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Abstract: Blasting is one of the primary aspects of the mining operations, and its environmental
effects interfere with the safety of lives and property. Therefore, it is essential to accurately estimate
the environmental impact of blasting, i.e., peak particle velocity (PPV). In this study, a regular random
forest (RF) model was developed using 102 blasting samples that were collected from an open granite
mine. The model inputs included six parameters, while the output is PPV. Then, to improve the
performance of the regular RF model, five techniques, i.e., refined weights based on the accuracy of
decision trees and the optimization of three metaheuristic algorithms, were proposed to enhance
the predictive capability of the regular RF model. The results showed that all refined weighted RF
models have better performance than the regular RF model. In particular, the refined weighted RF
model using the whale optimization algorithm (WOA) showed the best performance. Moreover, the
sensitivity analysis results revealed that the powder factor (PF) has the most significant impact on
the prediction of the PPV in this project case, which means that the magnitude of the PPV can be
managed by controlling the size of the PF.

Keywords: blasting; ground vibration; PPV prediction; random forest; whale optimization algorithm

1. Introduction

Blasting is an economical method of rock excavation in mining and civil engineering,
and produces a series of adverse environmental effects such as blasting vibration [1–3],
flying rocks [4–6], and back beak [7–9]. Among these adverse effects, the harm caused
by blasting vibration is quite serious. For example, the surrounding structures can be
damaged or fail because of excessive structural vibration produced by ground vibration
during blasting [10,11]. Therefore, it is indispensable to predict the magnitude of blast
vibration accurately.

The standard base parameter for assessing the magnitude of the blast-induced ground
vibration is the peak particle velocity (PPV) [12]. Many studies on PPV prediction have
been implemented, such as the proposed empirical formulas, multiple linear and nonlinear
regression methods, and machine learning (ML) methods. Among these methods, the
empirical formulas for the PPV prediction are easy to construct, but these formulas do
not have enough accuracy since few factors are considered to implement the prediction
task [13,14]. Moreover, some empirical formulas are usually designed for a given location
with distinct geological parameters and field morphology, indicating that these formulas are
limited and unable to predict the PPV at other blasting locations [15] accurately. Concerning
the multiple linear and nonlinear regression methods, several scholars have demonstrated
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that these methods are capable of handling high-dimensional problems, which means
that the effects of multiple factors can be considered simultaneously when predicting
PPV [15,16]. However, many studies prove that the accuracy of statistical models is inferior
compared to the ML methods [17–20].

In recent years, a large number of ML techniques have been applied in different areas of
geotechnics, such as tunnel construction and risk assessment [21–28], soil classification [29],
pile technology [30,31], materials properties [32–35], slope stability [36,37], blasting environ-
mental issues [38,39], pillar stability prediction [40], and rock material properties [41–44],
which reveal the favorable application prospects of the ML techniques. Similarly, as for the
research on PPV prediction, to compensate for the shortcomings of empirical formulas and
statistical models, there has been a strong inclination toward using the ML techniques in
predicting the PPV because of their feasible ability to handle multidimensional nonlinear
problems. For instance, Zhang et al. [1] used five machine learning techniques (i.e., classifi-
cation and regression trees (CART), chi-squared automatic interaction detection (CHAID),
random forest (RF), artificial neural network (ANN), and support vector machine (SVM) to
predict the PPV caused by mine blasting. Their research utilized five parameters, including
maximum charge per delay (MC), stemming (ST), distance from the measuring station to
the blast face (DI), powder factor (PF), and hole depth (HD), to develop the ML models.
The results showed that the RF had a superior capability in predicting PPV compared with
the other four techniques. Lawal [45] developed an ANN-based formula to predict the
PPV using two inputs, i.e., the distance from the monitoring point to the blast face and
the explosive charge per delay. This study attempts to construct an interpretable formula
through the ANN to identify the effect of inputs on the PPV. Rana et al. [46] compared the
performance of two AI techniques (e.g., ANN and decision tree (DT)) for forecasting the
blast-induced PPV. In the study, eight input parameters, i.e., total charge, number of holes,
hole diameter, distance from blasting face, hole depth, tunnel cross section, the maximum
charge per delay, and charge per hole, were used to design the ML models. The results
indicated that the precision of the DT model performed better than the ANN model. Some
relevant studies for predicting the PPV are shown in Table 1.

Table 1. Research on blast-induced PPV prediction.

Techniques Input Variables Number of Samples Studies

RF, CART, CHAID, SVM, ANN MC, HD, ST, PF, DI 102 Zhang et al. [1]
ANN DI, MC 100 Lawal, A.I. [45]
GEP, ANFIS, SCA-ANN DI, MC, ρ, SRH 100 Lawal, A.I. et al. [47]
MPSO-ANN DI, MC 137 BUI Xuan-Nam et al. [48]
ANN, DT TC, A, MC, NH, H, DI, HD, CPH 137 Rana et al. [46]
ANFIS DI, MC 44 Iphar et al. [49]
ANN HD, ST, DI, MC 182 Monjezi et al. [50]
FIS B, S, ST, N, MC, DI 120 Ghasemi et al. [51]
ICA-ANN BS, ST, MC, DI, Vp, E 95 Hajmassani et al. [52]
ICA MC, DI 73 Jahed Armaghani et al. [53]
ANN, FIS MC, DI 162 Mohamed [54]

Note: MC—maximum charge per delay; HD—hole depth; ST—stemming; PF—powder factor; DI—distance from
the measuring station to the blast face; ρ—rock density; SRH—Schmidt rebound hardness; TC—total charge;
A—tunnel cross section area; NH—number of holes; H—hole diameter; CPH—charge per hole; B—burden;
S—spacing; N—number of raw; BS—burden to spacing; E—Young modulus; Vp—p-wave velocity; CART—
classification and regression trees; CHAID—chi-squared automatic interaction detection; RF—random forest;
ANN—artificial neural network; SVM—support vector machine; MPSO—modified particle swarm optimiza-
tion; GEP—gene expression programming; ANFIS—adaptive neuro-fuzzy inference system; SCA—sine cosine
algorithm; DT—decision tree; ICA—imperialist competitive algorithm; FIS—fuzzy logic.

