
����������
�������

Citation: Khonjun, S.; Pitakaso, R.;

Sethanan, K.; Nanthasamroeng, N.;

Pranet, K.; Kaewta, C.; Sangkaphet, P.

Differential Evolution Algorithm for

Optimizing the Energy Usage of

Vertical Transportation in an Elevator

(VTE), Taking into Consideration

Rush Hour Management and

COVID-19 Prevention. Sustainability

2022, 14, 2581. https://doi.org/

10.3390/su14052581

Academic Editors: Maxim

A. Dulebenets and Ripon

Kumar Chakrabortty

Received: 31 December 2021

Accepted: 22 February 2022

Published: 23 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Differential Evolution Algorithm for Optimizing the Energy
Usage of Vertical Transportation in an Elevator (VTE), Taking
into Consideration Rush Hour Management and
COVID-19 Prevention
Surajet Khonjun 1 , Rapeepan Pitakaso 1 , Kanchana Sethanan 2, Natthapong Nanthasamroeng 3 ,
Kiatisak Pranet 4, Chutchai Kaewta 5 and Ponglert Sangkaphet 5,*

1 Artificial Intelligence Optimization Laboratory, Department of Industrial Engineering, Faculty of Engineering,
Ubon Ratchathani University, Ubon Ratchathani 34190, Thailand; surajet.k@ubu.ac.th (S.K.);
rapeepan.p@ubu.ac.th (R.P.)

2 Research Unit on System Modeling for Industry, Department of Industrial Engineering,
Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand; Skanch@kku.ac.th

3 Artificial Intelligence Optimization Laboratory, Department of Engineering Technology,
Faculty of Industrial Technology, Ubon Ratchathani Rajabhat University, Ubon Ratchathani 34000, Thailand;
natthapong.n@ubru.ac.th

4 Artificial Intelligence Optimization Laboratory, Department of Logistics Management,
Faculty of Industrial Technology, Ubon Ratchathani Rajabhat University, Ubon Ratchathani 34000, Thailand;
kaitisak.p@ubru.ac.th

5 Artificial Intelligence Optimization Laboratory, Department of Computer Science,
Faculty of Computer Science, Ubon Ratchathani Rajabhat University, Ubon Ratchathani 34000, Thailand;
chutchai.k@ubru.ac.th

* Correspondence: ponglert.s@ubru.ac.th

Abstract: This research aimed to develop an effective algorithm to minimize the energy use of vertical
transportation in elevators while controlling the number of passengers in the elevator waiting area
and the number of passengers in the elevator during rush hour, thus maintaining social distancing to
limit the spread of COVID-19. A mobile application and Internet of Things (IoT) devices were used
to electronically communicate between the elevator’s control system and the passengers. IoT devices
were used to reduce the number of passengers waiting for an elevator and passengers’ waiting time,
while the energy consumption of the lift was reduced by using passenger scheduling and elevator
stopping strategies. Three mathematical models were formulated to represent the different strategies
used to cause the elevator to stop. These strategies were normal (allowing the elevator to stop at
every floor), odd–even (some elevators are allowed to stop at odd floors and others are allowed
to stop at even floors of the building), and high–low (some elevators are allowed to stop at high
floors and others are allowed to stop at low floors of the building). Lingo v.11 and the differential
evolution algorithm (DE) were used to address the optimal scheduling of the passengers and the
elevators. The computational results show that the odd–even strategy had a 13.91–23.71% lower
energy consumption compared with the high–low and normal strategies. Furthermore, the use of DE
consumed 6.67–7.99% less energy than the use of Lingo.v11. Finally, the combination of DE and the
designed application reduced the number of waiting passengers, the average passenger waiting time,
and the total energy consumption by 74.55%, 75.12%, and 45.01%, respectively.

Keywords: vertical transportation problem; elevator car management; passenger rush hour manage-
ment; energy consumption of elevator; differential evolution algorithm; COVID-19
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1. Introduction and Related Work
1.1. Research Motivation

Climate change is the most important problem that currently faces the world. Green-
house gas (GHG) emissions are the most significant factor in the climate change problem.
There are many sources of GHGs, such as transportation, livestock, manufacturing, and elec-
tricity usage [1]. In urban environments, high-rise buildings are designed and constructed
to solve the problem of limited area. There are more than 4 million high-rise buildings
across the world, and they are used as residential buildings and office buildings [2]. High-
rise buildings consume enormous amounts of electricity and cause more significant GHG
emissions than low-rise buildings [3]. Elevators in high-rise building consume about 4–7%
of the total energy of the building [4]. For example, in a group of six elevators in a high-rise
building, the yearly consumption of electricity was around 138,240 kWh, which equals an
emission of 67.35 ton CO2eq [5]. Therefore, making the energy consumption of elevators in
high-rise buildings more efficient will lead to a reduction in GHG emissions and contribute
to establishing sustainable cities across the world [6–8].

