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Abstract: Public traffic has a great influence, especially with the background of COVID-19. Solving
simulation-based optimization (SO) problem is efficient to study how to improve the performance
of public traffic. Global optimization based on Kriging (KGO) is an efficient method for SO; to
this end, this paper proposes a Kriging-based global optimization using multi-point infill sampling
criterion. This method uses an infill sampling criterion which obtains multiple new design points to
update the Kriging model through solving the constructed multi-objective optimization problem in
each iteration. Then, the typical low-dimensional and high-dimensional nonlinear functions, and
a SO based on 445 bus line in Beijing city, are employed to test the performance of our algorithm.
Moreover, compared with the KGO based on the famous single-point expected improvement (EI)
criterion and the particle swarm algorithm (PSO), our method can obtain better solutions in the same
amount or less time. Therefore, the proposed algorithm expresses better optimization performance,
and may be more suitable for solving the tricky and expensive simulation problems in real-world
traffic problems.

Keywords: global optimization; multi-point infill sampling criterion; simulation-based optimization;
Kriging model

1. Introduction

In general, simulation optimization methods can be divided into three categories [1]:
simulation-based optimization, optimization-based simulation and the optimization of
simulation. The simulation-based optimization is basically formed around the black-box
concept; its objective function values are calculated through simulation models. The
optimization-based simulation uses the optimization process to generate data which are
linked to the simulation needed. The optimization of simulation usually focuses on the
search of appropriate simulation parameters. Among them, the simulation-based optimiza-
tion problem is common and worth studying. The objective functions of many simulation-
based optimization (SO) problems do not have explicit mathematical expressions, and
the evaluation process often relies on complex simulations. For example, Zheng et al. [2]
constructed a simulation-based model to simulate the signal timing under uncertainties in
the real world, then they optimized the output variables of the model. This SO problem
is extremely common in engineering, but difficult to deal with [3], because of its high
time-consuming features.

At present, the optimization algorithms can mainly be divided into two categories:
gradient-based and non-gradient-based. The gradient-based algorithm is not suitable for
the SO, because the objective functions of SO usually do not have explicit mathematical
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expressions, and their gradients are hard to accurately obtain. The non-gradient-based
algorithm can generally be divided into three categories: heuristic methods, surrogate-
assisted heuristic methods and metamodel-based methods. Among them, heuristic and
surrogate-assisted heuristic methods usually need a large number of evaluations of ob-
jective functions, this is extremely time-consuming. The metamodel-based methods are
the most suitable for solving the SO. Commonly used metamodels [4] include polynomial
models, neural network models, Krigng models, support vector machine models, and so
on. Among the many meta models, due to the good approximation ability of the Kriging
model on multimodal and nonlinear problems, the global optimization method based on
the Kriging (KGO) model has attracted extensive attention.

The core of the KGO is the infill sampling criterion; that is, how to select the new
infill sampling points to update the Kriging model in each iteration. The traditional
infill sampling criterion is a typical single-point method, (i.e., only one point is selected
as the new design point in each iteration). The expected improvement (EI) criterion
proposed by Jones et al. [5] is the most well-known single-point criterion, which selects the
point corresponding to the maximum value of the EI function in each iteration to update
the Kriging model. Besides, this criterion has been widely applied in other real-world
engineering problems [6-11]. However, the single-point criterion selects only one point
as a new design point in each iteration, it cannot meet the parallel computing function
of high-performance computers. To this end, the multi-point infill sampling criterion
that can obtain multiple new design points in each iteration has received comprehensive
attention in recent years, which can improve optimization efficiency proved according to
practice [12-26]. According to Sobester et al. [27], the EI criterion sometimes cannot balance
exploration and exploitation, which is important to the efficiency of algorithm. To this
end, Feng et al. [28] proposed a method called EGO-MO, which used the multi-objective
optimization to generate exploitation—exploration trade-off points. The two objective
functions are the two parts of the EI function. The EGO-MO needs to ensure many extra
clustering parameters. It may be hard to apply it to the practice application.

