeler Academic Edition stands out for its 
comprehensive simulation capabilities and detailed 
feedback mechanisms, making it a powerful tool for 
higher education and professional training. Its ability to 
simulate large-scale networks and provide in-depth 
analysis of network performance is invaluable for 
research and development projects. The extensive 
protocol support and complex hardware modeling 
capabilities of Riverbed Modeler enable users to conduct 
detailed studies and gain insights into the intricate 
workings of network systems. However, its complexity 
and resource requirements may limit its accessibility to 
smaller institutions and individual learners. 

NS3 is highly regarded in the research community for 
its detailed and programmable network simulations. It is 
ideal for researchers and advanced students who require 
customizable simulation scripts and detailed statistical 
analysis. NS3’s extensive support for custom simulations 
makes it particularly suited for in-depth network studies. 
However, it demands significant programming expertise 
and setup time, which can be a barrier for beginners. 

Mininet is an excellent tool for teaching and learning 
software-defined networking (SDN) and network 
function virtualization (NFV). It offers practical, hands-on 
experience by allowing users to experiment with real 
network code and configurations in an emulated 
environment. Mininet’s ability to emulate real network 
devices and its ease of use make it particularly beneficial 
for students and educators focusing on SDN and NFV. 
While it excels in these areas, its emulation approach may 
not capture the full complexity of network behaviors 
compared to full network simulators like GNS3 and 
Riverbed Modeler. [17] and [18] 

5.3. Future Directions 

Integration into Remote Learning: Exploring how 
these tools can be integrated into online courses and 
remote learning platforms to meet the growing demand 
for virtual education. 

Real-World Data Incorporation: Enhancing 
simulations with real-world data to improve their realism 
and applicability. 

Cross-Platform Interoperability: Investigating ways 
to improve interoperability between different simulation 
tools for a more seamless educational experience. 

Summarizing, Cisco Packet Tracer, GNS3, Riverbed, 
NS3 and Mininet each offer distinct advantages that cater 
to different aspects of networking education and 
professional training. By leveraging the strengths of these 
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simulators, educators can create robust and effective 
learning environments that prepare students for the 
complexities of modern network management. As 
network technologies evolve, continuous improvement 
and adaptation of these tools will be essential in 
maintaining their relevance and utility in both 
educational and professional contexts [19]. 
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ABSTRACT: The Taïba Ndiaye wind farm, connected to the SENELEC grid, plays a key role in 
offsetting shortfalls in electricity consumption, with an installed capacity of 158.7 MW. Moreover, as 
an intermittent power station, its production is highly dependent on the environmental conditions in 
the region. Bad weather can disrupt the electricity network, requiring forecasting methods to anticipate 
its production. This will make it easier to decide how much fossil energy to bring on stream to meet 
demand. The aim of this paper is to provide forecasts of wind generation at Taïba Ndiaye, subdividing 
the data into 80% for model training and 20% to assess its robustness to generalization to other 
situations. The aim is to quantify the energy produced and facilitate an optimal transition between 
intermittent and fossil energy sources. Two artificial intelligence models classified as machine learning 
(decision tree and random forest) are proposed in the study, with respective coefficients of 
determination of 0.92 and 0.938. The results, compared with the literature, demonstrate the reliability 
of the approach using only production data. These results promise significant benefits in terms of 
resource management. 

KEYWORDS: Taïba Ndiaye, Wind power, SENELEC grid, forecast, machine learning, artificial 
intelligence models 

 

1. Introduction   

Prior to the integration of intermittent renewable 
energies into the power grid, the flow of energy followed 
a single direction, ensuring greater stability of the power 
system [1]. Today, however, with the injection of these 
energies, such as solar and wind power, the energy flow 
becomes bidirectional, which easily disrupts the grid 
when faced with rapid variations in meteorological 
parameters [2]. Furthermore, the injection of these 
intermittent energies must not exceed 30% of total energy 
demand in some countries [3]. This presents grid 
operators with a significant challenge in maintaining a 
consistent balance between production and consumption 
to avoid malfunctions, undesirable voltage and frequency 
variations, and costly imbalances [4]. Network operators 
must be able to anticipate the production of intermittent 
power plants in order to adjust the production of fossil 

fuels, thereby balancing customer consumption with 
production. Furthermore, in view of global concerns about 
the fight against climate change, the electricity grids of 
several countries continue are integrating intermittent 
energies into their electricity grids, despite the drawbacks 
[5]. Senegal is following a similar approach, with a 30% 
increase in the energy mix [6]. These include the Taïba 
Ndiaye wind farm, with a capacity of 158.7 MW, as well as 
Malicounda (20 MW), Diass (23 MW), Bokhol (20 MW), etc 
[7][8]. Against this backdrop of high penetration of 
intermittent renewable energies, forecasting has become 
essential to ensure the stability of the electricity network 
[9]. Several studies have focused on forecasting the 
potential of renewable resources, whether solar or wind. 
These studies mainly rely on artificial intelligence models 
to predict wind energy, given its complex characteristics 
of continuous production both day and night, which 
makes this difficult [10]. Indeed, operators face difficulties 
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due to the volatile nature of these sources, with weather 
parameters requiring constant monitoring to anticipate 
tasks linked to technical constraints [11]. To overcome 
these challenges, data science experts are working more 
closely with grid operators to collect data in order to 
accurately predict intermittent energy with artificial 
intelligence (AI) models. AI-based forecasting models are 
fed by data from sensors installed in the power plant. 
These models are currently significantly improving the 
prediction of intermittent power plant output with high 
accuracy [12][13]. Their reliability in predictive decision-
making is no longer in question [14]. In fact, they enable 
production to be predicted over fairly short time horizons, 
thus enabling the SENELEC distributor to ensure the 
stability of network frequency and voltage [8]. 
Comparative studies have confirmed that these AI models 
outperform statistical models because of their very 
satisfactory predictive power [15]. This is evidenced by the 
studies conducted on the wind power production in Italy 
and the United States, as well as in Senegal on short-term 
solar irradiance [16][17]. Despite the robustness and 
relevance of AI models, their intensive use of data with 
several input variables to predict the target is not without 
consequences for computing resources, requiring 
considerable computing power.  Some experts in the field 
have highlighted that their machines can sometimes 
overload, while others have mentioned that the latent time 
is sometimes too high to obtain optimal results [7]. To 
address this issue, we propose using two parameter 
predictors to forecast the short-term power output of the 
Diass wind power plant, using random forest models and 
decision trees. These models will be trained using only 
wind generation measured over a one-year period. The 
objective is to improve the prediction performance of the 
wind power plant by reducing the number of input 
parameters [7]. This paper is structured as follows: the 
presentation of the data as well as the wind power plant 
and the method discussed is provided in section II. Section 
III outlines the AI algorithms used. In Section IV, the 
results and discussion are presented. Finally, in Section V, 
the conclusion is provided. 

2. Presentation of the plant and data 

2.1. Classification of the Taïba Ndiaye wind farm  

Wind energy is the kinetic energy generated by the 
movement of the wind, transformed into mechanical 
energy by wind turbines and then converted into electrical 
energy. The energy is given by equation (1).                                                      

𝐸𝐸 = 1
2

× 𝐴𝐴 × 𝜌𝜌 × 𝑉𝑉3 × 𝐶𝐶𝑝𝑝 × η                                          (1) 

where: 

    - 𝐸𝐸: is the wind energy produced (in watts or joules), 

    - 𝐴𝐴: is the area swept by the turbine blades (in square 
metres), 

    - ρ: is the density of the air (in kilograms per cubic 
metre), 

    - 𝑉𝑉: is the wind speed (in metres per second), 

    - Cp: is the power coefficient of the wind turbine 
(without unit, a typical maximum value is around 0.59), 

    - η: is the mechanical and electrical efficiency of the 
system (unitless, a typical value is around 0.85). 

The value of the power coefficient Cp depends on the 
speed of rotation of the turbines and the angle of 
inclination of the blades. Wind turbines are classified into 
three groups according to propeller diameter and power 
output [18]. Table I shows a classification of wind turbines: 

Table 1: Classification of wind turbines [18] 

Group Propeller 
diameter Dh 

Power output 
Pw 

Small wind 
turbine 

Dh ≤ 12 m Pw ≤ 40 kW 

Average wind 
turbine 

12 m < Dh ≤ 45 m 40 kW < Pw ≤ 999 
kW 

Large wind 
turbine 

 Dh > 45 m Pw > 1 MW 

 According to this classification, our study plant, with a 
capacity of 158.7 MW, is classified as a large wind power 
plant. It is equipped with the necessary data collection 
equipment. These enable efficient planning of energy 
production by anticipating load variations to meet 
injection requirements. Careful analysis facilitates energy 
injection, minimizing waste and reducing the costs 
associated with fluctuations in production. It also 
facilitates the integration of forecasting models to 
guarantee operational stability. 

2.2. Production data   

   Figure 1 illustrates the data obtained from the sensors 
installed at the wind farm. These data are related to 
various environmental factors that will be used in our 
forecasts. The measurements were taken every ten (10) 
minutes for one year and averaged by hours, days and 
months. This is a time series with repeating trends at the 
beginning and end of the year, probably due to favourable 
weather conditions [8]. Their associated temporal indices 
are of the order of minutes, hours, days and months. These 
parameters are crucial for modelling this type of problem. 
To achieve an accurate prediction, we will incorporate 
seasonal phenomena, including the temporal indices, into 
the data reduction process.  
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Figure 1: Production profile of the Taïba Ndiaye wind farm 

Unlike solar power, wind power generates energy 
continuously, but this continuity is subject to 
unpredictable variations due to weather conditions. This 
intermittent nature of wind generation can sometimes 
pose complex challenges for electricity network managers. 
It is therefore important to keep a close eye on 
environmental parameters such as wind speed and 
direction, as they are closely linked to wind power 
generation. These variations can be rapid and significant, 
requiring proactive management to ensure grid stability.        
By understanding and anticipating these intermittencies, 
managers can take appropriate measures to maintain a 
reliable electricity supply. 

2.3.   Wind speed data   

 The power law also known as Murphy's law is a widely 
used approach to modelling wind speed [19],[20]. It states 
that the wind speed V at a given height above the ground 
is proportional to the power of the height h. Its 
mathematical relationship is given by equation (2) [19]: 

𝑉𝑉 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 �
ℎ

ℎ𝑟𝑟𝑟𝑟𝑟𝑟
�
𝑎𝑎
                                (2) 

where: 
    - V: is the wind speed at height h, 
    - 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟: is the wind speed at a reference height ℎ𝑟𝑟𝑟𝑟𝑟𝑟 ,  
    - α: is the exponent of the power law, which depends on 
local site conditions and terrain characteristics. 
From the modelling, the wind speed can be collected at the 
wind turbine installation site. The variation in mean wind 
speed at the Taïba Ndiaye site is shown in Figure 2. 
It shows the typical fluctuations in wind speed, which are 
characterised by periods of rise and fall. These fluctuations 
are often influenced by specific weather conditions and 
are continuous throughout the day, month and year. This 
continuous variation in wind speed presents a significant 
challenge when predicting wind generation. It is 
particularly complex because of this variability. Indeed, 
this variability in wind speed can lead to rapid changes in 
energy production, requiring dynamic management of 
energy resources to maintain the stability of the power 
grid. This requires the use of advanced modelling and 
simulation techniques, as well as artificial intelligence 

algorithms capable of analysing large datasets and 
recognizing complex patterns. 

