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A B S T R A C T   

This article investigates the performance of three models - Autoregressive Integrated Moving 
Average (ARIMA), Threshold Autoregressive Moving Average (TARMA) and Evidential Neural 
Network for Regression (ENNReg) - in forecasting the Brent crude oil price, a crucial economic 
variable with a significant impact on the global economy. With the increasing complexity of the 
price dynamics due to geopolitical factors such as the Russo-Ukrainian war, we examine the 
impact of incorporating information on the war on the forecasting accuracy of these models. Our 
analysis shows that incorporating the impact of the war can significantly improve the forecasting 
accuracy of the models, and the ENNReg model with the inclusion of the dummy variable out
performs the other models during the war period. Including the war variable has enhanced the 
forecasting accuracy of the ENNReg model by 0.11%. These results carry significant implications 
regarding policymakers, investors, and researchers interested in developing accurate forecasting 
models in the presence of geopolitical events such as the Russo-Ukrainian war. The results can be 
used by the governments of oil-exporting countries for budget policies.   

1. Introduction 

The Brent crude oil price is a crucial economic variable that has a significant impact on the global economy. The price dynamics of 
Brent crude oil have become increasingly complex in recent years, partly due to geopolitical factors such as the Russo-Ukrainian war 
[1,2]. The war has disrupted oil supplies and contributed to a heightened level of uncertainty in the oil market, making accurate 
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forecasting of Brent crude oil prices challenging. Despite the abundance of literature on this subject, only a limited number of studies 
have successfully identified the significant change in the price of Brent crude oil resulting from the war. As a result, the effectiveness of 
existing models in predicting the price of Brent crude oil is likely to decrease when considering this structural break. Therefore, 
including the impact of the war when modeling the price of Brent can be beneficial for policymakers, especially in oil-producing 
nations, as it can aid them in designing appropriate budget policies. 

In this article, we investigate the performance of three different models in forecasting the Brent crude oil price: the Autoregressive 
Integrated Moving Average (ARIMA) model [3], the Threshold Autoregressive Moving Average (TARMA) model [4,5], and the newly 
introduced Evidential Neural Network for Regression (ENNReg) model [6–8]. We also examine the impact of incorporating infor
mation on the Russo-Ukrainian war on the forecasting accuracy of these models. 

The TARMA model is a nonlinear time series model that can capture the asymmetry of the price dynamics and the presence of 
different regimes in the data. The ENNReg model is a machine learning-based approach that can capture complex nonlinear re
lationships between the explanatory variables and the target variable. Finally, the ARIMA model is a widely used linear time series 
model that can capture the stochastic nature of the Brent crude oil price series. These models have the abilities to capture nonlinearity 
inherent in univariate time series such as Brent oil price. 

Russo-Ukrainian on February 24, 2022, created significant uncertainty about the prices of fossil commodities such as oil. The 
eventual impacts of this war remain unknown [9,10]. It is important to study and estimate the effects of the Russian invasion on oil 
prices from the perspective of fossil commodities for some significant reasons. First, despite the war tending to be bilateral among 
Russia and Ukraine, it caused a considerable stir in the international community. In this context, Russo-Ukrainian War affects the 
global oil supply, which is the world’s most used and traded commodity in the world [11,12]. However, this war has levied crippling 
sanctions such as expelling the Russian banks from SWIFT. These sanctions affected negatively on international trade among the world 
and Russia which supplies 19 % of the world’s gas, and 13 % of global oil production. 

Second, despite price oil prices declined significantly during the Coronavirus (COVID-19) pandemic crisis, there is a considerable 
increase in oil prices during the war, implying that this war has significant impacts on fossil commodities. There is a difference among 
this crisis (Russo-Ukrainian War) and prior crises in terms of the effect it has on the prices of oil. The significant impact of this war on 
the price oil implies that the economic effects of the Russo-Ukrainian war may be different from other recent crises such as COVID-19 
[13]. 

