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Abstract: The scheduling of tower crane operations is a complex process. Overlapping areas between
tower cranes often lead to increased collision possibilities, resulting in additional tower crane op-
eration complexity. Single objectives related to time or economic aspects were always considered
in dealing with this issue, which neglected other objectives and the relationships between different
objectives. Therefore, this article proposes a novel method for the schedule of prefabricated compo-
nent lifting tasks on the construction site, integrating the multi-objective optimization model with the
decision-making method with the aim of minimizing energy consumption costs and minimizing the
amplitude of the costs among multiple tower cranes. A non-dominated sorting genetic algorithm-III
(NSGA-III) written in Python is used as the multi-objective optimization algorithm—which considers
the selection of tasks for each tower crane and the order of lifting for each tower crane and technique
for order preference by similarity to an ideal solution (TOPSIS), and is applied as the decision-making
method for ranking the Pareto front. Then, a green construction production and education integration
training building construction project located in Jinan, China is used as the case study to verify that
the method is practical and reasonable. The results show that conflicts can be effectively avoided,
energy consumption costs reduced, and equipment utilization increased by rationally distributing
lifting tasks among multiple overlapping tower cranes. And among the top 11 solutions, the lifting
tasks and priorities for tower crane 1 are close to the same. In contrast, the task lifting for tower crane
2 was assigned based on the balance of the energy consumption costs of the two tower cranes. The
discovery of this article is helpful to eliminate collisions, interference, and frequent start and stop of
several tower cranes, so as to realize the safe, stable, and efficient operation of the construction site.

Keywords: multiple tower cranes; multi-objective optimization; NSGA-III; lifting of prefabricated
components; task; scheduling problem

1. Introduction

Prefabricated buildings are the trend in the development of the construction indus-
try [1]. Delays and cost overruns have always been the key problems affecting the output
of the construction industry, especially when dealing with large-scale projects and super-
high-rise buildings with high resource requirements and difficult construction [2]. Delays
and cost overruns are often caused by inadequate project planning, poor communication
and coordination, changes in the scope of the project, lack of skilled labor, insufficient
budgetary allocations, and delays in the disbursement of funds [3]. The prefabricated
building construction stage includes several stages, such as prefabricated component pro-
duction, transportation, entry and stacking, lifting, and installation connection. The lifting
process of prefabricated components is a significant part of the prefabricated building
construction stage.

Lifting prefabricated components cannot be done without cranes, and the lifting
activity with tower cranes is a tedious and error-prone process [4]. Multiple tower cranes
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with overlapping areas are often deployed due to urgent expiration dates and limited space.
When multiple tower cranes are deployed on-site, the working radius of each tower crane
is determined. For each pair of tower cranes, if the distance between the tower cranes is
less than the sum of the two radii and greater than the absolute value of the difference
between the two radii, there is an overlapping area between the two tower cranes [5]. The
lifting of multiple tower cranes inevitably leads to space conflicts; due to the high rental
cost of heavy tower cranes, it is necessary to carry out reasonable task scheduling and path
scheduling to ensure the safety and economic rationalization of lifting.

Generally speaking, there are three main aspects that significantly affect the opera-
tional efficiency and safety of multiple tower cranes: (i) the selection and layout of multiple
tower cranes on construction sites [6-15]; (ii) the improvement of path and motion schedul-
ing [4,16-20]; and (iii) the lifting schedule for each tower crane [5]. In the early stage of
construction, it is necessary to choose a reasonable type of tower crane and carry out a
reasonable layout of multiple tower cranes. Achieving a certain coverage rate ensures a
certain level of security and stability, ensuring the safety and efficiency of subsequent con-
struction operations. In order to obtain the optimal tower crane selection and layout plan,
the problem is usually expressed as a mixed integer linear problem (MILP) [6,13,21]. Some
of the optimization methods used to study this problem include mixed integer linear pro-
gramming [22], the upgraded sine cosine algorithm (USCA) [8], the firefly algorithm [11],
simulated annealing [23], the particle swarm optimization algorithm (PSO) [24], the au-
tomatic tower crane layout planning (TCLP) system [10], building information modeling
(BIM), and the geographic information system (GIS); these methods assist in scheduling
the layout of multiple tower cranes on construction sites. Layout planning reduces the
probability of conflicts between tower cranes by reducing the size of overlapping areas, but
does not eliminate the possibility of collisions when overlapping areas exist [25].