In light of the above, the good performance and adaptability of the ML models in
predicting the PPV have been proven gradually, and hence a large number of studies of
ML models for predicting the PPV emerged. Furthermore, the ML models with better
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adaptability and higher prediction accuracy used for the prediction of blast-induced PPV
need to be further developed and improved.

In the present study, we utilized a classic ML model termed the RF to conduct the PPV
prediction task. After designing the regular RF model using the datasets collected from a
quarry mine, we proposed five categories for modifying the regular RF model’s weights
and, as a result, making better predictions. The designed weighting frameworks include
the improved weighted RF model based on the prediction accuracy of decision trees, as
well as the optimized weights of decision trees obtained by three metaheuristic algorithms,
i.e., whale optimization algorithm (WOA), gray wolf optimization (GWO), and tunicate
swarm algorithm (TSA). Subsequently, four evaluation metrics were used to validate the
performance of the developed models. Finally, a sensitivity analysis was conducted to
identify the predominant factors for PPV prediction in this engineering case.

2. Project Description and Data Collection

In the present study, a granite mine in Penang state, Malaysia, was selected as the
subject to research PPV prediction, and thus its blasting operations were investigated.
Granite is the most common rock type found in the study area. The top layer is generally
less than three feet thick and consists mostly of sandy clay with humus and tree roots.
Explosive operations are rather common in this mine, and these operations are repeated at
various intervals. Blasting at this location aims to create aggregates for various building
projects with annual capacity ranging from 500–700 thousand tons per year, and large
quantities of explosives are used in explosive operations. For example, in holes with sizes
ranging from 76 mm to 89 mm, explosives weighing 856 kg to 9420 kg are commonly
utilized. Concerning the present study, 102 blasting operations were recorded, including
the design details of the blast parameters and the PPV values obtained by the Vibra ZEB
seismographer. The measured and recorded blast parameters involve the number of holes,
hole diameter, hole depth, burden, spacing, stemming length, subdrilling, total charge,
powder factor, the maximum charge per delay, and distance from the blast-face to the
measuring points. Among them, six parameters were selected as the inputs that will
be used to implement the ML modeling, which is in accord with previously published
works [1,48,49]. The simple statistics of the six parameters are shown in Table 2, including
their max/min values, mean values, and standard deviations. It can be seen from Table 2
that the distance from the seismograph to the explosion site was about 285 m–531 m, and
the range of the PPV is between 0.13 and 11.05 mm/s.

Table 2. Statistic of the data collected from the study area.

Parameters Symbol Unit Type Max Min Mean Std. Dev.

Burden to spacing BS - Input 0.92 0.7 0.819 0.004
Hole depth HD m Input 23.17 5.23 14.115 15.973
Stemming ST m Input 3.6 1.9 2.630 0.157
Powder factor PF kg/m3 Input 0.94 0.23 0.654 0.034
Max charge per delay MC kg Input 305.6 45.8 179.623 4246.587
Distance DI m Input 531 285 379.520 5100.269
Peak particle velocity PPV mm/s Output 11.05 0.13 5.337 9.267

3. Methods
3.1. RF

The RF approach is a machine learning model proposed by Leo Breiman in 2001 [55].
Because of its special algorithmic mechanism and efficient performance, the RF model has
attracted much attention from researchers in various research fields. The RF model is an
approach that integrates many base learners (also called decision trees) through integrated
learning. It uses bagging and bootstrap techniques to train the decision trees, which solves
the problem of insufficient performance of individual decision trees when dealing with
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complex data. At the same time, the RF is also a nonparametric classification or regression
method, so it does not require prior knowledge when processing data.

The schematic diagram of the design of the RF and improved RF models is depicted in
Figure 1. In the process of building decision trees, the RF model generates more randomness
as the number of decision trees in the forest increases. Instead of selecting the optimal
value step by step like a decision tree, the RF uses its ability of random selection and the
voting mechanism of the decision tree to find the optimal value quickly. This property
allows the RF model to have better classification or regression performance and a strong
generalization ability of the learning system. For the regression task, when predicting the
unknown output value, every single decision tree yields a predicted value, and the final
value is the average of all decision trees, as shown in Equation (1). In this process, each
decision tree occupies the same weight:

ypre =
t

∑
i=1

weighti × Treei(x) (1)

where x is the input variable, ypre denotes the predicted value corresponding to the input x,
t is the amount of the constructed decision trees, {Tree1, Tree2, . . . , Treet} represent the set of
decision trees in a forest, and weighti is the weight of each decision tree. In the current case
(i.e., for the regular RF model), the value of weight is obtained as follows:

weighti =
1
t

(2)
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In light of the above, it can be inferred that the number of decision trees is a crucial
hyperparameter that governs the predictive capability of the RF model. Therefore, a key
task in this paper is to determine the optimal number of decision trees. Moreover, to avoid
possible overfitting of the RF model, another hyperparameter termed the maximum depth
of decision trees must also be tuned. These two critical steps will be discussed in more detail
in a later section. In addition, the datasets used for constructing the RF model are randomly
split into two parts; that is, 80% of datasets are used for training the RF model, and 20%
of datasets are used for validating the performance of the built models. Simultaneously,
a fourfold cross-validation procedure is applied in this work when implementing model
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training procedures. Note that fourfold cross-validation means that the datasets are divided
into four equal parts, one of which is used to test the model, and the rest are used to train
the model in each modeling session. A total of four modeling sessions are performed, and
the average of the four modeling sessions is used as the final result.

3.2. GWO

The gray wolf optimization (GWO) algorithm is a new swarm intelligence optimization
algorithm proposed by Mirialili et al. in 2014, which is based on the simulation of the
hierarchical mechanism and predatory behavior of the gray wolf population in nature.
Moreover, the optimization of the GWO algorithm is achieved through the process of wolf
stalking, encircling, chasing, and attacking prey [56]. Gray wolves are top carnivores, and
their lifestyles are mostly gregarious, thus constituting a hierarchical pyramid in the gray
wolf population, with a strict hierarchical management system, as shown in Figure 2.
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The first level of the pyramid is the head of the population, called α, which is mainly
responsible for all the decision-making matters of the population. The second pyramid
level is called β, which assists α in making management decisions. The third level of the
pyramid is δ, which is mainly responsible for scouting, sentry, hunting, and guarding.
Furthermore, the bottom level of the pyramid is called ω, which is mainly responsible for
coordinating the relationship within the population. The hierarchy of gray wolves plays
a crucial role in achieving prey hunting. The predation process is led by α. At first, the
wolves search, track, and approach the prey in a team pattern; then, the wolves encircle
the prey from all directions, and when the encirclement is small enough and perfect, the
wolves will attack from β and δ, which are closest to the prey, under the command of α.
The mathematical models of this process are explained below.