Considering the disadvantages of both EGO and EGO-MO, this paper proposes a
Kriging-based global optimization using multi-point infill sampling criterion. The multi-
point infill sampling criterion uses the method of EGO-MO to generate candidate sampling
points; then, the suitable sampling points are selected through the Kriging predicted values.
Afterwards, the method is applied to the typical nonlinear high-dimensional and low-
dimensional functions, which verifies the efficiency of the method proposed in this paper.
Finally, the problem of optimizing corporate revenue in the public transportation system is
taken as an engineering case, and the 445 bus line in the Beijing city is employed as the
research object. This method is carried out to optimize it, and the optimization result is
compared with the PSO. The optimization results show that the proposed optimization
method can obtain optimization results in a shorter time; therefore, this method is more
suitable for solving expensive black box problems.

The rest of this paper is organized as follows. Section 2 presents the background. The
proposed multi-point infill sampling method, based on the multi-objective optimization
problem, is introduced in Section 3. Section 4 presents the numerical cases and engineering
cases. The conclusions are summarized in Section 5.

2. Literature Reviews about KGO Used in Traffic Area

The Kriging-based global optimization (KGO), which is also called the Bayesian
optimization based on the Gaussian process in the machine learning field, has some
applications in the transportation system: Li et al. [29] incorporated the fastest-rising
ideas in response surface analysis into Bayesian optimization in the field of machine
learning and established a SA-BO algorithm model to improve optimization efficiency. In
addition, the passenger flow simulation model and the simulation optimization based on
the SA-BO algorithm constituted the overall bus schedule simulation optimization based
on passenger flow big data. In the work of Lv and Zhao [30], the K-means clustering
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method was used to establish a logistics park location model, MATLAB software was used
to iteratively calculate the established model, and the Bayesian discriminant method was
introduced to analyze the reliability of the clustering results. Zhang et al. [31] proposed
a deep learning-based multitask (MLT) learning model to predict network-wide traffic
speed, and used Bayesian optimization to optimize the hyperparameters of MTL model
with limited computational costs. Wang et al. [32] employed the Bayesian optimization
for the SVR regression model, which is applied to predict traffic flow; on the basis of
it, a novel regression framework for short-term traffic flow prediction with automatic
parameter tuning is proposed. Gu et al. [33] extracted decision variables from three aspects:
characteristics based on physical state, characteristics based on interactive perception,
and characteristics based on road structure, so as to make the factors considered in the
decision-making process of lane changing model more comprehensive. Then, in view
of the many factors that exist in the decision-making process of free lane changing, for
nonlinear problems, a support vector machine (SVM) decision model based on Bayesian
optimization algorithm (BOA) is proposed. Tian and Zhang [34] conducted the accurate
and effective identification and sorting of black spots in road traffic accidents, proposed
an optimized Bayesian black spot identification method based on accident statistics and
accident prediction models, and optimized the engineering practicability of this method.
At the same time, an optimized empirical Bayesian blackspot sorting method is proposed
from two aspects: the degree of the risk of accidents and the improvement space of safety
management. In order to improve the estimation accuracy of the OD matrix, a layered
optimization OD matrix estimation model based on the Bayesian method is proposed by
Yu [35]. This model divided the OD matrix estimation into three optimization problems:
(1) wardrop minimum variance optimization model, using it to obtain the path selection
probability; (2) least squares optimization problem to obtain OD sample data; (3) maximum
likelihood optimization problem to perform parameter estimation.

3. Method
3.1. Kriging Model

Metamodel is also called a surrogate model; it is a simple model used to simulate
the complex processes. Kriging is a kind of metamodel. The basic formula of the Kriging
model [5] is:

y(X) = Bf(X) +Z(X) ©)
where, X is the surrogate model variable; y(X) is the unknown surrogate model; j is the
regression coefficient; f(X) is the determined basis function; Z(X) is the error of random
distribution, its mean is 0, and its variance is 072 The covariance is:

cov[Z(x;), Z(x]-)} = (7% [Ri]- (6, x;, x]-)] )
where, x; and x; are any two sample points in the training sample. [R;; (6, x;, x;)] is the
correlation functions contained 6 and represents the positional relationship between the
training sample points. The relationship between the sample points is related to the
distance, so the given function relationship is:

nq

Rij (0, x;,x;) = [ [ Re(6,dx), di =
k=1

]

xff —xk ‘ 3)

where, 117 is the number of design variables, and xik, xjk are the k-th component of the train-
ing sample points x; and x; respectively, Ry (6, di) is thespatial correlation function (SCF).

