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1. Introduction
Forecasting the future of any phenomenon assists 

in making better judgments in uncertain situations. 
When forecasting particular events in the past, some 

researchers employed popular linear forecasting 
techniques, such as regression analysis, exponential 
moving averages, and autoregressive integrated mov-
ing averages (ARIMA). Nevertheless, conventional 
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ABSTRACT
In recent years, a wide variety of fuzzy time series (FTS) forecasting models have been created and recommended 

to handle the complicated and ambiguous challenges relating to time series data from real-world sources. However, the 
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data sets and depends on the situation at hand. Even though many models assert that they are better than statistics and 
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the model’s forecasting abilities. This study offers a hybrid FTS forecasting model that makes use of both the graph-
based clustering technique (GBC) and particle swarm optimization (PSO) for adjusting interval lengths in the universe 
of discourse (UoD). The suggested model’s forecasting results have been compared to those provided by other current 
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time series forecasting models have the disadvantag-
es of being unable to cope with forecasting problems 
in linguistic values historical data and insufficient 
data. To address the drawbacks of traditional time 
series forecasting approaches, Song and Chissom [1,2]  
proposed two FTS models based on fuzzy logic [3] 
and fuzzy mathematics approaches to forecasting 
the number of enrollments at the University of Ala-
bama. However, in the defuzzification process, their 
methods included sophisticated max-min operations 
and the construction matrix of fuzzy relationships  
R(t – 1, t). As a consequence, Chen [4] has developed 
a first-order FTS model by using basic arithmetic 
computations in the defuzzification process, which 
takes less time than performing the max-min com-
plex composition operation [1,2].

The calculation of interval lengths and the estab-
lishment of fuzzy relationships (FRs) are two crucial 
factors in the FTS forecasting model that can con-
siderably impact predicting effectiveness. To achieve 
more accurate forecasting results, several researchers 
have proposed various improvements from Song’s 
model [2] and Chen’s model [4] in aspects of mining 
the lengths of intervals [5-22], building fuzzy relation-
ships [22-31], and fuzzy relationship groups [10-12].

For selecting interval lengths, Huarng [5] found 
out that variable interval lengths in the UoD highly 
influence the forecasting performance of the model. 
As a result, he suggested two novel ways based on 
the average and distribution for determining interval 
lengths in the fuzzy time series model. Yolcu et al. [15]  
proposed a strategy based on ratio optimization for 
interval length. His model is used to anticipate en-
rollments and inventory demand at the University 
of Alabama. Furthermore, using an optimization 
approach with a single-variable constraint, Egrioglu  
et al. [21] introduced a new method for determining 
the proper interval length in high-order FTS.

Recently, soft computing techniques and evolu-
tionary algorithms are considered crucial tools for 
calculating interval lengths in the fuzzy time series 
sector. For instance, Chen and Chung [10] suggested 
the high-order model utilizing a genetic algorithm 
(GA) to divide intervals in the UoD for forecasting 

the University of Alabama enrollments. Additionally, 
Lee et al. [30] used a genetic algorithm to establish the 
various interval lengths in the high-order forecasting 
model using temperature and TAIFEX data. Besides 
that, they also used the simulated annealing algo-
rithm to determine optimum interval lengths. Eren 
Bas et al. [32] introduced a novel modified genetic 
algorithm to eliminate subjectivity in determining 
the duration of each interval in the FTS model for 
forecasting “dead in vehicle road accidents” in Bel-
gium and enrollments at the University of Alabama. 
Furthermore, to determine interval lengths, several 
optimization techniques, including the Artificial Bee 
Colony Algorithm, Particle Swarm Optimization, 
memetic algorithms, and ant-colony optimization, 
have been utilized in the universe of discourse. The 
comparison findings reveal that the PSO algorithm 
outperforms other algorithms in terms of success 
rate and solution quality. Additionally, certain com-
parison studies have indicated that the PSO-based 
outcomes surpass the GA-based technique [33-36]. 
PSO applications in optimizing interval lengths in 
the FTS forecasting models have been demonstrated 
in research works [12,18,20,22-27,34-36]. Kuo et al. [12] in-
troduced a unique forecasting model for improving 
predicting error by combining the PSO with FTS. By 
suggesting a new defuzzification rule, Kuo et al. [23] 
presented a novel FTS model for forecasting TAI-
FEX. Two research works [24,34] established two-fac-
tor high-order FTS models for predicting distinct 
situations from the same perspective of employing 
PSO in altering interval lengths. Furthermore, Chen 
and Bui [26] used the PSO not only to achieve opti-
mal interval partitioning but also to generate opti-
mal weight vectors for forecasting the TAIFEX and 
NTD/USD exchange rates. Moreover, clustering 
techniques also have been used in the FTS model to 
determine the optimal interval such as K-means [37], 
fuzzy C-means [38], and automatic clustering [11,39]. 
Cheng et al. [40] have presented a fuzzy forecasting 
model with two advantages: the PSO to achieve op-
timal intervals and the K-means method to split the 
subscripts of the fuzzy sets at the current states of 
FRs. Dincer [17] used the fuzzy k-medoid clustering 
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technique to handle outliers and abnormal data time 
series for forecasting air pollution.

Another approach based on fuzzy time series, 
some of the authors in works [41,42] introduced intu-
itionistic fuzzy time series (IFTS) and established an 
IFTS forecasting model to forecast the University of 
Alabama enrolment and State Bank of India (SBI) 
market share price on the Bombay stock exchange 
(BSE). The authors in research work [43,44] intro-
duced hesitant probabilistic fuzzy sets in time series 
forecasting to address the issues of non-stochastic 
non-determinism and apply for forecasting the en-
rolments of the University of Alabama and the share 
market prizes of the State Bank of India.

Based on the study shown above, it is clear that 
selecting the optimal lengths of intervals and build-
ing fuzzy relationships are difficult and have a major 
impact on the model’s predicting ability. Despite 
substantial advances in leveraging the duration of 
each interval and establishing predicting output 
rules, these difficulties continue to occupy the atten-
tion of academics. There are still a lot of approaches 
in the universe of discourse to identify the duration 
of intervals and generate forecasting output values 
from fuzzified values. To address these concerns, we 
present a novel hybrid FTS forecasting model that 
combines the Graph-based clustering approach with 
PSO in the selection of optimum lengths for dealing 
with various problems. The suggested forecasting 
model’s performance is assessed using several re-
al-world data sets, including enrollment data from 
the University of Alabama and confirmed COVID-19 
instances from Vietnam. The findings obtained are 
compared to those of other approaches. The sug-
gested strategy offers more accurate forecasts for the 
future values of the given enrollment time series.

The remainder of the paper is organized as fol-
lows: Basic concepts of fuzzy time series and algo-
rithms are provided in Section 2. Section 3 proposes 
an FTS forecasting model that combines the GBC 
technique with PSO. Section 4 explains the applica-
tion of the forecasting model and experimental find-
ings. In Section 5, conclusions are offered.

2. Preliminaries
In this section, we describe some basic concepts 

of fuzzy time series [1,2] and related algorithms to 
serve as a foundation for our work.

2.1 Basic definitions of FTS

Song and Chissom [1,2] introduced the FTS con-
cept originally, then Chen [4] improved it with a 
straightforward defuzzification method that was 
more precise. Some basic definitions of FTS are as 
below:

Definition 1: Fuzzy time series [1,2]

Let Y(t) (t = ..., 0, 1, 2...), a subset of real number 
R, be the universe of discourse by which fi(t)(i = 1, 
2...) are defined and if F(t) is a collection of f1(t), 
f2(t),..., then F(t) is called a FTS definition on Y(t)  
(t ..., 0, 1,2 ...).

Definition 2: Fuzzy relationships(FRs) [1,2]

Assume that F(t) = Ak and F(t – 1) = Ai, the first 
order relationship between F(t – 1) and F(t) is denot-
ed as a FLR: Ai→Ak , where, Ak is the current state 
that dependent on previous state Ai.

Definition 3: m - order fuzzy relationships [1,2]

If F(t) is dependent on previous state F(t – 1),  
F(t – 2),..., F(t – m + 1) F(t – m), then F(t – m),..., 
F(t – 2), F(t – 1)→F(t) is called an m - order FLR. 
Time series with respect to this FLR is called an m - 
order FTS.

Definition 4: Fuzzy relationship groups (FRGs) [4]

The fuzzy relationships that Song and Chisom [1,2] 
presented in Definition 2, if they have the same left-
hand side can be further grouped into an FRG. Assu-
me the following FRs exist:Ai→Ak, Ai→Al,.., Ai→Am ;  
these FRs can be placed into the same FRG as : 
Ai→Ak, Al…, Am.

Definition 5: Time-variant fuzzy relationship 
groups [22]

The fuzzy relationship is presented by the rela-
tionship F(t – 1)→F(t). If, let F(t) = Ai(t) and F(t – 
1) = Aj(t – 1), the FR between F(t – 1)  and F(t) can 
be denoted as Aj(t – 1)→Ai(t). Also at the time t, we 
only consider fuzzy relationships Aj(t1 – 1)→Ai1 

(t1); ...; Aj(tn – 1)→Ain(tn) that occur before the 
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fuzzy relationship Aj(t – 1)→Ai(t) to make an FRG as 
Aj(t – 1)→Ai1(t1),Ai2(t2), Ain(tn), Ai(t). It is referred to 
as first-order time-variant FRGs.

2.2 Graph-based clustering algorithm

Algorithms for graph-based clustering are ef-
fective at generating conclusions that are close to 
human intuition [45]. Building a graph on the set of 
data and using it as the basis for clustering is a fre-
quent feature of graph-based clustering techniques 
developed in recent years [46]. In the GBC approach, 
each node in a graph represents a data object, and 
each object has connections with other objects. A set 
of things is said to form a cluster in this case if they 
are connected to one another but not to any other 
objects. Based on these ideas, our research [47] pro-
poses a data clustering technique that uses a tree-like 
display of the information and constructs clusters 
automatically rather than the number of clusters us-
er-predetermined. In particular, the graph-based clus-
tering method is summarized into four procedures as 
follows: 

(1) Root node location procedure (RNLP). This 
technique identifies the root node based on the pro-
vided data.

(2) Node insertion procedure (NIP). This tech-
nique inserts one element of the dataset and root 
node and places the elements in the proper position.

(3) Tree-making procedure (TMP). This proce-
dure displays the tree from the provided data set and 
the root node.

(4) Clustering procedure (CP) based on nodes in 
the tree. This process makes logical node clustering 
using the tree that the TMP generated as input.

2.3 Particle swarm optimization algorithm

PSO was initially put up by Eberhart and Kenne-
dy [48] for the purpose of locating the global optimal 
solution. A group of particles known as a swarm 
in PSO. Where each particle represents a potential 
solution and constantly navigates around the search 
space (d-dimensional space) in pursuit of the ideal 

answer. All particles (i.e., Pmax particles) have fit-
ness values to assess their performance during parti-
cle movement, and each particle recalls the best lo-
cation from its own flight experience, which is called 
Pbest. The best particle in the population as a whole is 
then referred to as Gbest. Following Algorithm 1 is a 
brief summary of the PSO algorithm’s steps:

Algorithm 1: The standard PSO algorithm
Step 1. Initialize random positions xki; random 

velocities vki in d dimensional space (i = 1,2,…,d);
- Positions of each kth (k = 1,2, …, Pmax) parti-

cle’s positions are randomly determined and kept in 
a Xkd given as follows: 
 = [,1, , 2, …, , ]  (1) 

where xki denotes ith position of kth particle, N is the 
number of particles in a swarm.

- Velocities are generated at random and saved in 
the vector Vkd in Equation (2).
 = [,1, , 2, …, , ]  (2)

Step 2: Based on the fitness function,  Pbest_kd and 
Gbest particles given in Equations (1) and (2), respec-
tively, are determined.

Pbest_kd= [ ,1, , 2, …,,] and  
Gbest= minimum ( Pbest_kd).

Step 3: Similar to the ones shown [12], C1 and C2 
are two learning factors, and ω is the time-varying 
inertia weight. In each iteration t, the parameter ω is 
calculated by using Equation (3) as follows:

 =  −
 ∗ (  − )

_  (3)

where, iter_max denotes the maximum iteration 
number.

Step 4: Values of velocities and positions are up-
dated by using Equations (4) and (5), respectively.


+1 =  ∗  + 1 ∗ 1 ∗  −  + 2 ∗ 2 ∗  − 


+1 =  + 

+1

+1 =  ∗  + 1 ∗ 1 ∗  −  + 2 ∗ 2 ∗  − 


+1 =  + 

+1

  (4)
+1 =  ∗  + 1 ∗ 1 ∗  −  + 2 ∗ 2 ∗  − 


+1 =  + 

+1  (5) 

Here, R1( ) and R2( ) are randomly generated val-
ues between [0, 1].

Step 5: Steps 2 to 4 are repeated until a prede-
fined maximum number of iterations is reached.
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3. An FTS forecasting model using 
graph-based clustering and PSO

This section’s goal is to introduce a hybrid FTS 
model that combines PSO and GBC. This proposed 
model is named GBCFTS-PSO. The framework of 
the GBCFTS-PSO model is shown in Figure 1. It 
consists of three stages: (1) partitioning of intervals 
based on the GBC; (2) establishing the FTS model; 
and (3) choosing the best interval lengths by using 
the PSO.

3.1 Establishing the forecasting model using 
Graph-based clustering and fuzzy time series

The proposed FTS model’s details are discussed 

in steps utilizing datasets of the number of new con-
firmed COVID-19 in Vietnam from June 15, 2021, to 
July 15, 2021, as shown in Figure 2. The followings 
are the steps of the suggested model:

Step 1: Using the GBC approach, divide data into 
C intervals.

In this step, four procedures from the Graph-
based clustering algorithm in Section 2.2 are utilized 
to partition time series X(t) into C clusters. The fol-
lowing are the short outcomes of these four proce-
dures:

1) Root node location procedure (RNLP)
The dataset of newly confirmed COVID-19 in-

stances is input X(t)  = (398, 414, 259, 471, ..., 2296, 
2924, 1922); with (15/07/2021 ≤ t ≤ 15/7/2021).

Figure 1. Framework of the proposed forecasting model based on GBC and PSO.

Figure 2. The dataset of number of confirmed cases of COVID-19 in Vietnam.

Source: https://ncov.moh.gov.vn

https://ncov.moh.gov.vn


6

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

Calculate range Rg = Xmaxvalue− Xminvalue = 2760.
Calculate standard deviation of the time series as 

SD = 762.76.

w = 


 ∗  = 0.12

Define universe of discourse (U) of the X(t):
U = [Xminvalue – w, Xmaxvalue+ w] = [163.88, 2924.12]
Calculate midpoint of U as: Midu = (MINvalue+ 

MAXvalue) / 2 =1544.
Assign the Midu as root node: Root = Midu = 

1544.
2) Tree make Procedure (TMP) and node inser-

tion procedure (NIP)
For generating the tree, from the input dataset and 

Root node. We apply two procedures TMP and NIP to 
create tree and insert nodes into the tree. The results 
of these two procedures are shown in Figure 3.

Figure 3. The tree depicts the input data of COVID-19 series 
based on two procedures TMP and NIP with root node of 1544.

3) Make the clusters from the tree in Figure 3 
based on Procedure 4 (CP)

Following the acquisition of the data tree depict-

ed in Figure 3, the process of creating clusters is 
briefly described in accordance with the following 
conditions:

(1) Initially, check to see whether Root exists or 
not and check to see whether Root has left (Root. 
LEFT) and right (Root. RIGHT)

(2) Calculate the difference between the values 
of Root and Root. RIGHT, Root and Root. LEFT if 
both children exist for each Root. After that, create 
a cluster consisting of the Root and associated child 
that has the smallest difference.

(3) If there is just one child for each Root, create 
the cluster using either the Root and Root. LEFT or 
Root and Root. RIGHT.

(4) Continue repeating conditions 1-3 until all of 
the value from the tree’s nodes has been added to the 
clusters.

From the above procedures, we obtain 15 clusters 
and their related cluster centers. Then, these clusters 
are then arranged in ascending order by the cluster-
ing centers, and the final results are listed in Table 1.

Step 2: Adjust these clusters into intervals 
After applying the adjustment principles from 

clusters to intervals in the research work [49], we ob-
tain 15 intervals ui corresponding to the clusters in 
Table 2, and the midpoint values of these intervals 
are shown in Table 3.

Step 3: Identify the corresponding language term 
for each interval in Step 2

Each linguistic term can be defined by intervals 
that the historical time series data distributed among 
these intervals. For ten intervals in Step 2, we obtain 
15 linguistic values of linguistic variables “enrol-
ments” e.g., {{very very very few}, {very very few}, 

Table 1. Clusters and cluster centers.

No Clusters Ci Cluster center (Vi) No Clusters Ci Cluster center (Vi)
1 (217,164) 190.5 9 (997) 997
2 (259,230) 244.5 10 (1089,1019) 1054
3 (300,267,279) 282 11 (1307) 1307
4 (359,389,361) 369.7 12 (1544,1616) 1580
5 (398,414) 406 13 (1844,1945,1922) 1903.7
6 (471,441) 456 14 (2367,2296) 2331.5
7 (693,527) 610 15 (2924) 2924
8 (845,914,876) 878.3
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{very few},{few}, …, {very many}, {too many}, 
{too many many}, {too many many many}}, which 
can be described with fuzzy sets Ai, e.g. {A1, A2, 
A3,..., A9, A15,}, respectively and calculated as fol-
lows:

 =
1 u1 +

2 u2 + . . . +


u + … + 10 u15 (6)

where, the values aij ∈ [0,1] denote the grade of 
membership of uj in fuzzy set Ai and which is calcu-
lated in Equation (7). Here, the symbol ‘+’ denotes 
the set union operator and the symbol ‘/’ denotes the 
membership of uj which belongs to Ai.

 =
1  = 

0.5  =  − 1   =  + 1
0 ℎ

 (7)

Step 4: Fuzzy all historical time series data
In order to fuzzy all historical time series, the 

typical method is to convert historical data which 
belongs to the interval U into fuzzy sets. If the max-
imum membership value of fuzzy set Ai occurs at ui, 
then the fuzzified historical value is considered as Ai. 
For example, the COVID-19 data on day 15/6/2021 
equal to 398 belongs to the interval u5 = [387.85,  
431] and the highest membership value of fuzzy set 
A5 occurs at u5. So, it is fuzzified into A5. The similar 
way for next years, we complete the results of fuzzi-

fication of enrolments data for all years, as listed in 
Table 3.

Step 5: Establish all mth- order FRs between the 
fuzzified data values. (m ≥ 1).

To build fuzzy relationships, we need to find any 
relationship having the type F(t – m), F(t – m + 1),..., 
F(t – 1)→F(t), where, the left-hand side of FLR  
(F(t – m), F(t – m + 1),..., F(t – 1)) is called the cur-
rent state and the right-hand side of FLR. (F(t)) is 
called the next state, respectively. Then, the mth - 
order FLR is replaced by relationships in accordance 
with the corresponding fuzzy sets as: Aim,, Ai(m – 1),…, 
Ai2, Ai1→Ak.

In this way, we have achieved the first-order FRs 
for tall fuzzified data values, which are presented in 
column 4 of Table 4.

Here the linguistic value of F(16/7/2021) on the 
right-hand side of the last relationship is denoted by 
the symbol ‘#’, which is used to represent the un-
known linguistic value.

Step 6: Create all m—order time—variant FRGs
In this study, we develop fuzzy relation groups 

using the concept of a time-variant fuzzy relation-
ship group [22], which was mentioned in Definition 5. 
Based on the present state of the FRs in Table 4, the 
FRs may be put into a group and entitled time vari-

Table 2. The intervals and midpoint values of them.

No Intervals (ui) Midpoint No Intervals (ui) Midpoint
1 [164, 217.5] 190.8 9 [937.65, 1025.5] 981.6
2 [217.5, 263.25] 240.4 10 [1025.5, 1180.5] 1103
3 [263.25, 325.85] 294.6 11 [1180.5, 1443.5] 1312
4 [325.85, 387.85] 356.8 12 [1443.5, 1741.85] 1592.7
5 [387.85, 431] 409.4 13 [1741.85, 2117.6] 1929.7
6 [431, 533] 482 14 [2117.6, 2627.75] 2372.7
7 [533, 744.15] 638.6 15 [2627.75, 2924] 2775.9
8 [744.15, 937.65] 840.9

Table 3. The results of fuzzification for COVID-19 time series.

Day Actual data Fuzzy sets Maximum membership value Linguistic value
15/6/2021 398 A5 [1 0.5 0 0 0 0 0 0 0 0] “somewhat few”
16/6/2021 414 A5 [1 0.5 0 0 0 0 0 0 0 0] “somewhat few”
----- ----- ---- ------------------ ----------------
14/7/2021 2624 A15 [0 0 0 0 0 0 0 0 0.5 1] “too many many many”
15/7/2021 1922 A13 [0 0 0 0 0 0 0 0.5 1 0.5] “too many ”
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ant-FRGs by examining the history of the emergence 
of the fuzzy sets on the future state of the FRs. From 
this approach, we obtain all first-order time-variant 
FRGs, as shown in Table 5. Where 30 groups (G1-
G30) are in the training stage and one group (G31) is 
in the testing stage.

Table 4. The results of the first-order fuzzy relationships.

Day No Fuzzy set First-order FRs
15/6/2021 A5

16/6/2021 1 A5 A5 → A5

-- ---- ----------
14/7/2021 29 A10 A14 → A15

15/7/2021 30 A9 A15 → A13

16/7/2021 31 N/A A13 → #

Table 5. The results of the first-order time-variant FRGs.

No First-order
Time-variant FRGs

G1 A5 → A5

G2 A5 → A6

---- --------------

G29 A14 → A14, A15

G30 A15→A13

G31 A13→ #

Step 7: Defuzzify the forecasting output values
Our defuzzified principles in the paper [49] are 

introduced to compute the forecasting value for all 
first-order and high-order time-variant FRGs in the 
training stage. In the testing, we apply a defuzzified 
principle [24] to compute with the unknown linguistic 
value. The forecasting rules are briefly represented 
as follows:

Principle 1: Calculate the forecasting value for 
known linguistic values

To obtain the forecasting results, we divide each 
corresponding interval concerning the linguistic 
value in the next state into four sub-intervals that 
have the same length and calculate the forecasted 
output value for each group based on Equation (8).