The last political crises such as Russo-Ukrainian War led to an increase the uncertainty about the fossil commodities. This impact is 
still a burgeoning concern between the scholars. In this way [9], assessed the effects of Russian war on global financial markets, the 
authors demonstrate that the Russo-Ukrainian war adversely affects financial markets and this impact is not associated the level of the 
economy dependence on Russian oil [11]. confirm the Russo-Ukrainian war has a significant impact on the persistence and stability of 
the oil markets [14]. employed the Vector Autoregressive (VAR) [15,16] and examined the impact of Russian war on agricultural 
commodities and estimated their future performance. The findings suggested that Russian war has positive and significant impact on 
the agricultural commodities price [17]. examined the effect of the Russo-Ukrainian War on the commodity markets of oil, the 
threshold GARCH technique. The outcomes affirm the significant impact of the war on both in the natural gas and oil commodity 
markets. 

While [18], used the GARCH model, and suggested that the reaction of the markets to the outbreak of the war is very limited pre 
and during the war. In the fact, an increase in oil price has a significant influence on the oil demand and supply. In this context [19], 
suggested that the Russo-Ukrainian War has led to a window of opportunity for new energy policies and strategies in the world 
centering on supporting renewable energy utilization and on the accelerated phase-out of oil energy utilization [11]. suggested that 
conflicts through Russo-Ukrainian led to significant fluctuations in fossil and other commodities prices. 

Study [1] has created a novel application which can anticipate changes in crude oil prices by considering the effects of the 
COVID-19 pandemic and the Russia-Ukraine conflict. The researchers utilized a dataset spanning twenty-two years which included 
seven distinct features, such as crude oil opening and closing prices, as well as intraday highest and lowest values. They use machine 
learning and deep learning algorithms in conjunction with cross-validation to forecast crude oil prices. The outcomes of the study 
exhibited that the estimation performance was exceptional, with an average mean absolute error of more than 0.3786. 

Study [20] explored the repercussions of geopolitical risk (GPR) on the volatility of stock returns in emerging markets, with a focus 
on China’s CSI 300 index. The authors use GARCH-MIDAS model to analyse how GPR influences the Chinese stock market. They found 
that, aside from certain emerging economies, the majority of regional and global GPR had a significant impact on China’s CSI index. 

Study [21] investigates the relationship between food prices and macroeconomic factors, showing that both short- and long-term 
increases in energy prices lead to higher food prices. Moreover, a stronger US Dollar relative to the Iranian rial positively affects food 
prices in the long run. Another study uses panel spatial simultaneous equations models and GS2SLS method to explore the relationships 
between economic growth, carbon emissions, and renewable energy consumption in EU countries from 1995 to 2014. Positive spatial 
correlations exist between these variables across countries, with economic growth showing stronger correlation than CO2 emissions or 
renewable energy consumption. The study finds bidirectional links between economic growth and both carbon emissions and 
renewable energy consumption, while a unidirectional nexus exists between economic growth and renewable energy consumption 
[22]. Study [23] employs panel simultaneous equations models with a generalized method of moments estimator to investigate the 
relationships between ecological footprint, renewable energy consumption, and income in the G7 countries from 1990 to 2018. The 
results show a two-way association between gross domestic product and renewable energy, bidirectional links between EFP and 
outcome, and between EFP and renewable energy. Improving human capital has a positive and significant impact on income, envi
ronmental quality, and renewable energy consumption. Economic and social globalization does not significantly affect ecological 
footprint, while financial globalization has a negative and significant impact. Trade openness is positively and significantly connected 
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with renewable energy consumption and income, potentially reducing environmental degradation [24,25]. 
Several methods have been employed to construct models for predicting the Brent oil price. These approaches comprise non-linear 

diffusion indices as proposed by Ref. [26], leveraging multilingual search engine data as presented in Refs. [27,28], using Bayesian 
Symbolic Regression as discussed by Ref. [29], utilizing Ivanov-Based LASSO Vector Autoregression as suggested by Ref. [30], 
incorporating a feed-forward neural network as suggested by Refs. [31,32], as well as employing Support Vector Machine as presented 
by Ref. [33], among others. Studies with comparable methods that consider geopolitical events in their analysis comprise [13,27, 
34–37]. 