First, the encirclement of the prey by the gray wolves during predation can be charac-
terized by the following equation:

D =
∣∣C× Xp(t)− X(t)

∣∣ (3)

where Xp(t) and X(t) denote the position of the prey and the position of the wolves dur-
ing the t-th iteration, respectively, and C is the coefficient, which is computed by the
following equation:

C = 2r1 (4)

Here r1 is the random value in the interval [0, 1].
Then, the equation for updating the position of the gray wolf in search space is

as follows:
X(t + 1) = Xp(t)− A× D (5)

where A is the convergence factor. A can be computed by the following equation:

A = 2a× r2 − a (6)
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a =

(
2− 2×

(
t

tmax

))
(7)

where r2 is the random value in the interval [0, 1], and tmax denotes the maximum iterations.
After that, when the gray wolf determines the position of the prey, the wolf α will lead

β and δ to initiate the pursuit behavior. In the wolf pack, α, β, and δ are the closest to the
prey. The positions of these three wolves can be used to determine the location of the prey.
The mathematical description is as follows:

Dα = |C1 × Xα(t)− X(t)| (8)

Dβ =
∣∣C2 × Xβ(t)− X(t)

∣∣ (9)

Dδ = |C3 × Xδ(t)− X(t)| (10)

X1 = Xα − A1 × Dα (11)

X2 = Xβ − A2 × Dβ (12)

X3 = Xδ − A3 × Dδ (13)

Xp(t + 1) =
X1 + X2 + X3

3
(14)

Using Equations (8)–(13) can obtain the distance between the prey and the α, β, and
δ, and then using Equation (14) identifies the direction of movement of individual gray
wolves toward the prey.

3.3. WOA

The whale optimization algorithm (WOA) is a novel swarm intelligence optimization
algorithm proposed by Mirjalili and Lewis in 2016 [57]. The WOA is based on the simulation
of the hunting behavior of humpback whales in nature, and it optimizes the searching
process by mimicking the behavior of searching, encircling, pursuing, and attacking the
prey by the humpback whales. Whales are considered the largest mammals globally, with
adults growing up to 30 m long and weighing 180 tons. Whales have a unique feeding
behavior, which is the bubble-net method, as shown in Figure 3. The method is divided into
two stages: upward spiral and double circulation. Based on this special foraging behavior,
the WOA algorithm is obtained.
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In the WOA, it is assumed that the number of populations is N and the dimension of
the search space is d, and the position of the i-th whale in the dimensional space can be
expressed as Xi =

(
Xd

1 , Xd
2 , Xd

3 , . . . , Xd
N

)
. The position of the prey in the search space

corresponds to the optimal global solution. Whales can identify the position of the prey
and then encircle it since there is no a priori knowledge of the position of the optimal
global solution in the search space before solving the optimization problem. Therefore, in
the WOA, assuming that the whale at the optimal position in the current population is
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the prey and all other whale individuals in the population encircle the optimal whale, the
mathematical model of the process is as follows:

X(t + 1) = Xp(t)− A×
∣∣C× Xp(t)− X(t)

∣∣ (15)

where t is the current iteration, X(t) denotes the position of whales, Xp(t) denotes the
position of prey, and A and C are the coefficients that can be defined as follows:

A = 2a× rand1 − a (16)

C = 2× rand2 (17)

Here rand1 and rand2 represent the random values in the interval [0, 1], and a is the
convergence factor that decreases linearly from 2 to 0 as the number of iterations increases.

To describe the bubble-net attacking behavior of whales with a mathematical model,
two different methods were designed in the WOA, namely, the shrinking encircling mecha-
nism and the spiral updating position. Among them, the shrinking encircling mechanism
is implemented by the linear reduction in the convergence factor a in Equation (16). In the
method of spiral updating position, the spiral motion of the whale is simulated to capture
the prey, and its mathematical model is shown as follows:

X(t + 1) = D′ × ebl × cos(2πl) + Xp(t) (18)

where D′ =
∣∣Xp(t)− X(t)

∣∣ denotes the distance between the prey and the i-th whale, b
signifies a constant for controlling the shape of the logarithmic spiral, and l is a random
value in the interval [−1, 1]. Noted that, the whales move within a constricted circle and
simultaneously follow a spiral path towards their prey.

In addition to the bubble-net attacking method, whales will also randomly search
for prey. Individual whales search randomly according to each other’s position, and the
mathematical model can be expressed as follows:

X(t + 1) = Xrand(t)− A× |C× Xrand(t)− X(t)| (19)

where Xrand represents a position vector of an individual search agent randomly chosen
from the current population.

3.4. TSA

The tunicates are small, net-like organisms that are found throughout the sea. They
live solitary or parasitic lives and can locate food in the ocean. Based on the biological
inspiration of the predatory behavior of tunicates, Kaur et al. proposed a swarm intelligence
optimization algorithm termed tunicate swarm algorithm (TSA), which is inspired by the
jet-propelled migration mechanism and the intelligent foraging behavior of tunicates in the
ocean [58]. The mathematical models of this algorithm are explained below.

(1) Initialization

Similar to most metaheuristic algorithms, the TSA starts to execute the optimization
process by initializing the tunicate population, i.e., by initializing the positions of every

tunicate (
→
A0) in the search space, as shown in the following equation:

→
A0 =

→
Amin + rand

( →
Amax −

→
Amin

)
(20)

where
→

Amin and
→

Amax denote the upper and lower limits of the search space, respectively,
and rand() signifies the random value in the interval [0, 1].

