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Abstract: Deep learning is used in various applications due to its advantages over traditional
Machine Learning (ML) approaches in tasks encompassing complex pattern learning, automatic
feature extraction, scalability, adaptability, and performance in general. This paper proposes an
end-to-end (E2E) delay estimation method for 5G networks through deep learning (DL) techniques
based on Gaussian Mixture Models (GMM). In the first step, the components of a GMM are estimated
through the Expectation-Maximization (EM) algorithm and are subsequently used as labeled data in a
supervised deep learning stage. A multi-layer neural network model is trained using the labeled data
and assuming different numbers of E2E delay observations for each training sample. The accuracy
and computation time of the proposed deep learning estimator based on the Gaussian Mixture Model
(DLEGMM) are evaluated for different 5G network scenarios. The simulation results show that the
DLEGMM outperforms the GMM method based on the EM algorithm, in terms of the accuracy of
the E2E delay estimates, although requiring a higher computation time. The estimation method is
characterized for different 5G scenarios, and when compared to GMM, DLEGMM reduces the mean
squared error (MSE) obtained with GMM between 1.7 to 2.6 times.

Keywords: end-to-end delay; machine learning; estimation; heterogeneous networks; quality of service

1. Introduction

Network analytics enables network operators to utilize practical models to trou-
bleshoot configuration issues, improve network efficiency, reduce operational expenses,
detect potential security threats, and plan network development [1]. Quality-of-service
(Q0S) metrics serve as performance indicators of network status, and network operators
utilize various methods to enhance user experiences by improving QoS metrics. For ex-
ample, 5G cellular networks use resource allocation and power control to ensure a robust
connection with minimal delay for Device-to-Device (D2D) communications [2].

As 5G networks continue to be deployed and new applications emerge, the ability to
accurately predict and estimate end-to-end (E2E) delay is of high importance for ensuring
optimal network performance and user experience. The E2E delay is one of the most critical
QoS metrics directly related to user experience and quality, being defined as the time
required to transfer a packet from one endpoint to another. From a network management
perspective, identifying the network’s E2E delay profile is critical for evaluating its suit-
ability in supporting different delay-constrained services over time [3]. The understanding
of the E2E delay probabilistic features is essential for efficient network management and
improved QoS for diverse service requirements, including but not limited to throughput,
reliability, and time sensitivity.

In 5G networks, the diversity of services demands different E2E delay requirements.
For example, Ultra-Reliable Low Latency Communication (URLLC) applications require
extremely low latency to ensure high reliability, while applications such as opportunistic
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sensing do not require such stringent latency requirements [4]. Operators must comprehen-
sively understand the network’s E2E delay profile to optimize their networks and ensure
smooth operations, although the characterization of the E2E delay involves parameterizing
different delay patterns that might change significantly over time [5]. The probabilistic
models can help network operators design delay management strategies that fulfill the
specific needs of each service [6]. One of the critical challenges in the characterization of
the E2E delay through various distribution models is determining which distributions
represent the experimental data collected over time. The Gaussian Mixture Model (GMM)
is a well-fitted candidate for estimating the delay distribution when it does not follow
a single known Probability Density Function (PDF). The GMM can capture the data’s
underlying distribution by estimating each Gaussian component’s parameters, including
the mean, variance, and mixture weights. The parameters of GMM are often estimated by
the Expectation-Maximization (EM) approach, an iterative algorithm that maximizes the
likelihood of the data provided to the model [7].

In our work in [8], we proposed a method for estimating the E2E delay in 5G networks
using the GMM based on the EM algorithm. However, its accuracy is quite limited and
our motivation in this paper is to introduce an innovative methodology, a deep learning
estimator based on the Gaussian Mixture Model (DLEGMM), capable of increasing the
GMM accuracy achieved in [8]. The main contribution of DLEGMM relies on the use of deep
learning to improve the accuracy of the estimation of the E2E delay distribution parameters
based on a short amount of E2E delay samples. In DLEGMM, we use the parameters
identified with the EM algorithm to generate labeled training data for a deep learning
model. We provide a detailed study of the estimation accuracy and computation time of
DLEGMM for different scenarios, confirming its higher accuracy. The main contributions
of this work include:

* A methodology to label 5G E2E delay data according to the GMM parameters ob-
tained with the EM algorithm for different amounts of observed values to be used in
the estimation;

*  The description of an estimation methodology that uses the 5G E2E labeled data in
a deep learning model capable of computing the GMM parameters;

®  The evaluation of the proposed estimation methodology in terms of accuracy and
computation time and its comparison with the estimation approach in [8] that adopts
the EM algorithm only.