Figure 3:  Power curve of the wind turbine installed at Taïba Ndiaye 

Given the wind speed data, a wind turbine with the 
power curve shown in Figure 3 was chosen for the model. 

The turbine's power increases until it reaches a speed 
of 12 m/s, where it remains constant until 22 m/s, which 
could correspond to the turbine's stall speed. This 
indicates that the turbine is designed to operate optimally 
within a predefined range of wind speeds. The turbine 
reaches its maximum rated output at a wind speed of 12 
m/s. During this period, the turbine makes full use of the 
available kinetic energy of the wind. The turbine’s power 
remains constant above the rated speed, up to 22 m/s. This 
mechanism is designed with an effective control system to 
prevent overloads and damage caused by excessively high 
wind speeds. In fact, the stall system protects the wind 
turbine and guarantees the durability of the components 
while stabilising the electricity. For accurate prediction 
purposes, it is important to take these wind fluctuations 
into account to provide a model capable of accurately 
predicting wind energy production. However, wind 
direction is one of the elements that creates turbulence, 
which is synonymous with wind fluctuations. It can have 
a positive influence on wind installations and their 
production. 

2.4.   Wind direction data  

The wind direction mainly shows that the winds blow 
in the optimum directions. These predominant wind 
directions correspond to the periods of maximum 

Figure 2: Wind speed profile for the Taïba Ndiaye area 
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production for the wind power plant. Figures 4 and 5 
show the predominant wind directions during the day 
and night respectively in the Taïba Ndiaye area. Figure 4 
shows that the predominant wind direction from south-
east to north-west during the day, it can be seen that the 
highest wind speeds are between 6 m/s and 8 m/s. Wind 
speeds of up to 10 m/s are fairly limited. At night, on the 
other hand, the prevailing winds blow from south to north 
at speeds of around 10 m/s. This observation shows that 
the wind farm's output is higher at night. It is therefore 
important to carefully monitor of these wind data in order 
to guarantee optimum energy feed-in to the power grid. 
By monitoring and anticipating variations in wind 
direction and speed, operators can adjust the plant's 
output accordingly. This not only optimises the 
production of wind energy, but also its smooth integration 
into the electricity grid, contributing to a more stable and 
reliable power supply for consumers.  

2.5.   Presentation of the plant  

 At Taïba Ndiaye, the data collected come from the 
wind power plant, which is an impressive installation 
consisting of 46 Vesta V 126-3.45 wind turbines. The plant 
is equipped with a collector that feeds two 33/225 kV, 
80/100 MVA step-up transformers, which gives it 
significant generating capacity [21]. The plant is 
strategically connected to the interconnected 225 kV 
network of the Organisation pour la Mise en Valeur du Fleuve 
Sénégal (OMVS), with an installed capacity of 158.7 MW. 
Figure 6 provides a clear illustration the installed wind 

farm and its characteristics. It is located in an open area 
and is well positioned to capture the wind. The 
meteorological data showed the dominant wind 
directions, as illustrated in Figures 4 and 5. It is important 
for the production of renewable energy and contributes 
significantly to the energy mix in the electricity grid.   

The importance of this data goes beyond simply 
monitoring solar production. By analysing this data, 
researchers may be able to gain a deeper understanding of 
the plant's current performance, as well as develop 
predictive models to anticipate seasonal and 
meteorological variations. 

3. Prediction Algorithms 
 In this section, the two used prediction algorithm 

(the decision tree and the random forest algorithm) are 
presented. 

3.1. Decision Tree Model  

 The decision tree is a classification and regression tree.  
The configuration of the tree is shown in Figure 7 and 
consists of the following elements: 

    - Root node: This represents the highest points in the 
figure 7. 

    - Internal nodes: These correspond to tests formulated 
in the form of questions on the characteristics of the 
parameters in relation to the target to be predicted. 

    - Branches: These present the results of the tests, and 
according to these answers, the subdivision is made as 
observed in figure 7. 

    - Leaf nodes: These nodes represent a decision. 

 

Figure 7:  Illustration of the production data decision tree. 

Figure 4: Wind rose for the Taïba Ndiaye power plant installation 
    

Figure 5: Wind rose in the Taïba Ndiaye power plant installation 
zone at night. 

    

Figure 6: Presentation of the Taïba Ndiaye wind farm. 
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  The partition equation of each node into two classes is 
given by (3) [14]:                                                                                                      

𝑿𝑿:𝑿𝑿𝒋𝒋 ≤ 𝒔𝒔 = 𝑪𝑪𝑪𝑪(𝒋𝒋, 𝒔𝒔)
𝑿𝑿:𝑿𝑿𝒋𝒋 > 𝒔𝒔 = 𝑪𝑪𝑪𝑪(𝒋𝒋, 𝒔𝒔)                                                        (3) 

 The couple (j, s) designate the partition limit of the data 
that we try to predict. Here, the goal is to find the boxes      
C1, ..., CJ that minimize the least squares criterion, 
represented by (4) according to [22]: 

∑ ∑ �𝑌𝑌𝑖𝑖 − 𝑌𝑌𝑡𝑡��𝑁𝑁
𝑖𝑖:∈𝑅𝑅𝑅𝑅

𝑘𝑘
𝑗𝑗=𝑖𝑖 = SSE                                           (4) 

Where Yi and Ŷt refers to the actual and the predicted 
values respectively and SSE Residual Sum of Squares. 

The forecasting task involves explaining the target 
variable Y (plant output) as a function of a set of 
explanatory variables X (measurement times, day number 
and month). Thus, the different modalities of the X 
explanatory variables are examined using the chi-square 
test to determine which variables are closely related to the 
Y target. When the p-value of the chi-square test is less 
than 0.05, we conclude that the variable is significantly 
associated with the target variable Y. This criterion is 
particularly important when the learning loop is 
interrupted, ensuring that all nodes have chi-square tests 
greater than 0.05, indicating the absence of a strong 
association between the explanatory variables X and the 
target variable Y. 

3.2. Random Forest Model  

 This model consists of a collection of several decision 
trees trained using the Bagging method. The algorithm is 
applied in three stages: 

-Bagging: this is a technique that involves grouping 
several decision trees together to obtain a final result, 
rather than relying on individual decision trees. Figure 8 
shows its format. 

 Figure 8: Bagging phase of the random forest algorithm 

-Bootstrapping: This is a process that begins with the 
application of the bootstrap technique, which is a 
sampling method as shown in Figure 9. This approach 
involves creating random subsets from the initial dataset, 
using N samples. The N samples are selected with 

replacement, allowing the same sample to be included 
several times in the subset. 

-Bagging aggregation: In the bagging aggregation 
phase, each random subset is subjected to a decision tree 
algorithm. The final result is obtained by taking the 
average of all the predictions generated by the different 
trees, as shown in Figure 10. 

3.3. Performance Evaluation Criteria 

     The evaluation of the performance of our forecasts is 
based on the criteria defined by equations (5), (6), (7) and 
(8), where N represents the total number of values 
contained in the data [16], [23]. These indices provide a 
basis for judging comparisons with a view to future 
model improvements. However, comparison between 
models remains complex due to differences in forecast 
horizons, number of input parameters and 
meteorological conditions. Nevertheless, the mean 
absolute error (MAE), as defined in equation (5), is 
particularly relevant for linear cost functions, providing a 
proportional measure of prediction errors. In contrast, the 
root-mean-square error (RMSE) (6) is more suitable for 
significant deviations between forecast and observation. 
On the other hand, the root mean square error (RMSE), as 
defined in equation (7), is very responsive to these 

Figure 9: Bagging phase of the random forest algorithm 

Figure 10: Random Forest Algorithm Bagging 
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deviations, making it a valuable comparative parameter, 
particularly suitable for public applications [23]. It is 
worth noting that the lower the RMSE or MAE, the better 
the quality of the production forecast for our wind farm.  

1
𝑁𝑁
∑ �𝑌𝑌𝑖𝑖 − 𝑌𝑌𝑡𝑡� �𝑁𝑁
𝑖𝑖=1 = MAE                                                  (5) 
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𝑖𝑖=1 = RMSE                                          (6) 
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𝑖𝑖=1 = MSE                                               (7) 

 

1 − ∑ (𝑌𝑌𝑖𝑖−𝑌𝑌𝑡𝑡� )2𝑁𝑁
𝑖𝑖=1
∑ 𝑌𝑌𝑖𝑖

2𝑁𝑁
𝑖𝑖=1

= 𝑅𝑅2                                                    (8) 

  All these equations evaluate the parameters used to 
measure the accuracy of the power predicted by the 
algorithms of the two models used.  

3.4.   Flowchart of the Artificial Intelligence Model Algorithm 

 The flowchart of the regression tree and forest type 
artificial intelligence algorithm is a representation of the 
sequences and decisions to be taken by the algorithm to 
predict numerical values of the wind production of the 
targeted Taïba Ndiaye. In this work, it is described as 
follows: 

Begin    
1. Enter the historical wind production data for Taïba 

Ndiaye. 
2. Convert all data to hourly resolution by averaging. 
3. Select the target variable to be predicted (energy 

produced per hour). 
4. Apply WT decomposition (hierarchical multi-step 

decomposition) to historical target data (wind power). 
5. Identify training (80%) and test (20%) data sets. 
6. Verify tree convergence during model training. 
7. Save the trees if the convergence condition is met (these 

saved trees are called Wind Production Forecasters). 
8. If not, move on to the application of model hyper-

parameters. 
9. Recheck the convergence of the trees during training. 
10. Save the trained shafts if the convergence condition is 

met.  
4. Results and Discussion 

TShort-term forecasting is of paramount importance in 
managing the distribution of wind generation throughout 
the year. It also offers managers the possibility of making 
real-time adjustments within the electricity network 

integrating intermittent renewable energies [24]. 
However, we have chosen to focus on the months of 
January and July, as they respectively encompass the most 
significant and least significant production of the year. The 
data was collected during this period. In fact, if the models 
manage to make a good prediction, then its generalisation 
to the other months of the year is quite obvious. Figures 11 
and 12 illustrate the predictions generated by the two AI 
models for the month of January, when production rose. 
These graphical representations compare actual wind 
energy production with the one-hour forecasts. Indeed, a 
relevant method for evaluating the performance of a 
forecast consists of anticipating previously observed data 
based on the data that preceded it. By analysing these 
predictions for the month of January with the highest 
production provides an in-depth view of the models' 
ability to accurately anticipate variations in the wind 
power plant. 

 

 The graphs above appear to show a potential 
correlation between the predictions (in blue) and the 
plant's actual output (in red) for the month of January, 
with RMSEs of 0.527 and 0.3332 Mwh/day respectively for 
the decision tree and random forest models. At the start of 
production, observations suggest that there may be 
occasional discrepancies between prediction and reality. 
These discrepancies are sometimes manifested by a much 
higher predicted production or, conversely, by an actual 
production at the lower limit of the prediction, for both 
models. It should be noted, for example, that except for 
day 27 (648 hours on the curve, Fig. 12), the observed 
values exceed the prediction of the random forest model 
from day 21 (504 minutes on the curve) to day 28 (672 
hours on the curve), generally around 11pm. Despite a 
lower RMSE for the random forest model, these days show 
a better match between the predictions of the decision tree 
model and the actual observations (see Fig. 11). This 

Figure. 11: Prediction in days for the month of January with 
   

 

Figure. 12: Prediction in days for the month of January with the 
random forest. 
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observation reveals some interesting nuances in the 
evaluation of performance with respect to the two models. 
This suggests that the RMSE metric alone may not fully 
capture the reliability of the models in specific situations. 
On the other hand, these differences do not appear 
uniformly for all the days of the month for which 
production is predicted. A general trend emerges, 
indicating that in most cases the random forest model 
provides more accurate forecasts than the decision tree 
model. It seems that the latter may be more effective in 
forecasting resources during low production hours. This 
could be attributed to the optimisation criterion favouring 
the homogeneity of the descendants with respect to the 
target variable. In other words, the variable tested in the 
node will be the one that maximises this homogeneity. 

