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Abstract: To provide reliable services, mobile network operators (MNOs) continuously collect vital
mobile network performance data to monitor and analyze the functioning of their radio access net-
works (RANs). RAN is a critical infrastructure for mobile networks and its performance is measured
by key performance indicators (KPIs) such as accessibility, retainability, availability, integrity, and
mobility. The standard practice is that network managers utilize KPIs to identify failures or unusual
events that can significantly degrade the quality of service delivery and the end-users” experiences.
However, taking corrective steps based on monitored performance parameters is a reactive approach
that contributes to network and service degradations until corrective actions are taken. With the mon-
itoring and automation of RAN infrastructure performance in mind, this paper presents the Markov
chain, a widely used probabilistic modeling approach, as a systematic method for jointly predicting
network accessibility and retainability status, two of the crucial RAN performance measures. The
novel joint prediction is proposed to have a single operation for both accessibility and retainability.
Real-time hourly KPIs data was collected from 1530 cells (base stations) run by an operator’s network
in Addis Ababa, Ethiopia, for 4 months, from 1 November 2020 to 28 February 2021. The cells are
scattered across the capital city, where factors such as land use, settlement patterns, and customers
behaviors differ. To capture the spatial variation of the KPIs without escalating the computational
complexity much, the dataset is separated into six clusters using the K-mean clustering approach.
The Markov chain KPIs status prediction models are formulated on a cluster level. The results reveal
that the proposed models can predict the KPIs status with 94.61 percent accuracy. Because the data is
already available and can be collected at any time using the operator’s network management system
(NMS), this is a cost-effective technique to proactively improve mobile network performance.

Keywords: accessibility; retainability; Markov chain; K-mean clustering

1. Introduction

The demand for dependable mobile network services is growing and is projected to
continue to grow in the coming years. To meet this rising service demand, mobile network
operators (MNOs) are expanding their networks and use a centralized network manage-
ment system (NMS) to monitor the performance of the radio access network (RAN) and
core network, two critical components of mobile network infrastructure. NMS is a network
monitoring and control tool, with fault management and performance management its two
essential functionalities [1]. Fault management is the need for fault-free operation and has
three aspects, namely fault identification, fault isolation, and fault correction. The fault
identification is conducted with the help of network alarms, while fault isolation of the
network’s remaining components from the failure is needed so that the isolated network
can continue to function normally. Fault correction requires repairing or replacing failed
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components. Performance management, on the other hand, includes network monitoring
to observe network activities and network control to take mitigations that increase network
performance. Some of the network manager’s performance concerns include determining
the amount of capacity utilization, traffic monitoring, throughput status, and reaction time
status, among others [1].

Although the NMS offers critical information through various management sub-
systems, most operators find it challenging to manage the data collected from the system
and take corrective actions in a timely manner. Operators select key performance indicators
(KPIs) and monitor them at hourly, daily, weekly, or monthly intervals to discover problems
or unusual events that might drastically affect service delivery and end-user experience.
KPIs are further grouped to assess network performance, and the widely used performance
measures are accessibility, retainability, availability, integrity, and mobility. NMS holds vast
amounts of historical network performance data, from which possible trends and patterns
can be revealed using cutting-edge data mining techniques.

In mobile networks, Markov chain is used for call admission control [2], quality of
experience (QoE) modeling [3], quality of service (QoS) modeling [4], efficient resource
utilization [5], prediction of user mobility [6], handover management, and network oper-
ation status monitoring [7]. In [8,9], Markov chain is proposed to forecast radio resource
controller (RRC) setup success and call setup success rates (CSSR) for the Long-term Evo-
lution (LTE) mobile network. The status or state as per Markov’s terminology of a cell
(base stations) is classified as “Good/High,” “Moderate/ Acceptable,” or “Bad /Low” based
on the RRC success rate. Data collected from an operator’s network is used to create the
Markov chain-based models for RRC and CSSR future state predictions. A given cell is
in one of the three states depending on the time of a day, the cell’s geographic location,
network capacity, and other user- and network-related factors. In addition to the Markov
chain, cluster-based approaches, decision trees, and artificial neural networks were em-
ployed in [10-12] to estimate a network accessibility-related parameters. These and papers
such as [13-15] addressed related performance measures for various generations of cellular
mobile systems.