The use of elevators (lifts) in high office buildings generates several problems, which
are: (1) the high electricity consumption for the transportation of office workers to their
office, and (2) the fact that, during rush hour, office workers must wait and use a lift at
the same time. The second factor generates two problems during rush hour, especially
in relation to the COVID-19 pandemic: (1) the spread of COVID-19 amongst individuals
waiting for the lift, in the lift waiting area, and between the high density of people in
the same lift, and (2) making the average waiting time for a lift user high due to the
large number of passengers simultaneously congregating in the waiting area. In this
study, we solve these problems via the following: (1) By reducing the waiting time and the
number of passengers that are waiting and using the lift simultaneously using a lift booking
application, which will inform the passenger of the time to arrive at the waiting area, their
lift number, the time of the lift they should take, and the time they will arrive at the required
floor. (2) Reducing energy consumption by matching passenger demand and lift scheduling
using the differential evolution algorithm to estimate the lift’s optimal schedule and the
determined lift assignment. Moreover, this study assesses lift stopping strategies, such as:
(1) normal—this strategy allows all lifts to stop on every floor as requested by the users
(passengers); (2) odd–even—this strategy allows half of the elevators to stop only on odd
floors and the other half to stop only on even floors; and (3) high–low—this strategy allows
half of the elevators to stop only on high floors (the top half of the building) and the other
half of the elevators to stop only on low floors (high–low).

From Figure 1, we can see that the management of elevator operations and passenger
scheduling can be executed by (1) installing a camera on the first floor to monitor the
waiting line; (2) installing a sensor on each building floor to assess the current position
and situation of the elevators (these data will be sent to the server); (3) constructing a
solution for the scheduling of the elevators and passengers by designing an algorithm; and
(4) communicating between the elevators’ control system and passengers using the newly
designed mobile application.

1.2. Related Works

Energy consumption is a critical issue in high-building management, especially in
regard to elevator usage management. There are several ways to reduce energy usage in a
building. Zhang et al. (2018) discovered that using AC and DC hybrid power distribution
systems led to a higher conversion efficiency than a single AC power system in a high
building [9]. Lai and Ting (2016) used aircraft energy control to solve the problem of
coordinated control of an elevator, and an energy distribution loop was presented based on
a linear quadratic Gaussian (LQG) regulator [10]. Zhang et al. (2019) used a direct current
(DC) micro-grid and an innovative energy-efficiency device to reduce the elevator’s energy
consumption rate and found that they were able to reduce this rate by 15.87–54.5% [11].
Qiu et al. (2020) used particle swarm optimization to optimize the car air pressure curve in



Sustainability 2022, 14, 2581 3 of 19

order to increase passenger comfort, reduce energy consumption, and affect aerodynamic
characteristics [12]. Qiu et al. (2020) presented an energy-based vibration model (EVM) to
describe the multi-directional coupling properties of high-speed elevators. They presented
the precise Gaussian integration method to find the values of kinematic characteristics; a
combination of the kinematic energy, elastic potential energy, and theoretical work was
found to affect the vibrational characteristics of the high-speed elevator [13].

Figure 1. Framework of the proposed problem.

Kermani et al. (2021) presented a hybrid energy storage system (HESS) that integrated
ultra-capacitor energy storage (UCES) and battery energy storage (BES) systems to reduce
the energy use of elevators [14]. Yu et al. (2017) presented a methodology for reducing the
stack effect in high-rise buildings, revealing effective operation schemes for a sixty-story
commercial building in Seoul, Korea. They suggested that adopting the right scheme and
adjusting the air pressure appropriately can pressurize the upper zone of the building,
which directly relates to the stack effect [15]. Oh et al. (2020) presented construction
management (CM), which integrates design and construction to reduce the pressure, noise,
and vibration of high-rise residential buildings (HRBs) [16].

Many researchers have proposed methods for solving the routing problem related to a
group of elevator cars (GE). The GE problem relates to managing the demand triggered by
calling an elevator using the call button. The scheduling and routing of the lift is managed
so as to minimize the passenger waiting time and the energy used during the working
day [17–25]. Most articles focus on reducing the energy used by the elevator by managing
the electricity it uses. For the elevator in our case study, we adjusted the electricity to a
mixed AC/DC power system, and we used smart control to control the movement of the
elevator during rush hour in a high-rise office building.

Bapin et al. (2020) presented a novel method for the optimal dispatching of conven-
tional passenger elevators using the information obtained by surveillance cameras installed
in and in front of the lift car. The video is collected by an image processing system that can
determine the number of passengers in the elevator car and the number of passengers that
are waiting. This information is used to control the movement of the elevator in order to re-
duce energy consumption [26]. Chen et al. (2021) presented a real-time elevator reservation
method in order to obtain the optimal total running time and shortest round-trip of the
elevator [27]. Ge et al. (2021) employed automatic control of the energy consumption of
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the elevator, such as its light status, occupancy, and moving status. The study used a real
building and found that the proposed building management approach is more effective
than the current situation [28]. In our research, we used Internet of Things (IoT) devices
such as sensors and cameras installed in and in front of the lift. These devices report the
current situation of the lift, such as its current position, current speed, etc. This information
is used as the input of the computer/mobile application to set elevator and passenger
schedules. Elevator and passenger schedules are developed using Java.