The scheduling of the lifting path is a key task in tower crane operation. Usually,
tower crane operators and assistants need to perform operational tasks based on their
observation and experience, which is a tedious and error-prone process. So, reasonable
and feasible path scheduling can not only effectively avoid possible collisions during
the lifting process, but also effectively shorten the distance and optimization time. The
research methods for this problem also include rapidly-exploring random tree (RRT) [26]
and PSO [27]. Operators can simulate the activity path of multiple tower cranes during
operation using these methods to avoid collisions. Most research on this issue adopts
intelligent applications, which have certain limitations when implemented on construction
sites. For example, Guo et al. [28] proposed a virtual construction technology that combines
the lifting operation specifications and characteristics of mobile cranes with BIM (Building
Information Modeling) and virtual construction. However, the technology has only been
tested in virtual construction scenarios, and the optimization results have not yet been
applied in actual construction. Wang et al. [29] utilized a visual approach (Mask-RCNN,
MLSD, and gc-horizon-detector) for the real-time 3D localization of a tower crane using a
monocular far-field camera. This method improves safety and allows for a finer estimation
of the object attitude. However, inaccuracies and distortions may occur during detection,
and high-precision 3D visualization may be more laborious and expensive. By determining
starting locations and destinations for each tower crane operation, service schedules can
have a significant impact on improving transportation efficiency. Huang et al. [5] rearranged
the schedule based on the order of promotion, request schedule, and material storage
selection. The purpose is to reduce energy consumption costs and improve operational
efficiency. The research methods for this problem include MILP [5], BIM4D [30], and the
non-dominated sorting genetic algorithm-II (NSGA-II) [2]. Research on lifting schedules is
usually focused on single-objective optimization, with limited research on multi-objective
optimization models.

This article mainly focuses on the task scheduling of multiple tower cranes. To avoid
collisions in overlapping areas, it is prohibited to move simultaneously in these areas.
Tower cranes are allowed to enter the overlapping area only after another tower crane has
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moved out. Therefore, on the premise of ensuring that no collisions occur, lifting tasks
should be assigned. A multi-objective optimization model for multiple tower crane task
scheduling has been proposed. The purpose is to minimize total energy consumption costs
and maximize mechanical utilization. To achieve the optimization of the goal, the NSGA-III
multi-objective optimization algorithm is used to solve the problem, and a satisfactory
solution can be obtained. Finally, the TOPSIS comprehensive evaluation method is used
to rank the candidate solution set. This study aims to ensure that there are no conflicts or
collisions, achieve a reduction in the cost of energy consumption of the tower crane, and
improve the full utilization of resources, as well as improve the stability and effectiveness
of the operation of the tower crane.

2. Literature Review

In order to study the scheduling problem of tower cranes, research was initially con-
ducted from the perspective of single tower crane scheduling. Tarhini et al. [31] established
a model for the operation sequence of single tower cranes on construction sites, which is
based on the cluster first, route second idea to minimize the total task duration. The location
and schedule issues involved in tower crane operations are usually resolved separately
from the schedule of material supply points to demand points, as well as the scheduling
of the activity sequence of tower cranes at supply and demand points on construction
sites. Therefore, Hammad et al. [32] optimized the location of the tower crane, schedule of
supply points in material demand areas, and tower crane hook routes based on the activity
sequence of hooks in on-site supply and material demand areas, and proposed a binary
integer programming model. They conducted static research on the scheduling problem of
single tower cranes, but tower crane operation is a complex dynamic process.

The study considered the dynamics and found that this had a significant impact on
the time, cost, productivity, and safety of construction projects. The research problem
cannot be considered as only unilateral factors, so Wu et al. [16] incorporated the idea
of dynamic programming into the study and proposed an optimization model for the
lifting sequence of a variable amplitude tower crane. This model is compared with three
conventional improvement strategies (first in-first-serve (FIFS), shortest job first (SJF), and
nearest neighbor first (NNF)). Research has found that models that consider dynamic
programming effectively reduce the total lifting time and improve the utilization rate of
tower cranes. Lifting opportunities directly affect the production space, labor productivity,
and construction time of construction sites. Therefore, it is necessary to effectively improve
the utilization rate of tower cranes over time [33].