(2) Avoid conflicts between search agents
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To avoid conflicts between the individuals when implementing the searching task,

the TSA utilizes vector
→
A to calculate the position of new search agents, which can be

illustrated by the following equations:

→
A =

→
G
→
M

(21)

→
G = c1 + c2 −

→
F (22)

→
M = bPmin + c3 × Pmax − Pminc (23)

where
→
A denotes the new positions of the search agents,

→
G denotes the gravity,

→
M denotes

the interaction forces between the tunicates,
→
F signifies the current advection in the deep

sea, and
→
F = 2c3, c1, c2, and c3 are the random value in the interval [0, 1].

(3) Move to the best neighbor

After avoiding conflicts between the individuals, the search agents will move towards
the position of the best neighbor, which the following equation can interpret:

→
Pd =

∣∣∣∣→Fs − r×
→
Pp(t)

∣∣∣∣ (24)

where
→
Pd denotes the distance between the food and the search agents,

→
Fs represents

the position of the food,
→
Pp(t) signifies the positions of the search agents during the t-th

iteration, and r is the random value in the interval [0, 1].

(4) Move towards the best individual

The mathematical description of the movement of the tunicate population towards
the position of the optimal search agent is as follows:

→
Pp(t∗) =


→
Fs +

→
A×

→
Pd, r ≥ 0.5

→
Fs −

→
A×

→
Pd, r < 0.5

(25)

where
→
Pp(t∗) is the position of the search agent closest to the target food.

(5) Swarm behavior

TSA is implemented to mimic the tunicates’ swarm behavior by saving the first
two optimal solutions and updating the other tunicates’ positions according to the first
two optimal solutions. The swarm behavior of the tunicates is mathematically described as
follows:

→
Pp(t + 1) =

→
Pp(t) +

→
Pp(t + 1)

2 + c1
(26)

where
→
Pp(t + 1) denotes the positions of the search agent when implementing the (t + 1)-th

iteration.

3.5. Improved RF Models

Although the RF model has good performance and has been applied in many areas,
there is still some room for improvement. For the random forest approach, in addition
to sampling with the replacement for constructing training datasets, a random number
of features are picked each time to lower the degree of correlation between individual
produced decision trees. The end outcome is a simple average computed by each created
decision tree of the forest [55]. Although the RF shows remarkable performance in some
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regression or classification tasks, it seems that some improvements for the combined way
of the base learners (i.e., decision trees) can be made to achieve a better prediction of the RF.
Decision trees exhibit different predictive capabilities because of the bootstrap replicates
and random feature picking. However, in the regular RF, each decision tree is assigned
with the same weights, which seems unreasonable and can be further improved. Therefore,
some techniques such as weighting the decision trees based on their predictive capabilities
are proposed to optimize the regular RF. The accuracy of decision trees is considered the
indicator that can amend the weights of decision trees instead of using the same weight
for each tree [59]. In this paper, two indicators, i.e., the coefficient of determination (R2)
and the root mean squared error (RMSE) of decision trees, are used as benchmarks for
improving the weights of decision trees. For example, the first category is that decision
trees with higher R2 will be assigned relatively higher weights, and vice versa. Another
case is that decision trees with lower RMSE will be assigned relatively higher weights, and
vice versa. Furthermore, we also put forward using three metaheuristic algorithms (i.e.,
GWO, WOA, and TSA) to search for the best weights of decision trees and then compare
the effect of their improvements on the regular RF model.

To sum up, there are a total of five methods that are leveraged to refine the weights
of decision trees in a forest. Before applying these methods, the first task that needs to be
carried out is the parameter tuning of the RF model, which is to establish the optimal RF
model based on the training dataset. Subsequently, the task is to use the five categories
mentioned above to amend the weights of decision trees. This part will be elaborated
hereinafter. Moreover, the schematic diagram of the design of the RF and improved RF
models is depicted in Figure 4.

3.5.1. Improved Weights Based on the Accuracy

First, let {Tree1(x), Tress2(x), Tree3(x), · · · , Treet(x)} represent the set of decision
trees. For the regular RF model, the final predicted values can be obtained through
Equation (27), which indicates that the weight of every single decision tree is equal to
1/t.

ypre =
t

∑
i=1

1
t
× Treei(x) (27)

where t is the number of decision trees in a forest.
For the improved weights based on R2, the weight of every single decision is obtained

through Equation (28), and the final predicted values can be obtained using Equation (29).
The key step of this approach is to compute the weights of decision trees. After constructing
the optimal RF model based on the training sets, the accuracy (i.e., R2) of each decision
tree can be obtained. Then, according to Equation (28), all decision trees will be assigned a
normalized weight, and the larger the term R2, the larger the weight assigned, which means
that these decision trees with large weights will have a greater role in the final prediction.
Equations (28) and (29) are:

weight_R2
i =

R2
i

∑t
i=1 R2

i
(28)

ypre =
t

∑
i=1

weight_R2
i × Treei(x) (29)

Similarly, for the improved weights based on the RMSE, the weight of every single
decision is obtained through Equation (30), and the final predicted values can be obtained
using Equation (31). The weights of the decision trees are obtained by first taking the
inverse of the RMSE and then performing a normalized calculation, which means that the
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larger the RMSE of a decision tree, the smaller the weight it is assigned to, and vice versa.
Equations (30) and (31) are:

weight_RMSE i =
1

RMSEi

∑t
i=1

(
1

RMSEi

) (30)

ypre =
t

∑
i=1

weight_RMSE i × Treei(x) (31)
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3.5.2. Improved Weights Based on Three Metaheuristic Algorithms