Fig. 1 summarises the literature on the Russio-Ukrainian war based on “Russia Ukraine war” keywords. Fig. 1 (a) is a summary of 
the contribution made by authors to the literature on the Russio-Ukrainian war. It shows that Wang’s network has the largest 
contribution. Fig. 1 (b) presents the summary of co-occurrence based on all keywords. It shows that studies related to Brent oil price 

Fig. 1. Bibliometric analysis of the Russo-Ukraine war.  
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mainly focus on forecasting as it has the largest network. 
Our analysis shows that incorporating information on the Russo-Ukrainian war can significantly improve the forecasting accuracy 

of the models. In particular, the ENNReg model with the inclusion of the dummy variable outperforms the other models in forecasting 
the Brent crude oil price during the war period. Including the war variable has enhanced the forecasting accuracy of the ENNReg model 
by 0.11%. These results carry significant implications regarding policymakers, investors, and researchers who are interested in 
improving their understanding of the Brent crude oil price dynamics and developing accurate forecasting models in the presence of 
geopolitical events such as the Russo-Ukrainian war. 

The current study makes a unique and significant contribution by being the first to employ an Evidential Neural Network based on 
Gaussian random fuzzy numbers (GRFNs) to predict Brent crude oil prices. Evidential Neural Networks are a recently developed 
machine learning technique that has shown promising results in various fields, including finance, engineering, and environmental 
studies [6–8]. This study’s use of an Evidential Neural Network highlights the potential of this innovative approach for forecasting oil 
prices, which is a crucial area of research due to the significant impact of oil prices on the global economy. 

By utilizing an evidential neural network, the study overcomes some of the limitations of traditional machine learning models, such 
as their inability to provide probabilistic predictions and handle uncertainty effectively. Evidential neural networks, on the other hand, 
offer a more robust approach that can model complex relationships between variables and provide quantified estimates of prediction 
uncertainty. This approach provides a more accurate representation of the data, allowing for more informed decision-making in 
various industries that rely on accurate oil price forecasts, such as energy, finance, and transportation. 

The present study not only utilises the most recent methodology, but also takes into account the current Russo-Ukrainian conflict to 
evaluate how it affects the accuracy of the three models. To factor in the impact of this conflict, a dummy variable is integrated into the 
models with a value of 1 during the war period and 0 at other times. 

The remaining components of the current work are divided into three parts: the methodology Section 2 the empirical results and 
discussion of findings are introduced in Section 3. The study’s ramifications and policy framework are presented in Section 4. 

2. Data and methodology 

2.1. Data 

The data set used for this research was acquired from the U.S Energy Information Administration’s website (https://www.eia.gov/ 
). Specifically, the Europe Brent spot price is utilized as the designated oil price for this study. 

Fig. 2. Steps for the estimation of scaled BOP as an ARIMA (p,d,q) model.  
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The BOP is normalised using the formula presented in Equation (1) 

po
t =

Po
t − min(Po)

max(Po) − min(Po)
(1)  

where Po
t is the original value of the series at time t, min(Po) is the minimum value of the BOP, max(Po) is the maximum value of the 

BOP, and po
t is the scaled value of the BOP at time t. 

2.2. ARIMA model 

Studies [3] and [38] proposed the Autoregressive Integrated Moving Average (ARIMA) model, which is denoted by ARIMA (p,d,q) 
as shown in Equation (2). The three parameters p, d, and q respectively correspond to the autoregressive order, the order of integration, 
and the moving average order. 

Ψpo
t = α0 + Γεt (2)  

po
t is the scaled BOP series assumed to be stationary, εt is the white noise error term, Ψ= 1−

∑p
i=1αiLi (the autoregressive term), Γ =

∑q
j=0βjLj (the moving average term) and L is the backshift operator, otherwise known as lag operator expressed compactly as Lipo

t = pt− i 

for i= 1, 2,....∞. Similar studies that work with ARIMA include [39–41]. Therefore, the scaled BOP can be modelled as in Equation (3): 

Ψpo
t = α0 + λwt + Γεt (3) 

The new variable wt in Equation (3) stands for the dummy variable for period of Russian invasion of Ukraine. If the scaled BOP po
t is 

nonstationary, then the most suitable model is ARIMA (p, d, q), otherwise ARMA (p, q) will be right model. 
The steps are illustrated in Fig. 2 below. 