 Furthermore, a particularly useful complementarity 
effect emerges in both models. During periods of 
increased production, the prediction of the random forest 
model stands out for its greater accuracy. The algorithm 
underlying the random forest performs its training on 
several trees formed from various subsets of data, thus 
conferring a complementarity that reinforces the 
effectiveness of the current hybrid models with better 
prediction. The coefficients of determination between the 
actual values and those predicted by the models reached 
0.92 and 0.9382 respectively for the decision tree and the 
random forest during the month of January.   

 Fig 13 and 14 show a comparison between the values 
observed and predicted by the two models for the month 
of July. This is the month of the year when the plant 
supplies less energy to SENELEC. We also note that the 
predictions closely follow the actual production curve, 
with few systematic errors or apparent peaks (see Fig. 13 
and Fig. 14). This consistency underlines the robustness of 
the models in predicting wind generation, irrespective of 
significant seasonal variations. 

     On the 26th day (624 hours of the curve) at around 
11pm, a peak was observed for both models, although it 
did not affect the forecasts for the following hours. 

The coefficients of determination were 0.76 for the 
decision tree and 0.794 for the random forest. These values 
are lower than those observed in January. When 
production falls, these coefficients show little variability, 
often attributable to unforeseen adverse weather 
conditions impacting production. It can sometimes be 
challenging to predict this with certainty. 

A comprehensive examination of the error behaviour 
of each model over the month of July reveals slight 
differences (1.74 Mwh/m2/day for the tree model (see 
Fig.13) and 1.027 Mwh/m2/day (see Fig.14). These 
discrepancies can be attributed to the random nature of the 
seasonal variation in the study area and by the potential 
issue of underlearning. 

Figure. 13: Prediction in days for the month of July with the decision  

Figure. 14: Prediction in days for the month of July with the random 
forest. 

The performance criteria, evaluated by the models [17] 
[25], [26] are used to examine the impact of the parameters 
and are applied to the test data to generalise the artificial 
intelligence models. In the study, a slight decrease in 
performance was observed for the different days of the 
predicted months. The summary of the performance 
parameters studied for the months of January and July are 
presented in Table II. The performance indices obtained 
are compared with those reported in the state of the art, 
with the aim of highlighting the limited number of input 
parameters used during model training. Despite this 
limitation, the learning techniques succeed in reducing the 
error, which illustrates the performance obtained. This 
performance is made possible in part by variations in tree 
depth. 

Table 2: Comparison of performance indices 

Model MAE RMSE R2 Number of 
parameters 

Regression tree 
January 

(this work) 

2.039 0.527 0.92 2 

Regressive 
forest January 

(this work) 

1.85 0.3332 0.938 2 

Regression 
tree July 

(this work) 

2.066 1.74 0.716 2 

Regressive 
forest July 

(this work) 

1.63 1.027 0.794 2 

[17] - 1.5 0.99 6 
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[25] 0.610 0.808 0.922 7 

[26] - 0.223 0.998 7 

 
5. Conclusion  

 The strategy of increasing the share of renewable 
energies in the energy mix, while important for achieving 
sustainable development objectives, presents significant 
operational challenges. Indeed, this expansion leads to 
imbalances in the electricity network, causing excessive 
maintenance costs. Considering these challenges, it is 
becoming increasingly clear that accurate prediction of 
energy production is essential to guide decisions while 
anticipating operational requirements. 
In order to achieve this goal, this article presents two 
artificial intelligence models, based on the decision tree 
and the random forest, with the intention of increasing the 
accuracy of forecasts for the Taïba Ndiaye power plant. 
The models were trained on the plant's production 
parameters over a one-year period. The results obtained 
demonstrate that, even in the absence of direct integration 
of meteorological parameters into the models, the 
proposed method allows for the robust prediction of wind 
power over a one-hour horizon. The coefficients of 
determination R2 were 0.92 and 0.938 respectively for the 
decision tree and random forest models. The root mean 
square error (RMSE) values of 0.3332 MWh and 0.527 
MWh for the random forest model and decision tree 
respectively, reflect the considerable potential of AI 
models commonly referred to as machine learning in wind 
power forecasting. Overall, these results offer a promising 
prospect for optimising the penetration rate of intermittent 
energies such as wind power in the electricity grid. 
Nevertheless, we intend to utilise neural networks to 
enhance the plant's forecasts with the objective of further 
optimising the quality of the energy injected into the 
SENELEC electricity network.  
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ABSTRACT: Software-defined networking (SDN) represents an innovative approach to network 
architecture that enhances control, simplifies complexity, and improves operational efficiencies. This 
study evaluates the performance metrics of SDN frameworks using the Mininet simulator on virtual 
machines hosted on a Windows platform. The research objectives include assessing system 
performance across various predefined network topologies, investigating the impact of switch 
quantities on network performance, measuring CPU consumption, evaluating RAM demands under 
different network loads, and analyzing latency in packet transmission. Methods involved creating and 
testing different network topologies, including basic, hybrid, and custom, with the Mininet simulator. 
Performance metrics such as CPU and RAM usage, latency, and bandwidth were measured and 
analyzed. The study also examined the performance and extendibility of the OpenFlow Data Path 
(OFDP) protocol using the POX controller. Results indicate that balanced tree topologies consume the 
most CPU and RAM, while linear topologies are more efficient. Random topologies offer adaptability 
but face connection reliability issues. The POX controller and OFDP protocol effectively manage SDN 
network scalability. This research aims to analyze performance in a manner consistent with numerous 
previous studies, underscoring the importance of performance metrics and the scale of the network in 
determining the efficiency and reliability of SDN implementations. By benchmarking various 
topologies and protocols, the research offers a valuable reference for both academia and industry, 
promoting the development of more efficient SDN solutions. Understanding these performance 
metrics helps network administrators make informed decisions about implementing SDN frameworks 
to improve network performance and reliability. 

Keywords: Network Architecture, Efficiency, SDN Controllers, Network Simulation, OpenFlow Protocol 

1. Introduction 

Networks are all around us, integral to our lives and 
daily routines. Most of the needs of a modern, 
technologically advanced society require strong and 
reliable networks. The demand for efficient networks is 
increasing exponentially with the passage of years and 
technological development. Nowadays, most people from 
all age groups use networks daily, and their quality of life 
depends on these networks, even if this is not immediately 
apparent. The COVID-19 pandemic that the world 
experienced from the beginning of 2020 changed many 
aspects of network usage. People were forced to spend  

 

much more time at home. This situation led people to find 
smart ways to meet most of their daily needs within the 
walls of their homes. Thus, the concept of the network in 
general came to everyone's doorstep in the form of the 
largest known global network, the internet. Young people 
had to be educated remotely using the internet. Adults 
were mostly required to work from a distance, and the 
elderly and vulnerable groups had to seek their care and 
support in a different way with the help of the internet. 
This situation led to an unprecedented increase not only in 
the number of internet users but also in the number of 
different devices each user employs to access it. As a result, 
some weaknesses in the existing global networks were 
revealed, and new ones were created. Network providers 
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and researchers realized that the capacity, speed, 
management, and reliability of networks needed to be 
increased due to the excessive load. Traditional networks 
that had been used for several years began to collapse 
because they primarily relied on physical infrastructures. 
Technologies such as SDN, which had been around for the 
last 10 years (mainly from 2013 onwards), began to be more 
extensively researched and implemented in global 
networks to strengthen them and ensure the smooth 
survival of the world. SDN enhances the capabilities of the 
network and simplifies its structure, with their main goal 
being more efficient network management. In this study, 
the architecture and structure of SDN networks will be 
examined. Network topologies will be created through 
simulations, and their operation and performance will be 
analyzed. Specifically, the performance between different 
topologies will be compared. It will be shown how the total 
number of switches, which are a fundamental pillar in the 
architecture of SDN, affects and burdens the overall 
performance of the network. The main measurements to be 
taken to draw accurate conclusions are CPU usage, RAM 
memory, and the delay in packet transfer between nodes. 
To achieve the above in the form of simulation, the Mininet 
simulator will be used on a computer with a Windows 
operating system. Additional software will be used in 
conjunction with Mininet to ensure the integrity and 
number of results. In this way, the behavior and 
adaptability of SDN networks will be studied. The 
controller used in Mininet will be POX, and further 
analysis will be done on the topology creation protocol 
OFDP, through which virtual networks will be studied 
below and their performance and scalability examined. 
The aim is to draw conclusions about the operation of SDN 
with the POX controller, specifically the use of the OFDP 
protocol. The reason for using random topologies is their 
effects on traditional networks and raises the question of 
how these random graphs can affect OpenFlow as its 
evolution into an even more modern network topology 
creation protocol. Given that network technologies have a 
strong relationship with network graphs and consequently 
with the concept of graph theory in mathematics, an 
analytical model for computation, comparison, and 
prediction is established through simulations on realistic 
platforms so that faster implementation in real-time 
networks can be achieved. The remainder of the article is 
as follows: Related search, SDN controllers, SDN protocols, 
Software & Hardware specifications, experiment 
specifications, analysis of results and finally the total 
conclusions from this research [1]. 

2. Related Search 
     Several research publications have been made on the 
aspect of SDNs, using the POX controller as well as OFDP 
for creating topologies. However, few utilize random 
topologies for interpreting SDN performance. In our 
previous research, we studied the performance results of 

Software-Defined Networking (SDN) tests conducted on 
standard network topologies using simulation. 
Concurrently, the performance of the standard topologies 
was compared with that of the random ones. Specifically, 
the performance measurements examined included: the 
setup and teardown time of the topology, the CPU and 
RAM usage of the system, and the delay in packet transfer 
between nodes. The entire study was conducted on a 
Windows computer using a virtual machine to run a 
Mininet simulator, similar to what we will use in the 
present work. From the meticulous analysis of the results, 
the following are worth mentioning: (i) the total number 
of switches in an SDN architecture has a significant impact 
on CPU load. (ii) RAM usage depends on the number of 
host computers and in cases of excessive load, it shows a 
much greater increase compared to CPU usage. (iii) The 
overall performance significantly depends on the type of 
topology and its properties. The experiments then were 
conducted on a typical and limited range of devices [2]. 
      In his work, Guo created various types of network 
topologies for analysis, including ring topology, tree 
topology, and random Erdos-Renyi model topologies. In 
the randomly created networks, the probability of an edge 
between any two vertices was set at 0.4. Thus, these 
random networks were mostly dense networks with a 
short average path length. The ring networks had the 
longest average path length among the three topologies, 
while the tree topology was intermediate; all experiments 
were repeated 100 times. All nodes were subject to a 
common failure probability. Fifty nodes were used to 
create the three types of networks. The results show that 
the expected resilience of the network is inversely 
proportional to the average path length of the network 
topology, hence random topology networks perform 
better, and ring networks are less resilient [3]. 
    In another study, the performance of the proposed 
discovery mechanism, which primarily relies on the 
OFDP protocol regarding the overall load, was analyzed. 
Various topologies were examined, focusing on random 
networks based on the Erdős–Rényi model. The study 
highlighted that researchers' efforts are concentrated on 
reducing the number of messages reaching the controller. 
However, the performance and scalability of SDN 
networks depend more on other factors, such as CPU load, 
memory usage, network topology, and the time required 
for topology discovery. The scalability of OFDP and 
OFDPv2 for a wide range of random networks based on 
the Erdős–Rényi model was tested. Experimental results 
showed that the protocols consume almost equal 
resources (CPU and RAM), while OFDP requires more 
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time for topology discovery than OFDPv2 for the same 
topology [4]. 