In this section, we consider the weights of decision trees in a forest as an unknown
space of high dimensionality to be solved. After determining the number of trees in a
forest, the dimension of the space to be solved is equal to the number of trees. Then, the
GWO, WOA, and TSA algorithms are used to capture the optimal weights in the unknown
space. To achieve this goal, it is assumed that the independent variables to be solved
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are set to {x1, x2, x3, · · · , xt}, where t is the number of trees and the range of x is in the
interval [0, 1], and then the standardized weights are computed as follows:

weight_optmizationi =
xi

∑t
i=1 xi

(32)

where weight_optmizationi represents the weights of decision trees optimized by the
metaheuristic algorithms, and it is clear that ∑t

i=1 weight_optimizationi = 1.
After that, the RMSE is considered the criteria used to evaluate each result’s perfor-

mance. In other words, the fitness function that needs to be solved by the metaheuristic
algorithms is the RMSE function. Moreover, the L2 regularization (also named penalty
terms) is also incorporated in the RMSE function, which avoids overfitting. Therefore, the
fitness function consists of two parts: the RMSE function and the L2 regularization, which
is presented by Equation (34):

ypre =
t

∑
i=1

weight_optmizationi × Treei(x) (33)

Fitness function =

√
1
m

m

∑
i=1

(
yi − ypre

)2
+ γ×

√√√√ t

∑
i=1

weight_optmizationi
2 (34)

where ypre denotes the predicted PPV computed by the improved RF model based on
optimization algorithms, m is the number of training samples, and γ is the coefficient of the
L2 regularization, whose value is set to 0.08 in this paper according to the trial-and-error
method.

For the GWO, WOA, and TSA, the parameters that need to be set are the swarm sizes
and the number of iterations. The appropriate selection of these parameters can effectively
and quickly lead to optimal results. Therefore, after constructing the model several times,
the swarm sizes set to each optimization algorithm are 50, 100, 150, and 200, respectively,
and the number of iterations is set at 1000.

The GWO, WOA, and TSA optimization techniques can be used to improve the RF
model in the following way:

(1) Data preparation: randomly divide the raw data into a training set (80% of raw data)
and a testing set (20% of raw data);

(2) Initialization: Initialize the swarm size, iterations, as well as some necessary parame-
ters of the three optimization algorithms;

(3) Fitness evaluation: Calculate the fitness value of the population, evaluate its fitness,
and then save the best fitness value before starting the next iteration;

(4) Update parameters: Update the fitness value based on the outcome of each iteration,
which aims to capture the ideal solutions;

(5) Suspension conditions check: When the optimal fitness value no longer changes, or
the maximum number of iterations is reached, the optimal solutions of the weights of
decision trees are obtained.

3.6. Criteria for Evaluation

An important task to be conducted after the modeling is to evaluate each model’s
accuracy and generalization ability. As mentioned previously, in this work, 80% of the
data samples were assigned as training that was used to train the RF and improve the RF
models, while the rest 20% of the data samples were assigned as testing data to verify the
performance of the RF and improved RF models. To evaluate the performance of the built
models, four metrics were used in this work, i.e., the coefficient of determination (R2), the
root mean squared error (RMSE), the mean absolute error (MAE), and the variance account
for (VAF). These evaluation indicators are defined below.
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The square of the correlation between the predicted and measured values is repre-
sented by R2. The RMSE characterizes the standard deviation of the fitting error between
the predicted values and the measured values. The MAE indicates the mean absolute error
between the predicted values and measured values. The VAF describes the prediction
performance by comparing the standard deviation of the fitting error with the standard
deviation of the actual value. The following equations were utilized to calculate the R2,
RMSE, MAE, and VAF values:

R2 = 1− ∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 (35)

RMSE =

√
1
n

n

∑
i=1

(yi − ŷi)
2 (36)

MAE =
1
n

n

∑
i=1
|yi − ŷi| (37)

VAF =

(
1− var(yi − ŷi)

var(yi)

)
× 100 (38)

where yi, ŷi, and y denote the measured, predicted, and mean values of the PPV, respectively.
When the predicted and measured PPV values are precisely the same, R2 is 1, the RMSE is
0, the MAE is 0, and the VAF is 100 (%).

4. Results and Discussion
4.1. Parameter Tuning of the RF Model

The main purpose of this section is to determine the optimal hyperparameters of the
RF model, including the number of decision trees and the maximum depth of decision trees.
In addition, before conducting the model training, the original dataset was standardized
to eliminate the negative effect of magnitude between the data and speed up the model’s
training. The formula for standardization of data is given as follows:

X∗i =
Xi − µi

σi
, i = 1, 2, . . . , 6 (39)

where Xi denotes the data samples belonging to feature i, µi and σi denote the mean and
standard deviation of Xi, respectively, and Xi

* signifies the standardized datasets that are
prepared for constructing the RF model.

The parameters tuning of RF consist of two steps. First, the scale of the RF is optimized
to determine the number of decision trees in a forest. In this regard, the number of trees
increases from 1 to 200 with 1 increment each time. Meanwhile, other parameters are set
to default values. Figure 5 shows the performance of the RF model with respect to the
number of trees. Intuitively, it can be seen that the mean squared error decreases when the
number of trees increases from 1 to 50, and then with the increase in the number of trees,
the mean squared error only shows small fluctuations. The results show that the minimum
mean squared error is reached when the number of trees is 51. Consequently, the scale
of the RF model is set to 51 decision trees. Furthermore, using the testing set to validate
the performance of the RF model when the number of trees is 51, the results show that
the R2, RMSE, MAE, and VAF values on the testing set are 0.915, 0.275, 0.224, and 93.504,
respectively.
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After that, the optimal maximum depth of decision trees was determined. The number
of the maximum depth increases from 1 to 10 with 1 increment each time, while the
number of decision trees is 51 currently. Figure 6 depicts the performance of the RF model
concerning the maximum depth of decision trees. It can be found that the minimum mean
squared error is reached when the maximum depth is set to 7. When the maximum depth
values are larger than 7, there is no apparent decrease in the mean squared error. At the
same time, the performance evaluation results of the current RF model on the testing set
are R2 of 0.923, the RMSE of 0.262, the MAE of 0.209, and the VAF of 93.994, respectively.
Thus, according to the aforementioned results, the maximum depth is set to 7. Now, the
RF model has been successfully constructed, and the later work uses five techniques to
optimize the weights of decision trees, aiming to improve the performance of the current
RF model.
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4.2. Improved RF-Based Models