Forecasted_value = 
1

2∗ =1
 ( + _) (8)

where n is the total of fuzzy sets on FRG’s next state.
- submik is the midpoint value of one of four  

sub-intervals about the i-th linguistic value in 

the next state of FRG in which the real data at 
forecasting time falls.

- Value_luik is one of two values belonging to the 
lower and upper bounds of one of four sub-intervals 
with real data falling inside sub-interval uik at fore-
casting time.

Principle 2: Calculate the forecasting value with 
unknown linguistic values 

In the testing phase, we determine the forecasting 
value for each FRG which has the unknown linguis-
tic value occurring in the next state. Suppose there 
is the mth-order fuzzy relationship group whose next 
state is #, shown as follows: Aim, Aim – 1,…, Ai1→#.

Here the symbol ‘#’ represents an unknown val-
ue, then the forecasted value of year i is calculated in 
accordance with [24] as follows:

Forecasted value = 1 + =2
 (−1)−

2−1  (9)

where, mi1, mi2,...,mik are midpoints of ui1, ui2,..., and 
uik (2 ≤ k ≤ m), respectively.

Based on the two forecasting principles above, 
we complete forecasting results for COVID-19 con-
firmed cases prediction from 15/6/2021 to 15/7/2021 
with first-order TV-FRGs under fifteen intervals, 
which are given in Table 6.

Table 6. The forecasting results for COVID-19 based on 1st-or-
der fuzzy relationships.

Day COVID-19 
data

Fuzzy 
sets

1st-order 
forecasted value

15/06/2021 398 A5 Not forecasted

16/06/2021 414 A5 414.6

---- ------ ---- -------

14/07/2021 2924 A15 2614.7

15/07/2021 1922 A13 1898.4

To confirm the effectiveness of the suggested 
forecasting model, the mean square error (MSE) is 
employed as assessment criteria in terms of the fore-
casted accuracy. The formulas of both indices are 
calculated as follows:

 = 1
 =

 ( − )2  (10)

where Ri, Fi represent the real value and forecasting 
value at year i, respectively; n is the total number of 
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forecasted data, m means the order of the FLR.

3.2 Using PSO to determine appropriate in-
terval lengths

In this section, we present a hybrid FTS fore-
casting model termed GBCFTS-PSO, which com-
bines graph-based clustering and PSO to produce 
optimal interval lengths with the goal of improving 
forecasted accuracy. In GBCFTS-PSO model, each 
particle denotes the partitioning of historical data 
into intervals. The number of intervals is obtained 
from the GBC algorithm (e.g., d intervals). The 
lower bound and upper bound of the UoD be p0 and 
pd, respectively. Each particle symbolizes a vector 
with d-1 elements as p1, p2, …, pd–2 and pd–1, where 
 ≤ +1(1 ≤  ≤  − 1)
1 = [0, 1], 2 = [1, 2],...,  = [−1, ],… and  = [−1, ],

1 ≤ 2 ≤ … ≤ −1

. Based on these d-1 ele-
ments, obtain the intervals set as 

 ≤ +1(1 ≤  ≤  − 1)
1 = [0, 1], 2 = [1, 2],...,  = [−1, ],… and  = [−1, ],

1 ≤ 2 ≤ … ≤ −1

  ≤ +1(1 ≤  ≤  − 1)
1 = [0, 1], 2 = [1, 2],...,  = [−1, ],… and  = [−1, ],

1 ≤ 2 ≤ … ≤ −1

,..., 
 ≤ +1(1 ≤  ≤  − 1)
1 = [0, 1], 2 = [1, 2],...,  = [−1, ],… and  = [−1, ],

1 ≤ 2 ≤ … ≤ −1

,… and 
 ≤ +1(1 ≤  ≤  − 1)
1 = [0, 1], 2 = [1, 2],...,  = [−1, ],… and  = [−1, ],

1 ≤ 2 ≤ … ≤ −1

,  
respectively. When a particle transfers from one 

place to another according to Equations (4) and (5), 
d-1 elements must be sorted in ascending order such 
that 

 ≤ +1(1 ≤  ≤  − 1)
1 = [0, 1], 2 = [1, 2],...,  = [−1, ],… and  = [−1, ],

1 ≤ 2 ≤ … ≤ −1. The function MSE (10) 
is employed to evaluate the forecasting accuracy of 
each particle. Algorithm 2 shows the entire process 
of the suggested model.

4. Experiment management and re-
sults evaluation

In this research, the GBCFTS-PSO model is ap-
plied for forecasting two time series datasets: The 
University of Alabama enrollment data [4] and the 
number of new confirmed COVID-19 in Vietnam 
from June 15, 2021, to July 15, 2021. Before imple-
menting the suggested forecasting model, the time 
series datasets are briefly presented. The simulation 
and analysis findings for these data sets are then pre-
sented. The statistical properties of these time series 
data are provided below.

Algorithm 2: The GBCFTS-PSO algorithm
1. Input: Historical time series data
2. Output: The forecasting output and MSE value
Begin
3. Choose the initial intervals by using the GBC technique and using forecasted steps in Subsection 3.1 to get the forecasting 
accuracy (MSE)..
4. Initialize: number of particles: Pmax, number of maximum iteration: iter_max
ü	The initial positions of all particles be limited by: p0 + Rand( ) * (pd – p0); where, p0 and pd are the lower bound and upper 

bound of the universe of discourse UoD which is created by GBC; the intervals created by particle 1 are identical to the one 
created by GBC.

ü	The velocity Vkd of all particles be exceeded by: Vmin + Rand( ) * (Vmax= – Vmin); Vmin= – Vmax

ü	In order to find Gbest, all particles’ beginning positions are set to their personal best positions.
5. while (iter ≤ iter_max) do 
5.1. foreach particle kd, (1 ≤ kd ≤ Pmax) do
ü	Based on Step 3 in Subsection 3.1, determine all intervals defined by the present position of the particle kd.
ü	Fuzzify all historical data described in Step 4 of Subsection 3.1.
ü	Establish all m – order FRs using Step 5 in Subsection 3.1 
ü	Build all m – order time-variant FRGs using Step 6 in Subsection 3.1
ü	Forecast and defuzzify output values using Step 7 in Subsection 3.1
ü	Calculate the MSE values for particle kd based on Equation (10)
ü	The new Pbest of particle kd is saved according to the MSE values.

end for
5.2. The new Gbest of all particles is saved according to the MSE values 
6. foreach particle kd, (1 ≤ kd ≤ Pmax) do
ü	  The particle kd is moved to another location according to (4) and (5)
end for 
ü	 change 𝜔 according to (3)
end while
End.
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4.1 Data description and relevant parameters 
of each time series

1) The enrolments data of university of Alabama [4]:  
Enrolments time series is applied to quite a wide 
range of areas in literature from the beginning of 
research [1,2]. This dataset contained 22 observations 
during the period from 1971 to 1992. One of the out-
comes of these studies is compared to the proposed 
model. The universe of discourse of the enrollment 
data series is determined by the clustering algorithm 
as U = [Xminvalue – w, Xmaxvalue + w] = [13054.84, 
19337.16], where w = 0.16, Xminvalue = 13055 and 
Xmaxvalue = 19337 are the data series’ minimum and 
maximum values.

2) COVID-19 data sets in Vietnam: This data set 
contains 31 observed values for new confirmed cases 
of COVID-19 in Vietnam from June 15, 2021, to July 
15, 2021, as shown in Figure 2. The minimum and 
maximum values of the time series are Xminvalue =  
1164 and Xmaxvalue = 2924. The universe of dis-
course of COVID-19 as U = [163.88, 2924.12] with 
w = 0.12.

For each dataset, the main parameters of the pro-
posed model are intuitively determined, as shown in 

Table 7.
The suggested forecasting model has been exe-

cuted 20 times with 10 intervals for enrolment data 
and 15 intervals for COVID-19 data. The best result 
from all runs is the final output.

4.2 Experimental results

Forecasting the enrolments of University of Al-
abama

The suggested model (GBCFTS-PSO) is used in 
this subsection to forecast enrolments with annual 
observations [4]. The results of five forecasting mod-
els in works [41-44,50] are chosen for comparison to 
demonstrate the performance of the suggested fore-
casting model based on first-order FTS under varied 
intervals. Table 8 and Figure 4 show the forecasted 
values and the forecasting accuracy between our 
suggested model and comparing models. 

From the forecasting results in Table 8 and Figure 
4, it can be seen that the GBCFTS-PSO model gets 
the smallest MSE value of 39302.66 among all the 
compared models. The difference between the GB-
CFTS-PSO model and the models mentioned above 
is the way in which the fuzzy relationship group and 

Table 7. The parameters of the GBCFTS-PSO model for forecasting enrolments and COVID-19.

Description for the parameters Values of enrolments Values of COVID-19
Number of particles 30 30
The max iteration number 150 150
The inertial weigh ω 0.9 to 0.4 0.9 to 0.4
The coefficient C1 = C2 2 2
The velocity in search range [–100,100] [–100,100]
The position in search range [13054.84, 19337.16] [163.88, 2924.12]

Table 8. A comparison of the forecasting results of the suggested model with its counterparts based on first-order fuzzy time series 
under 10 intervals.

Year Actual [41] [43] [44] [50] [42] GBCFTS-PSO
1971 13055 - - - - -
1972 13563 13693 13595.67 13680.75 13637 13682 13562.1
--- --- --- --- --- --- --- ---
1991 19337 19500 19168.56 18972.15 18230 19311 19272.1
1992 18876 19500 19168.56 18972.15 18236 19311 19142.3
MSE value 243601 183723 186313 1800964 178665 39302.66
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method of partitioning are applied to establish the fore-
casting model. This difference shows that the suggested 
forecasting model outperforms the previous model 
when used to evaluate enrollment data for the Universi-
ty of Alabam.

Additionally, in this study, we implement a 
forecasting model based on the high-order fuzzy 
relationship from orders 2 to 8 with a fixed number 
of intervals of 10. To verify the effectiveness of the 
forecasting model based on high-order fuzzy time 
series, four models listed in Table 9 are selected for 
comparison. The comparison results in terms of MSE 
values listed in Table 9 show that the GBCFTS-PSO 
model gives a lower MSE value than the models se-
lected for comparison in all orders with 10 intervals. 
Among all fuzzy relationships done in the model, the 
GBCFTS-PSO model obtains the lowest MSE value 
of 71.5 with 4th-order fuzzy relationships.

Forecasting new confirmed cases of COVID-19 
The GBCFTS-PSO model is also used to forecast 

the number of new COVID-19 cases that would be 

confirmed in Vietnam between June 15 and July 15, 
2021. The GBCFTS-PSO model executes 20 sep-
arate runs for each order based on the parameters 
listed in Table 7, and the best outcome of these runs 
at each order of FRs is taken as the final forecasting 
result. The MSE value is used to measure the fore-
casting accuracy of the suggested model, which is 
based on the first-order FTS with various intervals. 
The obtained forecasting results from the proposed 
model are based on the first-order FTS with 15 inter-
vals, which is shown in Table 10. For easy visualiz-
ing, the curves of actual value and forecasted value 
for the number of new confirmed cases each day are 
shown in Figure 5. From this figure, it can be seen 
that the forecasted value of the suggested model 
based on the first-order FLR is relatively close to the 
actual data.

In addition, to verify the superiority of the 
GBCFTS-PSO model based on the high-order FTS 
with the same number of intervals of 7. Table 11 
presents the forecasting results of the GBCFTS-
PSO model in terms of the MSE value based on the 

Table 9. A comparison of the results obtained between the GBCFTS-PSO model and its counterparts based on the various high-order 
FTS and different intervals.

Models
Number of orders

2 3 4 5 6 7 8
[10] 67834 31123 32009 24984 26980 26969 22387
[12] 67123 31644 23271 23534 23671 20651 17106
[25] 19594 31189 20155 20366 22276 18482 14778
[50] 8552 600.3 447.7 387.1 495.6 370.6 319.9
GBCFTS-PSO 2181 183.16 71.5 97.2 128.08 222.15 143

Figure 4. Comparing forecasting accuracy between our model and other models.
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various high-order FRs from 2nd-order to 8th-order. 
Among all orders of the suggested model with seven 
intervals, the best forecasting result has been found 
for the 4th-order FR which has the smallest MSE va-
lue equal to 218.06.

5. Conclusions
In this study, a hybrid FTS forecasting model for 

forecasting various issues is built by combining gra-

ph-based clustering and particle swarm optimization. 
The suggested model has solved two concerns that 
are seen to be significant and have a significant im-
pact on forecasting accuracy, namely the issues with 
selecting interval length and how to create fuzzy re-
lationship groups. The disadvantages of FTS models 
that use conventional fuzzy relationship groups are 
overcome by the recommended model, which uses 
the concept of a time-variant fuzzy relation group to 
produce the forecasting output results. By combining 

Table 10. The forecasting results of the first-order GBCFTS-PSO model with 15 intervals.

Date/month Actual data Forecasted values Date/month Actual data Forecasted values
15/06/2021 398 ---- 01/7/32021 693 693.5
16/6/2021 414 404.7 2/7/2021 527 550.4
17/06/2021 503 455.2 3/7/2021 914 746.8
18/06/2021 259 262.1 4/7/2021 876 884.8
19/06/2021 471 464.1 5/7/2021 1089 1001.5
20/06/2021 300 286.5 6/7/2021 1019 1001.5
21/06/2021 267 390.8 7/7/2021 997 1001.5
22/06/2021 230 345.3 8/7/2021 1307 1067.6
23/06/2021 217 299.7 9/7/2021 1616 1622.9
24/06/2021 279 294.3 10/7/2021 1844 1835.5
25/06/2021 845 844.9 11/7/2021 1945 1944.7
26/06/2021 164 172.9 12/7/2021 2367 2369.2
27/06/2021 359 307 13/07/2021 2296 2296.5
28/06/2021 389 388.4 14/07/2021 2924 2918.4
29/06/2021 361 382.3 15/07/2021 1922 1924.3
30/06/2021 441 392.1

MSE 4599.03

Figure 5. The comparison curves between the actual values and the forecasted values based on the first-order FRs.

Table 11. The forecasting accuracy of GBCFTS-PSO based on the high-order FTS with number of intervals equal to 15.

Orders of model 2nd-order 3rd-order 4th-order 5th-order 6th-order 7th-order 8th-order
MSE 930.05 628 218.06 268.3 356.5 423 415.08



13

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

GBC and PSO techniques in finding the optimal 
lengths of intervals from the universe of discourse, 
the forecasting efficiency of the proposed model can 
be significantly improved. Compared with conven-
tional fuzzy time series models in this field, we em-
ploy a hybrid high-order fuzzy time series in order 
to forecast enrollment at the University of Alabama 
and the number of confirmed cases of COVID-19 in 
Vietnam. In many cases, the suggested model signi-
ficantly outperforms other models on the dataset of 
enrolments and the simulated results on the dataset 
of confirmed cases of COVID-19 instances demons-
trate that the suggested model gives remarkably 
better forecasting when using the high-order FTS. 
Details of the comparison are shown in Tables 8 
through 11. Although compared to other forecasting 
models based on high-order FRs, our approach has 
higher forecasting capability. FLR determination in 
the high-order FTS model is more difficult and cos-
tly computationally than in the first-order. Therefore, 
in the near future, it would be wise to consider deve-
loping new techniques that can automatically decide 
the best order for high-order FRs.

Conflict of Interest
There is no conflict of interest.

Acknowledgement
The authors would like to thank the support of 

Thai Nguyen University of Technology (TNUT) to 
this research.

References
[1] Song, Q., Chissom, B.S., 1993. Fuzzy time se-

ries and its models. Fuzzy Sets and Systems. 
54(3), 269-277.

[2] Song, Q., Chissom, B.S., 1993. Forecasting en-
rollments with fuzzy time series—Part I. Fuzzy 
Sets and Systems. 54(1), 1-9.

[3] Zadeh, L.A., 1965. Fuzzy Sets. Information and 
Control. 8(3), 338-353.

[4] Chen, S.M., 1996. Forecasting enrollments 

based on fuzzy time series. Fuzzy Sets and Sys-
tems. 81, 311-319.

[5] Huarng, K., 2001. Effective lengths of intervals 
to improve forecasting in fuzzy time series. 
Fuzzy Sets and Systems. 123(3), 387-394.

[6] Hwang, J.R., Chen, S.M., Lee, C.H., 1998. Han-
dling forecasting problems using fuzzy time se-
ries. Fuzzy Sets and Systems. 100, 217-228.

[7] Yu, H.K., 2005. A refined fuzzy time-series 
model for forecasting. Physical A: Statistical 
Mechanics and Its Applications. 346(3-4), 657-
681.

[8] Yu, H.K., 2005. Weighted fuzzy time series 
models for TAIEX forecasting. Physica A: Sta-
tistical Mechanics and Its Applications. 349(3-
4), 609-624.

[9] Bosel, M., Mali, K., 2018. A novel data parti-
tioning and rule selection technique for model-
ling high-order fuzzy time series. Applied Soft 
Computing. 63, 87-96.

 DOI: https://doi.org/10.1016/j.asoc.2017.11.011
[10] Chen, S.M., Chung, N.Y., 2006. Forecasting 

enrolments using high-order fuzzy time series 
and genetic algorithms. International Journal of 
Intelligent Systems. 21, 485-501.

[11] Chen, S.M., Tanuwijaya, K., 2011. Fuzzy fore-
casting based on high-order fuzzy logical rela-
tionships and automatic clustering techniques. 
Expert Systems with Applications. 38, 15425-
15437.

[12] Kuo, I.H., Horng, S.J., Kao, T.W., et al., 2009. 
An improved method for forecasting enroll-
ments based on fuzzy time series and particle 
swarm optimization. Expert Systems with 
Applications. 36(3), 6108-6117.

[13] Loc, V.M., Nghia, P.T.H., 2017. Context-aware 
approach to improve result of forecasting enroll-
ment in fuzzy time series. International Journal 
of Emerging Technologies in Engineering Re-
search. 5(7), 28-33.

[14] Lu, W., Chen, X., Pedrycz, W., et al., 2015. 
Using interval information granules to improve 
forecasting in fuzzy time series. International 
Journal of Approximate Reasoning. 57, 1-18.

https://doi.org/10.1016/j.asoc.2017.11.011


14

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

[15] Yolcu, U., Egrioglu, E., Uslu, V.R., et al., 2009. 
A new approach for determining the length of 
intervals for fuzzy time series. Applied Soft 
Computing. 9, 647-651.

[16] Liu, H.T., Wei, M.L., 2010. An improved fuzzy 
forecasting method for seasonal time series. 
Expert Systems with Applications. 37(9), 6310-
6318.

[17] Dincer, N.G., Akkuş, Ö., 2018. A new fuzzy 
time series model based on robust clustering for 
forecasting of air pollution. Ecological Infor-
matics. 43, 157-164.

 DOI: http://dx.doi.org/10.1016/j.ecoinf.2017.12.001
[18] Huang, Y.L., Horng, S.J., Kao, T.W., et al., 2011. 

An improved forecasting model based on the 
weighted fuzzy relationship matrix combined 
with a PSO adaptation for enrollments. Interna-
tional Journal of Innovative Computing, Infor-
mation and Control. 7(7), 4027-4046.

[19] Wang, L., Liu, X., Pedrycz, W., 2013. Effective 
intervals determined by information granules to 
improve forecasting in fuzzy time series. Expert 
Systems with Applications. 40(14), 5673-5679.

[20] Lu, W., Chen, X., Pedrycz, W., et al., 2015. 
Using interval information granules to improve 
forecasting in fuzzy time series. International 
Journal of Approximate Reasoning. 57, 1-18.

[21] Egrioglu, E., Aladag, C.H., Basaran, M.A., et 
al., 2011. A new approach based on the optimi-
zation of the length of intervals in fuzzy time 
series. Journal of Intelligent and Fuzzy Systems. 
22, 15-19.

[22] Van Tinh, N., Dieu, N.C., 2018. Handling fore-
casting problems based on combining high-or-
der time-variant fuzzy relationship groups and 
particle swam optimization technique. Interna-
tional Journal of Computational Intelligence and 
Applications. 17(2), 1-19.

[23] Kuo, I.H., Horng, S.J., Chen, Y.H., et al., 2010. 
Forecasting TAIFEX based on fuzzy time series 
and particle swarm optimization. Expert Sys-
tems with Applications. 37(2), 1494-1502.

[24] Hsu, L.Y., Horng, S.J., Kao, T.W., et al., 2010. 
Temperature prediction and TAIFEX forecast-

ing based on fuzzy relationships and MTPSO 
techniques. Expert Systems with Applications. 
37(4), 2756-2770.

[25] Huang, Y.L., Horng, S.J., He, M., et al., 2011. A 
hybrid forecasting model for enrollments based 
on aggregated fuzzy time series and particle 
swarm optimization. Expert Systems with Ap-
plications. 38(7), 8014-8023.

[26] Chen, S.M., Phuong, B.D.H., 2017. Fuzzy time 
series forecasting based on optimal partitions of 
intervals and optimal weighting vectors. Knowl-
edge-Based Systems. 118, 204-216.

[27] Chen, S.M., Manalu, G.M.T., Pan, J.S., et al., 
2013. Fuzzy forecasting based on two-factors 
second-order fuzzy-trend logical relationship 
groups and particle swarm optimization tech-
niques. IEEE Transactions on Cybernetics. 
43(3), 1102-1117.

[28] Chen, S.M., Chen, S.W., 2014. Fuzzy forecast-
ing based on two-factors second-order fuzzy-
trend logical relationship groups and the proba-
bilities of trends of fuzzy logical relationships. 
IEEE Transactions on Cybernetics. 45(3), 391-
403.

[29] Chen, S.M., Chung, N.Y., 2006. Forecasting en-
rollments of students by using fuzzy time series 
and genetic algorithms. International Journal of 
Information and Management Sciences. 17(3), 
1-17.

[30] Lee, L.W., Wang, L.H., Chen, S.M., et al., 
2006. Handling forecasting problems based on 
two-factors high-order fuzzy time series. IEEE 
Transactions on Fuzzy Systems. 14(3), 468-477.

[31] Lee, L.W., Wang, L.H., Chen, S.M., 2008. Tem-
perature prediction and TAIFEX forecasting 
based on high-order fuzzy logical relationships 
and genetic simulated annealing techniques. Ex-
pert Systems with Applications. 34(1), 328-336.