If the training sample contains m1 sample points, the predicted value y(x) of x at any
point within the range of the design variables is:

9(x) = f(x)TB+r" ()R (y — Fp) )
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where,f(X) = [fl(x)er(x)r .. '/fk(x)]T/ y= [yl/ Ya, ..., }/ml]T, rT(x) = [R(X,X1), R(erZ)/ ey

R(x,xm1)]-
R(xy,x1) -+ R(x1,%m1)
R = : : :
R(xm1,x1) s R(xmll xml)
5
fT(x) v
F= ’ :B = [311132/ .- -IBk]T = (FTR_lF)_lpTR_ly
fT(xml)

The relevant parameters are the maximum likelihood estimates 6, which can be
obtained by solving Equation (6):

MLE :%rkl%{;{nln(a%)+ln(]12|)}} (6)
where:
%=y~ FP)R(y~ Fp) @)

3.2. Two Infill Sampling Criterions
3.2.1. Expected Improvement (EI)

Suppose Ymin to be the minimum value of the response of the evaluated design point,
the expression for the improvement at a point x: I(x) is:

I(x) = max{0, Ymin — ¥(x) } (8)

Its mathematical expectation can be written as:

EL3)) = (ymin — y(0) @22V ) Vi) ©)
where, ® is the cumulative distribution function of the standard normal distribution,
and ¢ is the probability density function of the standard normal distribution, y(x) is the
predicted value of the Kriging model, while s(x) is the predicted standard deviation of the
Kriging model.

According to the basic principle of the Kriging proxy model, for any unknown point x,
the Kriging model provides the predicted value y(x) and the standard deviation s(x) of the
predicted value. How to use the two aspects of information provided by the Kriging model
to select the most potential point as the update point is the core issue of the infill sampling
criterion. On the one hand, we can select the minimum value of Kriging model prediction
value y(x) as the update point. On the other hand, we can select the maximum value of the
standard deviation s(x) of the Kriging model as the update point. Selecting the minimum
value of y(x), as the update point can fully explore the area near the current optimal solution
and further improve the current optimal solution. However, such a search is concentrated
in a local area, which may cause the search to fall into a certain local maximum of the
original problem advantage. Selecting the maximum value of s(x) as the update point can
explore the unknown area as much as possible, and choose the update point in the area
where the sampling points are sparse, so that the search jumps out of the local area, but
this search is very slow, and requires a large number of supplementary update points to
find the optimal solution of the original problem. Since the EI criterion considers both of
them, it is still widely used as an efficient method today.
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3.2.2. A Multi-Point Infill Sampling Criterion Based on EI Criterion

Traditional infill sampling criteria such as EI criteria only search for single new design
point in each iteration, which is inefficient. Moreover, according to Sobester et al. [27],
sometimes the EI cannot balance exploitation and exploration. To solve these problems,
Feng et al. [28] proposed a multi-point infill sampling criterion based on multi-objective
optimization problem (MOP). The MOP can be written as:

Min: F(x) = (f1(x), f2(x), .- . , fun(2))" (10)
Subject to: x = (x1, x2, ... ,Xm) T
where, the set x is belong to the design space: D.

In most cases, the various sub-goals of the MOP are in conflict with each other; that
is, the improvement of some sub-goals will cause the performance of other sub-goals to
decrease. Hence, it is impossible for all sub-goals to reach the optimal rate at the same
time. The ultimate goal of the MOP is to coordinate and compromise between each sub-
goal, so that each sub-goal is as optimal as possible. Therefore, there is a huge difference
between the optimal solution of the MOP and the optimal solution of the single objective
problem. In order to solve the MOP problem correctly, it is necessary to define the concept
of its solution:

Definition 1. (Pareto dominate): Suppose x1, x, are two feasible solutions in the D of the MOP.
If, and only if, fi(x1) < fi(xz) (i=1, ..., m), and at least one j which belongs to [1, m] makes
fi(x1) < fi(xp). It can be said that x; dominates x;.