Multiple tower crane scheduling on construction sites is a necessary and important
process. When two or more tower cranes work simultaneously and share a portion of their
workspace, the operational motion scheduling of collaborative multiple tower cranes is
much more complex than the motion scheduling of a single tower crane project. When
multiple tower cranes appear, collisions may occur due to site limitations. Zhang et al. [24]
optimized the coordination between stacking and installation of prefabricated building
components using a PSO algorithm by solving collision avoidance and other dynamic
constraints of tower cranes. This optimization helps to solve the problem of the collision of
multiple tower cranes due to overlapping areas in a dynamic interactive environment. It
also promotes the development of assembly construction methods while improving the
efficiency of assembly construction. Yin et al. [34] directly prioritized the tasks assigned to
each tower crane. A collaborative evolutionary genetic algorithm (CCGA) was utilized to
achieve collision-free multiple tower cranes in the shortest completion time. In addition,
Yin et al. [2] also applied the NSGA-II multi-objective optimization algorithm to propose
a multi-objective optimization model for cross-tasking in overlapping areas of multiple
tower cranes. The obtained optimization scheme is effective in terms of the span of multiple
tower cranes and the time interval of cross-tasking, which can meet the actual requirements
of engineering projects. Developing a tower crane lifting plan is necessary for tower crane
lifting operation, which can effectively avoid collisions and improve construction efficiency.
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Following a fixed schedule and correctly arranging the lifting paths of multiple tower
cranes is an effective way to prevent potential collisions in the overlap area. Therefore,
Huang et al. [5] established a service schedule for multiple tower cranes about the overlap
area based on this. The tower crane operation model is established by introducing variables
and constraints. The aim is to plan the tower crane’s moving route scheme and minimize
the energy cost while preventing collisions. The results show that the established model can
effectively balance safety and material transportation efficiency. However, the estimation
of the hook movement time is still inaccurate. Mousaei et al. [35] used Dijkstra’s algorithm
to optimize lifting schedules for industrial construction sites, which is critical for multiple
lifting schedules.

The process of tower crane lifting operations can be optimized by the simulation of
intelligent systems. For example, SangHyeok et al. [36] used a three-dimensional tower
crane evaluation system (3D-CES) to make appropriate selections for lifting sequence, tower
crane position, and material picking points. Huang et al. [30] used BIM4D technology to
optimize the sequence of individual prefabricated components for lifting and assembly.
Wu et al. [37] used taboo search and four-dimensional simulation to spatiotemporally
model the scheduling of tower crane lifting tasks, aiming to optimize the total lifting task
time of a single tower crane and visually and effectively display the element information of
lifting tasks and the complex relationships between lifting tasks. Khodabandelu et al. [25]
developed a dynamic linkage system and used a simulation system to study the relationship
between tower cranes, tasks, and supply positions when there is a dynamic supply selection
in the overlapping area of tower cranes.

In studying the tower crane scheduling problem, researchers have gone from the single
tower crane aspect to the multiple tower crane aspect, and from the static study to the
dynamic study; optimization models are proposed accordingly. Intelligent technology such
as BIM is used to simulate collision detection. But it can still be found that there are more
studies on the establishment of single-objective mathematical models, and a limited number
of studies on how to solve the safety problem in the case of overlapping tower cranes. In
the construction of actual engineering projects, it is more difficult to apply the simulation
system to the tower crane operation. Therefore, this study established a multi-objective op-
timization model for the schedule of prefabricated component lifting tasks on construction
sites. In order to achieve multi-objective optimization, the optimization method is based on
the NSGA-III algorithm, which is a further improvement and extension of NSGA-II. This al-
gorithm approach is more direct and efficient. The performance indicators of the NSGA-III
algorithm are superior to other multi-objective optimization algorithms (vector-evaluated
genetic algorithm (VEGA), multiple-objective genetic algorithm (MOGA), strength Pareto
evolutionary algorithm (SPEA), and NSGA-II) [38].

3. Mathematical Model
3.1. Problem Description

The layout of the construction site is assumed to be such that there are overlapping
areas for two tower cranes, as shown in Figure 1. The lifting task allocation arrangements
by mutual movement of known tower crane positions, supply point positions, and task
point positions are optimized, and prioritization is then performed. For each tower crane,
it is necessary to select supply points and task requirements within its operating range for
effective lifting tasks. For multiple tower cranes, however, coordination of neighboring
tower crane movements must also be considered to avoid the possibility of collisions in
the overlap area. The lifting tasks within the overlap area of the two tower cranes need to
be assigned to the appropriate tower crane to optimize the task lifting of the tower crane
with minimum energy consumption and maximum utilization. This lifting task assignment
optimization model achieves collision-free scheduling by prohibiting tower cranes from
moving simultaneously within the overlap area.
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Figure 1. Two tower cranes with overlapping areas.

This study provides various relevant engineering information. Specifically, all tower
crane positions and supply and demand positions on the construction site are predeter-
mined. The speed of multiple tower cranes is set according to specifications. Under this
premise, four assumptions were implemented in the proposed optimization model to
simplify the model, as shown in Table 1.

Table 1. Model assumptions.

Assumptions Problem Description

Every time the tower crane moves, it selects the shortest path along a
small arc between two positions;

Each tower crane is only allowed to lift one type of material at a time;
There is no priority limit between request tasks;

The default initial position of each tower crane for each task is the
supply point position for the current task.

Assumption 1

Assumption 2
Assumption 3

Assumption 4

The model is constructed and optimized according to the conditions assumed above.
Figure 2 depicts the main steps of the model to find the minimum energy consumption
and maximum utilization. Firstly, the objective function of the optimization model is
determined and expressed in an equation. Next, the task is rationally assigned to two
tower cranes to form different lifting schemes. Then, analyze whether the lifting of the
tasks passes through the overlapping area and only one tower crane is allowed to move in
the overlapping area. Finally, the NSGA-III algorithm is applied for optimization and the
Pareto front is calculated.