[32] Bas, E., Uslu, V.R., Yolcu, U., et al., 2014. A 
modified genetic algorithm for forecasting fuzzy 
time series. Applied Intelligence. 41, 453-463.

[33] Panda, S., Padhy, N.P., 2007. Comparison of 
particle swarm optimization and genetic algo-
rithm for FACTS-based controller design. Ap-



15

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

plied Soft Computing. 8(4), 1418-1427.
[34] Park, J.I., Lee, D.J., Song, C.K., et al., 2010. 

TAIFEX and KOSPI 200 forecasting based on 
two-factors high-order fuzzy time series and 
particle swarm optimization. Expert Systems 
with Applications. 37(2), 959-967.

[35] Samsami, R., 2013. Comparison between ge-
netic algorithm (GA), particle swarm optimiza-
tion (PSO) and ant colony optimization (ACO) 
techniques for NO emission forecasting in Iran. 
World Applied Sciences Journal. 28(12), 1996-
2002.

[36] Chen, S.M., Zou, X.Y., Gunawan, G.C., 2019. 
Fuzzy time series forecasting based on propor-
tions of intervals and particle swarm optimiza-
tion techniques. Information Sciences. 500, 127-
139. 

 DOI: http://dx.doi.org/10.1016/j.ins.2019.05.047
[37] Van Tinh, N., Dieu, N.C., 2019. Improving the 

forecasted accuracy of model based on fuzzy 
time series and K-Means clustering. Journal of 
Science and Technology: Issue on Information 
and Communications Technology. 3(2), 51-60.

[38] Egrioglu, E., Aladag, C.H., Yolcu, U., 2013. 
Fuzzy time series forecasting with a novel hy-
brid approach combining fuzzy c-means and 
neural networks. Expert Systems with Applica-
tions. 40, 854-857.

[39] Wang, W., Liu, X., 2015. Fuzzy forecasting 
based on automatic clustering and axiomatic 
fuzzy set classification. Information Sciences. 
294, 78-94.

[40] Cheng, S.H., Chen, S.M., Jian, W.S., 2016. 
Fuzzy time series forecasting based on fuzzy 
logical relationships and similarity measures. 
Information Sciences. 327, 272-287.

[41] Kumar, S., Gangwar, S., 2015. Intuitionistic 
fuzzy time series: An approach for handling 
non-determinism in time series forecasting. 
IEEE Transactions on Fuzzy Systems. 24(6), 

1270-1281.
[42] Pant, M., Kumar, S., 2022. Particle swarm opti-

mization and intuitionistic fuzzy set-based novel 
method for fuzzy time series forecasting. Granu-
lar Computing. 7(2), 285-303.

[43] Bisht, K., Kumar, S., 2016. Fuzzy time series 
forecasting method based on hesitant fuzzy sets. 
Expert Systems with Applications. 64, 557-568.

[44] Gupta, K.K., Kumar, S., 2019. Hesitant proba-
bilistic fuzzy set based time series forecasting 
method. Granular Computing. 4(4), 739-758.

[45] Jaromczyk, J.W., Toussaint, G.T., 1992. Relative 
neighborhood graphs and their relatives. Pro-
ceedings of the IEEE. 80(9), 1502-1517.

[46] Anand, R., Reddy, C.K., 2011. Graph-based 
clustering with constraints. Advances in Knowl-
edge Discovery and Data Mining: 15th Pacif-
ic-Asia Conference, PAKDD 2011; 2011 May 
24-27; Shenzhen, China. Berlin Heidelberg: 
Springer. Part II 15. p. 51-62. 

[47] Tinh, N.V., Thanh, T.T., Thi, B.T., 2021. An in-
terval partitioning approach using graph-based 
clustering in fuzzy time series forecasting mod-
el. Data Mining and Knowledge Discovery. 9, 
142-150.

[48] Kennedy, J., Eberhart, R., 1995. Particle swarm 
optimization. Proceedings of the 1995 IEEE 
International Conference on Neural Networks; 
1995 Nov 27-Dec ; Perth, WA, Australia. USA: 
IEEE. p. 1942-1948. 

[49] Tinh, N.V., 2020. Enhanced forecasting accuracy 
of fuzzy time series model based on combined 
fuzzy C-mean clustering with particle swam 
optimization. International Journal of Computa-
tional Intelligence and Applications 19(2), 1-26.

[50] Pattanayak, R.M., Panigrahi, S., Behera, H.S., et 
al., 2020. High-order fuzzy time series forecast-
ing by using membership values along with data 
and support vector machine. Arabian Journal for 
Science and Engineering. 45(12), 10311-10325.

http://dx.doi.org/10.1016/j.ins.2019.05.047


16

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

Journal of Computer Science Research
https://journals.bilpubgroup.com/index.php/jcsr

*CORRESPONDING AUTHOR:
Laxminarayan Sahoo, Department of Computer and Information Science, Raiganj University, Raiganj, 733134, India; Email: lxsahoo@gmail.com

ARTICLE INFO
Received: 8 March 2023 | Revised: 7 April 2023 | Accepted: 10 April 2023 | Published Online: 17 April 2023
DOI: https://doi.org/10.30564/jcsr.v5i2.5536

CITATION
Maitra, S., Sahoo, L., Sen, S., et al., 2023. Comparison of Websites Employing Search Engine Optimization and Live Data. Journal of Computer 
Science Research. 5(2): 16-27. DOI: https://doi.org/10.30564/jcsr.v5i2.5536

COPYRIGHT
Copyright © 2023 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons Attribu-
tion-NonCommercial 4.0 International (CC BY-NC 4.0) License. (https://creativecommons.org/licenses/by-nc/4.0/).

ARTICLE

Comparison of Websites Employing Search Engine Optimization and 
Live Data

Subhradeep Maitra1
 

, Laxminarayan Sahoo1*
 

, Supriyan Sen1 , Kalishankar Tiwary2 

1 Department of Computer and Information Science, Raiganj University, Raiganj, 733134, India
2 Department of Mathematics, Raiganj University, Raiganj, 733134, India

ABSTRACT
This study compares websites that take live data into account using search engine optimization (SEO). A series 

of steps called search engine optimization can help a website rank highly in search engine results. Static websites 
and dynamic websites are two different types of websites. Static websites must have the necessary expertise in 
programming compatible with SEO. Whereas in dynamic websites, one can utilize readily available plugins/modules. 
The fundamental issue of all website holders is the lower level of page rank, congestion, utilization, and exposure of 
the website on the search engine. Here, the authors have studied the live data of four websites as the real-time data 
would indicate how the SEO strategy may be applied to website page rank, page difficulty removal, and brand query, 
etc. It is also necessary to choose relevant keywords on any website. The right keyword might assist to increase the 
brand query while also lowering the page difficulty both on and off the page. In order to calculate Off-page SEO, 
On-page SEO, and SEO Difficulty, the authors examined live data in this study and chose four well-known Indian 
university and institute websites for this study: www.caluniv.ac.in, www.jnu.ac.in, www.iima.ac.in, and www.iitb.ac.in. 
Using live data and SEO, the authors estimated the Off-page SEO, On-page SEO, and SEO Difficulty. It has been 
shown that the Off-page SEO of www.caluniv.ac.in is lower than that of www.jnu.ac.in, www.iima.ac.in, and www.iitb.
ac.in by 9%, 7%, and 7%, respectively. On-page SEO is, in comparison, 4%, 1%, and 1% more. Every university has 
continued to keep up its own brand query. Additionally, www.caluniv.ac.in has slightly less SEO Difficulty compared 
to other websites. The final computed results have been displayed and compared.
Keywords: Search engine optimization; Live data; Off-page SEO; On-page SEO; SEO Difficulty
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1. Introduction
Presently, search engines act as a centralized 

focus for all information, including those related to 
business, education, research, services [1,2], and so on. 
The patterns of searching have been substituted by 
search engines [3,4]. A lot of companies, organizations, 
banking industries, and educational establishments 
rely on search engines to bring people, students, and 
users [5]. These organizations need not spend cash on 
advertising by publishing ads in newspapers, mag-
azines, television, radio broadcasting, etc. Most cli-
ents utilize search engines to find information when 
they make their business [6-8]. This search yields a list 
of URLs at which relevant information is probably 
present as a search result. The webpage link for the 
organization or institute will pop up in the search 
results to attract individuals for their purposes and 
revenue [9]. The positioning of the website link with-
in the search result is another crucial factor related 
to search results. Being found on the top page of 
search results is preferable [10,11]. Website URLs must 
be search engine optimized in order to show up in 
results pages. SEO is the systematic technique of 
upgrading the internal and external characteristics 
of a website in order to maximize the number of 
exposures obtained from search engines [12-15]. SEO 
providers differ throughout their focus; some are 
highly specialized, while others take a more broad 
and general strategy. Many SEOs feel themselves to 
be in the broad subject of Web site optimization be-
cause optimizing a Web site for search engines can 
require examining so many factors. Websites have a 
variety of features such as content, links, structure, 
social networking sites, reputation, etc. These char-
acteristics are crucial for making websites compati-
ble with search engines [16]. Search engines rank web 
pages based on how relevant these characteristics 
seem to be. Here are some characteristics and their 
functions: The content exerts a strong influence on 
a one- or two-sentence description of the webpage’s 
content. Keywords that are frequently used by in-
ternet users when searching should be the highlight 
of every website content. One factor used mostly 

by search engines for ranking is the prominence of 
a keyword. Trust is a fascinating characteristic of a 
website. Every company wants to boost the number 
of website visitors, or “traffic”, to their web pages. 
A webpage develops a value based on its contents if 
it attracts a significant number of visitors. Webpage 
links might display in a favorable position in search 
engine results if the information is acceptable. The 
website may receive direct or referred traffic. The 
layout and development of a website are covered by 
web design characteristics. Since website speed is 
one of the factors considered by the search engine, 
websites should be developed to boost website per-
formance. Websites should be developed for better 
accessibility [17,18], meaning that it should not take 
forever to start. Archiving a website is one method to 
accelerate loading. A web server’s speed may be en-
hanced by writing good programming. URLs cannot 
be overcrowded; it should be simple and free of un-
derscores [19,20]. Table 1 lists the significant contribu-
tions of several authors to SEO and its applications.

Here, we investigated four websites’ real-time 
data to see how the SEO technique might be used 
for things like brand queries, removing page dif-
ficulty, and website page rank. In every website, 
selecting relevant keywords is also essential. The 
right keyword could help to lessen the page difficulty 
for both on and off the page while also increasing 
brand query. In order to calculate Off-page SEO, 
On-page SEO, and SEO Difficulty in this article, we 
have considered live data. For illustrative purposes, 
we looked at the websites of four reputable Indian 
universities. Using live data and SEO, we were able 
to determine the Off-page SEO, On-page SEO, and 
SEO Difficulty. Finally computed results have been 
presented and compared.

2. Some technical preliminaries 
To set up the rest of the work, various technical 

terms have been discussed in this section.
(i) Domain Authority

Domain Authority (DA) is a search engine rank-
ing score developed by Moz that reflects how often 
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a website may rank in search engine result pages 
(SERPs). Domain Authority scores vary from 1 to 
100 and higher values of DA reflect a higher proba-
bility of ranking.
(ii) Open Page Rank

The goal of the Open Page Rank effort was just 
to revive Page Rank measures such that different do-
mains could have been compared easily. This is ac-
complished with the use of open-source data through 
Common Crawl and Common Search.
(iii) Off-page SEO Difficulty 

The Off-page SEO Difficulty is a grade out of 100 
that evaluates the link equity of the top ten results on 
Google’s first page for a specified search query. It is 
calculated using the following formula:

Off-PageSEODifficulty 0.75 Moz-DAScore + 0.25 Ten timesof Open PageRankScore= × × 

                                               Off-PageSEODifficulty 0.75 Moz-DAScore + 0.25 Ten timesof Open PageRankScore= × ×  

                                               Off-PageSEODifficulty 0.75 Moz-DAScore + 0.25 Ten timesof Open PageRankScore= × ×

(iv) On-page SEO Difficulty
The On-page SEO Difficulty is a grade out of 100 

that shows how often the top 10 results for a specific 
search query are optimized. It can be scored using 
the set of rules as follows:

Rule 1: If the exact search query or its plural 
matches the page title then the score will be 15 
points.

Rule 2: If the exact search query or its plural is 
present in the URL then the score will be 5 points.

Rule 3: If the exact search query or its plural is 
present in the description then the score will be 15 
points.

Rule 4: If a comprehensive search query or its 
plural matches the page title then the score will be 
25 points.

Rule 5: If a comprehensive search query or its 
plural is present in the URL then the score will be 10 
points.

Rule 6: If a comprehensive search query or its 
plural is present in the description then the score will 
be 10 points.

Table 1. Significant contributions of different authors to SEO and its applications.

References Year Significant contributions

Thatcher [21] 2008 The impact of web experience and task type on web search strategies

Monchaux et al. [22] 2015 Effects of prior domain knowledge and the challenge of the information problems to be 
solved on query techniques during information search

Kutlwano et al. [23] 2018 As indicators of search intent in sponsored search, keyword length and matching 
choices

Vyas [24] 2019 Analyzing state tourism websites with search engine optimization techniques

Mata et al. [25] 2020 Digital marketing and SEO: Current Situation and Future Prospects

Nadeem et al. [26] 2020 An innovative method of ranking without Off-page SEO

Varsha et al. [27] 2021 Search Engine Optimization: A Quick Overview

Saura [28] 2021 Framework, procedures, and performance measures for the use of data sciences in 
digital marketing

Lambrecht [29] 2022 Recommendations for Voice Search Optimization under the Influence of Digital 
Assistants on Search Engine Strategies

Erdmann [30] 2022 The long-term plan for choosing keywords in search engine optimization

Maitra et al. [31] 2022 Considering and analyzing the Amazon A10 and A11 search algorithms

Maitra et al. [32] 2022 Search engine optimization strategies and techniques

Maitra et al. [33] 2023 Selection of an Online Learning Platform during the COVID-19 Pandemic Using 
Multi-Criteria Decision Making and the TOPSIS Method
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Rule 7: If Google highlighted keywords present 
in the description, then the score will be 30 points.

Generally, the On-page SEO Difficulty score is 
ranging from 90 to 100. 
(v) Brand Queries

Brand Queries are search keywords that include 
a brand’s name. In such scenarios, Google will pre-
fer displaying the brand’s website and social media 
backlinks over any other website. As a result, rank-
ing for brand queries is significantly more difficult. 
Search query as a brand query may be viewed in the 
following scenarios:

(a) For the first relevant result, Google displays 
site links.

(b) The top three responses all come from the 
same website.

(c) Two or more results on the first page of Goog-
le have come from social platforms like Twitter, 
Facebook, Linkedin, Instagram, etc.
(v) SEO Difficulty

The On-page Difficulty, Off-page Difficulty, and 
Brand Query Difficulty each contribute to the SEO 
Difficulty score. It is calculated using the following 
formula:

SEODifficulty (0.65 Off-PageDifficulty
+ 0.35 On PageDifficulty)

20%bonusfrom brandedquaries

= ×
×

+

2.1 Cost for search engine optimization

Search engine optimization (SEO) is a collection 
of techniques aimed at enhancing a website’s posi-
tioning and usability in natural search results. These 
SEO techniques include On-page, Off-page, Techni-
cal, Mobile, and Content strategies, among others. 
Simply described, search engine optimization (SEO) 
is the process of making a website more effective 
so that it appears higher in search results on engines 
like Google, Bing, Yahoo, and others. When a user 
searches for a word or phrase related to the website, 
this will help the audience find the website on search 
engines. To assist customers in improving the search 
engine rankings of any website, the in-house profes-

sionals develop the full SEO strategy and also carry 
it out for customers. The in-house SEO specialists 
work nonstop to improve customer results on search 
engines. Putting the concept into action is a group of 
highly skilled SEO specialists who rank websites for 
the keywords that matter most to organizations.

Different SEO companies have different cost 
models but here are the four most common SEO cost 
models viz. (i) Hourly Rate, (ii) Project-Based, (iii) 
Monthly Retainer and (iv) Self-service.

Hourly Rate: When an SEO company or consult-
ant charges by the hour for SEO work, this is known 
as hourly rate pricing. The hourly rate option enables 
one to contract with an SEO firm for a predetermined 
number of hours and pay them in accordance with 
those hours. It is suitable for small businesses with 
limited budgets.

Project-Based: When an SEO business charges a 
defined sum to accomplish a particular project, this 
is known as project-based SEO pricing. It helps busi-
nesses that have clear SEO goals.

Monthly Retainer: When a client pays a monthly 
charge for a predetermined set of SEO deliverables, 
this is known as a monthly retainer. It is helpful for 
all businesses that want to scale their SEO consist-
ently. 

Self-service: Self-service is exactly what it sounds 
like. One can visit the website of an agency, select 
the SEO work, and pay for it with a few clicks. It 
helps small and medium businesses who are happy 
to take more control of their SEO.

2.2 Uniform distribution

A random variable r is said to have a uniform dis-
tribution if its probability density function is given 
by:

1 if
( )

0 otherwise

a r b
f r b a

 ≤ ≤= −


We have denoted this distribution as U(a,b), 
where a and b are two real-valued numbers such that 
a < b.
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In Excel, we have generated random numbers us-
ing RAND ( ) function, which returns random values 
between 0 and 1.

Therefore, any random values between a  and b  
with a < b can be generated using the following al-
gorithm.

Algorithm 1
Step-1: Read as a,b inputs
Step-2: RAND()m =
Step-3: Return ( )a m b a+ −

3. Calculation of different SEO pa-
rameters

In this section, we have determined the Off-page 
SEO, On-page SEO, and SEO Difficulty of a few 
renowned Indian educational institutions, including 
the University of Calcutta (CU), Jawaharlal Nehru 
University (JNU), the Indian Institute of Manage-
ment, Ahmadabad (IIM-A), and the Indian Institute 

of Technology, Bombay (IIT-B).

3.1 For Calcutta University

We have set the lowest and maximum limits of 
the MoZ DA for the University of Calcutta as 48.00 
and 55.00, respectively. We considered the data over 
a 15-day period, and we generated 10 floating point 
values with a uniform distribution over the range 
[48.00, 55.00]. Table 2 contains the computed 10 
MoZ DA values. Table 2 details University of Cal-
cutta’s Off-page SEO, On-page SEO, and SEO Diffi-
culty. Table 3 presents the details of Off-page SEO, 
On-page SEO and SEO Difficulty for University of 
Calcutta.

From Google Page Rank Checker (http://www.
sitecheckers.pro/page-rank/) live data of Calcutta 
University we have taken Open Page Rank of Uni-
versity of Calcutta as 4.4. Top pages by linkings of 
this University are given in Table 4.

Table 2. 10 MoZ DA values for University of Calcutta.

No. 1 2 3 4 5 6 7 8 9 10
MoZ DA 52.02 49.47 51.54 48.80 51.83 53.49 53.95 51.25 48.98 53.42

Table 3. Off-page SEO, On-page SEO and SEO Difficultyfor University of Calcutta.

WEBSITE Off-page SEO On-page SEO SEO Difficulty

www.caluniv.ac.in

50.00 94.88 65.70
50.91 92.36 65.41
50.34 91.69 65.48
50.44 91.27 65.65
50.27 92.14 65.58
50.10 91.85 65.64
50.48 93.48 65.65
50.17 96.28 50.46
50.15 98.77 50.50
50.81 90.19 50.58

Table 4: Top pages by links of University of Calcutta.

Page/URL Page Authority (PA)
https://www.caluniv.ac.in/ 56
https://caluniv.ac.in/ 49
https://www.caluniv.ac.in/About%20the%20university/university_frame.htm 46
https://www.caluniv.ac.in/about/vc.html 46
https://www.caluniv.ac.in/convocation-2012/hony_degrees.htm 45
https://www.caluniv.ac.in/university_campuses/university_frame.htm 45
https://www.caluniv.ac.in/student/student.html 44

http://www.sitecheckers.pro/page-rank/
http://www.sitecheckers.pro/page-rank/
http://www.caluniv.ac.in
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Domain Authority (DA) of University of Calcut-
ta in different search engines has been presented in 
Table 5. Graphical representation of discovered and 
lost linking domain of University of Calcutta has 
been shown graphically in Figure 1. Green for dis-
covered linking and red for lost linking. 
Table 5. Domain Authority (DA) of University of Calcutta in 

different search engine.

Domain Name Domain Authority (DA)
https://en.wikipedia.org/ 98
https://sites.google.com/ 97
https://plus.google.com/ 97
https://europa.eu/ 97
https://github.com/ 96
https://bbc.co.uk/ 95
https://fr.wikipedia.org/ 95

3.2 For Jawaharlal Nehru University

For Jawaharlal Nehru University, the MoZ DA 
lower and upper limits are 60.00 and 70.00 respec-
tively. We considered the data throughout a 15-day 
period and we have considered 10 values using uni-
form distribution in a range of [60.00, 70.00]. Table 
6 contains the computed 10 MoZ DA values. Details 
on Jawaharlal Nehru University’s Off-page SEO, 
On-page SEO, and SEO Difficulty are shown in Ta-
ble 7.

We have collected the Open Page Rank of Jawa-
harlal Nehru University 4.5 from Google Page Rank 
Checker’s (www.sitecheckers.pro/page-rank/) live 
data for the university. Table 8 presents the Domain 
Authority (DA) of Jawaharlal Nehru University in 
different search engines. Table 9 lists the top pages 
of this university that have links to them.

Figure 1. Diagram of discovered and lost linking domain of Calcutta University.

Table 6. MoZ DA for Jawaharlal Nehru University.

No. 1 2 3 4 5 6 7 8 9 10
MoZ DA 66.65 64.52 65.88 63.17 68.72 60.94 69.24 64.6 68.22 69.39

Table 7. Off-page SEO, On-page SEO and SEO Difficulty for Jawaharlal Nehru University.

WEBSITE Off-page SEO On-page SEO SEO Difficulty

www.jnu.ac.in

61.28 98.84 74.42
59.68 95.42 72.18
60.21 95.73 72.71
59.82 95.15 72.47
60.34 98.12 74.25
60.95 99.15 72.37
60.72 98.91 73.86
61.03 99.67 73.46
61.09 98.02 73.95
50.81 97.10 72.55

http://www.jnu.ac.in
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Table 8. Domain Authority (DA) of Jawaharlal Nehru Universi-
ty in different search engine.