Advanced optimization plays a key role in our problem-solving method. There are
many different domains in which advanced optimization algorithms have been applied as
solutions, such as online learning [29], scheduling [30], multi-objective optimization [31],
transportation [32], medicine [33], data classification [34], and others.

The algorithms that have been used in previous studies to solve the GE problem
include genetic algorithms, particle swarm optimization, and tabu searches [21,24,25]. In
our study, we use the differential evolution algorithm to solve this problem. The differential
evolution algorithm (DE) is a type of population-based metaheuristic and is one of the most
powerful and interesting evolutionary algorithms. It has five typical steps: (1) generate
an initial solution; (2) perform a mutation process; (3) perform a recombination process;
(4) perform a selection process; (5) redo steps (2)–(4) until the termination conditions, such
as computational time and the maximum number of iterations, are met.

DE has been successfully applied in several fields, such as in production scheduling [35,36],
manufacturing problems [37], vehicle scheduling problems [38], and vehicle routing prob-
lems [39]. We have developed an efficient DE for solving the vertical transportation problem
and thus minimizing the energy needed to operate a group of elevators during rush hour at the
same time as maintaining social distancing to prevent the spread of COVID-19.

1.3. Contribution

The contributions of this research are three-fold:

(1) The differential evolution algorithm has been proposed to construct the passenger and
lift schedule in order to minimize the energy usage of the building, while controlling
the spread of, and thus preventing, COVID-19 (reducing the number of passengers
waiting and passenger waiting time);

(2) A mobile application is developed to communicate between the elevator’s control
system and the passengers;

(3) The optimal elevator stopping strategy is revealed.

The framework of the proposed problem is shown in Figure 1.
As shown in Figure 1, the passengers call to use the lift by using the lift management

application. These data is sent to the main computer. A differential evolution algorithm
(DE) is used to match the passengers to the lifts via demand and the availability of the
elevators. The DE gives the solution, which is composed of the number of lifts that the
passengers will take and the arrival time of the passengers at the waiting area; this way,
they can catch the target lift on time. This information is sent back to the passengers via the
mobile application. The DE also constructs the lift schedule that controls the lift, taking the
passengers from the first floor to their target floors. The solution is based on: (1) maintaining
a social distancing strategy to prevent the spread of COVID-19; (2) minimizing the use of
energy by the lift, and (3) reducing the waiting time of the passengers using the designed
application.

This paper is organized as follows: in Section 2, the mathematical model representing
the VTE is presented; in Section 3, the proposed methods are presented; the computational
framework and results are presented in Section 4; lastly, Section 5 presents the conclusion
and future outlook.
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2. Mathematical Model Formulation

For the vertical transportation of elevators (VTE), we sought to minimize the energy
used to deliver passengers during rush hours while maintaining social distancing to reduce
the spread of COVID-19. Our mathematical model is shown as follows.

2.1. VTE When the Elevators Are Allowed to Stop at Each Floor of the Building

Indices

i—Indices for passenger label i = 1, . . . , I
j—Indices for elevator label j = 1, . . . , J
k—Indices for the transportation of the elevator k = 1, . . . , K
l—Indices for the level of the building l = 1, . . . , L

Parameter

I—Number of available passengers
J—Number of elevators available
K—Maximum number of rounds of transportation allowed per elevator
L—Maximum number of building levels
S1—Electric consumption rate per floor when moving up
S2—Electric consumption rate per floor when moving down
S3—Electric consumption rate each time the elevator stops (open/close the door)
Li—Floor of the building the passenger must stop at i

Gil—
{

1 if passenger i wants to stop at level 1 of the building
0 otherwise

Wi—Weight of passenger i
Cj—Capacity of elevator j
D—Time taken to load passengers in/out (duration of the door being open)
R—Movement speed of the elevator (minutes/floor)
Q—Maximum working time of the elevator (minutes)

Decision Variables

Yijk—
{

1 if passenger i is assigned to elevator j round k
0 otherwise

Xjk—
{

1 if elevator j round k is in use
0 otherwise

Tijkl—
{

1 if passenger i that is assigned to elevator j round k stops at level l
0 otherwise

Bjkl—
{

1 if elevator j round k stops at floor l of the building
0 otherwise

Mjk—Maximum floors that the elevator j travels in round k
Njk—Starting time of elevator j round k
Fjk—Finish time of elevator j round k

Objective Functions

Min Z =
K

∑
k=1

J

∑
j=1

S1Mjk +
K

∑
k=2

J

∑
j=1

S2Mjk−1 +
L

∑
l=1

K

∑
k=1

J

∑
j=1

S3Bjkl (1)

Subject to
K

∑
k=1

J

∑
j=1

Yijk = 1 ∀ i = 1, . . . , I (2)