3. SDN Controllers 

3.1. General SDN Information 

Software-Defined Networking (SDN) is a networking 
approach that uses software-based controllers or APIs to 
communicate with the underlying hardware 
infrastructure and direct traffic within a network. This 
model differs from traditional networks, which solely 
utilize hardware devices (routers and switches) to manage 
network traffic. SDN can create and manage a virtual 
network or control a traditional network through 
software. While network virtualization allows the 
segmentation of different virtual networks on a single 
physical network and the connection of devices across 
various physical networks to form a single virtual 
network, SDN enables a new method of controlling data 
packet routing through a central server. Consequently, 
SDN achieves the successful and functional separation of 
the Control Plane from the Forwarding Plane in a network. 
Below in Figure 1 the SDN architecture is depicted. 

 
Figure 1: Schematic representation of the SDN architecture. Adapted 
from [5] 

3.2. SDN Controller 

A software-defined networking controller is a central 
element of the SDN architecture. It provides control over 
network elements in the managed domain. In networking, 
there are management, control, and data planes. An SDN 
controller offers management and control functions for 
network elements within the managed domain. This 
means that an SDN controller, based on network 
information and a set of predefined rules and policies, 
manages network elements and configures (or 
"programs") the data plane (i.e., directs data flow through 
the network). One of the key advantages of using an SDN 
controller is that it allows for more efficient network 
management, and changes to the network configuration 
can be applied from a central location instead of needing 

to manually configure each individual network element. 
Additionally, an SDN controller can automate certain 
tasks, such as traffic management and security, which can 
reduce the risk of human error and improve the overall 
reliability of the network. SDN controllers provide an API 
known as the northbound interface, through which 
external applications or systems such as orchestration 
platforms can interact with the network. In such cases, an 
SDN controller translates application-level requirements 
(e.g., high-level network configuration description) into 
configurations specific to the supported network 
elements. SDN controllers can manage both physical 
network devices and software elements that perform 
network functions [6]. 

In summary, the main functions of an SDN controller 
include: 

• Managing data flow within the managed network 
• Providing an API for applications and other 

components (e.g., orchestration platforms) to interact 
with the network. 

• Providing visibility into the network, enabling network 
performance monitoring and troubleshooting 

• Automating network management tasks, such as 
provisioning new network elements and reconfiguring 
network paths 

More specifically, the controller provides the following 
capabilities: 

Southbound Support: Defined as how a controller 
interacts with network devices to achieve optimized 
traffic flow. There are various southbound protocols that 
can be used, each with specific functionalities such as field 
matching, network discovery with different protocols, etc. 
When supporting the southbound interface, 
implementers must consider not only the characteristics 
of the protocol but also potential extensions, newer 
versions, etc. 

Northbound Support: Northbound APIs are used for 
network integration and programming and can be 
utilized by orchestration systems that cater to customers 
and third-party applications. It is crucial to ensure that a 
controller is properly developed for orchestrating 
communications between layers. For example, the 
controller should support orchestration systems for 
applications such as cloud services, not only for open-
source controllers and protocols but also those provided 
by various vendors. These applications could also include 
traffic engineering or applications that collect data used 
for network management tasks. As we can see below in 
Figure 2 the differences between the structure of 
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Centralized and Distributed control path are presented 
[7]. 

 

Figure 2: Comparison of Centralized and Distributed Architecture. 

3.3.  NOX/POX Controller 

NOX was the first SDN controller. Initially developed 
by Nicira Networks, it was the first to support the 
OpenFlow protocol. Released to the research community 
in 2009, it laid the foundation for many SDN research 
projects. It was later expanded and supported at Stanford 
University with significant contributions from the 
University of California, Berkeley. Some popular NOX 
applications include SANE (an approach that represents 
the network as a file system) and Ethane. Today, NOX is 
considered inactive. Over the years, different versions of 
NOX have been introduced. These are known as NOX, 
NOX-MT, and POX. The new NOX only supports C++. It 
has a smaller application network compared to NOX but 
is much faster and has a much cleaner codebase. NOX-
MT, introduced as a slightly modified version of the NOX 
controller, uses optimization techniques to introduce 
multi-threaded processing to improve the rate and 
response time of NOX. These optimization techniques 
include I/O batching to minimize general input/output 
overhead and others. POX is the latest version based on 
Python. The idea behind its development was to return 
NOX to its roots in C++ and develop a separate platform 
based on Python. It also features a Python OpenFlow 
interface, reusable element samples for path selection, 
topology discovery, etc. The primary goal of POX is 
research. Given that many research projects are by nature 
short-lived, the focus of POX developers is on good 
interfaces rather than API stability. In the current research, 
due to the multiple interfaces and the stability of the 
controller and because the Python language was used to 
create network topologies, POX was used [8]. 

Generally, the NOX controller provides a complete 
OpenFlow API using C++ and Python languages, uses 
asynchronous inputs/outputs (I/O), and is oriented 
towards operation on Linux, Ubuntu, and Debian 
systems. NOX is used both as a standalone controller and 
as a component-based framework for developing SDN 
applications. It is built on an event-based programming 
model and adopts a simple programming interface model 
that revolves around three pillars: 

• Events 
• Namespace 
• Network view 

Events can be generated either directly from OpenFlow 
messages or from NOX applications because of 
processing low-level events or other events generated by 
applications. 

4. SDN Protocols 

The SDN protocol is a set of standards and rules that 
define how SDN controllers and switches communicate 
with each other. Essentially, a protocol allows the SDN 
controller to configure the behavior of the switch, such as 
determining which packets should be forwarded to which 
ports and setting quality of service (QoS) parameters for 
different types of traffic. The most popular SDN protocol 
is OpenFlow. 

4.1.  OpenFlow Protocol 

As mentioned, OpenFlow is the most widespread 
SDN protocol and defines the flow between the switch 
and the controller. It allows the controller to manage 
traffic forwarding between different network devices by 
controlling the switch's flow tables. This protocol was first 
developed by researchers at Stanford University in 2008 
and was first adopted by Google in their backbone 
network in 2011-2012. It is now managed by the Open 
Networking Foundation (ONF). The latest version widely 
used in the industry is V1.5, while V2.0 is being refined. It 
is also often referred to as OFDP, meaning the OpenFlow 
Topology Discovery Protocol, because whether referred 
to as OpenFlow or OFDP, it automatically means the 
same function [9], [10]. 

OpenFlow is the standard southbound interface 
protocol used between the SDN controller and the switch. 
The SDN controller takes information from the 
applications and converts it into flow entries, which are 
fed into the switch via OpenFlow. It can also be used to 
monitor switch and port statistics in network 
management. 
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It is worth noting that the OpenFlow protocol is only 
installed between a controller and a switch. It does not 
affect the rest of the network. If a packet capture were to 
be taken between two switches in a network, both 
connected to the controller via another port, the packet 
capture would not reveal any OF messages between the 
switches. It is strictly for use between a switch and the 
controller. The rest of the network is not affected [11]. 

4.2.  NetConf Protocol 

NetConf is a protocol used in SDN for managing 
network devices such as routers and switches, providing 
a standardized way of configuring, monitoring, and 
managing these devices. It is an IETF standard and is 
based on XML data encoding and the SSH protocol for 
secure communication. The default TCP port assigned is 
830. The NetConf server must listen for connections with 
the NetConf subsystem on this port. 

       With NetConf, network administrators can configure 
network devices programmatically using a standardized 
set of commands, rather than relying on proprietary 
interfaces for specific devices. This helps simplify 
network management and facilitates the automation of 
repetitive tasks such as deploying new network 
configurations or updates to hardware and software. 

        NetConf uses a client-server model, with the 
NetConf client sending requests to the device and the 
NetConf server responding with data or status updates. 
The protocol supports a range of functions, such as: 

Retrieve: Retrieve specific data or configuration 
information from the device 

Edit-config: Modify the device's configuration. 

Commit: Apply changes to the device's configuration 

Lock: Lock the device's configuration to prevent multiple 
managers from making conflicting changes 

Unlock: Release the configuration lock 

NetConf is often used in conjunction with YANG, a 
data modeling language that allows network 
administrators to describe network elements and their 
configurations in a structured and standardized way. 
Together, NetConf and YANG form a significant 
component of SDN, enabling greater automation and 
control in network management. 

4.3.  Open vSwitch Database Management Protocol (OVSDB) 

OVSDB is a protocol used in SDN networks for 
managing Open vSwitch instances, which are software-

based switches that can be used in an SDN environment. 
OVSDB provides a standard way to configure and 
manage Open vSwitch instances, allowing network 
administrators to deploy and manage switches more 
automatically and programmatically. It defines a set of 
functions that can be used for querying and modifying the 
configuration of Open vSwitch instances, including 
creating, deleting, and modifying ports, interfaces, and 
VLANs. 

OVSDB is based on a client-server model, with the 
OVSDB client sending requests to the OVSDB server, 
which responds with data or status updates. The protocol 
uses JSON data encoding and supports secure 
communication using TLS. 

In an SDN environment, Open vSwitch instances can 
be used to forward traffic between different network 
devices and allow network administrators to manage 
traffic flows using a central SDN controller. OVSDB 
provides a standardized way to configure and manage 
these switches, facilitating the development and 
management of large-scale SDN networks. 

4.4.  Border Gateway Protocol (BGP) 

BGP is a routing protocol commonly used in SDN 
networking environments to exchange routing 
information between different autonomous systems in 
large-scale networks. BGP is a path vector routing 
protocol that uses a network of interconnected 
autonomous systems to route traffic between different 
parts of the network. 

In an SDN environment, BGP can be used to facilitate 
communication between different network elements, 
such as the SDN controller and network devices, or 
between different SDN controllers. BGP provides a 
standardized way to exchange routing information, 
allowing network managers to manage traffic flows and 
optimize network performance. 

BGP uses a hierarchical routing table system, with 
each autonomous system maintaining its own routing 
table and exchanging updates with neighboring 
autonomous systems. The protocol supports both internal 
and external routing, allowing more efficient routing 
within a single autonomous system and between different 
autonomous systems [12]. 

4.5.  Locator/Identifier Separation Protocol (LISP) 

LISP is a protocol used in SDN to separate the 
network location of a device (essentially its IP address) 
from its identity or identifier. LISP provides a way to 
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assign multiple IP addresses to a device and allows 
routing of traffic based on the device's identity rather than 
its physical location. 

In an SDN environment, LISP can be used to simplify 
network management and enable more efficient routing 
of traffic between different devices. By separating the 
device's identity from its location, LISP allows network 
administrators to move devices between different 
network locations without changing their IP addresses, 
simplifying network management and reducing the 
likelihood of errors [13]. 

4.6. Simple Network Management Protocol (SNMP) 

SNMP is a protocol used in software-defined 
networking (SDN) for monitoring and managing network 
devices. SNMP provides a standardized way for network 
administrators to monitor the performance of network 
devices, such as switches and routers, and to configure 
them remotely. 

In an SDN environment, SNMP can be used to 
monitor and manage network devices from a central SDN 
controller. SNMP allows network administrators to 
monitor a range of device metrics, such as CPU usage, 
memory usage, and network traffic, and to receive alerts 
when performance issues arise. 