Domain Name Domain Authority (DA)
https://microsoft.com/ 99
https://docs.google.com/ 98
https://en.wikipedia.org/ 98
https://sites.google.com/ 97
https://plus.google.com/ 97
https://europa.eu/ 97
https://github.com/ 96

Table 9. Top pages by links of Jawaharlal Nehru University.

Page/URL Page Authority 
(PA)

https://www.jnu.ac.in/ 60
https://jnu.ac.in/sites/default/files/Court.pdf 56
https://www.jnu.ac.in/main/ 53
https://jnu.ac.in/ 52
https://www.jnu.ac.in/career 51
https://www.jnu.ac.in/Career/currentjobs.htm 51
https://admissions.jnu.ac.in/ 50

Figure 2 displays a graphical representation of 
Jawaharlal Nehru University’s discovered and lost 
linking domain. Red for lost linking and green for 
discovered linking.

3.3 For Indian Institute of Management, Ah-
madabad (IIM-A)

The MoZ DA lower and upper limits for IIM-A 
are 54.00 and 61.00 respectively. We took into 
consideration the data during a 15-day timeframe, 
computing 10 values with a uniform distribution 
over the range [54.00, 61.00]. Table 10 contains the 
computed 10 MoZ DA values. Details on Off-page 
SEO, On-page SEO, and SEO Difficulty for IIM-A 
are provided in Table 11.

The Open Page Rank of IIM-A is 4.26 based on 
live data from Google Page Rank Checker (www.
sitecheckers.pro/page-rank/). Table 12 displays the 
Domain Authority (DA) of IIM-A across several 

Figure 2. Diagram of discovered and lost linking domain of Jawaharlal Nehru University.

Table 10. 10 MoZ DA values of IIM-A.

No. 1 2 3 4 5 6 7 8 9 10
MoZ DA 55.51 54.98 60.63 56.99 60.22 59.8 59.82 55.78 55.81 59.83

Table 11. Off-page SEO, On-page SEO and SEO Difficulty for IIM-A.

WEBSITE Off-page SEO On-page SEO SEO Difficulty

www.iima.ac.in

52.28 99.48 68.79
51.88 99.26 68.46
52.28 99.59 68.48
52.32 97.67 68.40
52.59 98.67 68.22
52.36 97.33 68.98
52.28 97.10 68.40
52.31 98.71 68.44
52.34 98.72 68.91
52.44 98.49 68.09

https://github.com/
http://www.sitecheckers.pro/page-rank/
http://www.sitecheckers.pro/page-rank/
http://www.iima.ac.in
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search engines. Table 13 lists the top pages of this 
university that have links to it.

Table 12. Domain Authority (DA) of IIM-A in different search 
engine.

Domain Name Domain Authority (DA)
https://en.wikipedia.org/ 99
https://sites.google.com/ 97
https://adobe.com/ 97
https://cnn.com/ 95
https://bbc.co.uk/ 95
https://fr.wikipedia.org/ 95
https://wikimedia.org/ 95

In Figure 3, the discovered and lost linking domains 
of IIM-A are represented graphically. Green indicates a 
discovered link, whereas red indicates a lost link.

3.4 For Indian Institute of Technology Bom-
bay (IIT-B)

The lower and upper limits of the MoZ DA 
are 55.00 and 63.00 respectively for IIT-B. We 
also included the data throughout a period of 15 
days, and we estimated 10 values using a uniform 
distribution mostly in spectrum [55.00, 63.00]. 
Table 14 contains the computed 10 MoZ DA val-
ues. Details on Off-page SEO, On-page SEO, and 
SEO Difficulty for IIT-B are provided in Table 15. 
Domain Authority (DA) of IIT-B in the different 
search engines has been listed in Table 16. The top 
Pages by Links of IIT-B have been presented in  
Table 17.

Table 13. Top pages by links of IIM-A.

Page/URL Page Authority (PA)

https://www.iima.ac.in/ 50

https://www.iima.ac.in/web/iima 48

https://iima.ac.in/ 47

https://www.iima.ac.in/web/iima/working-for-us/current-openings 44

https://www.iima.ac.in/web/pgp/apply/domestic/admission/selection-process 42

https://wimwian.iima.ac.in/wp-content/uploads/2019/07/Started-by-Shivendra-Singh-in-2016-in-
Dubai-UAE-with-a-mission-to-bring-technology-innovation-in-the-farming-sector-Barton-Breeze-
focuses-on-Hydroponics.jpg

41

https://web.iima.ac.in/assets/snippets/workingpaperpdf/7258816322015-03-07.pdf 41

Figure 3. Diagram of discovered and lost linking domain of IIM-A.

Table 14. 10 MoZ DA values for IIT-B.

No. 1 2 3 4 5 6 7 8 9 10
MoZ DA 56.51 55.98 61.63 52.99 59.22 58.8 60.82 61.78 63.81 58.83
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Table 15. Off-page SEO, On-page SEO and SEO Difficulty for 
IIT-B.

WEBSITE Off-page SEO On-page SEO SEO Difficulty

www.iitb.
ac.in

52.28 99.76 68.79
51.88 99.55 68.46
52.28 99.41 68.48
52.32 97.42 68.40
52.59 98.89 68.22
52.36 97.35 68.98
52.28 97.75 68.40
52.31 98.72 68.44
52.34 98.77 68.91
52.44 98.40 68.09

Table 16. Domain Authority (DA) of IIT-B in different search 
engine.

Domain Name Domain Authority (DA)
https://www.google.com/ 100
https://youtube.com/ 100
https://microsoft.com/ 99
https://docs.google.com/ 98
https://mozilla.org/ 98
https://en.wikipedia.org/ 98
https://sites.google.com/ 97

Table 17. Top pages by links of IIT-B.

Page/URL Page Authority 
(PA)

https://www.iitb.ac.in/ 64

https://www.iitb.ac.in/~pge 57

https://www.gymkhana.iitb.ac.in/~smp 57

https://www.civil.iitb.ac.in/~gpatil 57

https://www.ircc.iitb.ac.in/IRCC-Webpage/
rnd/HRMSLoginPage.jsp 56

https://www.idc.iitb.ac.in/ 56

https://www.gate.iitb.ac.in/ 56

In Figure 4, a graphical representation of the IIT-
B’s discovered and lost linking domains is displayed. 
Red for a lost link and green for a link that has been 
discovered.

3.5 Expected values of SEO parameters

For the four Indian educational institutions listed 
here, the University of Calcutta, Jawaharlal Neh-
ru University, the Indian Institute of Management, 
Ahmadabad, and the Indian Institute of Technology, 
Bombay; we have presented (see Table 18) expect-
ed/average parametric values in terms of next integer 
for Off-page SEO, On-page SEO, and SEO Difficul-
ty out of 100. A graphical representation has been 
depicted in Figure 5.

From Figure 5 it has been observed that the Off-
page SEO of CU, IIM-A and IIT-B are 51.00, 53.00 
and 53.00 respectively. While JNU’s Off-page SEO 
score is 60. Simply said, Off-page SEO tells Google 
or other search engines how other people feel about 
their website. Search engines will infer, for instance, 
that they have excellent information that offers us-
ers value if they have provided a lot of quality links 
connecting to the websites. If configured effectively, 
On-page SEO ranking indicators can have a sig-
nificant impact on a web page’s potential to rank. 
The higher On-page SEO factors, such as a content 
page’s quality, good content, etc., have an impact on 
search engine rankings. It is evident from Figure 5 
that four institutes have a higher impact on society. 
SEO Difficulty is an SEO parameter that determines 
how challenging it would be to appear on Google’s 
first page for a specific search. On a scale from 0 to 
100, with 100 being the most difficult to rank for, 

Figure 4. Diagram of discovered and lost linking domain of IIT-B.

http://www.iitb.ac.in
http://www.iitb.ac.in
https://www.ircc.iitb.ac.in/IRCC-Webpage/rnd/HRMSLoginPage.jsp
https://www.ircc.iitb.ac.in/IRCC-Webpage/rnd/HRMSLoginPage.jsp
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it is evaluated. From Figure 5 it has been seen that 
IIM-A and IIT-B have the same values. On the other 
hand CU has lesser value compared to JNU. But all 
the institutes have higher SEO Difficulty values. 

4. Concluding remarks
In this article, we have examined websites that 

take live data into account through search engine 
optimization (SEO). A set of measures considered 
search engine optimization that can help a website 
rank highly in search engine results. Here, we have 
investigated several SEO factors, including MoZ 
DA, Page Authority (PA), Off-page SEO, On-page 
SEO, SEO Difficulty, etc. The main problem for 
all web developers/website owners is their web-
site’s poor page rank, congestion, usage, poor look 
on search engines. As real-time data would show 
how the SEO strategy may be applied to website 

page rank, page difficulty removal, and brand que-
ry, among other things, we have investigated live 
data of four websites under this instance. In order 
to calculate Off-page SEO, On-page SEO, and SEO 
Difficulty, we relied on live data in this study. For the 
sake of explanation, we have considered websites 
of four reputable Indian universities and institutes. 
Using live data and SEO, we determined the Off-
page SEO, On-page SEO, and SEO Difficulty. The 
estimated outcomes have finally been shown and 
compared.

Here, we have performed a comparative analysis 
of websites employing search engine optimization 
while considering real data and some existing pa-
rameters and their relationships. For the calculation 
of various SEO factors, we have additionally pro-
posed several formulas. Such techniques can be used 
to explore various websites for further study.

Table 18. Expected values of SEO parameters.

Name of the University/Institute Off-page SEO On-page SEO SEO Difficulty Brand Query

University of Calcutta (www.
caluniv.ac.in) 51.00 94.00 62.00 Yes

Jawaharlal Nehru University
(www.jnu.ac.in) 60.00 98.00 74.00 Yes

Indian Institute of Management 
Ahmadabad
(www.iima.ac.in)

53.00 99.00 69.00 Yes

Indian Institute of Technology 
Bombay (www.iitb.ac.in) 53.00 99.00 69.00 Yes

Figure 5. A graphical representation of Off-page SEO, On-page SEO, and SEO Difficulty.

http://www.caluniv.ac.in
http://www.caluniv.ac.in
file:///C:\Laxminarayan Sahoo\Downloads\www.jnu.ac.in
http://www.iima.ac.in
file:///C:\Laxminarayan Sahoo\Downloads\www.iitb.ac.in
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ABSTRACT
This paper attempts to approach the interface of a robot from the perspective of virtual assistants. Virtual assistants 

can also be characterized as the mind of a robot, since they manage communication and action with the rest of the 
world they exist in. Therefore, virtual assistants can also be described as the brain of a robot and they include a Natural 
Language Processing (NLP) module for conducting communication in their human-robot interface. This work is 
focused on inquiring and enhancing the capabilities of this module. The problem is that nothing much is revealed about 
the nature of the human-robot interface of commercial virtual assistants. Therefore, any new attempt of developing 
such a capability has to start from scratch. Accordingly, to include corresponding capabilities to a developing NLP 
system of a virtual assistant, a method of systemic semantic modelling is proposed and applied. For this purpose, the 
paper briefly reviews the evolution of virtual assistants from the first assistant, in the form of a game, to the latest 
assistant that has significantly elevated their standards. Then there is a reference to the evolution of their services and 
their continued offerings, as well as future expectations. The paper presents their structure and the technologies used, 
according to the data provided by the development companies to the public, while an attempt is made to classify virtual 
assistants, based on their characteristics and capabilities. Consequently, a robotic NLP interface is being developed, 
based on the communicative power of a proposed systemic conceptual model that may enhance the NLP capabilities of 
virtual assistants, being tested through a small natural language dictionary in Greek. 
Keywords: Natural language processing; Robotic systems; Virtual assistant; Human-robot interface
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1. Introduction
One of the most important parts of an advanced 

humanoid robot is the communication function. 
More specifically, the way that it receives orders 
from a person, or an interlocutor, as well as the 
means by which it returns information to him/her. 
The Human-Robot Interface (HRI) of an advanced 
humanoid robot consists of a unit to collect the nat-
ural language input, a unit to process the received 
sentences and a unit for the semantic representation 
of these sentences [1]. This is exactly what the robotic 
system needs to be able to process for understanding 
commands in natural language. So, there is a Natural 
Language Processing (NLP) unit that aims to analyze 
incoming sentences/commands and a Natural Lan-
guage Understanding (NLU) unit for understanding 
these sentences. The recognized request is forwarded 
to subsequent units to begin the response process. 
This part of the machine that is described above is 
found autonomously in many applications for many 
years, such as an Intelligent Virtual Assistant (IVA) 
or Intelligent Personal Assistant (IPA). The subtle 
difference between them is that an IVA is an artificial 
intelligence (AI) software that can provide interac-
tive and personalized services to users through voice 
and text-based interactions. It is designed to assist 
users in performing tasks, answering questions, pro-
viding recommendations, and facilitating transac-
tions. An IVA can be integrated into various devices 
and applications, such as smart phones, smart home 
devices, chat-bots, and customer service platforms. 
On the other hand, an IPA is a type of virtual assis-
tant that is designed to provide personalized assis-
tance to individual users, based on their preferences, 
habits, and history. It can be integrated into various 
devices, such as smart phones, smart watches, and 
smart speakers, to help users perform tasks, manage 
information, and control their environments by using 
voice or text commands. 

The first system known that responded to a voice 
command was a commercial children’s toy produced 
in 1922 by Elmwood Button Co [2], “Radio Rex”. 
It was a toy dog and was responding to its name 
called. In fact, the toy’s system was designed to be 

triggered when the vowel in “Rex” was sounded. 
A more complicated system that could be consid-
ered as an ancestor of IVA systems was a device 
called “Voder”, which was developed by the Bell 
Telephone Laboratories in 1939 [3,4]. Voder was not 
a virtual assistant in the modern sense, but rather a 
machine that could synthesize human speech. It was 
one of the earliest examples of a speech synthesizer 
and was demonstrated at the 1939 World’s Fair in 
New York. Voder consisted of a console with a key-
board and foot pedals, which were used to produce 
speech sounds by manipulating various controls. An 
operator could type out a message on the keyboard, 
and Voder would produce a synthetic speech output 
based on the input. While Voder was not an intelli-
gent machine, like modern virtual assistants, it was 
a significant step forward, in the development of 
speech technology and paved the way for the future 
advanced speech synthesis and recognition systems. 
It’s worth noting that there were also earlier attempts 
at speech synthesis, such as the “talking machines”, 
invented in the late 1800s [5,6], but these were not 
electronic devices like Voder. 

In the following decades, there were several 
recorded efforts, but also important steps towards 
evolution. The birth decade of virtual assistants was 
the 90s. The first virtual assistant, known as “Dr. 
Sbaitso”, was released by Creative Labs in 1991 [7,8]. 
However, the term “virtual assistant” did not come 
into widespread use until the mid-2000s, with the 
introduction of Apple’s Siri in 2011 and other similar 
voice assistants. Since then, there have been many 
virtual assistants, developed for various devices and 
platforms.

So, while the concept of a virtual assistant has 
been around since the early 1990s, the specific term 
“virtual assistant” refers to more recent develop-
ments in the field of AI and speech recognition. 
Nevertheless, nothing much is revealed about the 
nature of the human-robot interface of commercial 
IVAs, therefore, any new attempt of developing such 
a capability has to start from scratch. Accordingly, to 
include corresponding capabilities to a developing 
NLP system of a virtual assistant, a methodology of 
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inquiring and development is required.

2. Methodology
Initially, in order to manage the necessary in-

formation on the NLP capabilities of an IVA, the 
systemic methodology in information management 
through the Organizational Method for Analyzing 
Systems technique (OMAS-III) [9] was utilized in 
this inquiry. The following subsections present the 
analysis and application of this methodology for the 
selection of literature references.

2.1 Systemic information management

Information management is the most critical 
activity of any research work. The concepts of sys-
temic information management are shown in Table 1 
and discussed below.

The information cycle includes the collection of 
primary data (“input”), its processing and finally 
its dissemination (“output”). In each of these three 
phases, information is stored as a necessary activity 
of any information system. The three phases fol-
low the General Systems Model (GSM) [10], since 
the collection phase corresponds to the input of the 
information system, while the dissemination phase 
corresponds to its output. Moreover, each phase has 
its own particular features.

The primary data are collected from their sources, 
which can be divided into primary, secondary and 
tertiary sources (see also Section 2.2, with regard to 
literature sources). The typology of the data refers 
to the form of their origin and is divided into oral, 
printed, electronic/digital and audiovisual (in the 
respective analogue media). The processing of data 
involves, in order, their evaluation, their structuring 
into categories (classification) and their correlation, 
both with each other and with other pre-existing data. 
This is followed by information generation, where 
conclusions (secondary information) are drawn from 
the primary data. Finally, information dissemination 
is carried out by the same means as in the typology 
of data collection. Data evaluation is discussed in 
more detail in the next section.

2.2 Systemic information assessment

Useful information should be valid, timely, specif-
ic, clear and complete (Table 1). Validity is investi-
gated in terms of sources and requires cross-checking 
when there is a multiplicity of sources. It is assessed 
for its reliability and accuracy. Reliability increases, 
the more the data are collected from primary sources, 
their subject matter is known, the method of collection 
and the purpose of their display, as well. The timeli-
ness of the information refers both to its short distance 
in time from the events under consideration (Recent) 
and to its collection at the time it is needed (Prompt). 
The relevant assessment questions are:

- How recent the data are?
- Are data out of date?
- Information specificity is about sorting out 

relevant information from irrelevant (“noise”). 
In research methodology, it also appears in the 
properties of Relevance and Significance [12]. 
In terms of relevance, the followings are con-
sidered:

- Are the research questions/objectives relevant 
to ours and therefore relevant to our research?

- Is the research context different and far re-
moved from our research questions and objec-
tives?

- Are there references to this item or its author 
in other useful data?

- Does the item support or contradict our argu-
ments? (Both are useful.)

In terms of relevance, the following are consid-
ered:

- Do the data appear to be biased? Do they use 
irrational arguments, emotionally charged 
words, or do they only choose cases that sup-
port the conclusion drawn? Even so, it may be 
relevant to our critical review.

- Are there any methodological omissions in the 
work (e.g., sample selection, data collection, 
data analysis)? Even if there are, this may be 
relevant to our project.

- Is the accuracy sufficient? Even if it is not, it 
may be the only relevant evidence that can be 
found.
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- Does the data provide suggestions for future 
research?

The clarity of the information is assessed in 
terms of the comprehensibility of the wording, while 
completeness can be tested in terms of commu-
nicative adequacy. This is where Systems Method-
ology makes a decisive contribution, by using the 
OMAS-III as a tool for assessing the completeness 
of information, by checking the following (through 
answering the “journalists’ questions”, shown below 
enclosed in parentheses):

- The purpose served (“Why?”).
- The results/conclusions described (“Output/

What?”).
- The quantitative factors (means/resources) 

needed (“Input/How much?”).
- The rules/conditions governing the research 

context (“How?”).
- The human factor traits involved (“Who?”).
- The characteristics of the location of the sub-

ject under investigation (“Where?”).
- The temporal elements of the subject under 

consideration (“When?”). 

2.3 Application of systems methodology

The bibliographic references of the inquiry were 
selected according to the question: “How a virtual 
assistant understands?” The purpose is to investigate 
the techniques on the basis of which a virtual assis-
tant nowadays can understand meanings from the 
sentences that reach it.

The search criteria applied are:
- Search engine: Scopus.
- Recent years: From 2019 to 2023.
- Keywords: Virtual assistant, natural language, 

NLP, machine learning, deep learning, lan-
guage understanding, NLU, voice assistant, 
voice-controlled, smart devices, dialogue sys-
tems, deep neural networks, voice command, 
virtual agent, Human-Computer Interaction, 
speech recognition.

- Document type: Articles and reviews.
- Subject area: Computer science.
- Access: Open.

3. Inquiry
The conducted inquiry resulted in the following:

Table 1. Systemic information management [11].

Collection
(Input)

Sources
Primary

Cross-checkingSecondary
Tertiary

Typology

Oral
Printed
Digital
Audio-visual

Processing

Evaluation

Valid
Credible

Cross-checking
Precise

Timely
Prompt
Recent

Relevant
Clear
Complete

Structuring
Classification
Correlation

Creation From Primary to Secondary

Dissemination (Output)
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A search on virtual assistants returns more than a 
thousand articles. This number was reduced to 316, 
when the search was made more specific, by using 
the term “how they understand”. Then, there was a 
further limitation, when the time span of the articles, 
within the last five years, was made more specific. 
The new number is 221 articles. By applying restric-
tions to the keywords (see Section 2.3), the number 
of articles became 137. Of these, by choosing to 
keep only articles and reviews, 39 remained. Then, 
when only those hosted in Open Access journals 
were kept, only 19 articles remained. The last criteri-
on applied was computer science in the subject area. 
After this, the 12 articles below remained for discus-
sion.

The 1st article [12] discusses parents’ motivations 
for using virtual assistants (such as Amazon’s Alexa 
or Google Assistant) with their children at home. 
The authors conducted interviews with parents, to 
understand how they use virtual assistants to support 
their children’s learning and development.

In the 2nd study [13], the method used is Red Deer 
Optimization with AI-enabled image captioning sys-
tem. The virtual assistant is designed to assist visual-
ly impaired people, by providing image captions that 
are generated using an AI algorithm. The Red Deer 
Optimization algorithm is used to optimize the per-
formance of the AI model, for generating accurate 
and relevant image captions. The system uses deep 
learning techniques, such as Convolutional Neural 
Networks (CNN) and Recurrent Neural Networks 
(RNN), to process and analyze images and generate 
captions based on the content of the images. The vir-
tual assistant is designed to be user-friendly and can 
be accessed through a mobile application or a web 
interface.

The 3rd article [14] discusses different methods for 
measuring the similarity between questions in Ara-
bic. It does not mention any specific method used for 
virtual assistants to understand the questions. How-
ever, measuring the similarity between questions can 
be a useful component of NLP.

The 4th article [15] discusses various approaches 
to dialogue management in conversational systems. 

The article reviews different methods and tech-
niques for dialogue management, such as rule-based, 
model-based, and reinforcement learning-based ap-
proaches.

The 5th article [16] does not focus on any specific 
virtual assistant or conversational system, but rather 
provides a broad overview of different approaches 
and challenges in dialogue management. Therefore, 
it does not describe a specific method used by a 
virtual assistant to understand user input. Instead, 
it provides a comprehensive review of different 
approaches that conversational systems can use to 
manage the dialogue.