Xjk ≤ Xjk−1 ∀ j = 1, . . . , J, k = 1, . . . , K (3)
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J

∑
j=1

I

∑
i=1

YijkXijk −
J

∑
j=1

I

∑
i=1

Yijk−1Xijk−1 ≤ 1 ∀ k = 1, . . . , K (4)

L

∑
l=1

K

∑
k=1

J

∑
j=1

Tijkl = 1 ∀ i = 1, . . . , I (5)

Yijk ≤ Xjk ∀ i = 1, . . . , I, j = 1, . . . , J, k = 1, . . . , K (6)

Mjk = MaxiYijkLi ∀ j = 1, . . . , J, k = 1, . . . , K (7)

I

∑
i=1

WiYijk ≤ CjXjk ∀ j = 1, . . . , J, k = 1, . . . , K (8)

Tijkl = GilYijk ∀ i = 1, . . . , I, j = 1, . . . , J, k = 1, . . . , K, l = 1, . . . , L (9)

Tijkl = Bjkl ∀ i = 1, . . . , I, j = 1, . . . , J, k = 1, . . . , K, l = 1, . . . , L (10)

Bjkl = Xjk ∀ j = 1, . . . , J, k = 1, . . . , K, l = 1, . . . , L (11)

Nj1 = DXj1 ∀ j = 1, . . . , J (12)

Fj1 = Nj1 + RMj1 +
L

∑
l=1

DBj1l ∀ j = 1, . . . , J (13)

Njk = (Fik−1 + RMjk−1 + D)Xjk ∀ j = 1, . . . , J, k = 2, . . . , K (14)

Fjk = Njk + RMjk +
L

∑
l=1

DBjkl ∀ j = 1, . . . , J, k = 2, . . . , K (15)

Fjk ≤ Q ∀ j = 1, . . . , J, k = 1, . . . , K (16)

Objective function (1) is composed of three cost terms, which are: (1) the cost of moving
the elevator up, which is a function of the number of floors that elevator j traverses in round
k; (2) the cost of moving the elevator down, which is a function of the maximum number of
floors elevator j traverses in round k−1; and (3) the number of times the elevator door opens,
which is a function of the number of floors that the elevator opens on in round k.

Constraints (2) mean that a passenger must be assigned to elevator j round k once
at most. Constraints (3) and (4) show that elevator j round k cannot be operated if round
k−1 has not yet been operated. Constraints (5) are used to calculate the floors (l) at which
elevator j round k has to stop due to customer i being assigned to that elevator. Constraints
(6) illustrate that passenger i cannot be assigned to elevators that are not being operated.
Constraints (7) reveal the maximum number of floors that elevator j round k has to move
to, which is the maximum number of floors that the passengers who are assigned to
that elevator can use. Constraints (8) ensure that the total weight of the passengers that
are assigned to that elevator is less than the maximum allowed weight of that elevator.
Constraints (9), (10), and (11) ensure that customer I will be assigned to elevator j round
k only when that elevator stops at level l. Constraints (12) and (14) are used to define the
starting time of elevator j round k, while constraints (13) and (15) are used to define the
finishing time of elevator j round k. Finally, constraints (16) are used to control the time at
which all elevators must be at the office.

2.2. VTE When Some Elevators Are Allowed to Stop Only at Odd Floors, While Others Are
Allowed to Stop Only at Even Floors of the Building (Odd–Even)

Odd–even: In this strategy, the levels at which elevator j can stop are controlled by
parameter Pjl, which is equal to 1 when elevator j is allowed to stop at a given floor. Gil,
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Gil-1, and Gil+1 are 1 because the lift does not stop at the preferred floor, meaning the
passenger must stop one floor before or after the target floor.

Pjl=

{
1 if elevator j is allowed to stop only on floor l
0 otherwise

To fulfill the requirements, constraints (16) is added to the previous model.

Bjkl ≤ Pjl ∀ j = 1 . . . J, k = 1 . . . K, l = 1 . . . L (17)

2.3. VTE When Some Elevators Are Allowed to Stop Only at High Floors While Others Are
Allowed to Stop Only at Low Floors of the Building

This model uses the same formulation as that used in the second model. The value of
Pjl is controlled to allow some elevators to stop at the lower floors (first half of all floors in
the building) and higher floors (last half of all floors in the building).

3. The Proposed Heuristics

In this article, the differential evolution algorithm is modified to solve the vertical
transportation of an elevator (VTE) problem. The differential evolution algorithm (DE)
is composed of five typical steps: (1) generate an initial solution, (2) perform a mutation
process, (3) perform a recombination process, (4) perform a selection process, and (5) redo
steps (2) to (4) until the termination condition is met. The DE used to solve the vertical
transportation of an elevator problem (VTE) can be explained stepwise, as below.

3.1. Generate a Set of Initial Vectors

We encode the vector to represent the VTE by designing a 1 × D vector, where D is the
number of passengers. A set of initial vectors is encoded, as shown in Table 1. In Table 1,
we show six vectors, each of which has nine positions (D).