In this work, we estimate the E2E delay of a 5G Network measured as the one-way
direction E2E delay between the user equipment device and the network (upload) or in
the reverse direction (download). To this end, the focus of our work is centered on the E2E
delay values measured between the user equipment and the 5G network. We only consider
the 5G access network to which the user equipment is connected. The goal of our research
is to estimate the E2E delay of the 5G network because it can effectively change due to
traffic distribution, resource allocation policies, etc. We address the delay of the access
network because it is a critical resource that can be estimated in advance by the end user’s
device to evaluate if the access network can support a specific service or if another access
network should be used instead. The proposed methodology is evaluated by characterizing
the impact of adopting a small number of E2E delay samples (from 5 to 120) on the delay
estimation process through different deep learning models and the GMM model. By using
a small number of samples, the estimation methodology can adapt more quickly to rapid
changes in the delay statistics and it is an advantage of the proposed methodology.

Section 2 describes the related works in the field and Section 3 introduces the system
model. Section 4 presents the estimation methodology. The assessment of DLEGMM'’s
performance and the final remarks are presented in Sections 5 and 6, respectively.

2. Literature Review

In the rapidly evolving world of telecommunications, the advent of 5G technology
promises lightning-fast data transmission and ultra-low latency communications. However,
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ensuring a seamless end-user experience in 5G networks requires accurate prediction and
management of E2E delay. In the 5G networks context, the E2E delay refers to the time taken
for data to travel from the source to the destination, encompassing all the intermediary
processes. E2E delay has been employed as a key performance indicator (KPI) parameter
that directly impacts the user experience quality and latency-sensitive applications [9,10].
The URLLC supported by 5G technology opens up new opportunities for implementing
applications such as autonomous vehicles, virtual reality, securing the Internet of Things
(IoT), and industrial automation [11].

Designing and optimizing E2E delay in networks to meet the stringent latency re-
quirements of the applications presents significant challenges in achieving the desired
level of delay [12]. Predicting E2E delay is crucial for optimizing network performance,
enhancing user experience, and ensuring efficient data transmission. Considerable research
endeavors have been focused on investigating E2E delay networks within the scope of 5G.
These topics already explored cover network architecture [13], traffic management [14],
resource allocation [15], and protocol design [16]. These studies aim to minimize overall
delay by addressing factors such as propagation delays, processing delays, and queuing
delays across various network layers.

The accurate prediction and estimation of end-to-end delay in 5G networks remain
a challenging research problem due to the complexity of the network architecture, the
dynamic nature of network traffic, the presence of various sources of delay, and the com-
plexity of the estimation and prediction algorithms. The models and techniques already
proposed for predicting and estimating end-to-end delay in 5G networks can be classified
into four groups:

¢ Analytical modeling techniques, such as queuing theory [17,18] and network calcu-
lus [19], capture the stochastic behavior of the E2E connecting path through theoretical
models, which are subsequently adopted for predicting purposes;

¢  Statistical modeling approaches different from queuing models have also been pro-
posed for predicting E2E delay in 5G networks [8,20,21]. These approaches typi-
cally use statistical techniques such as regression analysis, time-series analysis, and
probabilistic modeling to estimate the relation between network parameters and
delay performance;

*  Network simulation: Network simulation tools such as ns-3 and OPNET have been
used to simulate and analyze the performance of 5G networks. These tools allow re-
searchers to model the network architecture, traffic patterns, and other key parameters,
and analyze the impact on end-to-end delay performance;

*  Various deep learning (DL) models have been adopted for E2E delay estimation [22].
These models capture the complex temporal dependencies and non-linear relation-
ships present in the network data. The models are trained on large-scale datasets
comprising network measurements, traffic patterns, network topology, and other
relevant features.

Overall, the state-of-the-art 5G end-to-end delay prediction and estimation is rapidly
evolving, with ongoing research aimed at developing more accurate and efficient models
and techniques for predicting delay performance in 5G networks.

In our work, we adopt a statistical modeling approach based on Gaussian Mixture
models to label raw data that is further used to train DL models. Consequently, our
approach takes advantage of two different types of models, which is the main contribution
of our work.