2.3. TARMA model 

Threshold Autoregressive Moving Average (TARMA) is a time series model that captures nonlinearity in the data by allowing the 
parameters of the autoregressive and moving average terms to vary depending on the level of the time series. The model is defined as 
follows: 

po
t =

⎧
⎪⎪⎨

⎪⎪⎩

μt + εt, if po
t− 1 < θ

μt +
∑p

i=1
φipo

t− i +
∑q

j=1
θjεt− j + εt, if po

t− 1 ≥ θ  

where po
t is the value of the scaled BOP at time t, μt is the conditional mean of po

t given past observations, εt is the error term at time t, φi 
and θj are the coefficients of p and q, which, as in Equation (2), stand for the orders of the autoregressive and moving average terms 
respectively. The threshold parameter θ determines the switching point at which the model switches from a linear autoregressive 
moving average (ARMA) model to a simple random walk with drift. 

The indicator function I(po
t− 1 ≥ θ) equals 1 if po

t− 1 ≥ θ and 0 otherwise. This allows the model to capture the nonlinearity in the data 
by estimating different parameters for the ARMA model depending on the level of the time series. When the time series is below the 
threshold, the model reduces to a simple random walk with drift. When the time series is above the threshold, the model becomes an 
ARMA model. 

The TARMA model can be estimated using maximum likelihood estimation or Bayesian methods. The estimation of the model 
requires specifying the orders p and q, the threshold θ, and the initial values for the parameters. 

2.4. ENNReg model 

The Evidential Neural Network (ENN) is a type of neural network that is capable of producing probabilistic predictions and un
certainty estimates. Unlike traditional neural networks that output point estimates, the ENN outputs a set of probability mass functions 
that represent the model’s beliefs about the possible values of the target variable. These probability mass functions can be used to 
calculate various measures of uncertainty, such as confidence intervals and prediction intervals. 

In the case of regression, the ENN takes as input a vector of predictor variables x and produces a set of probability mass functions 
over the target variable y. Each probability mass function corresponds to a different level of uncertainty, with the most certain dis
tribution having the highest probability mass at a single value, and the most uncertain distribution having a uniform probability mass 
over a range of values. The ENN is trained by minimizing a loss function that measures the discrepancy between the predicted and 
actual probability mass functions. 

Let x ∈ Rd be a vector of d input features, and let y∈ R be the target variable we wish to predict. The ENN model takes x as input and 
outputs a set of probability mass functions over y. 

Let P(y|x) be the set of probability mass functions output by the ENN. Each element pi(y|x) in P(y|x) represents the probability that y 
takes on the value i, given the input x. 
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To train the ENN, we minimize a loss function L that measures the discrepancy between the predicted and actual probability mass 
functions. One common choice of loss function is the Kullback-Leibler (KL) divergence, which is given by: 

L(x, y)=
∑n

i=1
pi(y|x)log

pi(y|x)
qi(y)

where n is the number of possible values that y can take on, and qi(y) is the true probability mass function over y (i.e., the actual 
distribution of y in the training data) at value i. The KL divergence measures the amount of information lost when approximating the 
true distribution with the predicted distribution. 

During training, the weights of the ENN are adjusted using a standard backpropagation algorithm to minimize the loss function. 
Once the ENN has been trained, it can be used to make predictions on new inputs x by outputting the set of probability mass functions 
P(y|x). These probability mass functions can be used to calculate various measures of uncertainty, such as confidence intervals and 
prediction intervals. 

2.5. Evaluation criteria 

The evaluation of this study utilises several criteria, namely Mean Absolute Error (MAE), Root Mean Squared Error (RMSE), Mean 
Absolute Percentage Error (MAPE), Theil Inequality Coefficient (TIC) and Symmetric MAPE (SMAPE). These criteria are represented 
by equations 4, 5, 6, 7, 8, and 9 correspondingly. 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑T+h

t=T+1
(p̂t − pt)

2

h

√
√
√
√
√

(4)  

MAE=
1
h

∑T+h

t=T+1
|p̂t − pt| (5)  

MAPE=
1
h

[
∑T+h

t=T+1

⃒
⃒
⃒
⃒
p̂t − pt

pt

⃒
⃒
⃒
⃒

]

×100 (6)  

SMAPE=
1
h

[
∑T+h

t=T+1

⃒
⃒
⃒
⃒
p̂t − pt

p̂t + pt

⃒
⃒
⃒
⃒×2

]

×100 (7)  

Fig. 3. Steps for modeling the BOP data.  
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U1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑T+h

t=T+1
(p̂t − pt)