Table 1. Example of vector used in the proposed method.

Position 1 2 3 4 5 6 7 8 9

Vector

1 0.89 0.88 0.69 0.89 0.42 0.07 0.93 0.03 0.21
2 0.37 0.11 0.50 0.61 0.94 0.20 0.12 0.14 0.54
3 0.39 0.93 0.02 0.87 0.11 0.71 0.40 0.45 0.10
4 0.23 0.41 0.02 0.40 0.05 0.14 0.75 0.90 0.44
5 0.14 0.25 0.49 0.59 0.49 0.28 0.50 0.62 0.42
6 0.09 0.38 0.34 0.75 0.38 0.93 0.69 0.58 0.03

To obtain the solution to the proposed problem, we need to develop a decoding
method, which can be explained as follows.

The Decoding Method

To allow the vectors shown in Table 1 to be the complete solution, it is necessary
to use the decoding method to obtain the complete solution for the proposed problem.
The decoding method is composed of five steps: (1) set the probability for the passengers
selecting their preferred elevator; (2) calculate the cumulative probability of passengers
selecting their elevator; (3) assign the passengers to an elevator according to the cumulative
probability obtained from step (3). This requires us to take into account the following
conditions: (1) the capacity of the elevator and (2) the floors that an elevator stops at (the
passengers are allowed to walk—at most—one floor up or down).

Table 2 shows the floor to which the passengers want to go and the weight of the
passengers. Table 3 shows the probability, the cumulative probability, the floors at which
the elevator is allowed to stop, and the elevator’s capacity. Table 4 shows the result of
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assigning the passengers to the lift using a value in the position of vector 1. The cost of
moving the elevator up and down is THB 9 and 7, and the cost of opening the door of the
elevator is THB 5 each time. The cost of calculation is also shown in Table 4.

Table 2. Detail of the passengers.

Passenger Number Floor to Go Weight of Passengers

1 5 80
2 9 49
3 12 58
4 4 61
5 10 59
6 15 48
7 3 75
8 4 71
9 8 68

Table 3. Detail of the elevators.

No. of Elevator
Probability to

Select Each
Elevator

Cumulative
Probability to
Select the Lift

Floor to Stop Capacity

1 0.33 0–0.33 Odd 180
2 0.33 0.34–0.66 Even 120
3 0.34 0.67–1.00 All floors 150

Table 4. Result of the assignment.

No. of Elevator Round Stop Floor Moving Cost
(THB)

Stop Cost
(THB)

Total Cost
(THB)

1
1 6 (48,5), 8 (71,8) 5,7 (odd) 112 10 122
2 9 (68,8) 7 (odd) 112 5 117

2 1 5 (80,10) 10 (even) 160 5 165

3
1 1 (80,5), 2 (49,9) 5,9 (all) 144 10 154

2 3 (58,12), 4
(61,4), 7 (75,3) 3,4,12 (all) 192 15 207

3 7 (75,3) 3 (all) 48 5 53

Total Profit 818

From Table 4, we can see that elevator 1 moves two rounds due to the limitations
imposed on its capacity, while elevators 2 and 3 move one and three rounds, respectively.
The total cost of the assignment is THB 818 per day. The decoding method used in this
article is shown in Algorithm 1.



Sustainability 2022, 14, 2581 9 of 19

Algorithm 1: DeCoding WP to Vertical Transportation Problem.

input: Population (WP), User Size (D), Cost and Time Data (CT), Max Weight
of Elevator List(CJ), Number of Elevator(NE)
output: Vertical_Tran _Solution, Total_Cost
begin

lift_route = Generate Elevator(CJ)
cj_pop = get_ElevatorPop(CJ)
For i = 1: D //Loop for the user selected elevator

current_pop = 0
For j = 1:NE

current_pop = current_pop + cj_popj
If current_pop ≥WPi.zk

lift_routej.user_list.add(WPi)
break

End For Loop
End For Loop
Vertical_Tran _Solution = []
For i = 1: NE //Loop for the new routing elevator

weight_sum = 0
new_user_list = []
size_user = length(lift_routei.user_list)
For j = 1: size_user

If weight_sum + lift_routei.user_listj.wi ≤ CJi Then
new_user_list.add(lift_routei.user_listj)
weight_sum = weight_sum + lift_routei.user_listj.wi

Else
new_route = Generate Route()
new_route. user_list = new_user_list
num_up = max(new_route. user_list.Li) – 1
time_up_down = (num_up* CT. R) * (num_up* CT. R)
time_open= Count(new_route. user_list) * CT. D
route _Time = (time_up_down + time_open)
If route _Time ≤ CT. Q Then

cost_up = num_up* CT. S_1
cost_down = num_up* CT. S_2
cost_open = Count(new_route. user_list) * CT. S_3
Total_Cost = Total_Cost + (cost_up+ cost_down+ cost_open)
new_route.route_cost = (cost_up+ cost_down+ cost_open)
new_route. route _time = route _Time
Vertical_Tran _Solution.add(new_route)