3. System Model

In this work, we adopt the 5G Campus dataset [23] as a primary source of 5G E2E
delay samples. The Wireshark software is adopted in this dataset to capture all received
and transmitted packets in a specific Network Interface Card (NIC). The collection of
data in the 5G Campus dataset is accomplished through the tracking of timestamped
packets. This dataset encompasses various subsets consisting of Standalone (SA) and
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Non-Standalone (NSA) 5G technologies, transmitting data in both upload and download
directions and featuring varying packet sizes and data rates. Comprehensive information
regarding this dataset and its utilization in our research can be found in [8]. In our work,
we consider these subsets as offline or online 5G network data.

The system model block diagram followed in the DLEGMM approach is illustrated
in Figure 1.

Offline
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Figure 1. DLEGMM system model.
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In the offline stage, the 5G Dataset is used to determine the GMM parameters.
The dataset samples are used by the “GMM Model EM Estimator” to determine the pa-
rameters of the GMM model through the EM algorithm and the resulting parameters are
evaluated in terms of accuracy of the GMM estimation by the Mean Squared Error (MSE) be-
tween the empirical data and the estimated distributions in the “Estimation Accuracy (MSE)”
block. Additionally, the estimation time is evaluated by measuring the computation time
needed to determine the GMM parameters for a specific set of samples, which is recorded
after executing the estimation process and measured in the “Computation Time” block.

The 5G E2E dataset is also divided in consecutive sets X = {xq,xp,...,x7} of E2E
delay samples, where each sample x is an E2E delay value. The multiple X datasets are
separated into training and test data at a rate of 0.7 and 0.3, respectively. The training data
is used as input for the training process of the DL model and is provided by the “X Data”
block. The data from the “X Data” block is labeled with the results of the GMM parameters
computed in the offline mode, represented by the “Y Data” block, and both “X Data” and
“Y Data” blocks are used as “Supervised Data” to train the DL estimation model in the
“DL Training” block.

In the online stage, after performing the training process of the deep learning model
during the offline stage, represented in the “DL Training block”, the test data is used as
input data in the “DL Model”, which computes the new GMM parameters’ value based on
online “Test Data”. Similarly to the offline assessment, the online stage is also evaluated in
terms of MSE of the accuracy and estimation computation time.

It is worth noting that while the whole dataset is used to determine the GMM param-
eters used to label the different x sets, the DL model only requires a smaller number of
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E2E delay values, i.e., T values in X, to determine the GMM parameters. This procedure
means that a much smaller number of E2E delay values is required by the DL model, thus
increasing its computation time. Additionally, because each set X is labeled with the GMM
parameters obtained for the entire dataset and used to train the DL model, the accuracy of
the DL model increases when compared to the estimation obtained with the EM algorithm
for the same number (T) of E2E delay values. This is seen as the main advantage of the
proposed methodology and is the focus of the next sections.

4. Estimation Methodology

This section provides a detailed description of the estimation process. During the
offline stage, all the collected data in the 5G Dataset is used to determine the GMM
parameters. The EM algorithm is adopted to estimate the GMM parameters using all E2E
delay samples in the 5G Dataset. The EM algorithm is an iterative process with two steps:
the Expectation (E) and the Maximization (M) steps. In the E step, the posterior probability
of each data point belonging to each GMM component is calculated using Bayes’ rule and
the current parameter estimates. The M step then updates the GMM parameters based on
the posterior probabilities calculated in the E step, including the mean, covariance, and
weight of each GMM component. This process is repeated until convergence, determined
by a pre-specified tolerance level. Once the GMM parameters are estimated, the estimated
data is compared to the real dataset to determine the Mean Squared Error (MSE) and
processing time for different GMM components and sample sizes. A detailed procedure
for GMM parameter estimation for 5G E2E delay datasets in the offline estimation can
be found in [8]. The GMM parameter estimation results obtained with the EM algorithm
are used to label each sample set X and subsequently used as supervised data to train a
DL model consisting of a Neural network. Regarding the GMM model, we have adopted
eight GMM components, which lead to high accuracy, as reported in [8]. By adopting
eight GMM components, and since each component is described by three parameters,
mean (y), standard deviation (¢), and weight (W), the eight components are described by
twenty-four parameters. The twenty-four parameters computed with the EM algorithm for
three different scenarios, further described in Section 5, are shown in Table 1.