2

h

√
√
√
√
√

·

⎛

⎜
⎜
⎜
⎜
⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑T+h

t=T+1
p̂2

t

h

√
√
√
√
√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑T+h

t=T+1
p2

t

h

√
√
√
√
√

⎞

⎟
⎟
⎟
⎟
⎠

− 1

(8)  

U2 =
1
h

∑T+h− 1

t=T+1

(
p̂t+1 − pt+1

pt

)2

·

[
1
h

∑T+h− 1

t=T+1

(
pt+1 − pt

pt

)2
]− 1

(9)  

Equations 4 to 9 use various symbols to represent the actual values of the scaled BOP pt , the forecast value of scaled BOP ̂pt, the forecast 
length h, and the training sample T. 

2.6. Model development 

Fig. 3 illustrates the steps we follow to model the BOP based on ARIMA, TARMA and ENNReg. 

2.7. The ARMA estimate 

This paper focuses on examining the impact of the Russio-Ukrainian war on the forecast performance of Brent oil prices. To 
accomplish this, a new series {po

t } is created by normalising the series of Brent oil price as described in Equation (1). The first step is to 
plot {po

t } to determine if it is stationary. A quick review of Fig. 6 (b) indicates that the mean and variance are not constant. Moreover, 
formal unit root tests, such as the Augmented Dickey Fuller (ADF) test [42] and the Phillips-Perron (PP) test [43], demonstrate that the 
scaled BOP po

t is not stationary at level. This indicates that the scaled Brent oil price (po
t ) is I (1). Consequently, to model this 

nonstationary process, the scaled Brent oil price is represented as an ARMA (p,d,q) process. 
The war began around February 24, 2022, after the Ukraine invasion by the RF. We use the sample prior to the invasion because it is 

larger than the period after Russian invasion. Therefore, we begin by estimation of the ARIMA model for the scaled BOP ({po
t }) series 

from 20th May 1987 to 23rd February 2022. The dummy representing the Russo-Ukrainian war (wt) contains a series of zeros for 
period from 20th May 1987 to 23rd February 2022 and unity otherwise [15,16]. Specifically, wt= 0 for all t < February 24, 2022 and 
wt= 1 for all t ≥ February 24, 2022. After obtaining the best ARIMA model for the scaled BOP, a new model is re-estimated which 
include the Russo-Ukrainian war dummy as described in [40] and [44]. 

In Fig. 7, the correlogram of the scaled BOP indicate the Autocorrelation Function (ACF) and Partial Autocorrelation Function 
(PACF), which are used to identify possible models. The significant lags in the PACF suggest the likely order of the autoregressive 
component (p), while the significant lags in the ACF suggest the possible order of the moving average component (q). Based on this 
analysis, potential models include ARIMA (1,1,0) AR (5,1,0), ARIMA (0,1,3), ARIMA (3,1,0), ARIMA (3,1,1), ARIMA (1,1,3), ARIMA 
(2,1,2), and others. All possible models are estimated and compared using measures such as residual diagnostics, R2, Akaike Infor
mation Criterion (AIC) and Schwarz Information Criterion (SIC). The value of the R2 is used to determine the explanatory power of the 
regressors, and the SIC tends to choose a better model than the AIC in terms of parsimony. 

Fig. 4 presents the ARMA criteria graph for the 20 best-performing ARIMA models according to their SIC values in ascending order 
[44]. Although ARIMA (0,1,1) has lower AIC value, the ARMA (1,1,0) model is selected to estimate the scaled BOP po

t series since it has 
no redundant parameter estimates and autocorrelation. The series of scaled Brent oil price between 20th May 1987 and 25th June 2012 
(training sample) was used to estimate the ARIMA (1,1,0) model. This was done using the maximum likelihood method with the OPG 
information matrix and the Marquardt step method. 

Fig. 4. The top 20 ARIMA models note; (X-axis) according to SIC (Y-axis).  
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2.8. Stability of the ARMA model 

In Fig. 5 (a), we display the impulse response function (IRF) of the ARMA model we estimated. The graph in Fig. 5 (b) shows the 
roots of the AR and MA components. The IRF plot in Fig. 5 (a) indicates that the model is stable because the response decays after the 
initial shock. Similarly, the plot in Fig. 5 (b) indicates that the model is also stable because all inverted roots lie within the unit circle. 