This paper’s primary goal is to forecast mobile network accessibility and retainability
status using real-time data gathered from the NMS of a major network operator in the
capital city of Addis Ababa, Ethiopia. Specifically, the data were collected on an hourly
basis from 1530 cells for 4 months’ duration, from 1 November 2020 to 28 February 2021.
The states of these two critical RAN performance parameters are defined based on the
International Telecommunication Union’s (ITU’s) recommendations for network accessibility
and retainability. As the cells are scattered across different geographic regions of the capital city,
K-mean clustering technique is used to group cells having spatially correlated performances.
The per-cluster averaged data are used to construct the Markov chain prediction model. Two
approaches are used for the model formulation, and one is a separate approach so that two
Markov models are built for accessibility and retainability. In the joint modeling, a single
model is used to predict both parameters. Using either of the two approaches, we can compute
the state of the network and the number of transitions until a steady-state is reached. The
essential contributions of the research are mentioned here.

e In contrast to prior attempts, we established four states [16], namely “Idle,” “Good,”
“Acceptable,” and “Bad” states, to conform to the ITU’s recommendations. Further-
more, the Markov chain is constructed to jointly estimate accessibility and retainability
in a single operation, yielding a model with 16 states. Four-state separate estimation
is employed as a benchmark for comparison. Incorporating ITU’s recommendations
for state definition and the joint prediction proposal are the unique contributions of
this research.

e  Previous models only operate for a single cell, leaving out the correlated nature of
accessibility and retainability in the spatial domain. Including more cells, however,
increases the number of combined states; thus, the Markov model may not scale as the
number of cells increases. As an alternative to replicating the prediction method as
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many times as the number of cells, we employed K-mean clustering to identify related
cells. The Markov chain is then applied to the per-cluster averaged data. Prediction
aids in analyzing the status of the considered mobile network.

The remaining paper is organized as follows. Section two discusses fundamental
concepts and formulas in accessibility and retainability. Section three introduces some
basic concepts of discrete Markov chains. Section four presents and discusses the results
obtained. Finally, Section five concludes the paper by identifying possible future directions.

2. Accessibility and Retainability KPIs

KPIs obtained from network counters can be grouped into accessibility, retainability,
integrity, mobility, and other factors in order to manage and track the performance of
the network [17]. According to ITU, service accessibility is “the ability of a service to be
obtained, within specified tolerances and other given conditions, when requested by the user.”
Service retainability is “the ability of a service, once obtained, to continue to be provided under
given conditions for a requested duration” [18].

2.1. Accessibility

The accessibility KPI is expressed in probabilities, which indicate how likely a user is
able to access the mobile service during specific service times and conditions. Accessibility
measures the network’s performance during call setup or before establishing a bearer [19].
For data availability reason, this paper focuses on the Third Generation (3G) mobile net-
works. RRC, radio access bearer (RAB), Enhanced Universal Terrestrial RAN RAB (ERAB),
and CSSR are critical accessibility parameters, as presented below.

o  RRC setup success rate (RRC SSR) evaluates the call success rate in a cell or cluster.
The formula for this KPI is:

Number of RRC setup success

RRC SSR = .
number of RRC connection attempt

x 100%. 1)

o  RAB setup success rate (RAB SSR) evaluates the success rate of assigning a RAB during
a call setup procedure. The formula for this KPI is given as follows:

Number of RAB setup success

RABSSR = number of RAB setup attempt

x 100%. )

e (CSSRis used to evaluate the call setup success at the cell or cluster level. This KPI
is calculated based on RRC SSR and RAB SSR for the case of third generation (3G)
networks and ERAB SSR for the case of LTE networks.

Accessibility = CSSR = RRC SSR x RAB SSR x 100%. 3)

2.2. Retainability

Retainability assesses a network’s performance after RAB is established and indicates
the proportion of calls that serve the essential service without call drops.

Number of RAB abnormal release
d total number of RAB release

Retainability = (1 — ) x 100%. 4)

Equation (4) fraction shows the call drop rate (CDR) value.