The offline stage also includes the training of the DL model. The neural network
adopted in the DL model consists of multiple layers that perform various functions to ex-
tract relevant features and model complex relations among inputs and outputs. The 5G E2E
delay training data are used in the deep-learning architecture to train the neural network. The
training data is reshaped into vectors X of length T, with T € {5, 10, 15, 20, 25, 50,100, 120}.
The different values of T represent different numbers of inputs adopted in the estimation
method. For each set of samples X of length T we use the 24 values obtained from the EM
algorithm, denoted as Y = {y1,¥2,...,y24}. The 24 values in Y are used to label each X
dataset so that the pair (X, Y) can be used as supervised data for training purposes.

The neural network proposed as the DL model is composed of eight layers, including
the input and output layers. The number of neurons in each layer is shown in Figure 2.

The network consisted of six hidden layers, with 120, 100, 80, 60, 40, and 30 neurons,
respectively. The ReLU activation function was used for all of these layers. The output
layer is of length 24, representing the eight GMM components with three parameters each,
and uses the linear activation function.
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Table 1. Estimated parameters for Scenarios 1, 2, and 3 presented in Section 5.

Datasets 1 o w

0.1368 0.0040 0.0188

0.1505 0.0071 0.0476

0.1895 0.0085 0.1464

_ 0.2067 0.0304 0.2358
Scenario 1 0.2343 0.0072 0.1490
0.2558 0.0109 0.2210

0.2906 0.0100 0.1498

0.2912 0.0027 0.0316

0.1407 0.0068 0.0740

0.1814 0.0065 0.2063

0.1625 0.0201 0.1109

_ 0.1972 0.0049 0.0737
Scenario 2 0.2281 0.0126 0.3851
0.2435 0.0044 0.0199

0.2606 0.0011 0.0144

0.2706 0.0147 0.1157

0.0476 0.0015 0.0214

0.1231 0.0081 0.2412

0.1449 0.0129 0.1539

. 0.0695 0.0119 0.1921
Scenario 3 0.1941 0.0083 0.1313
0.1830 0.0017 0.0523

0.2420 0.0255 0.1627

0.2789 0.0028 0.0452

hidden layers

output
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Figure 2. DLEGMM neural network structure with the input layer X, output layer Y, and six hid-

den layers.

Regarding the training of the neural network, each layer in the network is connected to
the next layer, and the output of each layer is the input of the subsequent one. The output
of the last layer is the output of the network. The bias provides constant input values to
each network layer. Equation (1) represents one of the neurons of the network,

0 = p(Eullx! 0 1),
j=1

0

where f represents the activation function, x;

0

)

represents the output from layer /, and

neuron i in that layer, w..” represents the weight of the connection between neuron i in layer

g
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I and neuron j in layer ! — 1, and b; represents the bias of neuron 7 in layer /. The network
weights are randomly initialized before training. Each data input X formed from the
original dataset serves as the input of the neural network, and the output Y() is computed
using the neural network training algorithm. The loss function f determines the degree
of proximity between the network’s output and the target output Y() given by the values
in Table 1. The MSE used as the loss function of the neural network during the training

process is given by
N

% y (y(i) _ y(i))2, ?)

i=1

where N represents the number of inputs X used in the training batch, Y(!) represents
the desired output for the ith input, and Y() represents the output of the network for the
i-th input. The loss function is used by the backpropagation algorithm to determine the
network weights and bias by minimizing the loss function concerning the multiple weights.
The backpropagation algorithm uses the chain rule of calculus. Equation (3) represents the
regular Stochastic Gradient Descent (SGD) rule to update the network weights,

Wiyl = Wt — (X%. (3)

The variable wy, is the weight to update at time k, L is the loss function, and « is the

learning rate. The term % represents the gradient of the loss function for the weight w.

Instead of regular SGD, we used a variant called Adaptive Moment (Adam) estimation [24].
Adam computes individual adaptive learning rates for different parameters using estimates

of the first and second moments of the gradients as follows

my = Byme_1+ (1 —B1)8t 4
Vi =BaVio1 + (1 - Ba)gt, &)
W =Wy — & i (6)

(1- ,51)(\/ - + 6) ’

where g; and g7 are the first and second moments of the gradients, respectively. B;
and 3, are hyperparameters that control the exponential decay rates of the moment es-
timates. & is the learning rate, and ¢ is a threshold to prevent division by zero. The
Adam optimization algorithm was parameterized with 1 = 0.9, B2 = 0.999, a learning
rate of & = 0.001, and € = 1078. The input data were reshaped into vectors of length
T € {5,10,15,20,25,50,100,120} to train eight different networks that adopt a different
number of input E2E delay samples.