Definition 2. (Pareto optimal): There is no other solution x € D such that x dominates x*. It can
be said that x* is a Pareto optimal solution.

Definition 3. (Pareto optimal set (PS)): The set of all Pareto optimal solutions is called a Pareto
optimal set (Pareto Set, PS), that is: PS = {x is a Pareto optimal solution}.

Definition 4. (Pareto optimal front (PF)): Pareto front (PF) is defined as: PF = {F(x)|x€ PS}.

It is obvious that the essence of multi-objective optimization is to find a set of non-
dominated Pareto optimal solutions and their corresponding Pareto front. Hence, if
we want to gain exploration- exploitation trade-off design points, solving a bi-objective
optimization problem whose two objective functions measure local exploitation and global
exploration respectively, is a feasible approach.

The EI can be divided into two parts:

_ Ymin — ¥(%)
EL(x) = (Ymin — y(x))@P(T) (11)

_ Ymin — Y(%)
EI2(x) —S(x)§0( S(JC) ) (12)
EI; (x) represents the local exploitation, while the EI;(x) represents the global explo-

ration. However, the EI is hard to balance exploration and exploitation.
The MOP proposed by Feng et al. in [28] is:

Min: {El;(x), EI;(x)} (13)
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Solution Algorithm

In order to better solve the MOP (13), this paper employs the decomposition-based
multi-objective evolutionary algorithm (MOEA /D) [36,37]. First, the MOP is decomposed
into multiple scalar optimization sub-problems; each sub-problem hastens the search speed
by exchanging the information of its respective solutions. In order to avoid the algorithm
“premature”, the exchange of solution information generally occurs between adjacent sub-
problems, and the adjacent sub-problems are usually determined by the Euclidean distance
of the aggregation coefficient. This is because we assume that the closest aggregation
coefficient produces the most excellent solutions are also similar. The solutions retained for
each sub-problem are the best solutions for the corresponding aggregation coefficient so
far. It can be seen that the basis is the decomposition strategy.

The so-called decomposing into multiple scalar optimization sub-problems refers to:
instead of processing as a whole but decomposing one into a single-objective optimization
problem. The decomposition is achieved through the polymerization method. Common
aggregation methods are: weighted sum method, Chebyshev method, and penalty-based
boundary crossing method, and can be seen as follows:

Chebyshev decomposition method

min : ¢ (x|A, z) = max{A;|fi(x) — z|} (14)
stx €D

where, fch represents the Chebyshev decomposition method, z is the reference point,
z=(z1,22, ... ,2m) . Foreachi=1,2, ..., m.z; = min{f;(x)}, m is the target number of the
multi-objective optimization problem. The setting of the reference point can make the
population distribution more uniform and improve the effect of the algorithm.

Weighted sum decomposition method

This method achieves the purpose of transforming multi-objective optimization into
multiple single-objective optimization by multiplying the target vector with its correspond-
ing weight vector.

min : g¥%(x|A) = g:l Aifi(x)

stx €D

(15)

Among them, ws represents the weighted sum decomposition method. In [30], it
is pointed out that this method can achieve better results in multi-objective optimiza-
tion problems with convex Pareto frontiers, but often cannot achieve better solutions for
other situations.

Penalty-based boundary cross decomposition method

min : gpbi(x’/\,z) =dy + 6d
b |(F)-2)"4|
e Y (16)
dy = [|F(x) = (z = d1A)|
stxeD

where, z is the reference point and has the same meaning in the Chebyshev decomposition
method. d; is the distance from the solution in the target space to the corresponding weight
vector, d, is the distance from the foot of the solution in the target space to the corresponding
weight vector and the reference point, and 0 is the penalty factor. The penalty-based
boundary cross decomposition method takes the linear sum of d; and d, through the penalty
factor as the optimization goal. This method is more effective than the other two methods
for multi-objective optimization problems with more than two objectives, and can produce
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more uniform solutions. However, this method is very sensitive to penalty parameters,
and usually cannot handle different complex multi-objective optimization problems.
In general, as the Chebyshev decomposition method is more suitable in solving both
non-convex and convex problems, this paper adopts the Chebyshev decomposition method
in the process of solving the bi-objective optimization problem (13), and the parameters of
MOEA /D are consistent with the setting in literature [36].
The pseudo codes of MOEA /D are summarized in Algorithm 1:

Algorithm 1. MOEA/D.