In this section, five methods were used to optimize the regular RF model, namely the
refined weights of decision trees based on their predictive capabilities that are characterized
by R2 and the RMSE, and the refined weights of decision trees based on the optimization
solution of three metaheuristic algorithms (i.e., GWO, WOA, and TSA). The main goal of
the five techniques is to obtain the optimal weight set of decision trees that can minimize
the generalization error of the improved RF models. Moreover, to validate the models’
performance, each model’s accuracy and error on the training set and testing set are both
utilized. In this way, the optimal improved RF model can be effectively obtained.
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Figure 7 presents the calculation results of the three metaheuristic algorithms on the
training set. It can be seen that there are some differences in the calculation results due
to the swarm sizes. For example, for the RF-WOA model, the final fitness value is 200
swarms sizes < 150 swarm sizes < 100 swarm sizes < 50 swarm sizes; for the RF-GWO
model, the final fitness value is 100 swarm sizes < 200 swarm sizes < 150 of swarm sizes
< 50 swarm sizes; and for the RF-TSA model, the final fitness value is 150 of swarm sizes
< 200 swarm sizes < 50 of swarm sizes < 100 swarm sizes. It should be noted that the above
results are obtained based on the training set. For a clearer identification of the performance
of each model, it should be combined with its performance on the testing set. For this
purpose, a scoring evaluation method was employed to select the best model [60]. The
principle of this method is that the higher the score, the better the performance, and vice
versa. Consequently, the final scoring of the RF-WOA, RF-GWO, and RF-TSA models with
different swarm sizes on both training and test sets is obtained in Tables 3–5. According to
the results in Tables 3–5, it can be concluded that the best RF-WOA model with a total score
of 26 is obtained when the swarm sizes are set to 100, the best RF-GWO model with a total
score of 28 is obtained when the swarm sizes are set to 200, and the best RF-TSA model
with a total score of 27 is obtained when the swarm sizes are set to 50.
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Table 3. Performance of different swarm sizes of the RF-WOA models on predicting the PPV.

Models
Training Testing

Score Summation
Swarm Size R2 Score RMSE Score MAE Score VAF Score R2 Score RMSE Score MAE Score VAF Score

RF-WOA

50 0.986 4 0.119 1 0.094 2 98.584 1 0.932 4 0.246 4 0.187 4 94.723 3 23
100 0.986 4 0.118 2 0.093 3 98.603 2 0.932 4 0.246 4 0.188 3 95.032 4 26
150 0.986 4 0.117 3 0.092 4 98.612 3 0.927 2 0.254 2 0.191 2 94.430 2 22
200 0.986 4 0.116 4 0.092 4 98.647 4 0.928 3 0.253 3 0.196 1 94.394 1 24

Table 4. Performance of different swarm sizes of the RF-GWO models on predicting the PPV.

Models
Training Testing

Score Summation
Swarm Size R2 Score RMSE Score MAE Score VAF Score R2 Score RMSE Score MAE Score VAF Score

RF-GWO

50 0.986 4 0.116 4 0.092 4 98.632 1 0.930 4 0.250 4 0.192 3 94.516 3 27
100 0.986 4 0.116 4 0.092 4 98.633 2 0.929 3 0.251 3 0.192 3 94.475 1 24
150 0.986 4 0.116 4 0.092 4 98.637 4 0.929 3 0.252 2 0.193 2 94.488 2 25
200 0.986 4 0.116 4 0.093 3 98.635 3 0.929 3 0.251 3 0.191 4 94.528 4 28

Table 5. Performance of different swarm sizes of the RF-TSA models on predicting the PPV.

Models
Training Testing

Score Summation
Swarm Size R2 Score RMSE Score MAE Score VAF Score R2 Score RMSE Score MAE Score VAF Score

RF-TSA

50 0.986 4 0.118 2 0.093 3 98.598 2 0.931 4 0.248 4 0.191 4 94.743 4 27
100 0.986 4 0.118 2 0.094 2 98.582 1 0.924 1 0.260 1 0.201 2 93.823 1 14
150 0.986 4 0.116 4 0.093 3 98.635 4 0.927 2 0.255 2 0.191 4 94.483 2 25
200 0.986 4 0.117 3 0.092 4 98.619 3 0.929 3 0.251 3 0.195 3 94.569 3 26
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Table 6. Performance of the RF and improved RF models on predicting the PPV.

Models
Training Testing

Score Summation
R2 Score RMSE Score MAE Score VAF Score R2 Score RMSE Score MAE Score VAF Score

RF-WOA
(100) 0.986 6 0.118 5 0.093 6 98.603 5 0.932 6 0.246 6 0.188 6 95.032 6 46

RF-GWO
(200) 0.986 6 0.116 6 0.093 6 98.635 6 0.929 4 0.251 4 0.191 5 94.528 4 41

RF-TSA
(50) 0.986 6 0.118 5 0.093 6 98.598 4 0.931 5 0.248 5 0.191 5 94.743 5 41

RF 0.973 3 0.164 2 0.123 3 97.298 1 0.923 1 0.262 1 0.209 2 93.994 1 14
RF-R2 0.974 4 0.161 3 0.121 4 97.380 2 0.924 2 0.261 2 0.207 3 94.078 2 22
RF-RMSE 0.975 5 0.156 4 0.119 5 97.530 3 0.925 3 0.258 3 0.203 4 94.219 3 30
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After obtaining the best model for individual metaheuristic algorithms in their respec-
tive model comparisons, the next step is to perform further comparative analysis of them
and the two previously mentioned improved weighting methods based on the accuracy (i.e.,
R2 and the RMSE) to identify the optimal improved RF model. Concerning the improved
weights based on the R2 and RMSE of every single decision tree, the weights of the decision
trees are computed through Equations (28) and (30), respectively. For the metaheuristic
algorithms, the RF-WOA with 100 swarm sizes, the RF-GWO with 200 swarm sizes, and
the RF-TSA with 50 swarm sizes are chosen because of their best performance. At the same
time, the regular RF model is also used for comparative analysis in this section. Then, the
results of the performance of these six models are tabulated in Table 6. As can be seen from
Table 6, the model with the highest score is the RF-WOA, whose scoring is 46, followed
by the RF-GWO and RF-TSA, whose scorings are both 41. As for the RF-RMSE and RF-R2,
their scores were 30 and 22, respectively, which indicates the performance of the RF-RMSE
is slightly better than that of the RF-R2. In general, these five models all outperform the
regular RF model with a scoring of 14. Moreover, the ranking of these five models is as
follows: RF-WOA > RF-GWO = RF-TSA > RF-RMSE > RF-R2 > RF.