The neural network is updated online based on the real-time data gathered during
testing. In the online estimation stage, the trained neural network is used to predict the
outputs of the test data, which serves as an online data stream. The predictions of the GMM
model obtained with the neural network are used to represent the estimated cumulative
distribution function (CDF) of the E2E delay over Zi, k € 1, ..., K, discrete codomain points.
The estimated CDF is compared through the MSE with the CDF of the empirical dataset in
zj discrete codomain points as follows

K

MSE = % Y (zk — Z0)* (7)
k=1

The computing time to obtain each estimated CDF is also obtained at the end of the
estimation process.

5. Performance Evaluation

This section aims to evaluate the estimation performance using the E2E delay data
available in the 5G Campus dataset [23]. In this dataset, each sub-dataset is distinguished
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from others by different data collection conditions in terms of network architecture (Stan-
dalone (SA) and Non-Standalone (NSA)), delay measurements (RAN/Core), stream di-
rection (Download/Upload), packet size (128/256/512/1024 /2048 bytes), and packet rate
(10/100/1000/10,000/100,000 packets per second).

Table 2 identifies the three scenarios adopted in the estimation performance evaluation,
which can be found in three different 5G Campus sub-datasets. These scenarios were chosen
due to their ability to showcase the accuracy of the proposed estimation method.

Table 2. The 5G Campus dataset scenarios adopted in the performance evaluation.

Scenarios

Stream Direction

Topology

Delay Type

Packet Size [Bytes]

Packet Rate [Packets/s]

Scenario 1

NSA

Core

Download

1024

10

Scenario 2

NSA

Core

Download

1024

100

Scenario 3

NSA

Core

Download

1024

1000

The core E2E delay in the NSA topology is collected in the download stream direction
in all selected scenarios. The packet size used for analysis is 1024 bytes, and data rates of
10, 100, and 1000 packets per second were used to generate the network traffic.

As mentioned before, the MSE is the main parameter adopted in this work to evaluate
the performance of estimation methods. The MSE in (7) is computed for all scenarios and
considering the different number of estimator inputs, i.e., T € {5,10,15,20,25,50,100, 120}.
In what follows, we use the term inputs to refer to the number of E2E delay samples,
i.e., T—the length of the vector of samples, used in the estimation process. The MSE values
for different inputs and scenarios are summarized in Table 3 and plotted in Figure 3.
In addition to the three scenarios, we included the MSE obtained with the GMM estimation
model, identified as “Scenario 1-GMM”, for comparison purposes. We highlight that the
results labeled as “Scenario 1-GMM” are obtained with the EM algorithm and serve as
a benchmark.

For the same number of GMM components, the MSE decreases as the number of inputs
increases, which means that a lower error is achieved when more inputs are used in the
estimation process. In addition, the MSE value decreases as more probing packets are sent
per second while maintaining the input size, which indicates that a higher sampling rate
slightly decreases the MSE. Regarding the comparison with the GMM estimation method,
the results indicate that DLEGMM can reduce the MSE between 1.7 to 2.6 times, which
shows the superiority of the proposed method. Regarding the justification of the achieved
results, we highlight that for GMM estimation the EM algorithm needs a high number of
samples to reduce the MSE. However, because DLEGMM was trained with small sets of
data, labeled with the GMM parameters obtained with the EM algorithm for the entire
dataset, the estimation of the GMM parameters is more accurate when using the DLEGMM
than when using the EM algorithm for the same amount of samples/inputs.

Table 3. MSE for different scenarios and number of inputs (T).

Scenarios

T=5

T=10 T=15 T=20 T=25 T =50 T =100 T =120

Scenario 1-GMM

1.36 x 1075

9.35 x 107

5.80 x 10~¢

426 x10°°

3.21x10°°

248 x10°°

1.96 x 10~

1.78 x 10~

Scenario 1-DL

7.13 x 107°

5.27 x 107°

313 x 107

1.89 x 107°

1.29 x 107°

9.40 x 107

8.32 x 1077

7.89 x 1077

Scenario 2-DL

6.70 x 10~°

481 x10°°

292 x10°°

1.62 x 107°

1.13 x 10~

9.07 x 107

8.01 x 1077

751 x 1077

Scenario 3-DL

6.23 x 107°

420 x 10

2.51 x 107

1.48 x 10~

1.02 x 10~

8.74 x 1077

7.63 x 1077

7.11 x 1077
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—€— scenario 1-GMM

—E—Scenario 1-DL
Scenario 2-DL

—%¥— Scenario 3-DL

MSE

10

.
5 10 15 20 25 50 100 120
Inputs

Figure 3. MSE for different scenarios and inputs (T).