In the 6th article [17], the issues discussed are faced 
by IVAs, such as Siri, Google Assistant, Cortana, and 
Alexa. These issues include voice recognition, con-
textual understanding, and human interaction. The 
authors conducted a survey of 100 users to under-
stand their experiences with IVAs. The survey found 
that while IVAs offer many services, there are still 
improvements needed in voice recognition, contextu-
al understanding, and hands-free interaction. The ar-
ticle aims to address these improvements, so that the 
use of IVAs can be increased. The main objective of 
the survey was to validate the real potential of IVAs 
and to guide users in choosing the best personal as-
sistant for real-life scenarios. According to the 6th 
article [18], the method used for the virtual assistant 
to understand is a “semantic web framework”. This 
framework involves the usage of ontologies, which 
are structured vocabularies that define relationships 
between concepts, to enable the virtual assistant to 
understand and respond to natural language queries, 
related to public health. The authors describe a case 
study where they applied this framework to develop 
a smart assistant for public health, which was able 
to accurately answer questions related to diseases, 
symptoms, and treatments.

In the 7th article [19], the Capsule Net architec-
tures are used, for Intent detection and slot filling for 
a Romanian home assistant. The Capsule Net archi-
tecture is a type of deep learning neural network that 
aims to overcome the limitations of the traditional 
Convolutional Neural Network (CNN), by capturing 
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the hierarchical relationships between features. The 
authors used this architecture for both intent detec-
tion and slot filling, in order to improve the accuracy 
of the Romanian home assistant’s understanding of 
user queries. Intent detection involves identifying the 
user’s intention or goal behind the query, while slot 
filling involves identifying specific pieces of infor-
mation that are relevant to fulfilling that intention or 
goal. The authors demonstrated that their approach 
using Capsule Net architectures achieved higher ac-
curacy, compared to other state-of-the-art methods 
in intent detection and slot filling for the Romanian 
home assistant.

The 8th article [20] does not appear to describe a 
specific method used by virtual assistants to under-
stand natural language. Instead, the article focuses 
on the role of social identity and the extended self in 
collaboration with virtual assistants. It explores how 
users perceive and interact with virtual assistants and 
how the assistants can be designed to enhance col-
laboration with users. Therefore, the article does not 
describe a technical method of virtual assistants for 
understanding natural language, but rather a theoret-
ical framework for understanding users’ behaviour 
and preferences related to virtual assistants.

In the 9th article [21], the authors are investigating 
the factors that influence users’ continued use of 
smart voice assistants.

The 10th article [22] discusses how NLP and oth-
er supporting technologies such as IoT and AI are 
used to enable virtual assistants to work as real-time 
assistants, providing technical and social assistance 
to users in various modes, such as secretarial work, 
customer service support, and web editing tasks. The 
authors also designed an intelligent virtual assistant 
that could be integrated with Google virtual services 
and work with the Google virtual assistant interface, 
using speech recognition, a knowledge base, and ma-
chine learning techniques to make the conversation 
between humans and software more natural. 

The 11th article [23] explores the question of why 
it is helpful to have a digital assistant, specifically in 
the context of manufacturing. The article describes 
the components and benefits of digital assistants, 

such as mobility, voice interaction, a delegation of 
tasks, and rapid data analysis. The article notes that 
developing a digital assistant can be challenging, as 
customers may not benefit from all of its components 
immediately. Additionally, it argues that digital as-
sistants have significant potential in manufacturing, 
where they can help to enhance the skills and capa-
bilities of the remaining workforce, save employees’ 
time, and contribute to increasing work efficiency.

The last article (12th) [24] discusses a method 
for building scalable multi-domain conversational 
agents, by using the Schema-Guided Dialogue Da-
taset. This dataset provides a schema that defines 
the possible intents, slots, and dialogue actions that 
a virtual assistant can recognize and generate, mak-
ing it easier to train and evaluate virtual assistants 
across multiple domains. The method used involves 
fine-tuning pre-trained language models, such as 
BERT, and training dialogue models using super-
vised learning techniques on the dataset. The virtual 
assistant can then understand user input and generate 
appropriate responses, based on the defined schema. 

4. Discussion
According to the above inquiry and studies, it is 

found that, while there is extensive discussion on the 
use of IVAs to address various problems and propos-
als for increased use, few words are said about how 
they operate. Specifically, it is known that an IVA 
typically works as shown below:

1) Input: The IVA receives input from the user, 
usually in the form of text or voice commands.

2) NLP: The IVA uses NLP algorithms to under-
stand the user’s input and extract the relevant infor-
mation.

3) Knowledge Base: The IVA accesses a knowl-
edge base, which contains information that the IVA 
can use to answer the user’s questions or perform  
a task.

4) Decision Making: Based on the user’s input 
and the information available in the knowledge base, 
the IVA makes a decision about how to respond to 
the user’s request.

5) Output: The IVA generates a response to the 
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user, which can be in the form of text, voice, or other 
types of media.

6) Machine Learning: IVAs can also use machine 
learning techniques to improve their performance 
over time. As they interact with users, they can learn 
from their mistakes and become better at understand-
ing and responding to users’ requests.

Overall, the goal of an IVA is to provide a person-
alized, efficient, and intuitive user experience, simi-
lar to interacting with a human assistant. IVAs can be 
used in a variety of applications. However, because 
IVAs are commercial products, there is not much 
emphasis on how they work and how they under-
stand natural language. As a result, research mostly 
focuses on how these products are used. This lack of 
information opens up a chapter on how to apply sim-
ilar capabilities to those of commercial products on 
newly developing robotic systems.

Such a robotic system, being developed by the 
authors [25-27], is based on the communicative power 
of the OMAS-III systemic conceptual model and 
uses experimentally a small natural language dic-
tionary in Greek. Special emphasis is given to the 
understanding aspect, with an NLU unit based on 
Hole Semantics [28,29], which recognizes gaps in ex-
pressions and tries to initially fill them, either with 
existing knowledge it possesses, or with questions to 
its interlocutor. This gap recognition ability is imple-
mented through the journalists’ questions of OMAS-
III (see Section 2.2). Each question corresponds both 
to a part-of-speech (i.e. subject, object, verb, adverb, 
etc.) and simultaneously to a relevant semantic slot. 
If a slot is empty, which means an absence of infor-
mation, then a semantic hole is created that has to be 
filled. 

Special attention is given to how the system un-
derstands time through the sentences it receives and 
in combination with its existing developing knowl-
edge. Such a system could be very important in 
many areas of application, such as healthcare, where 
it can sequence events that have occurred, as well as 
those that need to be implemented. The evaluation of 
the system’s performance is undergoing, and relevant 
data are gathered to be presented in the near future. 

This inquiry also highlights a significant research 
gap in sequencing actions, given in random order.

5. Conclusions
Through the present study, it is understood that 

current virtual assistants are commercial products 
that the information revealed a focus on their func-
tionality and not on the technical part of achieving 
their functionality. They include an NLP module to 
manage the human-robot interaction, yet, a gap was 
found in the description of IVAs comprehension 
techniques. Additionally, a research gap remains 
in arranging the temporal sequence of actions that 
such a system has to think about; not just time man-
agement but understanding time. On this gap, the 
authors are going to continue and expand their previ-
ous work [26,27], which is based on the communicative 
power of the OMAS-III systemic conceptual model. 
This conceptual model is being tested along with the 
framework of Hole Semantics, in order to allow a ro-
bot to handle missing information. The experimental 
use of conceptual modelling is currently under trials.
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1. Introduction
Recommendation systems have become increas-

ingly important in filtering and recommending po-

tentially interesting items to target users, as well as 
promoting product marketing and generating signifi-
cant commercial benefits, particularly in multimedia 
websites and e-commerce. Traditional recommenda-
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tion systems are based on users’ historical interaction 
information, which is not always suitable for many 
applications. 

For instance, in cases where a user browses a set 
of items without logging in, their identity might be 
anonymous, and within the current session, only the 
user’s historical actions are available. In addition, 
traditional recommendation systems mostly focus on 
static settings, which are also unsuitable in real life, 
as user preferences are often dynamic. Therefore, 
short-term histories can capture more accurate user 
intentions. To address this issue, a recommendation 
system based on sessions has been proposed, which 
predicts the likelihood of the next item being clicked 
based on the current session’s sequence [1].

The recommendation system can be broadly  
divided into feature-based recommendation [2],  
social recommendation [3,4], and sequential recom-
mendation [5]. The feature-based method combines 
user information and product features to model the 
user-product interaction behavior and predicts the 
probability of users selecting products [2]. Although 
it is effective in learning the embedding vectors of 
products in the user-product interaction network, it 
requires significant computational resources to ob-
tain user preferences. Social recommendation [3,6], 
which is based on social information [7] can allevi-
ate data sparsity and cold-start problems,but these 
methods assume that users with all social links have 
similar preferences. As users’ interests are dynamic 
and subject to change, they depend not only on user 
preferences but also on understanding the change of 
user interests [8].

Session-based recommendation is mainly relies 
on user behavior logs within a session to predict the 
next item of interest. Previous research on session 
recommendation has mainly focused on the sequen-
tial features of sessions. Based on Markov chain 
methods, sequential behavior data is used to predict 
the next behavior of users based on their prior be-
havior [9-11]. Recently, deep learning methods have 
been introduced to session-based recommendation 
scenarios. Recurrent Neural Networks (RNNs) have 

achieved significant results due to their exceptional 
sequence modeling ability [12-15]. However, RNN-
based models often only simulate the transitions 
between continuously interacting items, ignoring the 
rich information between contexts. Graph Neural 
Network (GNN) methods convert session sequenc-
es into graph structures and utilize them as input 
to learn the complex transformation dependencies 
between item nodes to explore complex item transi-
tions [16-20].

Despite the promising performance and potential 
of GNN-based methods in session-based recom-
mendation, there are still limitations that need to 
be addressed, such as the challenges of effectively 
modeling long-range dependencies and the risk of 
over-smoothing [21]. Over-smoothing refers to the 
convergence of all node representations to a constant 
after a sufficient number of layers. Therefore, design-
ing new architectures is crucial for addressing these 
issues.

In recent years, transformers have been shown to 
be successful in natural language understanding [22], 
computer vision [23], and biological sequence mode-
ling [24]. They can capture the interaction information 
between nodes through self-attention layers, rather 
than just aggregating local neighbor information in 
the message passing mechanism.

However, most of the current approaches only 
consider a single item as the basic unit for extracting 
user preferences, ignoring the user intent implied 
by a set of contiguous and adjacent items. The user 
intent may change over time, and the items that 
have been clicked, saved, or purchased in the past 
may affect the subsequent items. Different numbers 
or levels of continuous items contain different user 
intentions, which can aid in providing multiple can-
didate recommendation items and accurate session 
intent information. In this paper, we extract user in-
tent from both single items and combinations of con-
tiguous items. Firstly, we use a gated graph neural 
network to model the session sequence and obtain 
aggregated embedding representations of the items 
in the session, followed by self-attention mechanism 
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to obtain the global embedding representation of the 
session, and finally, the recommendation decision is 
made.

2. Related work
The most basic approach based on Markov chains 

is to estimate the transition matrix heuristically by 
using the frequency of transitions in the training set. 
However, this method is not able to deal with un-
observed transitions. For example, Rendle et al. [9]  
proposed the personalized Markov chain (FPMC) 
which combines matrix factorization with a first-or-
der Markov chain to capture continuous user behav-
ior and short-term interests. Wang et al. [25] proposed 
a hierarchical representation model (HRM) that 
improves FPMC with a hierarchical structure. Nev-
ertheless, Markov chain-based methods typically 
cannot capture more complex higher-order sequence 
patterns. As considering more previous items quickly 
makes the state size difficult to manage, most Mark-
ov chain-based models only use first-order transi-
tions to construct the transition matrix, resulting in 
their inability to capture more complex higher-order 
sequential patterns.

With the great success of deep learning in various 
fields, more and more neural network-based methods 
have been applied to session-based recommendation 
tasks. Hidasi et al. [12] modeled session data using 
multiple gated recurrent units (GRUs) [26] layers. Tan 
et al. [14] then further improved its performance by 
using data augmentation, pre-training, and privileged 
information. Li et al. [13] proposed the NARM model, 
combines the attention mechanism with GRU to en-
code the user’s behavioral sequence and emphasize 
its main intention in the current session. Liu et al. [27]  
created STAMP, a short-term memory priority mod-
el based on multi-layer perceptron and attention 
mechanism, which effectively captures users’ global 
preferences and local interests. Wu et al. [28] convert-
ed contextual information into low-dimensional real 
vector features, and subsequently integrated them 
into a session-based recursive neural network recom-
mendation model using three merging methods: Add, 

Stack, and Multilayer Perceptron.
Given the impressive results of deep learning 

in various domains, an increasing number of neu-
ral network-based techniques have been applied to 
session-based recommendation tasks. However, Wu  
et al. [16] argued that RNN-based models can only 
simulate one-way transitions between adjacent items, 
failing to capture context transitions between entire 
session sequences. They proposed an SR-GNN mod-
el that introduced graph neural networks to achieve 
stronger performance. In addition, Xu et al. [17] com-
bined GNNs and self-attention networks (SANs) to 
capture long-range dependencies within sessions. 
Qiu et al. [18] used a weighted graph attention net-
work to obtain item representations and then used a 
readout function to generate recommended session 
representations. Yu et al. [29] proposed a novel target 
attention graph neural network that considers candi-
date items when generating session representations. 
As most of the aforementioned works rely only on 
anonymous sessions with a lack of user long-term 
profiles, Zhang et al. [30] proposed a user behavior 
graph construction method based on long-term and 
short-term user interactions. Chen et al. [19] proposed 
a LESSR model to tackle the problem of inadequate 
long-term dependency capture and lossy session en-
coding in prior GNN-based approaches.

Most of the above approaches mainly focus on 
the item transition information within the ongoing 
session or directly employ all sessions to construct 
the model, neglecting the influence of the sequential 
items at distinct levels on the recommendation per-
formance.

3. The proposed method
In this section, we first introduce the formal defi-

nition of the general session-based recommendation 
problem (Section 3.1). Then we explain the session 
graph construction (Section 3.2). Afterwards, we 
elaborate the proposed model i.e. session representa-
tion layer (Section 3.3), and prediction layer (Section 
3.4).

In this paper we propose the SGT model, which 



40

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

utilizes both GRU and Transformer, for session 
based recommendation. Which consists of four main 
components: Input layer, embedding layer, session 
representation layer, and prediction layer. The struc-
ture of the SGT model is shown in Figure 1, and 
the structure of the Transformer layer is shown in 
Figure 2. In Figure 1, first construct a heterogene-
ous session graph of continuous intent units for the 
user. Then these input features are embedded into 
low-dimensional vectors. The Gated Recurrent Unit 

is applied to obtain all node vectors involved in the 
session graph. Next, the Transformer layer is used to 
capture the long-range dependencies between items 
in the session and assign different weights to the 
different items. The session representation layer in-
tegrates the user’s long-term and short-term interests 
using a long and short interest gate fusion module.
In the prediction layer, the score of each candidate 
item is calculated by multiplying its embedding with 
the session representation linearly transformed, and 

Figure 1. The overall framework of the proposed model.
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recommends the top-ranked items.

Figure 2. Transformer layer.

3.1 Problem definition

The task of session-based recommendation is to 
predict the user’s next action based on their behavior 
within the current session. Here we present a for-
mal definition of the session-based recommendation 
problem.

Let SiSS }{=  be a set of sessions and V = {v1, 
v2,...vm} be a set of candidate items that appear in 
all sessions, m  indicates the number of items. Each 
session, ordered by timestamps, can be represented 

as },...,{
21

sss
i l

vvvS = , where l  is the session length, s
i

v  
indicates the item that the user clicked at the location 

i  in the session iS .
The goal of session-based recommendation is to 

predict the next click, i.e. the sequence label, 1+lv  
for a session Si. Given a session Si, a session-based 
recommendation model outputs probabilities for all 
possible items, where the element value of the vector 
ŷ  represents the recommendation score of the cor-
responding item. The top-K values in the vector are 
considered as the recommended candidate items.

3.2 Session graph construction

The current session-based recommendation main-
ly focuses on individual items. This paper predicts 
users’ interests by combining continuous sequences 
of different granularities to provide better recom-

mendations. ),...( 1−+= kjj
k
j vvv  is defined as a continu-

ous segment with a length of k starting from j, krep-
resents the granularity level of continuous projects. 
Taking the session },,,,,,,{ 43123121 vvvvvvvvs =  as an 
example, 1 1

1 4v ,...,v  represent the first-level continu-
ous intent unit, ),(),...,,( 4321 vvvv  represent the sec-

ond-level continuous intent unit, denoted as 2
5

2
1 ,...vv ,  

),,(),...,,,( 431121 vvvvvv  represent the third-level con-
tinuous intent unit, denoted as 3

5
3
1 ,...vv .

Each input item Svi ∈  is transformed into a dense 
vector d

ie R∈  through the embedding layer, which 
allows them to be directly inputted into the deep 
neural network. d  is dimension of the representation 

ie . For 1-level continuous items, they are initialized 
to generate learnable embedding vectors 1

je . For 
higher-level continuous items, the initialization uses 
GRU to extract sequence-sensitive intents. The ini-
tialization of k-level continuous items is represented 
as k

je , which can be defined as:
}),,({ 1

1
1

−+= kjj
k
j eee δ  (1)

seqk
j

setk
j

k
j eee ,, +=    (2)

The session graph is mainly composed of mul-
tiple subgraphs of different granularities, using 
different levels of subgraphs to capture the rela-
tionships between items. For example, for a session 

},,,,,,,{ 43123121 vvvvvvvvs = ,  5  groups of  level-2 
continuous intent units can be constructed to model 
the relationships between items at the level-2. In 
order to combine subgraphs of different granulari-
ties into a complete session graph, special edges are 
used to connect the high-order session graph and 
the first-order session graph. Intra-granular edg-
es ),intra,( kk vkv − are used for items at the same 
level, while inter-granular edges )intra,,( 1 kvv  and 

)intra,,( 1vvk  are used for higher-order and first-or-
der items.
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3.3 Session representation layer

Gated recurrent unit layer
Capturing sequence information is a critical as-

pect of session-based recommendation. Wu et al. [7]  
have demonstrated that RNN is effective in this 
regard. Among RNN variants, GRU mitigate the 
vanishing gradient problem that plagues RNNs, and 
has fewer parameters and faster training speed than 
LSTM, another variant of RNN. Hence, in this paper, 
we employ GRU to capture sequence information. 

We use GRU to model item embedding rep-
resentations, and update the current node’s feature 
representation as follows:

)( 1−+= trtrt hUeWr σ  (3)

The update gate determines whether to update the 
hidden state, and the formula is as follows:

)( 1−+= tztzt hUeWz σ   (4)

The calculation formula for the hidden state tĥ  
based on the reset gate is as follows:

1
ˆ tanh[ ( )]t h t h t th W e U r h −= +   (5)

The equation for updating the hidden state using 
the update gate can be expressed as:

ttttt hzhzh ˆ)1( 1 +−= −   (6)

In the above equations, tr  and tz  represent reset 
and update gates, respectively. )(⋅σ  represents the 
sigmoid function. te  represents the input at time step 
t. 1−th  represents the previous hidden state of the 
GRU. These two parts explore the correlation be-
tween te  and the current state of the GRU. rW , zW , 

hW , rU , zU , hU  are parameter matrices and 


 rep-
resents matrix dot products. When all nodes in the 
graph are updated and converge, the final representa-
tion of each node can be obtained.

Then using the last hidden state of the GRU layer 
represents the sequential behavior of the user in the 
current session.

t
g
t hc =  (7)

Transformer layer
The core of the transformer model lies in the 

design of the self-attention layer, which uses mul-
ti-head attention to map the sequence to different 
semantic subspaces and internally extract sequence 
features for each subspace. This ultimately com-
pletes the feature extraction of the original sequence 
information, as shown in Figure 2.

Users often have multiple interests,and a single 
attention network may not be enough to capture all 
the relevant information. For example, when brows-
ing for a new smartphone, the user may consider as-
pects such as camera quality, battery life, and screen 
size. Multi-head attention is a technique that allows 
the model to attend to multiple aspects of the input 
simultaneously, by constructing several parallel at-
tention modules [22]. This technique can effectively 
capture the user’s interests and preferences from 
their session click sequence, enabling better recom-
mendations.

To predict the next item that a user may click in a 
session, it is necessary to model the user’s interests 
from the user’s session click sequence and capture 
the user’s main intent. In this paper, multi-head at-
tention is used to learn the representation of each 
continuous intent unit by constructing multiple par-
allel attention modules. It learns a deeper representa-
tion of each item by capturing its relationship with 
other items in the behavior sequence, thus improving 
the recommendation effectiveness of the model.

The multi-head attention layer aggregates the 
self-attention output vectors ],...,[H 1 thh=  from the 
previous hidden outputs of the GRU. By construct-
ing multiple parallel attention modules, the model 
can learn user interests from different semantic sub-
spaces, thus modeling the user session sequence and 
learning a session feature vector that can express 
user intent. The calculation formula is as follows:
S = MultiHead (H) = Concat (head1, head2,...headh,)W O (8)

Define V
i

KQ WVWKWQ ii HHH === ,, ,

)WWWAttention( V
i

KQ
i VKQhead ii ,,=  (9)
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VVK,Q, 









=

k

T

d
QKsoftmax)Attention(  (10)

Here, Q,K,V represent the query, key, and value 
matrices, respectively, and i i

Q K V
iW ,W ,W  and OW  are 

learnable parameter matrices. h is the number of heads. 
The function i i

Q K V
i ihead Attention ( Q , K ,V )= W W W  is 

the scaled dot-product attention with softmax acti-
vation. kd  is the dimension of the key vector. The 
multi-head attention layer produces an output by 
concatenating the outputs from all attention heads 
and applying a linear transformation with a weight 
matrix.