SNMP is based on a client-server model, with SNMP 
agents running on network devices and SNMP managers 
running on the SDN controller. The agents collect 
performance data and send it to the managers, who can 
then analyze the data and take actions to improve 
network performance. 

SNMP is a widely used protocol in network 
management and is supported by a range of network 
device suppliers and SDN controllers. It can be used in 
conjunction with all the above-mentioned SDN protocols 
to enable more effective and flexible network 
management. 

4.7. Link Layer Discovery Protocol (LLDP) 

LLDP is a Layer 2, vendor-neutral protocol used for 
discovering and advertising network device information 
on a local area network (LAN). It allows network devices 
to exchange information about their identity, capabilities, 
and connections [14]. 

LLDP operates by sending and receiving LLDP 
frames, which are multicast packets transmitted on every 
network interface. LLDP frames contain TLV (Type-
Length-Value) elements that carry specific information 
about the transmitting device, such as system name, port 

description, system capabilities, and management 
addresses. 

Key features and benefits of LLDP include: 

Device Discovery: LLDP enables network devices to 
discover neighboring devices on the LAN, providing 
information about their identity, such as device type, 
vendor, and model. 

Topology Discovery: By exchanging LLDP information, 
devices can gather details about the connections and 
topology of the network, including neighboring devices, 
port numbers, and connection speeds. 

Automatic Configuration: LLDP can be used by network 
management systems to automatically configure network 
devices based on their discovered capabilities, 
simplifying network setup and reducing the efforts of 
manual configuration. 

Troubleshooting and Monitoring: LLDP facilitates 
network troubleshooting by providing visibility into the 
network topology and device connectivity. It allows 
administrators to identify and locate devices, detect link 
failures, and monitor the status of connections. 

LLDP is supported by a wide range of network 
devices, including switches, routers, wireless access 
points, and IP phones. It is often used in conjunction with 
other network protocols, such as SNMP, to enable 
comprehensive network management and monitoring. 

It is important to note that LLDP is a Layer 2 protocol, 
and its functionality is limited to the local network 
segment. It does not route traffic nor provide visibility 
into the entire network. 

4.8. Advantages of SDN 

Software-defined networking (SDN) has emerged as 
a transformative approach to network architecture and 
management. By decoupling the control plane from the 
data plane and centralizing network control through 
software, SDN provides numerous benefits and impacts 
various industries. Key findings on SDN include: 

• Enhanced Network Flexibility: SDN allows 
organizations to quickly provision, configure, and 
modify network services via software, leading to 
improved network flexibility. It enables dynamic 
allocation of network resources, making it easier to 
adapt to changing business needs and network traffic 
patterns [15]. 

• Simplified Network Management: SDN centralizes 
network management through a software-managed 
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controller, providing a single point of control and 
monitoring. This simplifies network management, 
reduces complexity, and enhances troubleshooting 
capabilities. 

• Scalability and Flexibility: SDN offers scalability by 
abstracting network functionality from the 
underlying hardware. Organizations can more easily 
scale their networks by adding or reallocating 
resources according to needs. Furthermore, SDN 
allows flexibility in deploying new services and 
applications without significant changes to 
infrastructure. 

• Network Programmability: SDN enables network 
programmability, allowing administrators to 
automate network functions and control network 
behavior through software. This programmability 
facilitates the development of innovative applications 
and services that can interact directly with the 
network. 

• Enhanced Security: SDN provides enhanced security 
capabilities by leveraging centralized control and 
programmability. Security policies can be defined 
and enforced consistently across the network, making 
it easier to identify and respond to threats. 

• Cost Optimization: SDN offers cost savings by 
reducing hardware dependencies and enhancing 
resource utilization. With the ability to dynamically 
control and distribute network resources, 
organizations can optimize their infrastructure, 
leading to better cost performance. 

• Innovation and Ecosystem Development: SDN 
promotes innovation by enabling the development of 
new network services and applications. It encourages 
the development of an 'ecosystem' where vendors, 
developers, and researchers can collaborate to create 
new solutions and advance networking progress. 

• SD-WAN and Cloud Connectivity: SDN plays a 
critical role in the adoption of software-defined wide 
area networks (SD-WAN) and in connecting on-
premises networks to cloud environments. It 
simplifies the management of distributed networks, 
provides better visibility and control, and improves 
connectivity to cloud services. 

4.8 challenges and issues 

While SDN offers significant benefits, it also presents 
challenges, including interoperability among different 
SDN solutions, security concerns related to centralized 
control, the need for specialized personnel to manage and 
operate SDN environments, and the necessity for careful 

planning, testing, and collaboration with experienced 
vendors to overcome these challenges. 

SDN Protocols: 

• SDN protocols play a critical role in the 
implementation and operation of software-defined 
networking (SDN) environments. These protocols 
define the communication and interaction between 
different elements of an SDN architecture, facilitating 
network control and management. 

• OpenFlow is one of the most widely adopted SDN 
protocols. It provides a standard interface between the 
control layer and forwarding devices (switches). 
OpenFlow enables centralized network control by 
separating control logic from switches and allowing 
the controller to program forwarding rules. It has 
significantly contributed to the development and 
deployment of SDN solutions. 

SDN Controllers: 

• SDN controllers serve as the central intelligence of 
software-defined network (SDN) architectures. They 
are responsible for managing and orchestrating 
network resources, facilitating communication between 
the control layer and the data layer, and enabling 
network programmability. 

Table 1: below presents the network protocols along with 
their pros and cons. 

Table 1: Network protocols. 

PROTOCOLS PROS CONS 
OpenFlow Fully 

customizable, 
scalable 

Complex 

NetConf Simplicity, 
management 

Limited 
Performance 

OVSDB Customizable, 
management 

Few complex 
options 

BGP Usable across 
different 
networks, routing 

Recommended 
only for very 
large networks 

LISP Simplicity, 
efficient traffic 
control 

Limited 
capabilities 

SNMP Advanced control Complex 

LLDP Wide range of 
device 
compatibility 

Limited only to 
LAN networks 

http://www.jenrs.com/


 N. V. Oikonomou et al., Comprehensive Analysis of Software-Defined Networking 

www.jenrs.com                        Journal of Engineering Research and Sciences, 3(7): 23-43, 2024                                            30 

5. Software & Hardware specifications 

In this section, we will analyze each tool used for this 
work. Specifically, both the hardware and software 
components will be discussed. 

5.1. Hardware Specifications 

Compared to previous related research where high-
performance laptops, low-performance desktops, or even 
workstations were used, this research utilized a new high-
performance desktop computer. This system offers the 
capability to implement larger virtual networks as well as 
optimized management and distribution of physical 
resources, allowing for improved performance and more 
efficient scaling of the networks that will be created. In the 
heart of the computing system used for this research, the 
Gigabyte B550M AORUS PRO motherboard with an 
AMD B550 chipset lays the foundation. This motherboard 
was chosen for its robust support for modern connectivity 
standards such as PCI EXPRESS 4.0, which is pivotal for 
high-performance setups required in advanced 
simulations and experiments. The AMD Ryzen 5 5600X 
processor, featuring a 7nm FinFET technology with 6 
cores and 12 threads, is selected for its ability to handle 
extensive computations more effectively than comparable 
models used in preceding studies. Its overclocking ability 
up to 4.7 GHz facilitates faster processing of complex 
tasks, crucial for developing larger virtual networks and 
conducting intensive data analysis. 

Additionally, the system is equipped with 32GB of 
DDR4 RAM at 3600 MHz in dual-channel configuration, 
providing ample bandwidth and speed necessary for 
managing multiple operations simultaneously, which is 
essential when testing the limits of network simulations 
and other resource-intensive applications. The AMD 
Radeon RX 6750 XT graphics card with 12GB of GDDR6 
memory ensures smooth rendering of complex graphics 
and supports the visualization demands of the research, 
including the manipulation and analysis of high-
dimensional data sets. 

Storage is handled by a Kingston KC3000 NVMe SSD 
with a capacity of 2TB, leveraging PCI Express 4.0 
technology to offer rapid data access speeds of up to 7000 
MB/s, significantly reducing load times and improving 
the overall efficiency of data processing tasks. This 
storage solution is vital for handling large volumes of 
data generated during simulations, ensuring quick 
retrieval and processing that are imperative for 
maintaining workflow continuity during the research. 

Together, these hardware specifications are 
meticulously chosen not only for their individual 
capabilities but also for their synergy, which ensures a 
high-performance, stable, and reliable computing 
environment capable of supporting the sophisticated 
software tools and simulations utilized in this research. In 
Table: 2 we have the technical specifications of our 
systems. 

Table 2: Simulation system specifications. 

Component Specification 

CPU AMD Ryzen 5 5600X, 6 cores/12 threads, 
4.7 GHz, 45W 

RAM 32GB DDR4, 3600 MHz, Dual Channel 

GPU AMD Radeon RX 6750 XT, 12GB, PCI 
Express 4.0 

Storage Kingston KC3000, NVMe, PCI Express 
4.0, 7GB/s 

5.2. Software Specifications 

In this section, the specifications of the system 
software used are analyzed. It is crucial not only to 
conduct research to use the correct software that can 
deliver the desired results but also to ensure that all 
software can work harmoniously together. Cohesion, 
relevance, and repeated checks on the outcomes that will 
be extracted are necessary. For the software setup in this 
research, specific tools have been meticulously selected to 
complement the powerful hardware configuration and to 
meet the specialized requirements of the study. The 
primary operating system used is Windows 11 Pro for 
Workstations, which offers essential features like the 
ReFS file system for enhanced data resilience and support 
for advanced hardware configurations, critical for 
maximizing the potential of the system’s physical 
components. 

Oracle's VirtualBox plays a key role by allowing the 
deployment of multiple operating systems on a single 
physical machine, which is crucial for testing different 
network configurations and software interactions in a 
controlled, isolated environment. This flexibility is vital 
for reproducing and manipulating network scenarios in 
the development of software-defined networking (SDN) 
solutions. 
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Additionally, Visual Studio Code is employed as the 
primary code editor due to its robust support for multiple 
programming languages and its integrated development 
environment (IDE) features like debugging, code 
completion, and Git integration. These features enhance 
the efficiency of writing and testing code, particularly 
Python scripts used for creating network topologies in the 
research. 

Gephi, an open-source network visualization 
software, is used to analyze and visualize complex 
network structures, which helps in understanding the 
interactions within the network and identifying key 
patterns and anomalies. The ability to dynamically model 
network traffic and topology changes in real-time using 
Gephi significantly aids in the exploratory phase of the 
research. 

Furthermore, the inclusion of specialized tools like 
PuTTY for secure remote session management, WinSCP 
for secure file transfer, and Xming for running X Window 
System applications on Windows, consolidates the 
software environment.  

Together, these software tools form a cohesive 
ecosystem that supports the rigorous demands of the 
research, enabling sophisticated simulations, extensive 
data analysis, and effective management of resources 
across different stages of the project. Table 3 contains an 
analysis of all the software used. 

Table 3: Simulation software presentation. 

Software Brief Description 

Windows 11 
Pro for 
Workstations 

Operating system designed for high-tech 
hardware and workloads, with 
additional features for enhanced 
performance and reliability. 

VirtualBox Open-source virtualization software that 
allows running multiple operating 
systems on a single physical machine. 

Mininet Network emulator that facilitates the 
simulation and testing of Software-
Defined Networks (SDN). 

X-Ming Free X-Window-System server for 
Windows that enables remote graphical 
user interfaces over a network. 