Else
Return null

weight_sum = 0
new_user_list = []

End For Loop
End For Loop
Return Vertical_Tran _Solution, Total_Cost
end

3.2. Perform Mutation Process

The mutation process is used to transform the target vector shown in Table 1 to the
mutant vector. The transforming process makes use of Equation (18):

Vi,j,G = Xr1,j,G + F
(
Xr2,j,G + Xr3,j,G

)
(18)

where r1, r2, and r3 are the indices of randomly selected vectors; F is a scaling factor, which
is set as 0.8 (Qin et al., 2009); i represents the vector number, i = 1, 2, . . . , NP; j is the position
of a vector when j = 1, 2, . . . , D.
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3.3. Perform the Recombination Process

A recombination process is used to transform the mutant vector into the trial vector;
in this process, we use Equation (19), where Vi,j,G is the mutant vector, Xi,j,G is the target
vector, and Ui,j,G is the trial vector. This formula was presented by Pitakaso and Sethanan
(2015); randbij1 is random number one of vector i, position j, and randbij1 is random number
two of vector i, position j.

Ui,j,G =

{
Vi,j,G when j ≤ rand bi,j,1 and j ≥ randbi,j,2
Xi,j,G when randbi,j,1 < j < randbi,j,2

(19)

3.4. Perform the Selection Process

The last process—completed before the vector can proceed to the next iteration—is
known as the selection process. This process is used to select the new target vector. The
candidates for the next target vector are the current target (Xi,j,G) and the current trial
vector (Ui,j,G). The selection is executed using Equation (20), where f

(
Ui,j,G

)
and f

(
Xi,j,G

)
are the objective functions of the trial vector and target vector, respectively.

Xpre
i,j,G+1 =

{
Ui,j,G if f

(
Ui,j,G

)
≤ f

(
Xi,j,G

)
Xi,j,G otherwise

(20)

3.5. Redo Step (3.2–3.4) until Termination Condition Is Met

In this research, the termination condition is set as the computational time (5–20 min
depending on the size of the test problem). Details of the termination condition are shown
in Table 5. The proposed method (differential evolution algorithm) procedure is shown in
Algorithm 2.

Algorithm 2: Differential evolution algorithm (DE).

input: Population size (NP), Problem Size (D), Mutation Rate (F), Recombination rate (R)
output: Best_Vector_Solution
begin

Population = Initialize Population (NP, D)
encode Population to WP
while the stopping criterion is not met do

for i = 1: NP
Vrand1, Vrand2, Vrand3 = Select_Random_Vector (WP)
For j = 1:D // Loop for the mutation operator

Vy [j] = Vrand1 [j] + F (Vrand2 [j] + Vrand3 [j])
End For Loop//end mutation operator
For j = 1:D //Loop for recombination operation

If (randj [0,1) < R) Then
u [j] = Vi [j]

Else
u [j] = Vy [j]

End For Loop//end recombination operation
IF(CostFunction(u) ≤ CostFunction(Vi)) Then

Vi = u
End For Loop

End
decode WP to get the solution for the problem
Return Best Vector Solution

end
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Table 5. Computational results of various test instances.
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1 9 4 5 15.3 100 90 137 5 137 90 100
2 9 4 10 20.5 190 175 255 5 255 175 190
3 9 6 10 25.8 190 175 255 5 255 175 190
4 12 4 5 60.3 105 90 138 5 138 90 105
5 12 4 10 90.3 230 185 264 5 264 185 230
6 12 6 10 98.5 224 193 258 5 252 193 224
7 15 4 10 384 214 190 239 10 253 183 203
8 15 4 15 384 254 220 284 10 248 209 238
9 15 6 15 384 259 215 272 10 251 197 234

10 22 4 10 384 278 251 283 10 249 231 254
11 22 4 15 384 317 291 325 10 284 253 261
12 22 6 15 384 304 283 313 10 288 257 273
13 25 4 10 384 318 254 362 15 276 238 251
14 25 6 10 384 301 293 320 15 313 284 304
15 25 4 15 384 379 348 393 15 359 311 338
16 25 6 15 384 388 327 403 15 341 307 320
17 32 4 15 384 364 326 378 15 354 309 338
18 32 6 15 384 364 309 395 15 341 299 336
19 32 4 20 384 501 473 587 15 524 461 502
20 32 6 20 384 529 459 565 15 519 429 510

Case 218 4 31 384 3005 2591 3147 30 2964 2348 2862

4. Computational Result and Framework

This section contains three subsections: (1) the evaluation of the elevator’s stopping
strategies, (2) the result of the case study, and (3) the design of the application for the lift
users. In each section, tables and figures are provided to clearly illustrate the procedures
and the findings of the computation.