The self-attention mechanism is enhanced by 
the residual normalization layer and the point-wise 
feed-forward network (FFN). The former employs 
the idea of residual networks by adding the origi-
nal input and output before normalization, thereby 
enhancing the memory capacity of the original 
sequence information. The latter performs a cor-
responding linear transformation on the output of 
the multi-head attention. The calculation can be ex-
pressed as:

2211 )S,0max((S)F bWbWFFN ++==  (11)

where W1 and W2 are parameter matrices, b1 and b2 
are multi-dimensional bias vectors, and F is the out-
put of multi-head attention. Different layers capture 
different types of features. After the first self-atten-
tion network module, it aggregates all the previous 
item embeddings. To further simulate the complex 
relationships behind the item sequence, self-attention 
network modules are stacked together. The )1( >mm  
layer is defined as:

)( )1( −= mm FSAS  (12)

niFFN mm ,2,1),(S ∈∀=F  (13)

dnm R ×∈F  is the final output of the multi-layer at-
tention.

Generating session embedding vectors
For each level of continuous intent units, a local 

representation k
lz  is generated, as well as a global 

representation k
gz  to capture user preferences. As 

shown in Figure 2, given a session is  and corre-
sponding embeddings of continuous intent units 

1 1k d
i kh , i ,..., n , k ,...,K∈ = =R , kn  is the number of intent 

units per k  level, and K  is the number of levels of 
intent. The last intent unit k

nk
h  is taken as the local 

representation k
lz , and a soft attention mechanism is 

used to obtain the global representation k
gz . The cal-

culation is as follows:

c

C

c

k
cc

k
g hγz ∑

=

=
1

)(Softmax  (14)

)( 210
kk

l
k

c
kkk

c bzWhWWγ
T

++= σ  (15)

Aggregating all the embedded intent units to 

generate the context representation, i.e., C = },...,1,,...,1{ KknihC k
k
i ===

},...,1,,...,1{ KknihC k
k
i === , where Chc ∈  as one of the con-

text embeddings. 0 1 2
k d k d d k d dW ,W ,W× ×∈ ∈ ∈R R R  are train-

able parameters, dkb R∈  is bias. )(⋅σ  is sigmoid 
function. Finally, we compute the hybrid embedding 

k
sz  by taking transformation over the concatenation 

of the local and global embedding vectors:

];[3
k
l

k
g

kk
s zzWz =  (16)

where ][;  is concatenation operation and matrix 
dkW 2

3 R∈  compresses two combined embedding 
vectors into the latent space.

3.4 Prediction layer

After obtained the embedding of each session 
from different levels of granularity, we further cal-
culate the recommendation score k

iy  for each candi-
date item over the whole item set V  by multiplying 
their initial embeddings ie , which can be defined as:

i
k
s

k
i ezy =  (17)

Then, we apply a softmax function over k
iy  to 

transform it into probability distribution form ŷ :

)max(ˆ k
iysofty =  (18)

Finally, we select the K items with the highest 
recommendation scores based on ŷ  for top-K rec-
ommendation.

To optimize the model, backpropagation is used 
for neural network by minimizing the cross-entropy 
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loss between the predictions and the ground truth. 
The loss function is defined as follows:

)ˆ1log()1()ˆlog()ŷ(
1

ii

I

i
ii yyyyL −−+−= ∑

=

 (19)

where y represents the one-hot encoded vector of the 
ground truth item.

4. Experiments and analysis
In this section, we provide an overview of the ex-

perimental setup. Firstly, we introduce the Datasets, 
evaluation metrics and compared methods used in 
our experiments. Next, we compare the performance 
of our proposed SGT with other state-of-the-art 
methods. Finally, we conduct a comprehensive anal-
ysis of SGT under different experimental settings to 
provide insights into its effectiveness.

4.1 Datasets

We evaluate the effectiveness of our proposed 
method on three widely used real-world datasets, i.e. 
Digineticaa,Gowallab and Last.fmc. 

● Diginetica is an anonymous user browsing 
and transaction record dataset provided in 
CIKM Cup 2016, which includes transaction 
logs and user browsing histories suitable for 
session-based recommendation. 

● Gowalla is a check-in behavior dataset wide-
ly used for interest recommendation. In this 
experiment, the top 30,000 popular locations 
are retained, and the user’s check-in records 
are grouped into unrelated time periods by 
splitting intervals exceeding 1 day between 
adjacent records. The last 20% of the sessions 
are used as the test set.

● Last.fm is a music dataset that includes a list 
of the user’s most popular artists, album and 
track names as features, as well as timestamps 
and play counts, and user application tags that 
can be used to build content vectors. In this 

a http://cikm2016.cs.iupui.edu/cikm-cup
b https://snap.stanford.edu/data/loc-gowalla.html
c http://ocelma.net/MusicRecommendationDataset/lastfm-1K.html

experiment, the top 40,000 popular artists are 
retained, and the interval is set to 8 hours for 
segmentation. The most recent 20% of ses-
sions are used as the test set.

Following other works [13,16,19,26,28], we applied 
filtering to remove sessions with a length of 1 and 
items that appeared less than 5 times. Additionally, 
same as the studies [13,26], we utilized the data aug-
mentation techniques to process the datasets. Fur-
thermore, for session-based recommendation, we 
designated the sessions from the last week as the test 
data and used the remaining data for training. The 
resulting statistics of the datasets are presented in 
Table 1.

Table 1. Statistics of datasets used in the experiments.

Datasets Diginetica Gowalla Last.fm
# of clicks 982961 1122788 3835706 
# of training sessions 719470 675561 2837644
# of test sessions 60858 155332 672519 
# of items 43097 29510 38615
#length<=5 537546 627100 1136909
#length>5 239483 203793 2373254 
Average length 5.12 4.32 9.16

4.2 Evaluation metrics

To assess the recommendation performance of all 
models, we utilize the following two commonly used 
metrics.

KRecall@  (Recall calculated over top-K items) 
is commonly used to measure predictive accuracy. It 
represents the proportion of correctly recommended 
items among the top-K items. It is calculated as:

N
nK hit=Recall@  (20)

where hitn  represents the number of sessions with 
desired items in top-K recommended items and N 
denotes the number of test data. The Recall meas-
ure is order-insensitive in the recommendation list, 
where large Recall value indicates better recommen-
dation performance of the model.

KMRR@  (Mean Reciprocal Rank calculated 
over top-K items) is the average of reciprocal ranks 

http://cikm2016.cs.iupui.edu/cikm-cup
https://snap.stanford.edu/data/loc-gowalla.html
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of the correctly-recommended items. Rank(i)
1

 is set 

to zero when the rank is large than K. The MRR 
measure considers the order of recommendation 
ranking and higher value indicates that correct rec-
ommendations are at the top of the ranking list. It is 
calculated as:

∑=
||

)(
11@

Q

i iRankQ
KMRR  (21)

Q  denotes the number of users, )(iRank  repre-
sents the position of the first correct recommendation 
in the item list recommended by the model for the 

th−i  user.
In our experiment, we consider Top-K (K = 20) 

for recommendation.

4.3 Baselines

To evaluate the effectiveness of our proposed 
method, we compare it with the following represent-
ative baselines:

● Item-KNN [31] uses the nearest neighbor idea 
to recommend items similar to the last clicked 
item in the session.

● FPMC model [9] combines Markov chain and 
matrix factorization models, using a pairwise 
interaction model to perform matrix factori-
zation on the personalized transition matrix 
of items, thus solving the Next Basket recom-
mendation problem.

● GRU4Rec [12] is an RNN-based model that 
uses gated recurrent units (GRU) to model 
user sequences.

● NARM [13] uses GRU to extract sequence in-
formation and improves recommendation per-
formance by adding attention mechanisms.

● SR-GNN [16] uses graph neural networks to 
model the order relationship between items, 
learns user interests in the session using atten-
tion mechanisms, and self-attends to the last 
item to predict the next item that the user is 
likely to click on.

● GC-SAN [17] is an improvement on SR-GNN, 
capturing local dependencies through graph 

neural networks and applying self-attention 
mechanisms to learn long-range dependencies.

● LESSR [19] introduces two session graphs to 
solve the problem of lost order information 
and long-term dependency.

4.4 Comparison with baseline methods

To evaluate the overall performance of the pro-
posed model, we compare it with other state-of-art 
session-based recommendation methods. We ran-
domly split 10% of the samples from the training set 
as the validation set, and the intention unit granulari-
ty level was set to {1, 2, 3, 4, 5, 6} to obtain the opti-
mal value using the Adam optimizer. The batch size 
was set to 512, the embedding dimension was 256, 
and the number of heads in the multi-head attention 
was set to 2. The learning rate was set to 0.001, and 
the model’s learning rate decayed to 0.1 times the 
previous value every 3 iterations. The overall per-
formance in terms of Recall@20 and MRR@20 is 
shown in Table 2, with the best results highlighted in 
boldface. 

The performance of the traditional Item-KNN 
and FPMC methods is relatively poor on the datasets 
used in the experiment, as these methods cannot well 
capture the complex temporal relationships between 
items in the session sequence.

All neural network algorithms have better perfor-
mance in Recall@20 and MRR@20. The experimen-
tal results demonstrate the powerful ability of these 
algorithms to extract features, including sequence 
features. The NARM model uses attention mecha-
nisms and the collaborative effect of user long-term 
and short-term features, which performs better than 
GRU4Rec in terms of indicators. This indicates that 
different items in a user session have different effects 
on user interests. The SR-GNN uses graph neural 
networks to model the complex dependency relation-
ships between items and extracts node features using 
attention mechanisms, improving the recommenda-
tion performance. The GC-SAN improves upon SR-
GNN by using self-attention networks to capture the 
global dependency relationships between items. The 
LESSR performs better than SR-GNN by solving 
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the problem of losing sequence information when 
converting session sequences into graph networks, 
indicating the effectiveness of retaining sequence in-
formation in sessions. 

The proposed SGT model performs well on all 
datasets, which suggests that intent can be utilized at 
various granularity levels for modeling intricate tran-
sitions between user intents. The multi-head attention 
layer can effectively extract deep features of user ses-
sions, capturing more comprehensive and precise user 
preferences, thereby predicting the next item that the 
user is likely to click on with greater accuracy.

4.5 Comparison with different connection 
schemes

In this section, we propose a set of comparative 
models to validate the effectiveness of incorporating 
last-click information into session context for ses-
sion-based recommendations:

SGT-L: Local embedding only.
SGT-G: Global embedding with the attention 

mechanism.
The results of methods with two different embed-

ding strategies are given in Table 3.
According to the table, it can be seen that SGT 

model with hybrid embedding method achieves the 

best results on all three datasets, indicating the sig-
nificance of explicitly integrating current session 
interests with long-term preferences. For example, 
taking the Diginetica dataset as an example, the SGT 
model improved the performance of hit rate evalua-
tion metric by 0.35% and 3.13% compared to SGT-L 
and SGT-G, respectively, while the performance 
improvement of mean reciprocal rank evaluation 
metric was 1.28% and 3.08%, respectively. These re-
sults indicate that the SR-BE model with both local 
and global encoders provides a more accurate and 
comprehensive recommendation system, effectively 
capturing the relevant features of current and nearby 
items. Furthermore, the Table 3 shows that SGT-L 
performs better than SGT-G on three datasets. This 
indicates that focusing on the item features in the 
current session is more important than focusing on 
the items in its neighborhood.

In conclusion, the ablation experiments and anal-
yses presented in this paper demonstrate the effec-
tiveness of different modules in the proposed SGT 
model, and the performance of the model can be fur-
ther improved when multiple modules work together. 
The results of this study provide insights into the im-
portance of incorporating local and global encoders 
for achieving optimal performance in session-based 
recommendation systems.

Table 2. The performance of SR-GNN with other baseline methods over three datasets.

Algorithm
Diginetica Gowalla Last.fm

Recall@20 MRR@20 Recall@20 MRR@20 Recall@20 MRR@20
Item-KNN 39.51 11.22 38.60 16.66 14.90 4.04

FPMC 28.50 7.67 29.91 11.45 12.86 3.78

GRU4REC 42.55 12.67 39.55 16.99 22.13 7.15

NARM 52.89 16.84 52.24 25.13 23.09 7.90

SR GNN 53.44 17.31 53.24 26.03 23.85 8.23

GC-SAN 54.78 18.57 53.66 25.69 22.64 8.42

LESSR 51.71 18.15 51.34 25.49 23.37 9.01

SGT 56.95 19.74 56.59 28.03 27.92 9.70

Table 3. The performance of different session representations.

Algorithm
Diginetica Gowalla Last.fm

Recall@20 MRR@20 Recall@20 MRR@20 Recall@20 MRR@20
SGT-L 56.75 19.49 54.17 26.02 28.35 9.45

SGT-G 55.22 19.15 53.13 25.21 15.19 8.63

SGT 56.95 19.74 56.59 28.03 27.92 9.70
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4.6 Model analysis and discussion

Impact of the dimension size
From Figures 3 and 4, these results are evident 

that an appropriate increase in the dimension of em-
bedding vectors results in a significant improvement 
in the model’s recommendation performance. This is 
because a higher embedding dimension can accom-
modate more latent information, thereby enhancing 
the model’s expression ability. Specifically, for the 
Diginetica dataset, the model’s recommendation per-
formance is optimal when using embedding vectors 
of around 250 dimensions, and any further increase 
in dimensionality would lead to a decrease in perfor-
mance. For the Gowalla dataset, the model’s recom-
mendation performance is relatively better at an em-
bedding dimension of 200. Finally, for the Last.fm 
dataset, the model’s recommendation performance is 
relatively better at an embedding dimension of 150. 
It is crucial to note that excessively high dimensions 
can cause the model to have too many parameters, 
leading to overfitting.

Results on different intent unit granularity
We evaluate the impact of intent granularity level 

on the performance of our proposed model on three 
datasets. The corresponding results are illustrated 
in Figure 5 and Figure 6. These results indicate 
that for the Diginetica dataset, performance initially 
improved with increasing granularity, decreased at 

granularity 5, increased again at granularity 6, and 
then stabilized with further granularity increase. 
For the Gowalla dataset, performance decreased at 
granularity 4, increased at granularity 5, and then 
decreased again with further granularity increase. 
Last.fm showed better performance at granularity 3, 
with a decrease in performance at higher granularity 
levels. The study suggests that incorporating high-
er-level granularity is useful for datasets with long 
session lengths, but performance will become stable 
with coarser granularity, as longer sessions may not 
necessarily provide more useful information.

Impact of self-attention layer
Figures 7 and 8 depict the impact of the num-

ber of self-attention layers on evaluation metrics. 
The results indicate that increasing the number of 
layers does not always lead to better performance 
for the Diginetica and Gowalla datasets. The op-
timal number of layers for these datasets is 1, and 
when the number of layers exceeds this value, the 
model tends to overfit, resulting in a rapid decline 
in performance. In contrast, for the Last.fm dataset, 
performance gradually improves with an increase in 
the number of layers, but then decreases at layer 4. 
This is because the model’s learning ability increases 
with more layers, but having too many layers can 
lead to over-smoothing even when the model is not 
overfitting. Therefore, adding more layers is not an 
effective approach for capturing long-range depend-
encies.
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5. Conclusions
This paper proposes the SGT model based on 

GRU and Transformer for session-based recommen-
dation. Specifically. We first construct session graphs 
from anonymous session records by establishing 
intra-granular and inter-granular edges to represent 
continuous item units at the same and different lev-
els, respectively. This allows us to capture the com-
plex preference transition relationships and long-
term dependencies among multi-level continuous 
intent units. We then apply GRU to generate new 
latent vectors for all items, followed by employing 
transformer to capture multiple interests and assign 
different weights to different items. The attention 
network is used to capture global dependencies. Fi-

nally, we combine the local short-term dynamics and 
global dependencies to represent session sequences. 
Our experiments on three real-world datasets demon-
strate that SGT outperforms other baseline methods. 
In future work, we plan to integrate some available 
auxiliary information, such as item attributes, to ob-
tain more informative item representations, and ex-
plore various types of user behaviors to improve the 
accuracy of our recommendations.
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(UWSNs) have great potential in environmental 
monitoring, oceanographic research, and defense 
applications. Interconnected sensors form UWSNs, 
collecting and transmitting data wirelessly in under-
water environments, facing unique communication 
and deployment challenges. Acoustic waves are pri-
marily used for transmitting information underwater, 
resulting in high latency, power consumption, packet 
loss, and limited bandwidth. This paper covers key 
concepts of WSNs and underwater networks, as 
well as challenges associated with UWSNs. Addi-
tionally, it highlights various localization algorithms 
developed to mitigate these challenges. UWSNs 
are cost-effective for monitoring large bodies of 
water and providing real-time, accurate data about 
the underwater environment, allowing researchers 
to explore underwater areas that were previously 
uncharted. Several researchers [1,2] have worked on 
developing and implementing advanced techniques 
for achieving high-rate communication using un-
derwater acoustic technology. Recent technological 
advances have enabled subsea exploration through 
the use of UWSN. These networks consist of aquat-
ic sensors that collect data on water characteristics 
such as temperature, quality, and pressure. Sensor 
nodes are spread across the underwater environment 
and work together to detect and communicate poten-
tial threats. Deploying UWSNs requires a platform 
that can adapt to forced wireless communication 
resources. Adapting terrestrial WSNs to UWSNs is 
challenging due to the unique characteristics of the 
underwater environment. Designing and deploying 
UWSNs is further complicated by limited energy 
and storage capacity, harsh environmental condi-
tions, and underwater object mobility. Nonetheless, 
the potential benefits make UWSNs an attractive re-
search area. Several approaches have been proposed 
to address the challenges of UWSNs, including the 
use of acoustic communication [3], adaptive routing 
protocols [4], energy-efficient algorithms [5], and de-
ployment strategies [6]. The Internet of Things (IoT) 
has also played a role in advancing UWSNs [7].

However, protecting this type of network remains 
a challenge and is a current area of research [8]. Au-

tonomous UWSNs consist of nodes that can gather 
and communicate environmental data on their own, 
with their locations not always predetermined [9]. 
These networks are used in various applications, in-
cluding military and maritime ones. The nodes can 
be stationary or mobile, and they are connected via 
wireless links [5]. The major use of these networks is 
to locate and identify targets or barriers. Centralized 
and decentralized architectures are the foundation 
for most data fusion systems seen in the literature [10].  
Efficient routing protocols are also important for 
UWSNs [11]. In this study, various filtering meth-
ods used in the distributed architecture, including 
Extended Kalman Filter (EKF), Non-Hinty Filter 
(NH∞), and Smooth Variable Structure Filter (SVSF), 
are covered [12-17]. The study aims to conduct a com-
parative review of the literature based on UWSNs. 
Distributed fault detection filter design for UWSNs 
is explored by Chen Y. [18], while Feng Y. [19] focuses 
on distributed filtering for multiple target tracking 
in cluttered underwater sensor networks. Ez-Zaidi 
A. [20] provides a comparative study of distributed 
filtering algorithms for underwater target tracking 
in multi-sensor networks, and Shu H. [21] proposes a 
distributed multi-target tracking algorithm based on 
an optimal joint probabilistic data association filter 
in underwater sensor networks.

In this article, we aim to provide a systematic 
overview of UWSNs, including their applications, 
challenges, and research perspectives. Specifically, 
we will define the key concepts related to UWSNs, 
explain the potential benefits of using these net-
works, and highlight the challenges that need to be 
overcome for their successful deployment. Our ob-
jective is to provide a comprehensive understanding 
of UWSNs to researchers, practitioners, and anyone 
interested in this emerging field.

This paper provides an overview of UWSNs in 
Section 2, discussing their importance and potential 
to transform underwater sensing. Section 3 covers 
the various underwater wireless communication sys-
tems and challenges associated with UWSNs such 
as energy efficiency, node placement, and communi-
cation protocols. Section 4 presents the restrictions 
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of undersea wireless sensor networks and current 
research and development efforts to improve their 
performance. Sections 5 and 6 discuss the research 
methodology and security requirements and diffi-
culties for UWSNs, respectively. Section 7 presents 
UWSN applications, while Section 8 covers their ar-
chitectures. Sections 9 and 10 discuss open research 
issues and localization algorithms, including range-
free and range-based algorithms. Finally, Section 
11 concludes the paper and suggests future research 
directions.

2. Definitions and key concepts of 
UWSNs

A wireless underwater sensor network can be 
constructed by connecting many nodes via bidirec-
tional acoustic links [5]. Until it reaches the base sta-
tion, a network node can exchange information with 
nearby nodes and communicate with them (see Fig-
ure 1). Each node may have one or more sensors that 
capture environmental data for transmission, usually 
to platforms or buoys on the surface [22]. Localization 
algorithms for UWSNs are discussed by Han G. [23], 
while Pranitha B. [24] provides an overview of propa-
gation models and statistical characterization of un-
derwater acoustic communication channels. Liu J. [25] 
proposes a distributed data compression method for 
underwater wireless sensor networks.

Figure 1. Underwater sensor networks [6].

UWSNs are networks of interconnected underwa-
ter sensor nodes that use acoustic and optical com-
munication to transmit data to the base station. The 
design and deployment of these networks require 

consideration of factors like propagation delay, net-
work lifetime, and routing protocols. In a study by 
Partan J. [26], the challenges of underwater commu-
nication and the need for reliable routing protocols 
are discussed. The proposed routing protocol, called 
“GloMoSim”, uses geographic and network topology 
information to determine the optimal path for data 
transmission in UWSNs.

2.1 Components of a UWSN and their func-
tions

● Sensor Nodes: These nodes are responsible 
for sensing the environment and collecting 
data. They use various types of sensors, such 
as temperature, pressure, and pH sensors, to 
measure the physical and chemical properties 
of water. Alsulami M. [27] discusses the de-
sign and implementation of sensor nodes in 
UWSNs, focusing on the challenges of sensor 
placement and power management.

● Communication Modules: These modules al-
low the nodes to communicate with each other 
wirelessly. Acoustic and optical communica-
tion modules are commonly used in UWSNs. 
Heidemann J. [28] presents a comprehensive 
survey of communication technologies used in 
UWSNs, including acoustic and optical com-
munication. The authors review the advantages 
and disadvantages of each technology and dis-
cuss their applicability in different scenarios.

● Power Modules: These modules provide pow-
er to the nodes, which can be in the form of 
batteries or energy harvesting systems. They 
are responsible for ensuring that the network 
lifetime is maximized. Ali M. [29] discusses the 
use of energy harvesting systems in UWSNs 
to extend the duration of network operation. 
The authors propose a novel energy harvesting 
system that uses piezoelectric transducers to 
generate energy from water flow.