3. Discrete-Time Markov Chain

A Markov chain is a particular class of a stochastic process with random variables
designating the states or outputs of the system [7,20]. The probability of the system
transitioning from its current state to a future state depends only on the current state. The
collection of states forms a state space of alphabet size N. Let {ay, ay, ..., ay} designate
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the state space and let a sequence of states Sy,...,S5, ..., generated by the system in time,
where S, € {ay, a2, ..., an} and n in S, indicates the discrete-time index.

For the Markov chain fulfilling the memoryless assumption, the transition probability
is expressed as [21]:

P(Syy1 =aj|Sy=a;,Sy—1=an, Su2=ag, ....) 5)
= P(Sn+1 = a]- Sn = LIZ‘),

where 1 <i,j < N. We learn from the Markov property that only the most recent state
matters to predict the next or future state. From Equation (5), the transition probability
from state a; to state 4, is designated as:

Pl']' = P(Sn+1 = Ll]‘|sn = Lll‘). (6)

For all i and j, the summation of all transition probabilities in a row must be equal to
one, i.e.,

Y pij=1 @)
j=1

3.1. Transition Probability Matrix

The collection of the transition probabilities P;; forms the probability transition matrix
(TPM), P (See Equation (8)). Each entry of the matrix shows the probability that the system
will transition or remain in the same state. P is a square matrix with the same dimension as
the number of states.

Pn P Pz .. Pin
Py Ppn Ps .. Py

P = . . . . . (8)
Pnvi P2 Pns . Pan

The transition probability P;; is computed from empirical data by counting the number
of transitions from state i to state j and dividing the result by the count of all transitions
from state i [7].

3.2. Initial (Probability or State) Distribution

The initial state distribution is usually expressed as a probability distribution vector, U
of dimension 1 x n, as shown in Equation (9), with entries that indicate the probability that
the system is in a given state at a given initial time. Each entry of the vector is non-negative
and the sum of the all entries should be unity.

U=I[P, P, ...., PNl )

Without accurate knowledge of the initial distribution, the system can be considered
to be in one state with absolute certainty, i.e., probability of unity.

3.3. Steady-State Distribution

One of the fascinating aspects of systems that obey the Markov chain is that, after
a sufficient number of iterations/transitions, the chain converges to a steady-state, sta-
ble, equilibrium, or static distribution [7]. A steady-state condition is one in which the
probability of the next state is the same regardless of the present state.

With knowledge of the transition matrix P and the initial probability vector U, the
probability distribution of the chain after k transitions in the future is given by [7].

u® = ypk (10)
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P is the result of multiplying the transition matrix k times by itself. Each element of

u®), designated as Pi(jk), is the probability of going from state i to state j in k iteration. As
we keep iterating through state transitions by applying P¥, the probability vectors U*)
converge to some fixed value, say 71(;). That is called the steady-state distribution and

mathematically written in the form as in Equation (11) below.

lim U®) = UP* = 7. (11)
k—o0
We note from Equation (11) that the Markov chain probabilistically predicts the system’s
future state based on knowledge of state space, initial distribution, and transition matrix.

3.4. Transition Diagram

A transition diagram, which illustrates all of the system’s transitions, is another way
to display the TPM. A directed arrow shows the presence of a transition from one state to
another state, and each node represents a state of the Markov chain. The edge represents
the current state, and the arrow points towards the next state [7].

4. Results and Discussions

This section covers data collection and accessibility and retainability status prediction
using a four- and sixteen-state Markov chain model.

4.1. Data Collection and Preprocessing

The performance report system (PRS) installed in the operator’s network was used to
collect real-time hourly data from 1530 cells for 4 months’ duration.

e Linear interpolation is used to fill data gaps caused by factors such as cell outages and
connection problems among cells and central radio network controller (RNC).

e Ifno voice or data service attempts are made in a cell for one hour, the accessibility and
retainability values are zero. This situation is handled separately, and the accessibility
or retainability status is “Idle.” Figure 1 shows RRC and RAB attempt values for
Cluster 6 throughout a week, and both values are zero at midnight.