4.1. The Evaluation of the Elevator’s Stopping

In this section, the performance of the proposed method (differential evolution algo-
rithm) is coded with C++ and tested using an Intel ® Core™ i5-2467M PC with 1.6 GHz
CPU. The mathematical model is coded using Lingo v.11. Twenty randomly generated data
sets with different numbers of passengers, elevators, and floors are tested. Details of the test
instances are shown in Table 5. We have also tested the problem in a case study consisting
of 218 passengers, four lifts, and 31 floors. The results of the case study are shown in Table 5.
The computational time of Lingo v.11 can be separated into two types. In the first type,
we operate Lingo until it finds the optimal solution, then record the computational time
taken. The second computational time is used when Lingo cannot find the optimal solution
within 48 h, at which point we stop the operation and record the best solution found by
Lingo v.11 during the 48 h. The termination condition of DE is set as the computational
time. The execution time of DE is set to vary from 5 to 30 min, depending on the size of the
problem. The results of the experiment are shown in Table 5.
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The 20 test instances are sub-problems in the case study, which use different numbers of
passengers, elevators, and maximum floors to be traversed. For example, test instance number
9 contains 15 passengers, 4 lifts, and 15 maximum floors to be traversed. All 218 passengers
are categorized into two groups: (1) the passengers that need to stop after floor 15 (floor 16–31),
named set A, and (2) passengers that are not in set A, named set Z. Afterwards, 15 customers
from set Z are randomly selected for use in test instance number 9. The fourth out of six lifts is
randomly selected for use in test instance number 9. We have performed the same procedure
for all test instances.

We used the results shown in Table 5 to plot a graph showing how the different stop
strategies affect the total cost. These three strategies are: (1) normal (where the elevator
stops at every required floor), (2) odd–even (where the elevator stops at either odd or even
floors), and high–low (where the elevator stops at either high or low floors). The results of
the comparison are shown in Figure 2.

Figure 2. Average cost using different stop strategies.

From Figure 2, we can see that using the high–low floor stop strategy generates a 23.71%
higher cost than that incurred using the odd/even strategy. The odd–even strategy generates a
13.91% lower cost than when the elevator stops at every floor at which it is requested (normal
strategy). The % difference in the number is calculated using Equation (21):

% di f f =
(T − B)

B
× 100% (21)

where T is the cost generated from by the target methods/strategy and B is the cost
generated from by the base algorithm/method/strategy. Figure 3 shows that, when the
number of elevators increases, the total costs of all the stopping strategies also increases.

From Figure 3, we can see that, when the number of elevators increases, the costs of all
stopping strategies increase. Figure 4 shows that, when the number of floors in the building
increases, all the strategies have a higher operating cost.

Figure 5 shows the % difference in the cost generated using different methods. These
two methods use Lingo v.11 and DE. The average difference between results when using
Lingo and DE is 6.67–7.99%, depending on which elevator stop strategy is used.
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Figure 3. Average cost when comparing number of elevator available.

Figure 4. Average cost when comparing the effect of the number of floors available in the building.
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Figure 5. The average % difference when using DE and Lingo v.11 as the solution approach.

In summary, we tested the performance of the proposed method with 20 instances
and have presented the result in Table 5. Then, we tried to show the average costs of three
strategies in several aspects in Figures 2–4. Finally, we compared the costs of all strategies
using DE and Lingo.

4.2. The Elevator Control System and Application Design

A camera was installed using HIKSISION DS-2CD1123G0E-I to assess the number
of waiting lines. To assess the movement of the elevator, we used IoT devices, installing
an infrared sensor 24 V on every floor of the building, and used C programming in the
PLC system to control the movement and operation of the elevators. The framework of the
operational design of the proposed method is shown in Figure 6.

Figure 6. The proposed architecture designs.
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Figure 6 shows the system architecture design when the mobile client requests the
server, which records the daily elevator requests of users; then, the system queries all
elevator bookings to schedule the use of elevators. This system uses an optimization
algorithm to ensure the minimum energy consumption of scheduling elevators, and the
system relays the results of the elevator booking to each mobile client. In addition, this
system also has an elevator IoT controller, which sends the elevator status information in
real time via the internet to the server for mobile client response. The application runs on
the Android platform. Furthermore, PHP scripts were run on the server for mobile client
requests and responses. The Python script of the optimization algorithm was run each time
a mobile client made an elevator booking. The elevator booking system is also installed
in the touchscreen panels of kiosks at the entrances of elevator zones, to serve one-time
visitors who do not have the booking system on their smartphone.

Figure 7 shows the user interface of the elevator booking design: the user clicks on
“New Booking Floor” to book an elevator, and the system then asks the user to fill in their
weight information and select the floor; the user then clicks “go” for confirmation. The
system displays the result, the number of elevators, and elevator usage time. In addition,
the current floor status of the elevator is displayed in real time.

Figure 7. The proposed user interface.

4.3. Numerical Result of the Case Study

The designed application and the DE have been implemented in a real building in
Bangkok, Thailand, and were used for 80 days. The results of the average waiting time, the
average number of waiting passengers, and the energy used in the building were recorded
and compared with the current situation and are shown in Table 6.

Table 6. Comparison of the results of the current situation and the proposed method.