WinSCP Free and open-source SFTP, FTP, and 
SCP client for Windows that enables 
secure file transfers between local and 
remote computers. 

PuTTY Free terminal emulator, serial console, 
and network file transfer application for 
Windows that supports multiple 
network protocols. 

Visual Studio 
Code 

Free, open-source code editor developed 
by Microsoft, supporting a wide range of 
programming languages and tools. 

Gephi Open-source software for visualizing 
and exploring graphs and networks, 
ideal for analyzing complex networks. 

6. Experiment Specifications 

6.1.  Network Topologies 

The term topology defines the geometric 
representation of the connections in a network. We 
examined three categories of topologies.  

• Basic 
• Hybrid 
• Custom 

Specifically, for the basic topologies, the bus 
topology was selected, for the hybrid topologies, the 
balanced tree topology was chosen, and for the Custom, 
the random topology was used [16], [17]. 

6.1.1. Basic Topologies 

There are many basic network topologies 
commonly used in computer networking. These include: 

Bus topology: All devices are connected to a single 
communication line or cable, known as the bus. Data 
travels in both directions along the bus and all devices on 
the network can receive the same message 
simultaneously. Figure 3 depicts bus topology. 

 

Figure 3: Example of bus topology. 

Star topology: All devices are connected to a central 
hub or switch, and data flows through the hub or switch 
to reach its destination. Each device has an exclusive 
connection to the hub or switch, which can help reduce 
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network congestion and improve performance. Figure 4 
depicts star topology. 

 

Figure 4: Example of star topology. 

Ring topology: All devices are connected in a closed loop, 
with data flowing in one direction around the loop. Each 
device receives data from the previous device in the loop 
and sends data to the next device in the loop. The ring 
topology is depicted in Figure 5 below. 

 

Figure 5: Example of ring topology. 

Mesh topology: Each device is connected to every other 
device in the network, creating a fully interconnected 
network. This can provide high redundancy and fault 
tolerance but can be complex to manage and requires a lot 
of wiring. Figure 6 presents mesh topology. 

 

Figure 6: Example of mesh topology. 

6.1.2. Hybrid Topologies 

Hybrid Topology is a combination of two or more 
basic topologies, such as a star-bus topology or a ring-
mesh topology. This can offer a balance between 
performance, redundancy, and ease of management. 

Tree topology, also known as hierarchical topology, 
is a type of network topology based on a hierarchical 
structure. In this topology, multiple star topologies relate 
to a bus topology, creating a structure that resembles a 
tree. In a tree topology, the central bus acts as the main 
trunk of the tree, with multiple branches extending from 
it. Each branch is a separate star topology with a hub or 
switch at the center and multiple devices connected to it. 
This allows the creation of subnetworks within the larger 
network, with each subnet having its own exclusive hub 
or switch. 

The main advantage of a tree topology is its 
scalability, as it can support many devices and 
subnetworks. It also provides a good balance between 
performance and redundancy, as each subnet can operate 
independently and problems in one subnet will not affect 
the rest of the network. 

However, the main disadvantage of a tree topology 
is its complexity, as it requires a significant amount of 
cabling and configuration. It can also be difficult to 
troubleshoot and manage, as problems in one part of the 
network can affect the entire tree. Below in Figure 7 an 
example of hybrid topology can be found. 

 
Figure 7: Example of hybrid tree topology. 

A balanced tree topology is a specific type of tree 
topology where each branch of the tree has the same 
number of levels. This means that each subnet is of equal 
size and has the same number of devices connected to it. 
In a balanced tree topology, the central bus is connected 
to a set of level-1 switches, each of which is connected to 
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a set of level-2 switches, and so on, until the final level of 
switches is reached. Each switch in the tree has an equal 
number of branches connected to it, which helps balance 
the network traffic and avoid congestion. 

6.1.3.  Custom Topologies 

Custom network topologies refer to network 
architectures designed to meet specific requirements or 
solve specific problems. They may be a combination of 
two or more basic topologies, or they may be entirely 
unique and tailored to a specific application or 
environment. Custom network topologies can be created 
by network designers and administrators using various 
networking devices and technologies, such as switches, 
routers, firewalls, load balancers, and others. These 
devices can be configured to implement specific routing 
protocols, VLANs, access control policies, and other 
features to achieve the desired network behavior and 
performance. Examples of custom network topologies 
include: 

Mesh topology with adaptive routing: This topology 
can be used in large-scale wireless networks to provide 
high redundancy and fault tolerance. Adaptive routing 
protocols such as OLSR or B.A.T.M.A.N. may be used to 
optimize network performance and reduce congestion. 
Hub-and-Spoke topology with VPN: This topology can be 
used to connect multiple remote offices or branches to a 
central location using VPN tunnels. A hub router or 
firewall is used to manage the traffic flow and provide 
secure connectivity between the spokes. 

Cluster topology with load balancing: This topology can 
be used to create a cluster of web or application servers 
for high availability. Load balancing devices are used to 
distribute traffic across multiple servers in the cluster, 
providing high performance and scalability. 

Custom network topologies can offer unique 
advantages and solve specific problems, but they also 
require careful design and management to ensure 
effectiveness and security. Network administrators 
should consider the specific needs of their organization 
and consult experienced network designers to create a 
custom topology that meets these needs. 

6.1.4.  Random Topology 

In computer networking, a random network topology 
refers to a network topology where connections between 
nodes are made in a random or stochastic manner. In such 
a topology, there is no predetermined plan or structure to 
the connections between nodes. Random network 
topologies are used in various applications, such as in the 

study of social networks, biological networks, and 
communication networks. They are also used in 
analyzing network properties, such as connectivity, 
robustness, and efficiency. It has been shown that they 
exhibit some interesting and unexpected behaviors, such 
as the emergence of small-world networks and scale-free 
networks. 

6.1.5. Erdős–Rényi Model 

 An example of a random network topology is the 
Erdős–Rényi model. The Erdős–Rényi model, also known 
as the ER model, is a mathematical model for creating 
random graphs. Introduced to the field of mathematics by 
mathematicians Paul Erdős and Alfréd Rényi in 1959, the 
ER model creates a random graph with "n" nodes starting 
with "n" isolated nodes and then randomly connecting 
pairs of nodes with a certain probability "p". The edges 
between the nodes are independent and occur with 
probability "p". There are two variations of the ER model: 
the G(n,m) model, which creates a random graph with "n" 
nodes and m edges, and the G(n,p) model, which creates 
a random graph with "n" nodes and an edge between each 
pair of nodes with probability "p". 

       The ER model has been used to study various 
properties of random graphs, including the appearance of 
the giant component, the phase transition of connectivity, 
and the degree distribution of the graph. The model has 
also been applied in various fields such as social networks, 
computer networks, and biology. However, it should be 
noted that the ER model assumes a completely random 
and uniform distribution of edges, which may not always 
reflect the real structure of many networks. As a result, 
other network models, such as small-world networks and 
scale-free networks, have been proposed to better map 
the properties of real networks. In Figure 8 below we can 
see a custom random topology is presented [18]. 

 
Figure 8: Example of Custom Random Topology using the Erdős–

Rényi mathematical model 
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6.2. Experiment Specifications 

The experiments implement topologies based on the 
random topology which in turn follows the Erdős–Rényi 
mathematical model. The SDN controller used is POX due 
to its compatibility with both topologies and the creation 
and parameterization of topologies through the PYTHON 
language. The topology creation protocol is OFDP, or 
otherwise OpenFlow [19]. 

The experiments examine the following: 

• Comparison of system performance according to 
topologies. 

• Comparison of system performance according to 
topology creation protocol. 

• Comparison of system performance according to the 
number of switches and how the total number of 
switches affects performance. 

• CPU usage. 
• RAM usage 
• The delay of packet transfer between network nodes. 
• The time of creation and destruction of a topology  

The above measurements will be compared: 

Topologies: 

• Linear 
• Balanced Tree 
• Random Topology 

Creation Protocols 

• OFDP 
• LLDP 
• BGP 
• LSDP 
• SNMP 
• OVSDB 

The number of switches will remain steadily 
increasing, and each switch will be connected to a host in 
the manner shown in the table below [20]. 

It is noted that a greater number of switches was 
achieved than in most similar studies. This fact alone 
allows for better interpretation of results and is primarily 
due to the available hardware resources. Table 4 contains 
the scale of the experiments depending on the number of 
switches and hosts. 

Table 4: Scale of experiments conducted 

SWITCHES HOSTS 

2 2 

4 4 

8 8 

16 16 

32 32 

64 64 

128 128 

256 256 

512 512 

1024 1024 

2048 2048 

4096 4096 

8192 8192 

6.3. Collection of General Results 

In this section, the statistical tables of the data 
collected from the above experiments will be presented. 
The controller used is POX and the topology creation 
protocol is OFDP. It is worth noting that each experiment 
was performed about a thousand times to ascertain the 
accuracy percentage of the results, and the deviations 
were minimal and consistent with the expected pattern. 
Therefore, the results presented are the overall average. 
Below the tables of experiment results are presented. 
Table 5 presents the results using random topologies, 
Table 6 presents the results using linear topologies and 
Table 7 presents the results using balanced tree topologies 
[21]. 

Table 5: Experiment results using random topologies. 

CP
U 
(%) 

MEMOR
Y (MB) 

SWITC
H 

HOST
S 

BW 
(Gbps
) 

SETU
P 
TIME 
(sec) 

TEAR 
TIME 
(sec) 

1.9 150 2 2 41 0.092 0.085 
2.6 170 4 4 42 0.145 0.136 
6.4 210 8 8 48 0.326 0.413 
11.2 250 16 16 48 1.256 1.646 
13.5 290 32 32 47 2.719 6.167 
18.1 330 64 64 38 12.752 22.39 
22.4 390 128 128 38 18.393 29.712 
27.8 440 256 256 36 26.715 39.513 
33.6 625 512 512 33 39.212 58.004 
39.2 1100 1024 1024 32 57.454 74.981 
44.5 2000 2048 2048 28 83.757 119.04

6 
47.3 3500 4096 4096 26 183.90

8 
244.90
1 

62.9 6800 8192 8192 27 274.48
3 

368.27
1 
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Table 6: Experiment results using linear topologies. 

CP
U 
(%) 

MEMOR
Y (MB) 

SWITC
H 

HOST
S 

BW 
(Gbps
) 

SETU
P 
TIME 
(sec) 

TEAR 
TIME 
(sec) 

1.2 300 2 2 45 0.098 0.067 
1.9 340 4 4 44 0.182 0.224 
4.8 380 8 8 49 0.295 0.313 
9.3 420 16 16 47 0.542 0.621 
10.3 480 32 32 48 0.894 1.128 
14.5 560 64 64 481 1.889 2.359 
19.3 680 128 128 38 3.319 4.858 
23.6 1050 256 256 38 6.822 7.254 
28.1 1680 512 512 39 14.841 18.952 
33.6 2200 1024 1024 37 33.713 39.701 
38.4 3500 2048 2048 36 55.915 62.113 
42.5 7300 4096 4096 33 98.009 127.98

9 
53.6 12300 8192 8192 31 181.41

1 
229.41
0 

Table 7: Experiment results using balanced tree topologies. 