- ~
RRC attemp and RAB attemp for call setup

11:00
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Figure 1. One-week RRC and RAB attempts.

e  The data are split into two, with 60% utilized for training and 40% for model vali-
dation/testing. The training data are used to generate the transition matrix, and the
process of constructing such a matrix from data are described in [7]. Combinations of
70/30 and 80/20 are also utilized for comparison purposes.

e The system predicts the next probability vector given the current state probability
distribution and the transition matrix. The operation is then continued until a steady-
state condition is reached. Following step/iteration prediction, results are compared
to the validation data to assess prediction accuracy.
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4.2. Clustering

It takes time to analyze individual cell performance and patterns. In this research,
we suggest K-mean clustering as a method for grouping cells with similar accessibility
and retainability properties. Model construction and prediction are based on per-cluster
averaged accessibility and retainability. The Elbow approach in K-mean clustering is used
to identify the number of clusters by changing the parameter from 2 to 18. Each cell was
randomly assigned to several clusters to vary the centroid of each center. The procedure
was repeated until the cluster variation in the data could no longer be reduced by adjusting
the cluster centroid. We discovered that a clustering value of 6 is adequate. Hourly data
acquired from each cell varies from 0% to 100%; however, if no voice or data service
requests are received in a cell for 1 h, all counter values for that hour are zero, as illustrated
in Figure 1.

4.3. KPI Threshold for States Definition

Operators set threshold values for several KPIs based on the ITU’s recommenda-
tions, considering variables such as capital expenditures, operational expenses, QoS, and
customer satisfaction. Tables 1 and 2 display a threshold value for the considered oper-
ator’s accessibility and retainability. Based on the values in the two tables, the states of
accessibility and retainability are generated.

Table 1. Possible values of call setup attempt and CSSR.

Call Setup Attempt Value State of a Cell
>0.0 CSSR > 98.0% Good (G)
>0.0 95.0% < CSSR < 98.0% Acceptable (A)
>0.0 0.0% < CSSR < 95.0% Bad (B)
=0.0 - Idle (I)

Table 2. Possible values of RAB setup success and CDR.

RAB Setup Attempt Value State of a Cell
>0.0 0.0% < CDR < 1.0% Good (G)
>0.0 1.0% < CDR < 3.0% Acceptable (A)
>0.0 3.0% < CDR Bad (B)
=0.0 - Idle (I)

4.4. Separate Prediction

As indicated above, the accessibility and retainability predictions at the cluster level
can be made separately and jointly. Four states are required for the separate case. Hence,
the corresponding transition matrices are 4 x 4. The state transition probability diagram for
the sixth cluster is given in Figure 2 below, which is obtained after developing the model.

(b)
Figure 2. Transition probability diagram of cluster 6. (a) Accessibility. (b) Retainability.
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Note that there are missing arrows in the two figures. As an example, there is no arrow
in Figure 2a pointing from state A to state I, indicating that such a transition does not exist
or the system has never landed in an idle state if it was initially in the Acceptable state.

4.5. Joint Prediction

The different state combinations of accessibility and retainability can be seen via joint
estimation. For example, a Bad state of in accessibility and a Bad state in retainability can
occur at the same time. When all possible combinations are considered, the total number of
states rises to 16, and the resulting transition matrix is shown in Figure 3.

I IG 1A B GI GG GA GB AT AG AA AB BI BG BA BB
I /0.0625 00625 0.0625 0.0625 00625 00625 00625 00625 00625 00625 00625 0.0625 00625 0.0625 0.0625 0.0625-‘\
IG 00000 01176 00000 00000 00000 07647 00588 00000 00000 00000 00000 00000 00000 00588 00000 00000
A 0.0000 0.0000 0.0000 00000 00000 1.0000 0.0000 00000 0.0000 0.0000 00000 00000 O0.0000 O0.0000 00000 O0.0000
B 00625 00625 00625 00625 00623 00623 00623 00623 006235 00625 00625 00623 00623 00623 00623 00625
GI 0.0625 0.0623 00623 00625 00625 0.0625 0.0625 00625 0.0625 0.0623 00625 0.0625 00625 0.0625 0.0625 0.0625
GG 0.0000 00090 00006 00000 00000 09707 00048 00024 00000 00090 00000 00000 00000 00030 00006 00000
GA 0.0000 0.0000 00000 00000 00000 1.0000 00000 00000 0.0000 00000 00000 0.0000 O0.0000 00000 00000 O0.0000
GB 00000 00000 00000 00000 00000 1.0000 00000 00000 00000 00000 00000 00000 00000 OCK00 00000 00000
Al 0.0625 0.0623 0.0623 006235 00625 00625 0.0625 00625 0.0625 0.0625 00625 00625 00625 0.0625 00625 0.0625
AG 00000 00000 00000 00000 00000 08333 00000 00000 00000 01667 00000 00000 00000 00000 00000 00000
AN 0.0625 0.0623 0.0623 006235 00625 00625 0.0625 00625 0.0625 0.0625 00625 00625 00625 0.0625 00625 0.0625
AB 0.0625 0.0623 0.0623 00625 00625 0.0625 0.0625 00625 0.0623 0.0623 0.0625 0.0625 0.0625 0.0625 0.0623 0.0625
BI 0.0625 0.0623 0.0625 00625 00625 00625 0.0625 00625 0.0625 00625 00625 00625 00625 0.0625 00625 0.0625
BG 0.0000 0.0000 0.0000 00000 00000 1.0000 0.0000 00000 0.0000 O0.0000 00000 00000 O0.0000 O0.0000 00000 O0.0000