To intuitively observe the differences among these models, we divide the four evalua-
tion metrics into two groups, one for the VAF and R2 × 100, where larger values indicate
better model performance, and the other one for the RMSE and MAE, where smaller values
indicate better models. As depicted in Figure 8, for the group of the VAF and R2 × 100 (the
left one in Figure 8), the accuracies of the RF-GWO, RF-WOA, and RF-TSA are quite close
and are all better than the other three models (i.e., RF-RMSE, RF-R2, and RF), whereas, for
the group of the RMSE and MAE (the right one in Figure 8), the error of the RF-GWO is
slightly lower than those of the RF-WOA and RF-TSA. Likewise, the errors of the three
metaheuristic-based RFs are all lower than those of the RF-RMSE, RF-R2, and RF. Moreover,
it can be concluded that all of the refined weights RF models have a good performance on
the training set compared with the regular RF model. As for the testing set, the results are
shown in Figure 9. For the group of the VAF and R2 × 100 (the left one in Figure 9), the
ranking of the accuracy of these six models is shown as RF-WOA > RF-TSA > RF-GWO
> RF-RMSE > RF-R2 > RF. The same situation occurs in the group of the RMSE and MAE
(the right one in Figure 9), which indicates the ranking of error of these six models is
RF-WOA < RF-TSA < RF-GWO < RF-RMSE < RF-R2 < RF. Therefore, it can be inferred that
the RF-WOA has a better generalization ability than other models, which can be verified as
it has a better performance on the testing set. Additionally, we can also conclude that all
of the refined weights RF models have a good performance on the testing set compared
with the regular RF model, which means the refined techniques proposed in this paper can
effectively enhance the performance of the regular RF model.
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In a different way, the Taylor diagram is presented in this work, which may be used to
graphically summarize how closely a set of patterns fits observations [61]. The similarities
between the patterns and observations are quantified by utilizing their correlation coefficients,
centered root-mean-square errors, and standard deviations, as shown in Equation (40) [62]:

E
′2 = σ2

p + σ2
a − 2× σp × σa × R (40)

where E′ is the centered root-mean-square error between the predicted and measured
values, σ2

p and σ2
a are the variances of the predicted and measured values, respectively, and

R is the correlation coefficient between the predicted and measured values.
Figures 10 and 11 depict how closely the six developed models match the training and

testing sets, respectively, as references. In the Taylor diagram, the standard deviation is
shown by the distance between the circles representing the models and the origin point
on the x-axis, and the ticks on the clockwise arc represent the correlation coefficient. The
actual PPV values are shown by the star-shaped point ‘REF’ on the x-axis, and the distance
between the other circles and the point ‘REF’ reflects the centered RMSE (i.e., the grey arc).
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In Figure 10, it can be found that the standard deviations of all six models are less
than the standard deviations of the measured values, and the standard deviations of the
RF-WOA model, RF-GWO model, and RF-TSA model are closer to the standard deviation
of the actual values compared with the models of the RF, RF-R2, and RF-RMSE. Moreover,
the same applies to the correlation coefficient, i.e., the correlation coefficients of the RF-
WOA model, RF-GWO model, and RF-TSA model are closer to that of the actual values,
but they differ little from each other. For the centered RMSE, the results indicate that the
RF-WOA model, RF-GWO model, and RF-TSA model have smaller errors than those of
the RF, RF-R2, and RF-RMSE models. From a holistic perspective, the calculation results of
the three metaheuristic algorithms on the training set are closer to the actual PPV values,
while the RF-R2 and RF-RMSE models perform slightly better on the training set than the
RF model.

In Figure 11, it can be inferred that the standard deviations of the three metaheuristic
algorithms on the testing set are close to the standard deviation of the actual PPV and
slightly greater. With regard to the centered RMSE and correlation coefficient, the calcu-
lation results of the RF-WOA models are better than that of the RF-TSA and RF-GWO
models. Overall, based on the distance between these circles and the point ‘REF’, it can be
determined that the ranking of the model’s superiority on the testing set is as RF-WOA >
RF-TSA > RF-GWO > RF-RMSE > RF-R2 > RF. Compared with the results on the training
set, the results on the testing set can more clearly reflect the performance differences among
these models, especially for the results obtained by the metaheuristic algorithms.

To sum up, the RF-WOA is the optimal model that is recommended for refining the
weights of decision trees of the RF model in this study. Compared with the regular RF
model, for the training set, the RF-WOA model increases the R2 value of the RF from 0.973
to 0.986 and the VAF of the RF from 97.298 to 98.603 and simultaneously reduces the RMSE
of the RF model from 0.164 to 0.118 and the MAE of the RF from 0.123 to 0.093. For the
testing set, the RF-WOA model increases the R2 value of the RF from 0.923 to 0.932 and the
VAF value of the RF from 93.994 to 95.032 and simultaneously reduces the RMSE of the RF
model from 0.262 to 0.246 and the MAE of the RF from 0.209 to 0.188. Finally, the measured
and predicted PPV by the RF-WOA model on both training and test sets are depicted in
Figures 12 and 13, respectively.
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4.3. Sensitivity Analysis of Predictor Variables