3. Results and discussions 

The plots of the BOP series are depicted in Fig. 6. We begin by looking at the time series properties of the BOP. Fig. 6 (a) is the line 
graph of the Brent oil price at level, while Fig. 6 (b) is for the scaled Brent oil price. Fig. 6 (c) and 6 (d) represent the histograms of level 
and scaled Brent oil price respectively. Based on observations from Fig. 6 (a), it has been noted that the BOP does not exhibit a constant 
mean and variance. Consequently, formal unit root tests have been conducted to verify this, namely the Augmented Dickey Fuller 
(ADF) and Phillips-Perron (PP) tests, which were respectively developed by Refs. [42,43]. The results of these tests can be found in 
Table Table 1, and according to the ADF test, the BOP was found to be non-stationary at the level, but stationary at the first difference. 
This implies that the ADF unit root test has confirmed that the BOP follows an I (1) process. 

The performance of eight models was evaluated by estimating their forecasts. They include ARIMA selcected based on Schwarz 
Information Criteria (ARIMA-SIC), ARIMA based on Akaike Information Criterion (ARIMA-AIC), TARMA and ENNReg with variants of 
regressors as defined in Table 2. To determine the best model among the available options, various forecast statistics, presented in 
Equations 4 to 9, been computed for each model. These statistics are reported in Tables Table 3 and Table 4. The model with the 
minimum value for these forecast statistics is considered the best choice. The TARMA model with war dummy is not reported as its 
forecast performance is not better than that of the TARMA model. 

We begin by determining the best ARIMA models based on SIC and AIC values. We then use the lagged values of the BOP and war 
dummy as the regressors for other models. The sample has been split into two separate subsets: a training sub-sample, which comprises 
70 % of the total data, and a testing sub-sample, which makes up 30 % of the data. 

According to several authors including [41,45], and [40], the scaled BOP can be expressed as an ARIMA (p, 1,q) process because it 
is integrated of order one. To determine the optimal values for p and q, the combination that results in the lowest SIC with white-noise 
errors is chosen. 

To ascertain the potential moving average order, the ACF is employed. Conversely, the PACF is used to determine the possible 
autoregressive order. The ACF and PACF graphs are depicted in Fig. 7 (a) and 7 (b) respectively. 

Table 3 displays the performance of the top models used to forecast the BOP for the training sample. The table outlines the forecast 
statistics for the most successful models used to forecast the BOP for the training sample. Based on the RMSE and Theil U1 measures, 
the ENNReg model emerges as the best-performing model. This is evident from the results presented in the table. However, based on 
MAE and SMAPE, the TARMA model is the best. As the training sample does not cover the war period, we can observe that incor
porating the war dummy has no impact on the models’ predictive capacity. 

Table 4 presents the forecast assessment for the testing sample, which includes the forecast statistics for the top-performing models 
for the BOP. According to the table, ENNReg-WAR outperforms other models based on RMSE, MAE, and Theil U1, followed by ENNReg 
based on SMAPE and Theil U2, and then ARIMA-AIC-WAR based on MAPE. It is crucial to note that when other accuracy measures 
conflict with RMSE, the RMSE measure takes precedence. 

Figs. 8 and 9 are used to compare the predicted values of the scaled BOP for the training and testing samples respectively. The line 
graphs for the actual and predicted values of the BOP are almost identical, indicating the effectiveness of ARIMA, TARMA, and ENNReg 
in forecasting the scaled BOP. 

Fig. 5. Graphs of impulse response and ARMA roots.  
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Fig. 10 is the taylor diagram for the training sample, while Fig. 11 is for the testing sample. The size of the dots represents the 
predictive accuracy of the models in terms of RMSE, with the largest dot indicating the best performing model. The diagram in Fig. 10 
shows that ENNReg has the highest accuracy in forecasting the BOP for the training sample. Meanwhile, the diagram in Fig. 11 in
dicates that ENNReg-WAR outperforms other models in terms of forecasting accuracy for the testing sample. These figures provide a 
visual summary of Tables 3 and 4, respectively. 