BA 0.0000 0.0000 00000 00000 00000 1.0000 0.0000 00000 00000 00000 00000 00000 O0.0000 O0.0000 00000 O0.0000

BB \-0.0623 0.0625 0.0625 0.0625 0.0625 00625 00623 0.0623 0.0625 00625 0.0623 0.0625 00625 0.0625 0.0623 0.0625

Figure 3. Sixteen-state TPM of cluster 6.

4.6. State Prediction

After creating the transition matrices and knowing the current/initial state distribution,
the next state and steady state distributions are predicted using Equation (10). If the current
state is (assumed to be) in a Good state, then the value of 7y is,

m=[IGAB]=[0100] (12)

Then, using Equations (10) and (12), the next accessibility probability is 711 for one of
the clusters when computed, and the result is:

0.1111 0.8333 0.0000 0.0556

0.0095 0.9780 0.0089 0.0036

0.0000 0.8333 0.1667 0.0000 (13)
0.0000 1.0000 0.0000 0.0000

=[0.0095 0.9780  0.0089 0.0036 |

[0100] x

According to the result, the system has a 0.95 percent chance of going to the Idle state,
a 97.80 percent chance of staying in a Good state, a 0.89 percent chance of going to the
Acceptable state, and a 0.36 percent chance of going to the Bad state.

Equation (11) is used to find the steady-state distribution calculated iteratively until
the next and previous state values are equal. Tables 3 and 4 display the steady-state results
for the four-state Markov chain regarding accessibility and retainability. Table 5 depicts the
cluster 1 steady-state distribution using the sixteen-state Markov chain. For both scenarios,
70% of the data are used as a training set.



Eng. Proc. 2022, 18,9

8of11

Table 3. Steady-state vector of accessibility using four-state Markov chain.

Steady-State Vector of Accessibility

Cluster ; G A B
1 0.0000 0.9926 0.0060 0.0015
2 0.0000 0.9722 0.0149 0.0129
3 0.0000 0.9911 0.0079 0.0010
4 0.0000 0.9782 0.0179 0.0040
5 0.0000 0.9916 0.0055 0.0030
6 0.0109 0.9722 0.0114 0.0055

Table 4. Steady-state vector of retainability using four-state Markov chain.

Steady-State Vector of Retainability

Cluster ; G A B
1 0.0000 0.9980 0.0020 0.0000
2 0.0000 0.9955 0.0035 0.0010
3 0.0000 1.0000 0.0000 0.0000
4 0.0000 0.9980 0.0020 0.0000
5 0.0000 0.9965 0.0030 0.0005
6 0.0000 0.9901 0.0079 0.0020

Table 5. Steady-state vector of Cluster 1 using sixteen-state Markov chain.

Steady-State Vector

Cluster [II IG TIA IB GI GG GA GB AI AG AA AB BI BG BA BB]
[0.0000 0.0000 0.0000 0.0000
1 0.0000 0.9926 0.0000 0.0000
0.0000 0.0040 0.0020 0.0000
0.0000 0.0015 0.0000 0.0000]

In Table 3, the maximum value in the Good state from the six clusters is 99.26% in
cluster 1, and the minimum value is 97.22% in clusters 2 and 6. The maximum value of
the Bad state is 1.29% in cluster 2, and the minimum value is 0.1% in cluster 3. From this
cluster, one cell is at the top in the Good state, and cluster 2 cells are at the top in the Bad
state. Though cluster 6 cells are the least in the Good state, they are not at the top in the
Bad state because, next to the Good state, cluster 6 cells have a high probability (1.09%) of
being in the Idle state. So, if optimization or maintenance work is needed, the schedule and
priority should be given based on the steady-state vector values of each cluster.