Owing to the possible hazards of the PPV that are caused by blasting operations, it is
indispensable to clarify the major factor affecting the PPV. Therefore, in this section, further
analysis is conducted to identify the significant correlation of predictor variables that are
used to predict the PPV. As previously stated, six variables, i.e., BS, HD, ST, PF, MC, and
DI, were used to develop the RF models in this study. Based on the attribute of the RF
model, a significant correlation of each input variable can be obtained. The (normalized)
total decrease in the criterion brought by a feature is used to calculate the input variable’s
relevance with the target variable, which is also known as the Gini importance [56,57]; the
higher it is, the more significant the input variable. In this way, the significant correlation of
the input variables with PPV can be determined, as shown in Figure 14. It can be revealed
that the most significant predictor variable is the PF, followed by the BS, DI, and HD. The
least significant parameters include ST and MC. Accordingly, we will focus more on the
relationship between the PF and PPV.
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To obtain a clearer picture of how the PF affects the PPV, partial dependency plots
(PDPs) are utilized to achieve this goal. The PDPs illustrate the intuitive relationship
between the target response and an input feature of interest and simultaneously marginalize
the values of other input features. The PDPs visualize the average influence of the input
feature on the target response, which can reveal a homogeneous connection between the
feature and the target response [63]. Figure 15 shows the partial dependence between the
PPV and PF. From an overall perspective, as the PF gradually increased from 0.23 to 0.94,
the PPV gradually increased from 3.13 to 6.94. The process of the PF causing the PPV
changes can be divided into three stages. The first stage is that when PF increases from 0.23
to 0.46, there is no significant change in the PPV, and the PPV reaches a minimum value
when the PF equals 0.46. The second stage is that when the PF increases from 0.46 to 0.63,
the PPV shows a dramatic increase from 3.01 to 6.27 in an exponential-like trend. The third
stage is when the PF increases from 0.63 to 0.94, and the PPV increases from 6.27 to 6.94,
but the amplification is significantly smaller compared with that in the second stage. From
this, managing the PPV through curbing the size of the PF is a potentially effective means.
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4.4. Comparision with the Published Works

As for the datasets used in the present paper, it has also been used in several published
articles, e.g., references [1,64,65]. This section aims to compare the superiority of the model
proposed in this paper with the existing models in the published papers.

Reference [64] proposed two models used for the PPV prediction, i.e., the nonlin-
ear multiple regression (NLMR) and the gene expression programming (GEP). Likewise,
102 datasets of blasting operations were randomly divided into 80% for the training set and
20% for the testing set. The input parameters, including BS, HD, ST, PF, MC, and DI, are the
same as the input parameters used in the present study. The results of the GEP and NLMP
models are presented in Table 7. Reference [1] also used the same datasets to research the
PPV prediction. In the research, a special case is that a feature selection technique was used
to filter out unimportant input parameters before conducting the modeling. In this way,
five variables except for BS, including HD, ST, PF, MC, and DI, were chosen as the input
parameters, which is the main difference from the current paper. In their study, five ML
models, i.e., CART, CHAID, RF, ANN, and SVM, were developed using the new datasets
after feature selection. Furthermore, the datasets used for developing the models were
randomly split into two parts, i.e., 70% of datasets for training the models and 30% of
datasets for validating the performance of the models. The performance results of these
five models are presented in Table 7. Reference [65] also utilized the same datasets to
develop two ML models, i.e., RF and Bayesian Network (BN). Similar to Reference [1],
feature selection was also used to filter features of low importance before building the ML
model. After that, the input parameters that have been identified consist of DI, PF, HD, ST,
and MC, in addition to BS.

Moreover, the datasets were randomly split into two parts, i.e., 70% of datasets for
training the models and 30% of datasets for validating the performance of the models. The
performance results of these two models are presented in Table 7. Overall, according to
the results in Table 7, the improved RF model (i.e., the RF-WOA) proposed in this paper
can significantly outperform the models proposed in the published papers, which proves
the improved RF model is good enough and robust to predict the PPV caused by mining
blasting. Likewise, this shows that it is reasonable and feasible to amend the weights of the
decision trees of the RF model as proposed in this paper.

Table 7. Results of the evaluation metrics of the models that used the same datasets.

Reference Models
Training Testing

R2 RMSE MAE VAF R2 RMSE MAE VAF

Present
paper RF-WOA 0.986 0.118 0.093 98.603 0.932 0.246 0.188 95.032

[64]
GEP 0.914 0.920 0.755 91.304 0.874 0.963 0.851 87.107
NLMR 0.829 1.365 1.125 80.878 0.790 1.498 1.221 69.261

[1]

RF 0.940 0.770 0.620 92.970 0.830 1.460 1.190 82.170
CART 0.670 1.670 1.320 67.030 0.560 2.390 1.840 54.600
CHAID 0.910 0.860 0.540 91.300 0.680 1.900 1.470 67.790
ANN 0.890 0.960 0.750 89.140 0.840 1.410 1.130 83.710
SVM 0.880 1.020 0.770 88.480 0.850 1.500 1.170 84.540

[65]
RF 0.930 - - - 0.903 - - -
BN 0.930 - - - 0.871 - - -

5. Conclusions

This paper utilized the RF and improved weighted RF models to predict the blast-
induced PPV. Thus, a dataset of a total of 102 samples collected from an open granite mine
was used to develop the target regular RF model. The input parameters used for modeling
included BS, HD, ST, PF, MC, and DI, while the output was the PPV. Then, five techniques,
i.e., refined weights based on the accuracy (R2 and the RMSE) of decisions trees as well
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as the optimization results of three metaheuristics algorithms (WOA, GWO, and TSA),
were employed to enhance the performance of the regular RF model by reassigning the
new weights of decision trees. The results concluded that the optimal hyperparameters
of the regular RF model are 51 decision trees and 7 of maximum depth. Subsequently, the
performance evaluation results of the five weighted RF models showed that all improved RF
models outperformed the regular RF model. Moreover, the RF-WOA model shows the best
performance among these five models, as evidenced by the fact that the RF-WOA model
has the R2 values of 0.986 and 0.932, the RMSE values of 0.118 and 0.246, the MAE values
of 0.093 and 0.188, and the VAF values of 98.603 and 95.032 for the training and testing
sets, respectively. Additionally, compared with the models developed in published articles
that also used the same dataset, the RF-WOA model still shows the best accuracy, proving
that the RF-WOA model developed in this study has better performance, adaptability,
and robustness. Furthermore, the sensitivity analysis revealed that the PF model shows a
great significant correlation with the PPV prediction, and the results of the PDPs indicated
that when the PF is less than 0.46, the PPV maintains a small fluctuation. At the same
time, when the PF exceeds 0.46, there is a significant increasing trend of PPV, and when
the PF exceeds 0.63, the increasing trend of the PPV gradually shrinks, which suggests
that governing the magnitude of the PPV by managing the PF is an effective and practical
measure for the case of this project.
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