Input: a multi-objective optimization problem.

A stop condition % the maximum number of iterations Gen.
Decompose into the number of subproblems N.

A set of weight vectors A = (AL, ..., AN,

Number of neighbors T

Output: Approximate Pareto Frontier EP.

1. Initialization

2. suppose EP = @ (The @ represents a empty set).

3. Calculate the distance between each weight vector and the ownership vector, take the
nearest T weight vectors of each weight vector, and store their index in B. Foreachi=1,2,..., N,
B(i) = {i1, ip, . .. , iT}-

4. Randomly or by other methods to generate initial population: x!, 2%, ..., xN.
5. Foreachi=1,2,...,N,set FV;= F(x;).

6. Initialize reference point z.

7. while the stop condition is not met

8. fori=1:N

9. Generate offspring: randomly select two indexes k and [ from B(i), and use analog
binary crossover operator to generate offspring individuals x* from x* and x'.

10. Adjustment: if necessary (out of bounds, etc.), then adjust x*.

11. Calculate the objective function value F(x*).

12. forj=1:m

13. iff]-(x*)< zj

14. zj = fi(x*)

15. else

16. Zj = Zj

17. end

18. end

19. for j = 1: sum(B(i))

20. if gt I, 2) <MW |V, 2)

21. ¥ = x*, FV; = F(x*)

22. else

23. © =¥, FV;=FV;

24.end

25. end

26. Update EP: First delete all target vectors dominated by F(x*) in EP, then add
the F(x*) to EP.

27. end % corresponds to the for in line 8

28. end % corresponds to the while in line 7

29. END
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3.3. Kriging-Based Global Optimization Based on Multi-Point Infill Sampling Criterion

The framework of the Kriging-based global optimization algorithm using multi-point
infill sampling criterion proposed in this paper is summarized as: First, the design of
experiment is used to obtain the initial sampling points. Then, in each iteration, the candi-
date sampling points which balancing exploration and exploitation are generated through
solving the MOP in the [28]. To select high-quality sampling points from candidates, the
kriging values of them are used. Finally, the optimization is conducting until the stopping
condition is reached. The pseudo codes are shown in Algorithm 2:

Algorithm 2. Multi-point infill sampling criterion. Global Optimization BASED on Kriging Using
Multi-Point Infill Sampling Criterion.

1. Initialization

2. Use design of experiment (DOE) to select a small number V of initial design points: {p', p?,
.., 1"} %According to the literature [5], the selection number Vis generally 5d or 11d-1, where d

is the number of design variables.

3. fori=1V

4. Evaluate the response values R(p') of the design point p

5. end

6. while the given algorithm termination condition is not met (in actual engineering
problems, it is generally judged whether a certain number of iterations has been reached)
7. Use all known design points and their corresponding objective function values to
construct a Kriging model.

8. Construct the MOP: min {EI;(x), EI>(x)}

9. Solve the MOP through the decomposition-based multi-objective evolutionary
algorithm (MOEA /D).

10. Obtain the PS and its corresponded PF of the MOP with a number B of candidates:
{pst, ps?, ..., psB)

11. fori=1:B

12. calculate the Kriging predicted value kpv(ps') of the point ps'’

13. end

14. KPV =]

15. fori=1:B

16. KPV = [KPV, kpo(ps')]

17. end

18. KPV = sort(KPV, ‘ascend”’)

19. fori=1:n

20. find the corresponding point cp; of the KPV(i)

21. end

22. fori=1:n

23. Evaluate the response values R(cp') of the design point cp'.

24. end

25. end % corresponds to the while in line 6.