CP
U 
(%) 

MEMOR
Y (MB) 

SWITC
H 

HOST
S 

BW 
(Gbps
) 

SETU
P 
TIME 
(sec) 

TEAR 
TIME 
(sec) 

3.2 180 2 2 43 0.150 0.141 
4.5 220 4 4 42 0.265 0.181 
8.9 270 8 8 38 0.429 0.284 
14.7 380 16 16 44 1.854 1.678 
17.6 490 32 32 48 3.535 3.280 
21,2 600 64 64 41 6.614 7.252 
24.8 710 128 128 43 8.325 10.053 
29.1 930 256 256 40 17.783 19.993 
36.1 1450 512 512 39 26.977 41.900 
44.9 2580 1024 1024 41 56.672 77.451 
52.4 4310 2048 2048 37 128.33

4 
168.51
3 

59.9 8200 4096 4096 38 190.98
5 

212.71
7 

74.4 15200 8192 8192 30 260.51
1 

332.55
7 

6.3.1. Collection of Latency Results 

Latency measurement will be done differently as 
each network is measured under similar conditions with 
a fixed packet size, increasing the number of packets and 
observing how this affects the network. The average and 
total transfer times are collected. The size of each packet 
is defined as 1024Bytes (1KB), and simulations will be 
executed with the corresponding packet numbers 
[1,10,50,100,500]. In previous studies, a usage limit of 
about 600 packets of this packet size was observed in 
Mininet. Below Table 8 is presented in which we can see 
the latency results of each topology. 

Table 8: Latency results of experiments across all topologies. 

PACKET 
NUMBER 

TREE 
AVERAGE 
LATENCY 
(ms) 

LINEAR 
AVERAGE 
LATENCY 
(ms) 

ERDOS 
RENYI 
AVERAGE 
LATENCY 
(ms) 

1 0.048 0.018 0.013 

10 0.053 0.027 0.016 
50 0.044 0.026 0.018 
100 0.031 0.023 0.021 
500 0.041 0.015 0.022 
TOTAL 
AVERAGE 

0.0434 0.0218 0.0181 

7. Analysis of results 

The results obtained in the present research are 
appropriately transformed into diagrams. On the vertical 
axis, each studied element (CPU, RAM, Bandwidth, Setup 
Time, Tear Time, Latency) is distributed, while on the 
horizontal axis there is the number of switches used, thus 
conclusions are drawn based on the quantity of Switches. 
In the Latency diagram, on the horizontal axis, the 
number of Switches is replaced by the number of packets. 

7.1. CPU Analysis 

The following section provides an in-depth analysis 
of CPU usage in relation to the number of switches in 
various network topologies. The data illustrates that CPU 
usage increases as the number of switches rises. The 
analysis is based on comparative data from three 
topologies: balanced tree, random, and linear. 

7.1.1. Balanced Tree Topology 

Highest CPU Consumption: The balanced tree 
topology consumes the most CPU resources among the 
three topologies. This is attributed to the complexity and 
structure of the tree-branches, which require more 
processing power to manage the available paths. 

CPU Usage Increases with Switches: As the number 
of switches increases, CPU usage significantly rises. At 
the peak of 8192 switches, the CPU usage reaches 74.4%, 
which is 11.5% higher than the random topology and 20.8% 
higher than the linear topology. 

7.1.2. Random Topology: 

Close to Balanced Tree: The random topology's CPU 
consumption is slightly less than the balanced tree but 
higher than the linear topology. This is due to the 
adaptable nature of the random topology, which requires 
complex computations to manage dynamic connections. 

Instabilities: Some instabilities in CPU usage are 
observed, caused by the probability of unsuccessful 
connections between nodes, which adds variability to the 
CPU load. 

7.1.3. Linear Topology 

Least CPU Usage: The linear topology demonstrates the 
least CPU usage due to its simple and straightforward 
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connectivity. The simplicity of managing linear 
connections results in lower processing requirements. 

Stable Performance: The linear topology shows stable 
CPU performance, with less variability and lower overall 
CPU consumption compared to the other topologies. 

Complexity and Resource Allocation: The balanced tree 
topology requires more CPU resources due to its 
hierarchical structure. Managing multiple levels and 
branches in the network involves more processing to 
maintain efficient routing and data flow. This complexity 
inherently increases the CPU load as the network scales. 

Adaptability of Random Topology: While the random 
topology is designed for flexibility and adaptability, this 
also introduces challenges in maintaining stable 
connections. The CPU must handle dynamic routing and 
potential connection failures, leading to increased CPU 
usage and occasional spikes. 

Efficiency of Linear Topology: The linear topology 
benefits from its simplicity, where each switch is directly 
connected in a straightforward path. This minimizes the 
processing required for routing decisions, leading to 
lower and more consistent CPU usage. The linear 
approach simplifies network management and reduces 
the computational burden on the CPU. 

The analysis highlights that network topology 
significantly impacts CPU usage. The balanced tree 
topology, while offering robust and hierarchical 
structuring, imposes a high CPU load due to its 
complexity. The random topology, though adaptable, 
faces challenges with connection stability, leading to 
variable CPU consumption. Linear topology remains the 
most efficient in terms of CPU usage, owing to its simple 
and direct connectivity. These findings are crucial for 
network administrators and designers, emphasizing the 
need to consider topology choice based on the expected 
network load and performance requirements. Balancing 
complexity, adaptability, and efficiency is key to 
optimizing network performance and resource utilization. 
Figure 9 analyses the CPU usage in each experiment. 

 
Figure 9: Comparative CPU usage diagram for the three topologies. 

7.2. RAM Analysis 

The following section provides an in-depth analysis of 
RAM usage in relation to the number of switches in 
various network topologies. The data illustrates that 
RAM usage varies significantly with the topology used 
and the number of switches in the network. This analysis 
is based on comparative data from three topologies: linear, 
balanced tree, and random. 

7.2.1. Linear Topology 

Initial High Memory Consumption: Initially, the linear 
topology consumes more RAM compared to the other 
two topologies, despite using less CPU than the balanced 
tree. This higher initial memory usage can be attributed 
to the straightforward but memory-intensive nature of 
maintaining direct connections between each switch. 

Memory Usage Trends: As the number of switches 
increases, the memory usage grows but at a predictable 
and steady rate due to the simple structure of the linear 
topology. 

7.2.2. Balanced Tree Topology 

High Memory Consumption with Increased 
Switches: While the number of switches increases, the 
balanced tree topology eventually consumes the most 
memory. This is due to the complexity of managing a 
hierarchical tree structure, which requires more memory 
to store the state and routing information for multiple 
levels and branches. 

Complexity Impact: The tree-branch structure inherently 
requires more memory to maintain the hierarchical 
relationships and efficient routing, resulting in higher 
memory usage as the network scales. 

7.2.3. Random Topology 

Lowest Memory Consumption: The random topology 
consistently shows lower RAM usage compared to the 
other two topologies. This is largely due to its 
customization and the retrospective improvements made 
to its implementation in Mininet, which optimize 
memory usage. 

Efficiency of Customization: Due to its adaptable nature 
and optimized design, the random topology reduces 
memory consumption by about 45-55% compared to the 
linear and balanced tree topologies. 

Initial Memory Usage in Linear Topology: The linear 
topology, despite its simplicity, requires substantial 
memory initially to establish and maintain direct 
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connections between each switch. This direct approach, 
while less CPU-intensive, places a higher initial burden 
on RAM. 

Increasing Complexity in Balanced Tree Topology: As the 
network grows, the balanced tree topology's memory 
requirements increase significantly. This is because the 
hierarchical structure demands more memory to store the 
details of each level and branch, ensuring efficient data 
routing and network management. 

Optimized Memory Usage in Random Topology: The 
random topology benefits from its customized and 
optimized implementation in Mininet. This design 
reduces unnecessary memory usage and streamlines the 
management of random connections, leading to 
significantly lower RAM consumption. The flexibility and 
adaptability of the random topology also contribute to its 
efficient memory usage. 

The analysis highlights that network topology 
significantly impacts RAM usage. The linear topology, 
while simple, initially demands more memory but grows 
predictably. The balanced tree topology, due to its 
hierarchical structure, consumes the most memory as the 
network expands. The random topology, with its 
optimized and adaptable design, demonstrates the most 
efficient memory usage. These insights are crucial for 
network administrators and designers, emphasizing the 
need to consider topology choice based on the expected 
network load and performance requirements. Balancing 
complexity, adaptability, and efficiency is key to 
optimizing network performance and resource utilization, 
particularly in terms of memory usage. Figure 10 analyses 
the RAM usage in each experiment. 

 

Figure 10: Comparative RAM usage diagram for the three topologies. 

7.3. Bandwidth Analysis 

The following section provides an in-depth analysis of 
RAM usage in relation to the number of switches in 
various network topologies. The data illustrates that 
RAM usage varies significantly with the topology used 
and the number of switches in the network. This analysis 

is based on the comparative data from three topologies: 
linear, balanced tree, and random. 

7.3.1. Linear Topology 

Initial High Memory Consumption: Initially, the linear 
topology consumes more RAM compared to the other 
two topologies, despite using less CPU than the balanced 
tree. This higher initial memory usage can be attributed 
to the straightforward but memory-intensive nature of 
maintaining direct connections between each switch. 

Memory Usage Trends: As the number of switches 
increases, the memory usage grows but at a predictable 
and steady rate due to the simple structure of the linear 
topology. 

7.3.2. Balanced Tree Topology 

High Memory Consumption with Increased Switches: 
While the number of switches increases, the balanced tree 
topology eventually consumes the most memory. This is 
due to the complexity of managing a hierarchical tree 
structure, which requires more memory to store the state 
and routing information for multiple levels and branches. 

Complexity Impact: The tree-branch structure inherently 
requires more memory to maintain the hierarchical 
relationships and efficient routing, resulting in higher 
memory usage as the network scales. 

7.3.3. Random Topology 

Lowest Memory Consumption: The random topology 
consistently shows lower RAM usage compared to the 
other two topologies. This is largely due to its 
customization and the retrospective improvements made 
to its implementation in Mininet, which optimize 
memory usage. 

Efficiency of Customization: Due to its adaptable nature 
and optimized design, the random topology reduces 
memory consumption by about 45-55% compared to the 
linear and balanced tree topologies. 

Initial Memory Usage in Linear Topology: The linear 
topology, despite its simplicity, requires substantial 
memory initially to establish and maintain direct 
connections between each switch. This direct approach, 
while less CPU-intensive, places a higher initial burden 
on RAM. 

Increasing Complexity in Balanced Tree Topology: As the 
network grows, the balanced tree topology's memory 
requirements increase significantly. This is because the 
hierarchical structure demands more memory to store the 
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details of each level and branch, ensuring efficient data 
routing and network management. 

Optimized Memory Usage in Random Topology: The 
random topology benefits from its customized and 
optimized implementation in Mininet. This design 
reduces unnecessary memory usage and streamlines the 
management of random connections, leading to 
significantly lower RAM consumption. The flexibility and 
adaptability of the random topology also contribute to its 
efficient memory usage. 

The analysis highlights that network topology 
significantly impacts RAM usage. The linear topology, 
while simple, initially demands more memory but grows 
predictably. The balanced tree topology, due to its 
hierarchical structure, consumes the most memory as the 
network expands. The random topology, with its 
optimized and adaptable design, demonstrates the most 
efficient memory usage. These insights are crucial for 
network administrators and designers, emphasizing the 
need to consider topology choice based on the expected 
network load and performance requirements. Balancing 
complexity, adaptability, and efficiency is key to 
optimizing network performance and resource utilization, 
particularly in terms of memory usage. Figure 11 analyses 
the bandwidth of each experiment. 

 

Figure 11: Comparative Bandwidth diagram for the three topologies. 