On the other hand, the estimation computation time is one of the most valuable
parameters because it indicates the time needed to compute a new estimation on the
trained neural network. The computation time is presented in Table 4 and plotted in
Figure 4 for the different scenarios and number of inputs (T). The estimation computation
time is also compared with the GMM estimation computation time, identified in Table 4
and Figure 4 by the label “Scenario 1-GMM”. As a general trend, the computation time
increases with the number of inputs because the neural network model complexity also
increases with the number of inputs. Regarding the GMM computation time, we observe
that the GMM estimator performs better in terms of computation time but its accuracy is
not that high, as shown in the results in Table 3 and Figure 3. The results also show that
GMM'’s computation time is more influenced by the number of inputs than the DLEGMM
model and for a higher number of inputs the GMM computation time becomes more close
to the DLEGMM computation time, although always lower.

0.035

o
o
@

0.025

Computation Time

0.02

—&— Scenario 1-GMM

—E&— Scenario 1-DL
Scenario 2-DL

—¥— Scenario 3-DL

0.015

3
5 10 15 20 25 50 100 120
Inputs

Figure 4. Computation time (in milliseconds) for different scenarios and inputs (T).
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Table 4. Computation time [ms] for different scenarios and number of inputs (T).

Scenarios

T=5

T=10

T=15

T=20

T=25

T=50

T =100

T =120

Scenario 1-GMM

0.01174

0.01630

0.02106

0.02760

0.03377

0.04128

0.05044

0.05683

Scenario 1-DL

0.04075 +2.02 x 104

0.04295+2.78 x 104

0.04430 +9.04 x 1074

0.04641 +3.47 x 1074

0.04875+1.48 x 1073

0.05534+9.36 x 104

0.06456 +7.35 x 1074

0.06987 +1.38 x 1073

Scenario 2-DL

0.04062 +3.16 x 104

0.04287 +9.10 x 104

0.04421 +353 x 1074

0.04635 + 452 x 1074

0.04864+1.22 x 1073

005521 +9.57 x 104

006440 +9.32 x 104

0.06980 +1.49 x 1073

Scenario 3-DL

0.04055 +2.92 x 104

0.04276 + 4.68 x 104

0.04415+2.86 x 1074

0.04627 +8.46 x 104

0.04857 +2.21 x 1073

005513 +1.15 x 1073

0.06432 4 6.60 x 1073

006972 +9.57 x 104
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As a final remark, the performance evaluation results indicate that increasing the
number of inputs and packet probing rates leads to more precise modeling, which is
advantageous to decrease the MSE. Furthermore, the MSE is more impacted by the number
of inputs than the packet probing sampling rate adopted in each scenario. However,
the increase in the number of inputs results in a higher computational time, although
more advantageous for DLEGMM because it is less influenced by the number of inputs.
Overall, the results from Figures 3 and 4 highlight the trade-off between MSE and the
estimation computation time and suggest that a balance must be struck to achieve the
required performance.

6. Conclusions

This paper proposed the DLEGMM approach to estimate 5G E2E delay. The proposed
method relies on the training of a neural network with a supervised learning approach
employing supervised data computed with the EM algorithm to estimate the parameters of
8 GMM components. The DLEGMM approach is evaluated using different input sizes and
scenarios, and the results show that the MSE decreases with an increase in the number of
inputs. However, the computation time increases with the number of inputs and dataset
size. The study highlights the importance of selecting the best-suited estimation method
based on the specific application’s requirements and tradeoffs between accuracy and
computation time. Additionally, the comparison highlights the superiority of DLEGMM
in terms of estimation accuracy, although it requires a higher computation time when
compared to the GMM estimation model when only a small number of E2E delay samples
are adopted. However, as the number of E2E delay samples used in the estimation increases
the computation time of the DLEGMM is similar to or even shorter than the GMM EM-
based estimation model and DLEGMM can present better performance in terms of both
estimation accuracy and computation time.
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