26. output the optimal solution.

27. END

The flowchart is shown in Figure 1:
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Begin
Select a small number of
points as initial design
points

Evaluate the true responses of

all initial design points

Termination condition reached?

“onstruct Kriging model through all
evaluated design points

Construct MOP and solve it
through the MOEA/D

Select new design points from
the Pareto front according to
kriging predicted value

Evaluate the true responses of
all new design points

Optimum

Figure 1. The flowchart of KGO using multi-point criterion.

4. Numerical and Engineering Examples Based on the Multi-Point Infill
Sampling Criterion

All the experiments are run on Matlab 2018a software in a computer with 8 GB

4.1. Numerical Analysis

memory, Intel i5 CPU and Microsoft Windows 10.

Taking two typical benchmark functions as examples, and KGO using the EI criterion

4.1.1. Six-Hump Camel Back Function (SC)

The contour of the function is shown in Figure 2:

(simply EI criterion) is applied to compare with KGO using the multi-point infill sampling
criterion (simply multi-point infill sampling criterion) proposed. The performance evalua-
tion criteria are the size of the optimized value under the same number of iterations, the
size of the optimized value and the number of iterations are used to measure the optimal
accuracy and time respectively. Hence, in the numerical analysis, the stable number of
iterations is set as the stopping condition.
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Figure 2. The contour of SC function.

1
f(x) =402 —21x% + §x16 + x1xp — 4xo? 4+ dxpt 0 xp € [2,2] (17)

The initial sample points are 10 design points, and the results of the two methods are
shown in Figure 3 and Table 1:

2671

=& Multi-point infill sampling
—8—El criterion

Optimal solution in this iteration

1 2 3 4 5 3] T 8 9 10
Number of iterations

Figure 3. Comparison of the optimization process of two methods based on SC function.

Table 1. Comparison of the average values of 5 independent test results based on the SC function.

Method Multi-Point Infill Sampling EI Criterion
Solution result —1.0303 —1.0127
Number of iterations 10 10

4.1.2. Hartman 6 Function (H6)

The initial sample points are 30 design points, and the results of the two points
addition methods are shown in Figure 4 and Table 2:

Table 2. Comparison of average values of 5 independent test results based on H6 function.

Method Multi-Point Infill Sampling EI Criterion

Solution result —3.2704 —2.0399
Number of iterations 30 30
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5
357 —— Multipoint infill sampling
=@ E| criterion
4
5 1o 15 20 25 30
MNumber of iterations
Figure 4. Comparison of the optimization process of two methods based on Hé6 function.
4 6 )
fx) ==Y ciexp(—= ) w (xj - pij) );0 <x <1 (18)
i=1 j=1
10 3 17 35 17 8 1
p — 005 10 17 01 8 14 o — 1.2
v 3 35 17 10 17 8 "' 3
17 8 005 10 01 14 3.2 (19)
0.1312 0.1696 0.5569 0.0124 0.8283 0.5886
| 02329 04135 0.8307 0.3736 0.1004 0.9991
Pii= 1 02348 0.1451 03522 0.2883 0.3047 0.6650
0.4047 0.8828 0.8732 0.5743 0.1091 0.0381

It can be seen from the above comparison results that the method proposed in this
paper has better optimization results. This means that when using high-performance
parallel computer, the method proposed in this paper can obtain better optimal solutions
at the same time. On high-dimensional issues, the advantages of the multi-point infill
sampling criterion are more obvious, and this feature is more in line with real-world
engineering problems.

4.1.3. The Test of MOEA /D Parameters

In this section, the influence of MOEA /D parameters (number of neighbors T, the
maximum number of iterations gen) is studied by SC function in Tables 3 and 4:

Table 3. Ten average optimal results of different Gen.

Gen Optimal Solution
100 —1.0299
200 —1.0313
300 —1.0152
400 —1.0315
500 —1.0314

Table 4. Ten average optimal results of different T.