● Base Station: The base station is responsible 
for collecting data from the nodes and pro-
cessing it. It also serves as a gateway for data 
transmission to the outside world. Khalid M. [30] 
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presents a review of base station architectures 
and their impact on network performance in 
UWSNs. The authors compare centralized and 
distributed base station architectures and dis-
cuss their trade-offs in terms of data process-
ing, energy consumption, and reliability.

2.2 UWSNs design overview

The UWSN architecture comprises sensor nodes, 
communication modules, and a base station that 
gathers data from the underwater environment and 
transmits it wirelessly. Data can be transmitted 
to external systems via satellite or terrestrial net-
works. The routing protocol plays a crucial role in 
data transmission. Ismail A.S. [31] identified several 
challenges in underwater acoustic sensor networks, 
including node localization, channel modeling, and 
network topology control. Various routing proto-
cols have been proposed for UWSNs, and they can 
be classified based on different criteria such as data 
delivery, energy consumption, and network lifetime. 
UWSN network lifetime depends on factors such as 
energy consumption, transmission range, and data 
rate, and ensuring network longevity is essential for 
efficient underwater data collection and transmission.

3. Underwater wireless communication 
techniques

In this article, the construction of a UWSN using 
bidirectional acoustic links for underwater communi-
cation is discussed. The advantages of acoustic wave 
communication over other types of waves are high-
lighted, along with the challenges of attenuation and 
limited range, as presented by Goh J.H. [32] and Yan 
H. [33] The article also introduces Magneto-Inductive 
Communication (MIC) as a potential replacement for 
wireless networks in UWSNs. The unique features 
and challenges of UWSNs are also explained in this 
work, and key concepts related to the technology, 
such as energy efficiency, routing protocols, and net-
work lifetime, are defined by Goyal N. [34] and Kashif 
Manzoor M. [35]

3.1 Underwater acoustic communication 

Unlike traditional wireless networks that use elec-
tromagnetic waves for communication, UWSNs rely 
on underwater acoustic communication. Acoustic 
waves travel much slower in water than electromag-
netic waves, and their signals are affected by various 
factors such as water temperature, pressure, and sa-
linity.

3.2 Energy constraints

UWSNs are typically powered by batteries, which 
have limited energy capacity. Thus, energy efficiency 
is a critical design consideration for UWSNs, and 
various techniques such as duty cycling and node 
clustering have been proposed to reduce energy con-
sumption.

3.3 Localization

In UWSNs, localization refers to the process of 
determining the position of nodes in the network. 
Due to the unique challenges of underwater commu-
nication, localization in UWSNs is a complex task 
and requires specialized techniques such as range-
based or range-free localization.

3.4 Mobility

Some UWSNs may involve mobile sensors, such 
as underwater robots or autonomous vehicles, that 
can move around in the water environment to collect 
data from different locations.

The Internet of Underground Objects (IoUT) 
could also be referred to by the acronym IoUT, and it 
deploys sensor nodes and transceivers underground 
for real-time monitoring [36-40]. There are several 
aquatic wireless communication techniques (see Fig-
ure 2), including:

● Acoustic communication: It uses sound waves 
for underwater communication, which has ad-
vantages such as long-distance transmission, 
but also faces challenges like interference and 
attenuation. However, this method is limited by 
its bandwidth, propagation delay, noise suscep-
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tibility, and reverberation [35,39]. 
● Optical communication: It uses light to trans-

mit data in water, providing high data rates but 
is vulnerable to absorption and scattering. Its 
advantages include high bandwidth, immunity 
to electromagnetic interference, and low prop-
agation delays. However, limitations such as 
attenuation and absorption leading to limited 
range, signal distortion, and the need for spe-
cialized equipment and expertise make it chal-
lenging for underwater applications [35,38].

● Radio communication: It uses radio waves 
to transmit data through water. Radio signals 
can penetrate the water’s surface, but they are 
subject to high attenuation and interference in 
water [35].

● Magnetic communication: It uses magnetic 
fields to communicate through the water. Mag-
netic signals can achieve moderate data rates 
and can penetrate obstacles, but they are sub-
ject to interference from the Earth’s magnetic 
field [35].

It is worth noting that communication proto-
cols are essential for efficient data transmission in 
UWSNs [41-43]. They are responsible for managing the 
network topology, routing data, and ensuring reliable 
communication. Some of the commonly used com-
munication protocols in UWSNs are:

•	 Medium Access Control (MAC): The MAC 
protocol is responsible for managing access to 
the communication medium, such as Time-Di-
vision Multiple Access (TDMA) and Carrier 
Sense Multiple Access (CSMA) [5].

•	 Routing Protocols: Routing protocols are 
responsible for determining the optimal path 

for data transmission from the source node to 
the destination node. Examples include Ad-
hoc On-Demand Distance Vector (AODV), 
and Destination Sequenced Distance Vector 
(DSDV) [5,41].

● Transport Layer Protocols: These protocols 
provide end-to-end communication services 
for applications. Some examples of trans-
port layer protocols are Transmission Control 
Protocol (TCP) and User Datagram Protocol 
(UDP) [42,43]. Other transport layer protocols 
include Stream Control Transmission Protocol 
(SCTP), Datagram Congestion Control Proto-
col (DCCP), and Multipath TCP (MPTCP) [42,43].

4. Challenges of UWSNs
Designing UWSNs is challenging due to the 

unique characteristics of acoustic waves in marine 
environments. Highly variable underwater condi-
tions, such as temperature, salinity, and currents, 
can impact sensor performance and lead to data 
inaccuracies. UWSNs face challenges such as high 
attenuation and multipath propagation, high energy 
consumption, interference, limited storage and pro-
cessing power, and security threats. These challenges 
can significantly impact their performance, leading 
to communication failures, reduced transmission 
range, data loss, and potential security breaches. 
Studies [5,44,45] highlight specific design difficulties 
and challenges faced by UWSNs.

4.1 Limited bandwidth 

The bandwidth of the underwater acoustic chan-
nel is small and highly dependent on the trans-

Underwater wireless
communication

techniques

Radio
communication

Optical
communication

Acoustic
communication

Magnetic
communication

Figure 2. Underwater wireless communication techniques.
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mission’s range and frequency, as mentioned by  
Li N. [46]. Due to the high attenuation of radio signals 
in the water, underwater wireless communication 
channels have limited bandwidth, making it difficult 
to transmit large amounts of data, thus affecting the 
sensor network’s performance.

4.2 Limited power resources

Designing underwater sensor nodes is challeng-
ing due to limited hardware resources and energy 
supply, particularly for long-range acoustic commu-
nication. Battery power is limited, leading to restrict-
ed data collection and computation capabilities, and 
a shortened lifespan of underwater sensor networks. 
Current research [5] focuses on energy-saving tech-
niques, which can result in a short lifespan, requiring 
frequent maintenance and replacement.

4.3 Unreliable communication channel

Acoustic systems operate at 30 kHz, and the 
bandwidth of acoustic channels decreases with dis-
tance. Hydrological factors such as temperature, den-
sity, noise, and multipath and Doppler effects greatly 
affect underwater acoustic channels, leading to bit 
errors, delays, packet loss, and node failure. The 
studies [47,48] provide more insights into these factors 
and their impacts.

4.4 Vulnerability

UWSNs are subject to a number of active and 
passive limitations that leave them open to various 
dangers and malicious attacks. Nodes deployed in 
hostile environments are particularly vulnerable to 
physical damage due to hydrological topology. Ali 
M.F. [47] highlights these challenges and suggests 
that UWSNs are difficult to secure and monitor in  
deep-water conditions.

4.5 Interference

Interference from other underwater devices, ma-
rine mammals, and human activities can affect the 
performance of underwater wireless sensor networks. 

Developing communication protocols that can mit-
igate the effects of interference is a significant chal-
lenge [49].

4.6 Deployment and maintenance

Deploying and maintaining UWSNs in harsh 
and remote ocean environments is challenging. Re-
searchers must develop efficient strategies for the de-
ployment, anchoring, retrieval, and repair of sensor 
nodes. Jiang P. [48] highlights the need for effective 
methods to address these challenges.

4.7 Data management

Researchers face challenges in managing and 
processing the vast amounts of data generated by 
UWSNs due to high data rates and intermittent con-
nectivity. They need to develop efficient data routing, 
storage, and processing techniques to handle these 
challenges (see Figure 3). These are just some of the 
many obstacles researchers and engineers face in de-
veloping and deploying effective UWSNs [5]. 

Figure 3. Challenges of UWSNs.

4.8 Topology of dynamic network 

The deployment and mobility of wireless under-
water sensors are challenging due to their high cost 
and the difficulties of real-time operations. Under-
water objects’ mobility creates a dynamic network 
structure that can affect the data flow and accuracy 
rate of data transfer. Researchers [50,51] have addressed 
this issue in the sensor network’s architecture.
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5. Research methodology
There are different research methodologies used 

to study UWSNs, depending on the research ques-
tions and objectives. Some of the common research 
methodologies used in UWSNs research include:

5.1 Experimental research methodology

This methodology involves conducting experi-
ments on UWSNs to measure their performance, ef-
ficiency, and reliability. For instance, researchers can 
test the communication range, data transmission rate, 
and power consumption of UWSNs.

5.2 Simulation research methodology

This methodology involves simulating UWSNs 
using software tools to study their behavior and per-
formance in a virtual environment. This method is 
cost-effective and allows researchers to test different 
scenarios, network topologies, and algorithms with-
out the need for physical deployment.

5.3 Analytical research methodology

This methodology involves developing math-
ematical models to analyze the performance of 
UWSNs. For instance, researchers can use queuing 
theory, optimization theory, and probability theory to 
analyze the delay, throughput, and energy consump-
tion of UWSNs.

5.4 Case study research methodology

The methodology involves studying UWSNs 
deployed in real-world applications to identify their 
challenges, limitations, and success factors. UWSNs 
are a type of wireless sensor network used in various 
applications, including oceanography, environmental 
monitoring, underwater surveillance, and offshore 
exploration. Different platforms exist in UWSNs, as 
shown in Figure 4:

● AQUA: It is a UWSN platform developed by 
the University of California, Santa Barbara. It 
supports high data rates and low-latency com-

munication between underwater nodes through 
hardware and software components such as 
acoustic modems and routing protocols. Re-
search on AQUA has been presented in studies 
by Ayaz M. [52] and Ma Y. [53].

● UWMAC: An Under Water Medium Access 
Control protocol (UWMAC) developed by the 
University of Manitoba. It is designed to pro-
vide efficient and fair sharing of the communi-
cation medium among underwater nodes and to 
support multiple access techniques, including 
time division multiple access (TDMA), Fre-
quency Division Multiple Access (FDMA), and 
Code Division Multiple Access (CDMA) [54,55].

● DOLPHIN: It is a platform for underwater 
optical wireless communication developed 
by the University of California, San Diego. 
It is designed to support high data rates and 
low-power consumption and to enable re-
al-time video and audio streaming between 
underwater nodes [56].

● WSNLab: It is a simulation platform for 
UWSNs developed by the University of Rome. 
It is designed to enable the evaluation of dif-
ferent protocols and algorithms in a controlled 
environment and to provide a realistic simula-
tion of underwater conditions, including water 
depth, temperature, and salinity [57,58].

Figure 4. The UWSN platforms.

● UWCSE: It is a platform for underwater cog-
nitive sensor networks to enable intelligent 
decision-making among nodes. It supports dis-
tributed sensing and actuation with cognitive 
radios and machine learning algorithms. The 
platform is developed by the University of 
Virginia [42].
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6. Security requirements
6.1 Passive attacks

Detecting passive attacks in wireless sensor net-
works is difficult as they don’t impact network func-
tionality. Encryption can make it harder for intruders 
to gain access to data. Passive attacks involve nodes 
trying to obtain data without disrupting normal 
operations, and jamming can interfere with radio 
transmissions [58-62]. Packet captures enable packet 
decryption, eavesdropping, and secret communica-
tion delivery and can help to predict natural commu-
nication, as can be seen in Figure 5.

6.2 Active attack

Wireless sensor networks face vulnerabilities due 
to technical limitations like low energy consump-
tion, radio waves, and low computational capacity. 
Active attacks by insiders or outsiders can modify or 
destroy data, while internal attacks can cause signifi-
cant damage [63]. Attackers can be external to the net-
work, making it challenging to isolate them, causing 
severe damage [58,64]. Encryption and authentication 
are critical security tools to address these challenges:

Node compromise attacks
Submarine sensor nodes in hostile sea environ-

ments face security challenges requiring specialized 
equipment. Nodes can be compromised and used for 
monitoring or interruption, causing significant dam-
age [65-67]. Memory-based data access makes these 
nodes vulnerable to cracking and collection.

Repudiation attacks
In repudiation attacks, malicious nodes decline to 

participate in a certain communication action with 
other nodes. Whether the communication is mali-
cious or not, a node involved in such a communica-
tion action will refuse. A subset of the features that 
can be anticipated from a security protocol, secret or 
authentication properties, is the subject of the verifi-
cation of non-repudiation properties [54,67]. 

Routing attacks 
To prevent malicious routing protocol attacks, 

cryptographic techniques are proposed, despite their 
higher power consumption. This approach is often 
used to protect against attacks, in addition to tradi-
tional computer security measures involving access 
control, authentication systems, and cryptographic 
protocols [54,68].

Flooding attacks
Flooding attacks can be carried out in two ways, 

one where an attacker sends common packets inten-
sively to a single destination, making it difficult to 
distinguish between malicious and legitimate traffic, 
and another where an attacker asks for connection 
establishment until resources are depleted, causing 
valid requests to be rejected [69-71].

Figure 5. Emerging research direction and challenges.

6.3 Security criteria

Authentication
UWSNs require encryption to secure the acoustic 

channel and prevent attackers from intercepting and 
manipulating packet content. Proper identification of 
nodes can also enhance security. Intrusion Detection 
Mechanisms are effective in detecting anomalies and 
removing malicious nodes [70].

Confidentiality and survivability
Confidentiality is crucial to safeguard wireless 

networks from unauthorized access. Low-power en-
cryption can prevent malware from stealing sensitive 
information. Ensuring the networks’ survivability 
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is important for maintaining essential services in 
real-time during attacks. The overall security of the 
network depends on the survivability of the Message 
Authentication Code (MAC) and the confidentiality 
of routing information [66]. 

Innovativeness
Lee J. [72] emphasizes that to achieve freshness 

in data transmission in real-time through the rout-
ing process, it is essential to ensure that the delay in 
messages does not reflect the wrong state of the net-
work and leads to a large loss of information. This 
requires the strong application of technologies pri-
oritizing the telecommunications, signal processing, 
and computer science sectors.

Integrity
UWSNs require measures to ensure data integrity 

and availability while protecting against unauthor-
ized access and malicious attacks. This is important 
due to the unique challenges of operating in an 
underwater environment. The field of UWSNs is 
evolving, and its security measures must adapt ac-
cordingly. Ensuring the integrity of data is essential 
to prevent unauthorized alteration, corruption or loss 
of data [70,72]. 

Isolation
The use of isolation techniques and cryptographic 

algorithms can help identify and isolate malicious 
nodes in WSNs. Acoustic modems are also impor-
tant for resource sharing and dependable underwater 
wireless transmission. Lower-layer protocols can be 
exploited to achieve better control of information 
transfer in the marine environment. This approach is 
independent of the protocol architecture used in dif-
ferent sensor networks [73,74].

Availability
To ensure the availability of UWSNs, a self-adap-

tive redundancy technique can be introduced to 
maintain communication services, even in the case 
of node failures or attacks. Achieving robustness 
against attacks requires risk modeling, intrusion de-
tection, and node protection, as stated by Akyildiz 
I.F. [5]. Securing emerging systems, such as acoustic 

modems, is also essential and can be done through 
cryptography processes.

Self-stabilization
Self-stabilization consists in making the nodes 

recover in real time from attacks independently and 
without human intervention. If a node is self-stabi-
lized in the face of malicious attacks in the network, it 
can recover that node by itself, even if the attacker is 
still trying to penetrate or remain in the network [59,74,75].

6.4 Security solutions

Encryption
Encryption is an effective solution for ensuring 

confidentiality and integrity. It encodes the data to 
prevent unauthorized access and ensures that the 
data are not tampered with during transmission [59].

Intrusion detection systems
Intrusion Detection Systems (IDS) can detect and 

prevent node compromise and data tampering. IDS 
can monitor the network and alert the authorities if 
any suspicious activity is detected [59].

Key management
Key management is crucial for secure communi-

cation in UWSNs. It ensures that the keys used for 
encryption and decryption are secure and not com-
promised [75].

Watermarking
Watermarking is a technique used for detecting 

data tampering. It embeds a unique digital signature 
in the data, which can detect any modifications made 
to the data during transmission [59].

Physical security
Physical security is the practice of protecting peo-

ple, property, and assets from physical threats like 
theft, vandalism, or unauthorized access. It involves 
using physical barriers, locks, alarms, and surveil-
lance systems to deter, detect, and respond to poten-
tial security breaches. Physical security is crucial for 
an effective overall security strategy and can help 
prevent or reduce the impact of security incidents [75].
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7. UWSN applications
UWSNs have numerous potential applications 

in various fields such as environmental monitoring, 
maritime security, oceanic exploration, pipeline 
surveillance, etc. These technologies offer high pre-
cision and extensive coverage, which can help solve 
complex issues in the oceans and better understand 
the marine environment [40,76]:

7.1 Environmental monitoring

UWSNs can be used for monitoring environmen-
tal conditions in the oceans, such as temperature, sa-
linity, water quality, presence of pollutants, etc. This 
information can help in better understanding climate 
change and preventing natural disasters.

7.2 Oil and gas industry

UWSNs can be used in the oil and gas indus-
try for monitoring underwater pipelines, offshore 
drilling, and offshore platforms. They can help in 
detecting leaks, measuring pressure, and monitoring 
equipment performance.

7.3 Marine biology

UWSNs can be used for marine biology research, 
such as monitoring and tracking marine species, 
studying their behavior, and studying the underwater 
ecosystem.

7.4 Oceanographic data collection 

UWSNs can be used for collecting oceanographic 
data such as temperature, salinity, and pressure. The 
collected data can be used for climate modeling, 
weather forecasting, and oceanography research.

7.5 Military and defense 

UWSNs can be used for military and defense ap-
plications, such as underwater surveillance and mon-
itoring of enemy activity. They can also be used for 
underwater communication and navigation.

7.6 Underwater infrastructure monitoring

UWSNs can be used for monitoring underwater 
infrastructure such as bridges, dams, and underwater 
tunnels. They can help in detecting structural dam-
age, measuring water levels, and monitoring traffic.

8. UWSN architectures

8.1 Static two-dimensional (2D) architectures 

Sensor nodes anchored to the ocean floor transmit 
data through a transmit-receive process to an under-
water base station which transmits the information 
to a surface station via a transceiver. The communi-
cation between the surface station and surface and 
ground base stations is facilitated through a Radio 
Frequency (RF) signal, as illustrated in Figure 6(a). 
Direct transmission of data from each sensor to the 
receiver is less energy-efficient and multi-hop trans-
mission through intermediate sensors saves energy 
and expands network capacity. However, this method 
also poses challenges in routing the data [75].

8.2 Static three-dimensional (3D) architecture 

In this architecture, each sensor is anchored to the 
ocean floor and equipped with a floating buoy that 
fixes the sensor to the ocean surface [75-79] shown in 
Figure 6(b). This architecture poses many problems 
that need to be solved to allow 3D tracking:

Detection coverage
The sensors in an underwater network need to 

collaborate to adjust their depths and obtain a 3D 
coverage of the ocean column based on their detec-
tion ranges. This enables them to sample the desired 
phenomenon at all depths and achieve global cover-
age [78].

Communication coverage
Isbitiren G. [79] and Cui J. [81] and have pointed out 

that 3D submarine networks require multiple relay 
points rather than a single base station for commu-
nication between sensors and the surface station as 
shown in Figure 6(b). These multi-hop paths ensure 
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the reliable transmission of data. Coordination of 
depth levels is also important for maintaining a con-
nected network topology. A minimum of one path 
between each sensor and the surface station is neces-
sary for effective communication, making designing 
and operating such networks particularly challeng-
ing.

8.3 Autonomous sensor networks with under-
water vehicles (4D)

Autonomous Underwater Vehicles (AUVs) have 
diverse applications in oceanography and seafloor 
exploration, using wireless or wired controls [25,38]. 
They are cost-effective and can navigate at different 
depths via sensors. Integrating AUVs with static 
sensor networks can improve UWSNs, and innova-
tive methods are needed to achieve this objective [77], 
such as:

Adaptive sampling 
Adaptive sampling, also known as control strat-

egies, can be used to command mobile vehicles in 
hostile locations to ensure the usefulness of the data 
collected. Felemban E. [56] has proposed these strate-
gies for surveillance missions. An example of this is 
increasing node density in an area when a high sam-
pling frequency is required for a given monitoring 
phenomenon.

Self-configuration 
AUVs can set up and maintain sensor networks 

by detecting connectivity devices and responding to 
node failure or data channel attenuation. They can 

deploy new sensors, establish network infrastructure, 
and act as temporary relay nodes. Solar-powered 
AUVs are an ideal choice, as they can continuously 
collect data for several months without needing to be 
recharged. Bian T. [75], Cui J. [77] and Blidberg D.R. [80] 
present this concept, which is illustrated in Figure 7.

Figure 7. Three-dimensional underwater sensor networks with 
AUVs (4D) [75].

9. UWSNs based localization algorithms

9.1 Centralized localization algorithm

Localization in UWSNs is based on estimation, 
with sensor nodes lacking initial knowledge of their 
location. The control center calculates node positions 
during the post-processing stage through data gather-
ing. Centralized systems involve a control center that 
gathers data on estimated distances between nodes 
and anchor nodes to determine node placement, as 
discussed by Jiang S.M. [51] and Ameer P.M. [81]. Af-
ter identifying the positions of the sensor nodes, it 
sends location data back to the appropriate nodes, 
as described by Mirza D. [82] and depicted in Figure 

                                                                 (a)                                                                                       (b)

Figure 6. UWSN architectures [76]: (a) Two-dimensional (2D) static underwater sensor arrays, (b) Static three-dimensional (3D) un-
derwater sensor networks.
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8(a). The Centralized Localization Algorithm (CLA) 
for UWSNs is shown in Figure 9.