Average
Waiting Time
(Minutes)

Average Number of
Waiting Passengers
(Person)

Energy Used
(THB)

GHGs Emission
(kgCO2eq)

Current situation 15.21 30.85 4788 538.77
DE 3.87 7.68 2591 291.55

From the computational results, we can see that the use of DE and the designed
application can reduce the number of passengers that have to wait in the elevator waiting
area and the average waiting time by 74.55% and 75.12%, respectively, while the energy
used was reduced by 45.01%. The energy reduction rate can be converted to a GHG
emission of 1127.94 kg CO2e per year [40]. An example of passenger scheduling is shown
in Table 7.
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Table 7. Passenger scheduling example using DE and designed application.

Elevator
Elevator 1 (Even) Elevator 2 (Even) Elevator 3 (Odd) Elevator 4 (Odd)

Stopped
Floor

Passenger
ID

Stopped
Floor

Passenger
ID

Stopped
Floor

Passenger
ID

Stopped
Floor

Passenger
ID

Round

1
1 4 6 10 12
18 20 22 26
30

83 2 3 5 169
9 19 29 45 50
53 54 56 57
60 194 74

1 6 8 20 22
28

4 6 8 10 11
64 14 17 21
22 23 25 26
27 28 33

1 9 13 15 17
23 25 27

13 15 16 18
20 24 30 31
79 36 41 49
51 61

1 7 9 11 17
19 23

39 52 65 90
102 119 124
161 163 197
201

2 1 4 6 8 10 14
16 20 22 28

32 88 98 99
100 101 105
112 113 121
128 129 133
135 136

1 4 6 8 14
16 20 22

34 35 37 38
40 42 43 44
46 47 48 55
58 59 63 12

1 3 11 13 15
198 67 69
72 73 77 82
1 87 89 91
95

1 5 7 9 13
19 27 29

144 145 151
155 158 159
162 164 166
167 170 171
173 176 178
179 180

3
1 4 10 14 18
20 24 26 28
30

137 140 147
148 150 153
157 7 172
174 177 189
191 193 62
212 218

1 6 8 12 18
20 22 24 26

68 70 71 75
76 78 80 81
84 85 86 92
93 94 103

1 7 9 11 13
17 21 2 5 27

96 97 107
109 118 126
132 134 138
141 142 143
146

1 9 13 15 21
23 27

186 188 190
192 196 66
199 202 203
205 208 209
213 214 215
216

4 1 4 10 16 26
28

185 187 195
200 204 206
207 210 217

1 6 8 12 14
16 22 24 26
28

104 106 108
110 111 114
115 116 117
120 122 123
125 127 130
131 139

1 4 18 20 24
26

149 152 154
156 160 165
168 175 181
182 183 184
211

Cost (THB) 695 639 518 592
Total traveling time
(Min X) 65.69 60.18 53.6 48.5

Table 7 shows a numerical example of the case study on day 4 of application testing.
We can see that the elevator working from 48.5 to 65.69 depending on the load that each lift
has to serve. The total cost of day 4 is THB 2444. Each day, the cost can vary depending on
the passengers’ demand of the life.

5. Conclusions and Outlook

In this research, we developed a mathematical model to represent passenger and
elevator scheduling in order to optimize the energy consumption of elevators using the dif-
ferential evolution algorithm (DE). An application was designed to communicate between
the elevator control system and the passenger in order to manage the waiting time and
number of passengers waiting in the elevator’s waiting area, aiming to reduce the spread
of COVID-19. Moreover, to reduce energy consumption, three elevator stopping strategies
have been presented and verified.

From the computational results, we can conclude that the DE improved the solution’s
quality; the best solution was found using Lingo v.11 (found within 24–48 h), with an
improvement of 6.67–7.99%. Moreover, the elevator stopping strategy that was used
affected the solution quality. The solution in which we allowed the elevator to stop only
on odd or even floors (odd–even) generated the lowest energy compared with all other
strategies. This strategy could save 13.91% and 23.71% of the energy used by normal and
high–low floor strategies, respectively. Moreover, from the computational results, we can
conclude that the number of floors contained in the building and the number of elevators
used in the building also affect the total energy used. A higher building, and a higher level
of elevator usage in a building, translate to greater energy requirements to operate the
elevator. The energy consumption of the proposed methods reduced the average waiting
time, the average number of passengers waiting in the elevator waiting area, and the energy
consumption, as well as GHG emissions, by 74.55%, 75.12%, and 45.01%, as inferred from a
case study involving the investigated building.

There are some limitations to this research, including:

• We assumed that all elevator types and sizes in the same building have the same rates
of usage;

• GHG emissions were calculated from electricity usage only.
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Therefore, this research can be extended in various ways. For instance:

(1) Various types and sizes of elevator under study should be included in the model;
(2) GHG emissions should be calculated as the carbon footprints of activities related to

using an elevator;
(3) Passenger satisfaction, which is a function of the time the passengers spend waiting

for the elevator, should be taken into account in the next model in future research.
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