Figs. 12 and 13 depict the fan plots for the training and testing samples, respectively, which showcase the performance of seven 
models based on their RMSE. A model with a smaller sector angle in the fan plot indicates a better predictive performance. These two 
figures are in agreement with the findings presented in Figs. 10 and 11. 

Fig. 14 (a) and 14 (b) depict the summarize the accuracy measures for the training and testing samples respectively. The figures 

Fig. 6. Plots of BOP.  

Fig. 7. Correlogram of the Brent oil price (Po
t ).  
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Table 1 
Unit root tests for the scaled BOP.  

(a) ADF of the scaled BOP at level 

Variable Deterministic Trend Test Value 5 % Critical Value Prob Decision 

pt C − 1.664941 − 2.862371 0.4491 I (1) 
pt C&T − 1.609926 − 3.411409 0.7892 I (1) 
pt N − 0.753514 − 1.940937 0.3901 I (1)  

(b) ADF C at first difference 

Variable Deterministic Trend Test Value 5 % Critical Value Prob Decision 

Δpt C − 50.46490 − 2.862371 1e-04 I (1) 
Δpt C&T − 50.45899 − 3.411409 0e+00 I (1) 
Δpt N − 50.47357 − 1.940937 1e-04 I (1)  

(c) PP of the scaled BOP at level 

Variable Deterministic Trend Test Value 5 % Critical Value Prob Decision 

pt C − 1.653843 − 2.862371 0.4548 I (1) 
pt C&T − 1.597656 − 3.411409 0.7941 I (1) 
pt N − 0.748746 − 1.940937 0.3922 I (1)  

(d) PP of the scaled BOP at first difference 

Variable Deterministic Trend Test Value 5 % Critical Value Prob Decision 

Δpt C − 50.40584 − 2.862371 1e-04 I (1) 
Δpt C&T − 50.39976 − 3.411409 0e+00 I (1) 
Δpt N − 50.41501 − 1.940937 1e-04 I (1)  

Table 2 
Definition of models.  

Model Order Definition 

ARIMA-SIC ar [0,1,1] ARIMA based on SIC 
ARIMA–SIC–WAR ar [0,1,1] ARIMA based on SIC with war dummy 
ARIMA-AIC ar [1,1,2] ARIMA based on AIC 
ARIMA-AIC-WAR ar [1,1,2] ARIMA based on AIC with war dummy 
TARMA TARMA (1,1,2,1) TARMA without war dummy 
TARMA-WAR TARMA (1,1,2,1) TARMA with war dummy 
ENNREG – ENNREG without war dummy 
ENNREG-WAR – ENNREG with war dummy  

Table 3 
Results of the BOP forecast evaluation for the training sample.  

Model RMSE MAE SMAPE Theil U1 

ARIMA-SIC 0.007439 0.004445 3.001417 0.011824 
ARIMA–SIC–WAR 0.007439 0.004445 3.000966 0.011823 
ARIMA-AIC 0.007440 0.004448 2.999182 0.011825 
ARIMA-AIC-WAR 0.007440 0.004448 2.998591 0.011825 
TARMA 0.007430 0.004443 2.998044 0.011813 
ENNREG 0.007422 0.004453 3.075503 0.011804 
ENNREG-WAR 0.007426 0.004451 3.008297 0.011807  

Table 4 
Results of the BOP forecast for the testing sample.  

Model RMSE MAE SMAPE Theil U1 

ARIMA-SIC 0.011460 0.007823 2.125137 0.011272 
ARIMA–SIC–WAR 0.011458 0.007825 2.125269 0.011271 
ARIMA-AIC 0.011453 0.007818 2.122844 0.011265 
ARIMA-AIC-WAR 0.011451 0.007820 2.122960 0.011264 
TARMA 0.011455 0.007814 2.122288 0.011269 
ENNREG 0.011435 0.007826 2.108600 0.011248 
ENNREG-WAR 0.011423 0.007810 2.120558 0.011237  
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Fig. 8. Forecast performance for the training sample (source: authors).  

Fig. 9. Forecast performance for the testing sample (source: authors).  

Fig. 10. Taylor diagram comparing the models’ performance for the training sample.  

Fig. 11. Taylor diagram comparing the models’ performance for the testing sample.  
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show the rank of each model along the Y axis. It conforms with the information provided in Tables 3–4, as it shows that ENNReg-WAR 
is the best performing model. 