T Opimal Solution
5 —1.0310
10 —1.0310
15 —1.0314
20 —1.0313

As shown in Tables 3 and 4, the best Gen and T for MOEA /D are Gen = 200, T = 15.
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4.2. Engineering Case
4.2.1. Optimization Model and Process

In this paper, optimizing the corporate revenue in the simulation model of trans-
portation system [38] is employed as the engineering case to verify the performance of
multi-point infill sampling criterion. The simulation model of the transportation system is
based on a data-driven timetable optimization method and details of its construction can
be seen in the literature [38].

In the simulation model of the transportation system, the variables with decision-
making value mainly include the maximum number of departures I, the minimum de-
parture interval A, and the maximum departure interval /ip,x. This article intends to
optimize these parameters to improve corporate revenue, and the optimization model
constructed is as follows:

min: P = Ny * F, — Ny x Cy (20)
Subject to:
I <I<u (21)
I < min <y (22)
Dipax < Hmax < Uy, (23)
hrz:ax =I= hnTﬁn 2

Among them, N, corresponds to the number of passengers under the timetable, and
F} is the passenger fare. N is the number of departures under the corresponding timetable,
and C, is the operating cost coefficient for the vehicle to complete one service. T is the time
interval between the first and the last bus, which needs to be determined according to the
data selection range.

4.2.2. Data Description

The 445 bus line in Beijing city is selected in the case study. There are 19 bus stops on
the route, and the collection time of GPS trajectory data and Smart Card data was from 1 to
30 November 2017. In the case of this paper, select the data between 17:30 and 18:30. The
data information is shown in Tables 5 and 6:

Table 5. GPS data.

Time Vehicle Number Line Longitude Latitude Speed
2017/11/117:31 12301 445 116.4929 39.9629 79
2017/11/117:35 12301 445 116.497 39.9668 9.9
2017/11/117:50 12301 445 116.4837 39.9771 0.9
2017/11/117:59 12301 445 116.4836 39.9832 13.3
2017/11/1 18:10 12301 445 116.4835 39.9863 0
2017/11/118:30 12301 445 116.4556 39.9845 299

Table 6. Smart Card data.

Drop off Station

Boarding Station

Smart Card Number Drop off Time Boardtime Vehicle Number Number Nuraber
C9FCAD76 20171129220144 20171129215400 12297 9 5
9D1F3E31 20171129220145 20171129215000 12297 11 5
E420FD7C 20171129220147 20171129215300 12297 10 5
627 AEA05 20171129220148 20171129213900 12297 13 5
22C69F45 20171129220150 20171129212900 12297 18 5
0144EB12 20171129220152 20171129215000 12297 11 5
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According to the actual condition of the 445 bus line, the value ranges of the three
decision variables: maximum number of departures I, minimum departure interval hipin
and maximum departure interval fimayx are set as follows:

10 < I <202 < hin < 315 < Jax < 20 (25)

Among them, I should be an integer, and hp,in and Amax can be accurate to one decimal
place. Their original values are set to be consistent in the literature [38].

The maximum passenger capacity of the bus is 50, the interval between the first and
last buses T is 60 min, the fare of the 445 bus is 3 yuan/person, and the operating cost
coefficient of the bus is 39.6 yuan/car.

4.2.3. Result Analysis

The particle swarm algorithm (PSO) and multi-point infill sampling criterion are
applied to optimize corporate revenue respectively. Due to the long optimization time, the
number of populations in PSO cannot be selected too large. The selections are 20, 50, 80 and
100 in this test. The maximum number of iterations is set to 20, the maximum particle
velocity is set to 0.1, the minimum velocity is set to 0, and the maximum number of function
evaluations is 1000. The optimization results are shown in Table 7 and Figures 5-8:

Table 7. Comparison of results of optimization of revenue.

. . Number of Number of Function
Algorithm Optimum Iterations Evaluations
PSO (population 80) 3135.1 12 960
PSO (population 20) 2998.9 20 400
PSO (population 50) 3110 20 1000
PSO (population 100) 3287.5 10 1000
Multi-point infill sampling 3525.1 10 132
Unoptimized value 2431.1 R —

3600

=== Multi-point infill sampling
e PS0(20)

3200

3000

2800

Optimal solution in this iteration

2600

2400
s 4 <] 8 10 12 14 16 18 20

Number of iterations

Figure 5. Comparison between the multi-point infill sampling criterion and PSO (20).