Hyperbola based localization scheme
The parabolic curve localization method, which 

utilizes hydrophones, is an effective approach to lo-
cating a mammal target. Felemban E. [56] presented a 
centralized sensor node that calculates the position, 
normalizes and calculates the error model, and trans-
mits long-range signals to an anchoring node located 
at approximately 1 km distance. This method uses 
normal distribution for modeling and calibrating es-
timating errors and hyperboles for localization-based 
Schemes (HLS). Ayaz M. [52] noted that the HLS 
method is more reliable in finding unidentified nodes 
and reducing the risk of distance measurement inac-
curacy compared to the circle approach.

Motion aware self-localization scheme
The Motion-Aware Self-Localization (MASL) 

system is proposed by Mirza D. [82] to address the 
difficulty of quickly collecting telemetry data in 
mobile UWSNs due to node mobility. The MASL 
system aims to identify errors in distance estimations 
and provide an accurate positioning scheme, but the 
longer signal propagation delay in the underwater 
environment may lead to outdated data due to the 
longer time required to gather distance estimations 
for localization.

Three-D multi-power area localization scheme 
The 3D-Multi-power Area Localization Scheme 

(3D-MALS) is an advanced method proposed by 
Chandrasekhar V. [83], which uses a variable rate 
of transmission energy and vertical buoy mobility 

with a mechanical device called Detachable Ele-
vator Transceiver (DET) to localize nodes. DET 
broadcasts its GPS coordinates at different energy 
concentrations and then descends underwater. Each 
surface buoy in a hybrid UWSN is equipped with a 
multi-powered acoustic transceiver and DET, which 
communicates with unknown nodes and then de-
scends to broadcast position information at pre-con-
figured depths. The DET broadcasts beacon signals 
at different powers from each broadcast site. This 
scheme offers high accuracy and robustness in a va-
riety of underwater environments [84].

Area localization scheme 
The Area Location Scheme (ALS) is a localiza-

tion method for estimating the position of unknown 
nodes in large-scale underwater environments. It 
works by transmitting signals at different power lev-
els and dividing the working region into non-over-
lapping areas using anchor nodes [85]. The ALS pro-
vides an estimate of the node’s placement rather than 
precise coordinates, making it suitable for situations 
where accuracy is not crucial. The transmission pow-
er can be adjusted by anchor nodes, as demonstrated 
by Cheng W. [78] and the method does not require 
synchronization while having a low received signal 
strength. For more detailed information, Othman 
A.K. [86] offers a comprehensive description of ALS.

Collaborative localization scheme 
The Collaborative Localization Scheme (CLS) is 

a technique for determining the position of under-
water sensors without relying on long-range tran-
sponders. It utilizes two types of underwater nodes, 
including profilers that can dive deeper than other 

                                                               (a)                                                                                     (b)

Figure 8. UWSN algorithms [82]: (a) Centralized network topology, (b) Distributed network topology.
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nodes. To assign profilers to successor nodes, ToA 
is utilized based on the distance between them. This 
approach facilitates the collection and transfer of 
deep ocean data from underwater sensors to the sur-
face. In this case, Bian T. [87] provides a description 
of the CLS.

Sensor arrays-based localization approach 
The Maximum-Likelihood Source Localization 

(MLSL) method, proposed by Ma Y. [53] is common-
ly used in UWSNs that use sensor arrays to locate 
targets emitting narrowband acoustic signals. MLSL 
estimates the target position by analyzing the am-
plitudes of the received signals, utilizing the nega-
tive log-likelihood function. The global likelihood 
function is obtained by summing the local likelihood 
functions. MLSL does not require time synchroni-
zation or distance measurement, making it ideal for 
UWSNs. MLSL is connected to the Sensor Arrays 
based Localization Approach (SALA) via wired con-
nections.

Probabilistic localization method 
The multi-iteration approach used in terrestrial 

applications to reduce distance measurement error is 
not practical for underwater localization due to high 
communication costs. However, the probability dis-
tribution of distance measurement error in underwa-
ter environments follows a distinct pattern that can 
be leveraged to improve accuracy. Han G. [23], Bian 
T. [75], and Ameer P.M. [81] consider both uniform and 
normal error distributions and propose a Probabilis-
tic Localization Method (PLM) to increase accuracy. 
Compared to other statistical approaches like Min-
imal Mean Squared Error (MMSE) and Minimum 
Mean Absolute Error (MMAE), PLM requires less 
information transmission [88].

Asymmetrical round-trip based localization 
The Asymmetrical Round Trip based Localization 

(ARTL) algorithm proposed by Liu, B. [88] assumes 
that unknown nodes cannot receive their own pack-
ets, but anchor nodes can. The ranking scheme is 
used to determine distances between anchor nodes 
and unknown nodes based on the difference in arriv-
al time. The base station uses this data and previous-
ly collected information to initiate the localization 
process. ARTL is a simple and efficient solution for 
UWSNs that does not require time synchronization, 
complex computations, or immediate replies from 
unknown nodes.

Absolute positioning scheme 
AUVs provide researchers with new methods of 

ocean access, but accurate positioning data is crucial 
for their effective use. To address this issue, Liu B. [88] 
proposes an Absolute Positioning Scheme (APS) for 
locating AUVs. However, the acoustic interrogation 
pulse limits the localization coverage to only one 
AUV, and the timing difference of the signal arrivals 
is imprecise due to the motion of both the AUV and 
the ship. Using the ship’s GPS-located hydrophone 
for AUV localization, as described by Isbitiren G. [79] 
is not practical due to high energy requirements and 
hardware costs.

Energy-efficient ranging scheme 
Isbitiren G. [79] proposes an Energy-Efficient 

Ranging Scheme (EERS) for localizing sen-
sor-equipped drifters in mobile UWSNs. EERS ad-
dresses the challenge of unpredictable mobility by 
using Sufficient Distance Map Estimation (SDME) to 
measure range through a one-way time of exchange 
message arrival. SDME includes synchronization-data 

Figure 9. Centralized network algorithm.
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collection (SDME-S) for time synchronization and 
distance estimation (SDME-D) using a two-step pro-
cess. This method is more energy-efficient since not 
all nodes need to broadcast localization messages dur-
ing the distance estimation process [22].

Three-dimensional underwater target tracking 
The Three-Dimensional Underwater Target 

Tracking (3DUTT) algorithm is proposed for track-
ing underwater targets in two phases [79]. First, sensor 
nodes passively listen to the environment to detect 
targets, and then a projector node periodically sends 
pings to localize the target in the active ranging 
phase. The target’s location and velocity are tracked 
by the sink node using trilateration for localization. 
The algorithm uses an adaptive approach to identify 
and activate new boundary nodes to prevent energy 
depletion. The sink node selects a new projector 
node based on the calculation results. The 3DUTT 
scheme is described by Isbitiren G. [79].

Silent localization using magnetometers 
The traditional method of localizing nodes in 

UWSNs is limited due to sound scattering, but Silent 
Localization using Magnetometers (SLM) is suggest-
ed as a solution, replacing acoustics with magneto-
meters. The technique involves a friendly ship with 
a known magnetic dipole to locate unknown nodes 
with triaxial magnetometers. Each unknown node 
has a pressure sensor and an accelerometer for esti-
mating depth and sensor orientation. An Extended 
Kalman Filter (EKF) is used to predict the vessel’s 
trajectory and unknown node locations simultane-
ously. SLM is beneficial in shallow water environ-
ments where sound scattering is significant [89].

9.2 Distributed localization algorithm

The Distributed Localization based Algorithm 
(DLA) is a decentralized solution proposed by Chan-
drasekhar V. [83] for nodes in underwater sensor net-
works to locate themselves using neighborhood dis-
tance and anchor position information, and transmit 
data to a super node. Randomly distributed anchor 
nodes are used for position reference using distribut-

ed positioning techniques. Unlike terrestrial networks, 
GPS-equipped nodes cannot serve as anchor nodes in 
underwater networks, as cited by Mirza D. [82]. Nodes 
communicate through point-to-point leaves in a dis-
tributed network, as shown in Figure 8(b), and the 
algorithm is presented below in Figure 10.

AUV assisted localization technique 
The AUV Assisted Localization Technique 

(AUV-ALT) proposed by Erol M. [90] is designed for 
a hybrid 3D UWSN system comprising underwater 
sensor nodes and moving AUVs. The AUV deter-
mines its position using the “dead reckoning” meth-
od and receives GPS coordinates periodically when 
it travels to the water’s surface. The locating process 
begins when an underwater sensor node sends a re-
quest signal to the AUV, which triggers the locating 
process, and the AUV responds with a signal. During 
the AUV cycle, a wake-up signal may be transmitted 
from a different location along its course to improve 
the accuracy of localization.

Dive and rise localization scheme 
The Dive and Rise Localization Scheme (DNRLS) 

is a distributed location algorithm that uses mobile 
anchoring for underwater sensor node localization [91]. 
Dive ‘N’ Rise (DNR) beacons are mobile anchor-
ing nodes that use GPS receivers to obtain their sea 
surface coordinates. The underwater sensors use the 
ToA method to measure distances from DNR bea-
cons and calculate their location based on range es-
timations and anchor node coordinates. DNRLS has 
several benefits such as being silent, requiring low 
communication, and being energy efficient.

Three-dimensional underwater localization 
The Three-dimensional Underwater Localization 

(3DUL) procedure involves three buoys floating on 
the surface and numerous underwater sensors at vari-
ous depths, and has the drawback of requiring a long 
localization time and no time synchronization [91,92]. 
The procedure is carried out in two algorithmic phas-
es, with ranging used to gather depth data in the first 
phase and dynamic trilateration used as a reference 
node to project buoy positions in the second phase.
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Range-free scheme-based mobile beacons 
The Range-Free Scheme based Mobile Beacons 

(RFSMB) technique is a range-free localization 
scheme that employs a mobile anchor node mov-
ing across the sea surface to random destinations to 
obtain depth information from pressure sensor in-
stallations on unidentified nodes [91]. This allows the 
unknown nodes to estimate their own localization 
independently by selecting three beacons that have 
been received. The RFSMB technique adheres to the 
Random destination point model [92].

Localization scheme using directional beacons 
Luo, H. [93] introduced a novel Localization 

Scheme using Directional Beacons (LSDB) for 
two-dimensional localization in a sparse underwater 
environment. It utilizes a low-cost pressure sensor to 
detect the depth of a node and estimate its 2D posi-
tion at the fixed depth. The nodes receive a series of 
beacons from an AUV while it moves in a straight 
line at a constant depth to enable localization.

Ray bending-based localization 
The Ray Bending based Localization (RBL) ap-

proach addresses the issue of sound rays bending 
in water due to the depth-dependent sound speed, 
which affects the performance of traditional localiza-
tion techniques that assume straight-line sound prop-
agation. The RBL approach, presented by Ameer 
P.M. [94] and Porter M.B. [95] considers the spherical 
shape of constant range interval surfaces, which re-
sults from the assumption of constant velocity and a 
straight line trajectory.

Node discovery and localization protocol 
The Node Discovery and Localization Protocol 

(NDLP) is a GPS and anchor-free algorithm for sub-
sea localization [27]. It involves a primary seed node 
with a known position that identifies the relative 
placements of nearby nodes and selects a secondary 
seed node. NDLP allows for large-scale localiza-
tion of unknown nodes by repeatedly selecting seed 
nodes, making it an effective solution for sub-sea 
localization.

Reactive localization algorithm 
The Reactive Localization Algorithm (RLA) is 

an event-based localization algorithm presented by 
Toky A. [96]. It involves a sensor node detecting an 
event and broadcasting a message with its ID and en-
ergy level to its neighbors. At least four non-coplanar 
anchor nodes are discovered by the K-Node Cover-
age Algorithm. In the reactive localization phase, the 
selected anchor nodes respond with their position 
data, and the sensor node uses quadrilateration to 
locate itself. RLA provides an efficient approach to 
event-based localization in wireless sensor networks.

Multi-stage AUV-assisted localization scheme 
The Multi-Stage AUV-assisted Localization 

Scheme (MS-AUV-LS) is a hybrid approach that 
combines AUV-aided localization and Silent Local-
ization techniques [83]. The algorithm uses passive 
listening of localization messages by unknown 
nodes to improve localization accuracy and reduce 
localization time. Simulation results show that the 
entire localization process can cover over 95% of 
the network in less than 10 minutes. However, MS-
AUV-LS is prone to accumulate errors like other 
multi-stage algorithms.

Multi-frequency active localization meth-
od-based TDoA

Multi-Frequency Active Localization Method 
(MFALM) is a proposed localization method for mo-
bile UWSNs based on TDoA and only localizes nodes 
detecting events, as their positions can change at any 
time. The network consists of three types of nodes: 
Buoy, relay, and standard nodes. Buoy nodes use GPS 
to locate themselves and broadcast their location via 
low-frequency acoustic signals periodically. Relay 
nodes use low-frequency signals to partition the net-
work into different localization regions and determine 
the maximum hops for each area. Common nodes 
that detect events receive low-frequency signals from 
buoy nodes to locate themselves [83,97].

Underwater localization using directional bea-
cons

The Underwater Localization using Directional 



67

Journal of Computer Science Research | Volume 05 | Issue 02 | April 2023

Beacons (ULDB) method is suitable for a hybrid 3D 
underwater sensor network, where stationary nodes 
are located using an AUV [93]. The AUV determines 
its self-location when it reaches the water’s surface 
and receives GPS coordinates, then dives to a specif-
ic depth and moves across the area of interest during 
the localization process. It uses a directional acoustic 
transceiver to transmit its position and transceiver 
angle, resulting in lower energy consumption than 
the AAL method, which is a silent localization meth-
od [98-101].

Multi-stage DNR localization scheme 
The Multi-Stage DNR Localization Scheme (MS-

DNR-LS) aims to locate an unallocated node in a 3D 
underwater sensor network. The method adds cov-
erage, delays the localization of a further stage, and 
uses effectively located submarine nodes as anchor 
nodes. Three distinct nodes are used to estimate the 
coordinates and distance of the unallocated node [98].

Underwater positioning scheme 
The Underwater Positioning Scheme (UPS) uses 

auditory range and/or direction, followed by triangu-
lation, to monitor and operate underwater divers or 
vehicles [98]. It is used for various purposes, including 
oil and gas exploration, marine science, rescue, and 
military needs. UPS is extended for UWSNs in a 
TDoA-based tracking system proposed by Luo J. [99], 
which uses four anchors to transfer messages from 
tags sequentially.

Large-scale hierarchical localization approach 
The Large-Scale Hierarchical Localization (LSH-

LA) proposed by Zhou Z. [102] uses surface buoys 
with GPS for absolute positioning and anchor nodes 
for communication. Unknown nodes communicate 
with anchor nodes for localization, while anchor 
nodes can directly communicate with surface buoys 
for their absolute positions. The approach involves 
two sub-processes: Anchor node localization and un-
known node localization.

Wide coverage positioning 
Nodes near anchor knots need five anchors to 

solve the problem. In the case of Wide Coverage 
Positioning (WPS), four anchors are used whenever 
a distinctive location can be reached using four an-
chors called UPS (4); otherwise, WPS will use five 
anchors (UPS (5)). UPS (4) and UPS (5) are used to-
gether to solve the overhead and communication cost 
for sensor nodes with four anchors that can already 
be located [103,104]. These nodes consume the same en-
ergy as the initial location system.

Underwater sensor positioning
The Underwater Sensor Positioning (USP) meth-

od uses pressure sensors to map anchors and deter-
mine underwater node positions [93,98]. Neighboring 
nodes’ messages are used to refine estimated posi-
tions, and non-localized nodes use bi-lateralization 
to localize using only two anchors.

Anchor-free localization 
Underwater localization techniques often require 

specialized devices or a large number of anchor 
nodes. However, Anchor-Free Localization (AFL), as 
stated by Fu B. [101], uses data from neighboring nodes 
instead of anchor node information. Cheng X. [100]  
proposed another technique that enables the discov-
ery of unlinked nodes on a Line-of-Sight and any 
rigid reference node, allowing for anchorless and 
surface-reflective location methods using a protocol 
without GPS to find nodes and their relative location.

Scalable localization with mobility prediction 
The Scalable Localization with Mobility Predic-

tion (SLMP) technique uses surface buoys, anchor 
nodes, and common nodes to estimate positions. This 
method utilizes mobility models to predict anchor 
node positions, and GPS coordinates received by 
buoys to estimate their positions. The anchor node 
then uses distance measurements to estimate its posi-
tion, and the mobility model is checked periodically 
for validity. This approach is scalable and efficient 
for large underwater sensor networks [59,105].
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10. Range-free and range based algo-
rithms

10.1 Range-based algorithm

The Range-based Algorithm is a localization 
technique used in UWSNs to estimate the distance 
or angle between nodes using methods such as 
Time Difference of Arrival (TDoA), Time of Arrival 
(ToA), Angle of Arrival (AoA), and Received Signal 
Strength Indicator (RSSI). TDoA measures the time 
difference between signal transmission by different 
reference nodes to calculate distance, while ToA cal-
culates the distance by measuring the ToA of signals. 
The latter is the most commonly used technique in 
UWSNs and is similar to the terrestrial sensor network. 
However, RSSI is not always practical in UWSNs due 
to certain constraints [106,107]. Zhou M. [108] and Luo J. [109] 
also proposed the use of ToA in UWSNs.

Time difference of arrival
A TDoA-based localization algorithm is proposed 

that does not require synchronization between base 
stations, which typically is necessary for improving 
accuracy. The method avoids using wideband signals 
or wire connections, which reduces operating costs. 
The proposed algorithm can locate a target even if 
the anchor nodes are asynchronous [97,110].

Time of arrival 
Vaghefi R.M. [110] proposed a new method called 

ToA-Based Tracked Synchronization (ToA-TS) to 
address the need for balancing the target with anchor 
nodes in the ToA-based systems. This method uses 
GPS for time synchronization and identifies where 

beacon signals do not coincide. The receiver records 
the time of reception based on the submersible’s lo-
cal clock. Additionally, the author introduces a com-
bined localization technique for Time of Flight (ToF) 
and Direction of Arrival (DoA).

Angle of arrival 
An AoA algorithm estimates the location and 

orientation of underwater nodes by detecting signal 
angles from nearby nodes [97]. It uses a small antenna 
array to initialize the DoA as the azimuth direction of 
the vertex power and measures the phase derivative 
along the array axis to estimate the DoA. However, 
the range of arrivals may not always be precise. The 
algorithm provides close nodes around the node axis 
for each node in a network with zero attenuation [110].

Received signal strength indicator
In UWSNs, localization of sensors is a challeng-

ing task and commonly used methods are ToA and 
RSSI. RSSI-based localization relies on radio wave 
propagation path loss and has been implemented 
using acoustic signals [109]. Maximum likelihood esti-
mation and frequency-dependent differential process 
are the proposed estimators. However, evaluating the 
distance between anchor nodes and unknown nodes 
is still a challenge, and ToA or RSS signals are com-
monly used for telemetry algorithms in UWSNs.

10.2 Range-free localization algorithm

The Range-free Localization Algorithms (RFLA) 
do not require bearing information and a hybrid 
localization algorithm for multi-platform mobile 
underwater acoustic networks was proposed by Guo 

Figure 10. Distributed network algorithm.
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Y. [106]. The algorithm divides sensor nodes into mul-
tistage nodes, utilizing both range-based and range-
free techniques to enhance localization accuracy and 
reduce communication costs. These techniques are 
valuable in underwater environments since they do 
not require prior knowledge of velocity.

Centroid algorithm 
The 3D underwater location algorithm utilizes 

both mooring nodes and underwater sensor nodes to 
estimate positions. However, the Centroid Algorithm 
may not apply to 3D networks. Therefore, a joint 
and distributed establishment control of generic mul-
ti-agent robots is proposed for underwater applica-
tions like Autonomous Surface Vehicles (ASV). The 
algorithm aims to maintain a predefined geometrical 
shape with a leading agent whose dynamics are simi-
lar to those of its other supporters [75].

Hop count-based algorithms
The Hop Count-based Algorithm (HCA) utilizes 

anchor nodes placed along the boundaries or corners 
of a square grid. Several algorithms such as Distance 
Vector Hop (DV-Hop), Solid Positioning Algorithm 
(SPA), and DHL are presented to estimate the distance 
to anchor nodes. DV-Hop uses an average estimation 
of the spectrum of hops and the counted number of 
hops, while SPA adds an extra refinement step to im-
prove accuracy. DHL dynamically estimates distance 
using density consciousness. These techniques are 
discussed in a study by Poursheikhali S. [97].

Area-based algorithm scheme
The Area-based Localization Scheme (ALS) is a 

range-free localization method that employs a syn-
chronized sensor node clock, and is impervious to 
variations in sound speed underwater. 3D-MALS ex-
tends ALS to 3D, while Approximate Point in a Tri-
angle (APIT) requires a heterogeneous network [78,97]. 
Anchors with high-power transmitters can use GPS 
coordinates for accurate location data. Zhou Z. [105] 
proposed a novel technique using MFCCs to extract 
underwater radiated noise characteristics.

11. Conclusions
The study highlights the need for further explora-

tion and optimization of communication and local-
ization techniques in UWSNs to improve accuracy 
and reliability. New communication protocols, algo-
rithms, and hardware solutions need to be developed 
to address challenges such as low data rates, limited 
power supply, and unreliable information in UWSNs. 
Cost-effectiveness should also be considered in the 
design and deployment of UWSNs. To ensure a sat-
isfactory future for UWSNs, it is essential to have 
a flexible architecture that enables wireless com-
munication between different technologies. Future 
research should focus on improving node mobility, 
cooperative control, and high-level planning, with an 
emphasis on enhancing acoustic communication. 

Challenges still exist in enhancing the capabilities 
and reliability of UWSNs for ocean monitoring and 
exploration. Research in this field could focus on 
developing hybrid energy harvesting strategies and 
exploring complex network scenarios. Another key 
area is developing data processing techniques to im-
prove the accuracy of environmental measurements, 
including detecting and classifying underwater ob-
jects. Investigating the use of advanced sensors and 
actuators and integrating artificial intelligence and 
machine learning could further improve UWSN per-
formance and enhance data analysis. Additionally, 
developing new approaches to energy harvesting and 
storage is critical for improving the endurance and 
reliability of UWSNs. Finally, integrating underwa-
ter robotics and autonomous vehicles could revolu-
tionize the capabilities of UWSNs in ocean explora-
tion and monitoring. By addressing these challenges, 
UWSNs can be fully realized, resulting in a better 
understanding and protection of the ocean environ-
ment.
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