After evaluating the predictive performance of the seven best-performing models presented in this study, it can be observed that 
ENNReg-WAR and ENNReg are the most effective models. The superior performance of the ENNReg model can be attributed to its 
ability to incorporate nonlinearity in parameter estimates, as suggested by Ref. [27]. Furthermore, including the war dummy in the 
estimated models produces better predictive accuracy than using individual models without the war dummy. 

The performance of the ENNReg model in this study, which incorporates information on the Russo-Ukrainian war, outperforms the 
other models in forecasting Brent crude oil prices during the war period. This finding is consistent with previous studies that have 
shown the importance of incorporating geopolitical events in forecasting crude oil prices. This is in line with the results of [27,34–37]. 
For example, a study by Ref. [27] found that a VAR model that incorporates information on geopolitical events such as the US-Iran 
tensions and the COVID-19 pandemic outperformed other models in forecasting crude oil prices. Similarly, a study by Ref. [37] 
found that incorporating information on the COVID-19 pandemic and geopolitical events such as the US-China trade war improved the 
accuracy of forecasting models for crude oil prices. 

However, it is important to note that the performance of the ENNReg model may vary depending on the time period and the specific 
geopolitical event being incorporated. For example, studies by Ref. [46] found that a hybrid model that combines wavelet decom
position and neural network models outperformed other models in forecasting crude oil prices during the COVID-19 pandemic but did 
not perform as well during the 2014 oil price drop. 

The study focused on how the Russo-Ukrainian war affected forecasting accuracy in the estimated models. The study does not 
consider other geopolitical events, like conflicts in the Middle East and oil-producing country sanctions. Additionally, the study does 
not incorporate other scenarios, such as news sentiment and climatic changes, that can lead to structural break in the BOP. Incor
porating news sentiment data into forecasting models could also be explored to understand its influence on oil prices. 

Overall, these findings suggest that while incorporating information on geopolitical events can improve the accuracy of forecasting 
models for crude oil prices, the specific model and approach used may vary depending on the time period and the nature of the event 
being incorporated. Therefore, it is important for researchers to continue to explore and develop new approaches for incorporating 
information on geopolitical events in forecasting crude oil prices. 

4. Conclusion 

In conclusion, this study provides valuable insights into the performance of three popular models - TARMA, ENNReg, and ARIMA - 
in forecasting the Brent crude oil price, a crucial economic variable with a significant impact on the global economy. By examining the 
impact of incorporating information on the Russo-Ukrainian war, we find that the inclusion of the dummy variable and geopolitical 
risk indices can significantly improve the forecasting accuracy of the models. Notably, the ENNReg model outperforms the other 
models during the war period, highlighting the importance of considering geopolitical events when developing forecasting models. 
These results carry significant implications regarding policymakers, investors, and researchers interested in accurately forecasting the 
Brent crude oil price in the presence of geopolitical events. Overall, this study underscores the importance of continuously evaluating 
and improving forecasting models to provide valuable insights into complex economic dynamics. 

The primary finding of our analysis is that the Russo-Ukrainian war caused a structural break in the BOP, resulting in reduced 
effectiveness of existing forecasting models. However, when we integrated the impact of the war into the analysis, all three models 
showed improved forecast accuracy. This highlights the importance of considering geopolitical events when modeling time series 
variables to gain better insights and make more informed policy recommendations. 

The current study focused on the impact of the Russo-Ukrainian war on the forecasting accuracy of the models. A future study could 
examine the impact of other geopolitical events, such as conflicts in the Middle East and sanctions on oil-producing countries, on the 
forecasting accuracy of the models. Other forecasting models can be used to predict Brent crude oil prices. A future study could 
compare the performance of these models with TARMA, ENNReg, and ARIMA. News sentiment can impact the Brent crude oil prices as 
it can influence the demand and supply of oil. A future study could incorporate news sentiment data into the forecasting models to 
examine its impact on the forecasting accuracy. A future study could examine the impact of climate change on the forecasting accuracy 
of the models. A future study could compare the performance of the models for different time periods to examine their robustness. 

Fig. 12. Fan plot according to the RMSE for the training sample.  
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Fig. 13. Fan plot according to the RMSE for the testing sample.  

Fig. 14. Bump chart of the accuracy measures.  
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