Steady state distribution for the sixteen-state Markov chain follows the same approach.
Cluster 1’s steady-state outcome is shown in Table 5. The first letter stands for accessi-
bility, while the second stands for retainability, and 99.26% of the time, accessibility and
retainability were in the Good state, while for 0.4% of the time accessibility was in the
Acceptable state and retainability was in the Good state. Furthermore, for 0.2% of the time,
accessibility and retainability were both in the Acceptable state, while 0.15% of the time,
accessibility was Bad, and retainability was in the Good state. As a result, the table provides
cell information relating to accessibility and retainability, allowing operators to quickly sort
cells that perform poorly in either or a combination of the two performance measures.



Eng. Proc. 2022, 18,9

90f11

4.7. Evaluation Metric

The accuracy of a model was assessed using Equation (14) [21], which calculates the
percentage of correctly forecasting the next state given the current state.

Correct predictions

Total number of examples x 100%. (14)

Accuracy =

Table 6 below shows the accuracy results for different combinations of training data
proportion, clusters, four vs sixteen states modeling and the two KPIS considered. As
an example, we note that a minimum value of 96.09% prediction accuracy is achieved in
cluster 2 in predicting accessibility when 60% training set is used, while 96.87% prediction
accuracy is achieved in cluster 5 in predicting retainability when the 80% training set is
used. A 94.61% prediction accuracy is achieved in cluster 6 in predicting both accessibility
and retainability when 80% of the data are used for training and when the modeling is the
case of the sixteen-state Markov chain.

Table 6. Prediction accuracy for sixteen-state Markov chain.

Accessibility Retainability [(Column 3 x Accessibility and
Cluster Training Set Accuracy Using Accuracy Using Column 4)/100] (%) Retainability Accuracy
Four States Four States ’ Using Sixteen States
60% 98.7837 99.1312 97.9254 97.8280
1 70% 98.3796 98.8426 97.2410 97.1065
80% 98.0870 98.2609 96.3811 96.1739
60% 96.0904 98.6968 94.8381 95.5691
2 70% 96.7593 98.3796 95.1914 96.1806
80% 96.1739 97.7391 93.9995 95.4783
60% 98.5230 100.0000 98.5230 98.5230
3 70% 98.4954 100.0000 98.4954 98.4954
80% 98.6087 100.0000 98.6087 98.6087
60% 98.5230 100.0000 98.5230 98.5230
4 70% 98.3796 100.0000 98.3796 98.3796
80% 98.6087 100.0000 98.6087 98.6087
60% 97.7411 98.4361 96.2126 97.0460
5 70% 97.3380 97.9167 95.3101 96.4120
80% 96.1739 96.8696 93.1633 94.7826
60% 96.5248 98.0886 94.6798 94.7871
6 70% 96.8750 98.0324 94.9689 95.0231
80% 96.6957 97.7391 94.5095 94.6087

5. Conclusions

In this paper, the two important mobile network KPI parameters of accessibility and
retainability are predicted by formulating the Markov chain in four states and sixteen
states. The sixteen-state Markov chain is formulated in a bid to jointly estimate both KPIs
in a single operation. Moreover, in order to capture the spatial behaviors of these KPIs,
K-mean clustering is applied to cluster the data from 1530 cells into 6 clusters. States are
created based on threshold values set by operators and the developed models are validated
by splitting the data for training and testing. We hope the approach provides significant
insight on how to use data available within an operator’s NMS to better understand the
status of a network.
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This work might be improved in some ways. Conducting the prediction for a large
number of cells in a computationally efficient manner and to obtain per-cell level infor-
mation is one research area. The clustering and joint approach may not scale well as the
number of cells grows. Moreover, applying the approach for other KPIs, network types,
and services is an area worth exploring. Finally, future research should employ the hidden
Markov model for status modeling and prediction.
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