Since the time for evaluating corporate revenue is about 900 s, it is much longer than
the running time of the optimization algorithm. Therefore, the number of iterations can
be used to measure the optimization efficiency of the algorithm under the use of parallel
computing technology, and the number of function evaluations can be used to measure the
optimization efficiency of the algorithm under the inapplicable parallel technology. The
results explain that the multi-point infill sampling criterion can get better optimization
results, which is an increase of 7.2% compared to the best result of PSO, 17.5%, compared
to the worst result of PSO, and even 45%, compared to the suboptimal value. In terms of
optimization efficiency: under the premise of using parallel technology, the multi-point
criterion can increase the efficiency by 50% on the basis of obtaining better optimization
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solutions; under the premise of not using the combination technology, the efficiency of this
method is improved more obviously: 64%, 92.5%, 92.8%. It can be seen that, in dealing
with expensive black box problems, the method proposed in this paper is far stronger than
the PSO in terms of solution accuracy and optimization efficiency.

—#— Multi-point infill sampling
3400 —8— PS0(50)

3200

3000

2800

Optimal solution in this iteration

2600

2400
2 4 6 8 10 12 14 16 18 20

Number of iterations

Figure 6. Comparison between the multi-point infill sampling criterion and PSO (50).
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Figure 7. Comparison between the multi-point infill sampling criterion and PSO (80).

L == [ulti-point infill sampling
—8— PSO(100)

3200
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2800 [
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Mumber of iterations
Figure 8. Comparison between the multi-point infill sampling criterion and PSO (100).

4.3. Implications

Summary of Sections 4.1 and 4.2, our optimization method has its advantage in
solving simulation-based optimization problems. In some developing countries with large
populations like China, traffic resources such as urban roads are relatively limited and
traffic congestion is getting worse. Public transportation is an important means to alleviate
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traffic congestion. In the decision-making stage, solving simulation-based optimization
problems can provide a good reference for decision makers. Hence, our method has a
positive impact on sustainable development, to a certain extent. Moreover, this method is
board, not only for the simulation-based optimization in traffic area. In other areas like,
for example, simulation model optimization of groundwater dredging, our method can
also be tried. As a general method, simulation-based optimization is of great help to the
decision-making of sustainable development.

5. Conclusions and Discussion

Simulation-based optimization is a common but difficult problem to deal with. In
order to solve the expensive optimization problem efficiently, this study proposes a novel
multi-point infill sampling method based on solving a multi-objective optimization problem
to obtain exploration-exploitation trade-off points in each iteration, and then improve
the performance of Kriging-based global optimization, which is also called a Bayesian
optimization based on Gaussian process in the machine learning field. Moreover, the
proposed method may deal with the real-world problems better. The main conclusions are
shown as follows:

1.  Considering the disadvantages of EGO and EGO-MO, this paper proposes a Kriging-
based global optimization using multi-point infill sampling criterion. The characteris-
tic of comparison to the already existing research is that the multi-point infill sampling
criterion uses the method of EGO-MO to generate candidate sampling points, and the
Kriging predicted values are employed as judgment standard. In this way, the extra
parameters required are greatly reduced.

2. Atpresent, in the field of transportation, there are a few research studies on how to
deal with simulation-based optimization problems. Therefore, the method proposed
in this paper has certain reference significance for other time-consuming optimization
problems in the transportation field.

The core of our proposed algorithm is the multi-point infill sampling criterion. The
criterion selects multiple exploration—exploitation trade-off points to update the Kriging
model in each iteration. However, our criterion is mainly based on the traditional EI
function—it is difficult to search the area, except the current minimum. Then, how to solve
the constructed MOP better is also a problem worth investigating. In addition, the method
in this paper is the lack of more practical applications. In the future, we will be more focused
on the black-box optimization-combined time-consuming simulations of real-world traffic
problems and continuously improve our algorithm in practical applications.
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