7.4. Setup Time Analysis 

The setup time refers to the duration required to create a 
network topology, measured from the moment the 
creation command is initiated. The analysis compares the 
setup times for three different network topologies: 
random, balanced tree, and linear. The results indicate 
significant differences in the time taken to establish each 
topology, highlighting the efficiency and complexity 
involved in their creation. 

7.4.1. Random Topology 

Longest Setup Time: The random topology consistently 
shows the longest time required to create a topology. This 
is due to its inherent complexity and the need for random 

connections between nodes, which involves additional 
computational overhead to ensure successful creation 
and connectivity. 

Marginally Longer: Among the topologies with long 
setup times, the random topology takes slightly longer 
than the balanced tree, indicating higher variability and 
complexity in establishing random connections. 

7.4.2. Balanced Tree Topology 

Long Setup Time: The balanced tree topology also 
exhibits a long setup time, slightly less than the random 
topology. The hierarchical structure requires careful 
planning and execution to ensure all branches and levels 
are correctly established, which adds to the setup time. 

Complexity Contribution: The structured nature of the 
balanced tree, with multiple levels and branches, 
contributes to the extended time needed for its creation. 

7.4.3. Linear Topology 

Shortest Setup Time: The linear topology shows a 
significantly reduced setup time compared to the other 
two topologies. This is due to its straightforward design, 
where each node is directly connected to the next in a 
simple chain. 

Efficiency in Large Networks: In very large networks, the 
linear topology is approximately 30-40% faster to set up 
than the random and balanced tree topologies. This 
efficiency is attributed to the minimal complexity in 
establishing direct connections sequentially. 

Complexity and Overhead: The random and balanced 
tree topologies require more time to create due to their 
inherent complexity. Random topology involves the 
creation of non-deterministic connections that need 
verification and correction, while the balanced tree 
requires a hierarchical setup with multiple levels, each 
adding to the overall setup time. 

Linear Topology Efficiency: Linear topology's setup 
process is inherently simpler. Each new node is added in 
a straightforward manner, reducing the time required for 
planning and establishing connections. This simplicity 
translates to a significant reduction in setup time, 
especially as the network scales. 

Scalability and Performance: As the network size 
increases, the difference in setup times becomes more 
pronounced. The linear topology's efficient setup process 
becomes increasingly advantageous in larger networks, 
where the time savings are substantial compared to the 
more complex topologies. 
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Practical Implications: For practical applications, the 
choice of topology can significantly impact the time 
required to deploy a network. In scenarios where rapid 
deployment is critical, the linear topology offers a clear 
advantage. Conversely, if the network's structural 
complexity and adaptability are priorities, the additional 
setup time for random or balanced tree topologies may be 
justified. 

The setup time analysis underscores the importance 
of topology selection based on deployment time 
requirements and network complexity. The linear 
topology offers the fastest setup time, making it suitable 
for scenarios requiring quick deployment and 
straightforward management. The random and balanced 
tree topologies, while taking longer to set up, provide 
more complex and potentially more resilient network 
structures. Understanding these trade-offs is essential for 
network administrators and designers to optimize 
network deployment strategies and achieve the desired 
balance between setup efficiency and structural 
complexity. Figure 12 show the results of setup time of the 
experiments. 

 

Figure 12: Comparative setup time diagram for the three topologies 

7.5. Tear Time Analysis 

The tear time refers to the duration required to 
dismantle a network topology, measured from the 
moment the destruction command is initiated. The 
analysis compares the tear times for three different 
network topologies: linear, balanced tree, and random. 
The results indicate significant differences in the time 
taken to dismantle each topology, highlighting the 
efficiency and complexity involved in their destruction. 

7.5.1. Linear Topology 

Shortest Tear Time: As expected, the linear topology takes 
the least amount of time to tear down. This is due to its 
straightforward structure, where nodes are connected in 
a simple chain, making it easy to dismantle. 

Efficiency in Large Networks: In large networks, the 
linear topology shows about 30-40% faster tear times 
compared to the random and balanced tree topologies. 

This efficiency is attributed to the minimal complexity 
involved in breaking the direct sequential connections. 

7.5.2. Random Topology 

Longest Tear Time: The random topology consistently 
shows the longest tear time among the three topologies. 
This is due to the complexity and unpredictability of its 
connections, which require additional time to ensure all 
links are properly dismantled. 

Peak Tear Times: The tear time peaks higher in the 
random topology, reflecting the inherent variability and 
instability in its structure. 

7.5.3. Balanced Tree Topology 

Long Tear Time: The balanced tree topology also exhibits 
a long tear time, like the random topology but slightly less. 
The hierarchical structure requires careful dismantling of 
multiple levels and branches, adding to the overall tear 
time. 

Deviations in Linearity: Some deviations in the linearity 
of tear time are observed in the balanced tree topology. 
These deviations are due to the changes in the tree 
structure as different branches and levels are dismantled. 

Efficiency of Linear Topology: The linear topology’s 
simplicity extends to its tear-down process. Each node is 
directly connected to its predecessor and successor, 
making it easy to break these connections in sequence. 
This straightforward dismantling process results in 
consistently lower tear times. 

Complexity in Random Topology: The random 
topology’s longer tear time is attributed to its complex 
and unpredictable nature. The random connections 
between nodes mean that each dismantling process is 
unique and requires more time to ensure all links are 
effectively broken. This variability results in higher and 
more inconsistent tear times. 

Structured Dismantling in Balanced Tree Topology: The 
balanced tree topology requires careful dismantling of its 
hierarchical structure. Each branch and level must be 
carefully broken down, which increases the overall tear 
time. The deviations in linearity are due to the varying 
complexity of dismantling different parts of the tree. 

Instabilities and Variability: Both the random and 
balanced tree topologies show instabilities and variability 
in tear times. These instabilities are natural given the 
complexity of the structures and the need for careful 
dismantling to avoid leaving residual connections. 
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The tear time analysis highlights the impact of network 
topology on the efficiency of dismantling processes. 
Linear topology offers the fastest and most efficient tear-
down times, making it suitable for scenarios requiring 
quick and straightforward network reconfiguration. The 
random and balanced tree topologies, while offering 
more complex and potentially more resilient structures, 
require significantly more time to dismantle. 
Understanding these differences is crucial for network 
administrators and designers in optimizing network 
management strategies, particularly in environments 
where frequent reconfiguration is necessary. Figure 13 
show the results of tear time for each experiment. 

Figure 13: Comparative tear time diagram for the three topologies. 

7.6. Latency Analysis 

Latency measurement refers to the time taken for an 
information packet to travel from one network node to 
another, measured in milliseconds (ms). For this analysis, 
the packet size was set to 1024 Bytes (1 Kilobyte), and the 
maximum number of transferred packets was capped at 
500, a limit identified in previous Mininet research for 
reliable measurements. 

7.6.1. Balanced Tree Topology 

7.6.1.1. Highest Delay 

The balanced tree topology exhibits the highest latency 
among the three topologies. This significant delay is due 
to the complexity of its hierarchical structure, which 
requires packets to traverse multiple levels and branches 
before reaching their destination. 

7.6.1.2. Impact of Complexity 

The structured nature of the balanced tree increases the 
distance and processing time for packets, leading to 
higher latency. 

7.6.2. Linear and Random Topologies 

7.6.2.1. Similar Delays 

Both linear and random topologies show similar latency 
measurements, but still lower than the balanced tree 

topology. These topologies have less complex routing 
paths, which reduces the overall transmission time. 

7.6.2.2. Comparative Analysis 

Although their delays are similar, the linear topology 
generally maintains a slightly more predictable and stable 
latency due to its straightforward path structure, while 
the random topology may experience more variability 
due to its non-deterministic connections. 

7.6.3. Latency Comparison 

Double the Delay in Balanced Tree: The latency in the 
balanced tree topology is at least double that of the other 
two topologies. This stark difference underscores the 
impact of hierarchical complexity on network 
performance. 

7.6.4. Balanced Tree Topology 

7.6.4.1. Hierarchical Routing 

The balanced tree’s multi-level structure means that 
packets often need to travel through several intermediary 
nodes (branches) before reaching their target. Each 
additional hop adds to the overall delay, resulting in the 
highest latency. 

7.6.4.2. Increased Processing Time 

Managing and routing through the hierarchical levels 
introduces additional processing delays, further 
contributing to the higher latency. 

7.6.5. Linear Topology 

7.6.5.1. Direct Pathways 

 The linear topology benefits from direct, sequential 
connections between nodes. This straightforward routing 
minimizes the number of hops and processing required, 
leading to more predictable and lower latency. 

7.6.5.2. Stable Performance 

The linear nature of the topology ensures consistent 
performance, with each packet following a clear and 
defined path. 

7.6.6. Random Topology 

Variable Pathways: The random topology features non-
deterministic connections, meaning packets may traverse 
different paths depending on the network state. This 
variability can introduce occasional increases in latency, 
although the average delay remains lower than the 
balanced tree topology. 
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Adaptability and Efficiency: Despite its variability, the 
random topology’s design aims to balance load and 
optimize pathways, helping to maintain relatively low 
latency overall. 

The latency analysis highlights the significant 
influence of network topology on transmission delays. 
The balanced tree topology, with its complex hierarchical 
structure, results in the highest latency, making it less 
suitable for applications requiring rapid data 
transmission. Linear topology, with its direct and 
predictable pathways, offers the lowest latency and stable 
performance, ideal for time-sensitive applications. The 
random topology, while variable, maintains lower latency 
than the balanced tree and can adapt to different network 
conditions effectively. These insights are crucial for 
network administrators and designers to optimize 
network performance based on specific latency 
requirements and application needs. Figure 14 presents 
the latency results. 

 

Figure 14: Comparative latency diagram for the three topologies. 

7.7. Future Research 

The content of this specific postgraduate work is a 
fundamental pillar of research on SDN networks and 
extends existing research in the field of computer science, 
networks, and telecommunications. Future research 
could be expanded on an even larger scale with the aid of 
supercomputers from major academic structures to show 
how a total shift in networking towards SDN would affect 
the internet and the world in general. With the right 
available resources, even more realistic simulations 
would be possible, aiming for direct integration, 
improvement, and gradual adaptation, initially in 
academic structures and subsequently in society, aiming 
for a stronger global network that would be more efficient, 
reliable, and capable of withstanding the continuously 
increasing needs of modern society. Lastly, as an 
extension of what was studied, the combination of 
currently active protocols to create a new improved one 
is feasible. 

 

8. Conclusions 

8.1. Performance of Topologies 

Through experimental procedures, we can 
understand how SDN functions best and the operation of 
distinct topologies. Large-scale networks are created, and 
their characteristics are studied. This postgraduate work 
achieves an understanding of these network structures in 
real-time and how their effective application is possible in 
real-time. 

The results indicate that the balanced tree topology 
consumes the most CPU resources due to its complexity, 
followed by the random topology. Linear topologies 
showed the least CPU usage. RAM consumption was 
highest in the balanced tree topology, while the random 
topology demonstrated lower RAM usage due to its 
customized nature. Latency measurements revealed that 
the balanced tree topology had the highest delay, while 
the linear and random topologies performed better with 
less delay. The random topology achieves improved 
results due to its adaptability and the ability to be 
parameterized. However, there is always the possibility 
of unsuccessful connections in the random topology, 
which affects performance but adds a more "realistic" 
application. The linear topology remains simple and 
maintains top performance. In contrast, the balanced tree 
topology, due to its architecture, reduces performance as 
it is burdened and expanded because of the complexity 
and calculations required for the successful creation of the 
tree. The use of the POX controller in collaboration with 
the OFDP protocol facilitated the expansion of SDN 
network sizes through parameterization. 
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