#l

nergy consumption coa
Energy balance mdlcators
Analysis of overlapping areas

T =

Not passing through Passing through
overlapping areas overlapping areas

Avoiding collisions in overlapping areas

ask departure time I Task entering
Eom ovetlapping ar;J ‘W«lappmg area tim

—

Figure 2. Optimization model framework for task schedule of prefabricated component lifting on
construction sites.
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3.2. Objective Function

The objective function of the model is to minimize the energy cost of completing all
task requests [34]. The energy cost includes the energy cost consumed by a tower crane with
an unloaded hook moving from the demand point position to the supply point position, as
well as the energy cost consumed by a tower crane with a fully loaded hook moving from
the supply point position to the demand point position, as shown in Equation (1).

f1 = Mii’l(Al =+ Az) (1)

In Equation (2), the binary variable 05 j; , = 1 indicates that the tower crane with an
unloaded hook at position n moves from demand position j to supply position i in the
lifting sequence s. x; represents the energy cost per unit time of the empty load lifting
movement. TI”] indicates the time of movement between two positions. Tjying indicates
the time it takes for the empty hook to load the material at the supply position i.

5 I N
A = ZEZ (Tfj + Tlaading) 010 i 2)
S 1 n

Similarly, in Equation (3), the binary variable J; ; , = 1 indicates that the tower crane
with a fully loaded hook at position n moves from supply position i to demand position j
in the lifting sequence s. oy represents the energy cost per unit time of a fully loaded lifting
movement. T,04ing T€presents the time it takes for the empty hook to unload the material
at the required position j.

S I N
AZ = ZZZ (Tz{lj + Tunloading) '0‘2’55,1',]',71 (3)
s n

1

The objective function (4) is the energy consumption balance index of the machine [39],
which is expressed as the standard deviation Ac of the energy consumption of each tower
crane, so that the task assigned by the tower crane and the energy consumption are fair [40].
This reflects the overall utilization rate and working efficiency of the machine, and ensures
that the workload of each tower crane is balanced. There is a certain conflict between the
two objective functions, the cost is reduced, and the utilization rate of the tower crane is
also likely to increase. Therefore, these two objective functions are optimized to solve the
optimal lifting task assignment scheme of prefabricated components on the construction
site. Table 2 lists the notation used in the objective function section.

i = Min(Ac) :min{max{Ai, A2, Agf} —min{Ag, A2, ..., AT}} 4)

Table 2. Parameters and variables in the objective function section.

Symbol Type Expression

The total energy cost from material demand locations to
material supply locations;
The total energy cost from material supply locations to
material demand locations;
0sin = 1 indicates a tower crane at a location 7 travels
Ts.jipn Binary variable from a demand location j to a supply location i in a work
sequence s;
(55,,',]~,n =1 indicates a tower crane at a location n transports
Os,ijn Binary variable material from a supply location i to a demand location j in
a work sequence s;
Tioading ~ Continuous parameter The time to load materials from a material supply location;

Aq Continuous variable

Ay Continuous variable
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Table 2. Cont.

Symbol Type Expression

The time to unload materials to a material
demand location;
The estimated unit energy cost of empty loaded lifting

Tuntoading Continuous parameter

aq Continuous parameter . .
movement in a minute;
. The estimated unit energy cost of fully loaded lifting
o Continuous parameter . .
movement in a minute;
" . The hook travel time of a tower crane at location n
T Continuous parameter S L
i between a supply location i and a demand location j;
. The time required for tower crane m to complete the
T Continuous parameter R
lifting task;
. The movement time of the hook from the initial position
To,) Continuous parameter .
/S to the supply location;
R Continuous parameter Number of tasks.

The lifting task time of each tower crane is calculated as shown in Formula (5).

T = T(o,si) + Tloading + T(s,v,dj) + Tunloading/ R=1

T = 25:_11 (Tloading + T(si,l,d]-,l) + Tunlouding + T(d]-,l,s,v)) + Tlouding + T(si,dj) + Tunloading + T(o,si) R#1

)

4. Multiple Tower Crane Task Schedule
4.1. Estimate Tower Crane Movement Time between Two Locations

The hook travel time is the basis and key to solving the completion time of the
lifting task of the multiple tower crane. According to the calculation model proposed
by Zhang et al. [40], the calculation of the hook travel time of the tower crane is di-
vided into horizontal travel time and vertical travel time. Establish a coordinate sys-
tem according to the sitting position of the tower crane, set the position of the tower
crane to Oy, = (01, 0m2, 0m3), set the coordinates of the supply point to S; = (si1,52,5i3),
and set the coordinates of the demand point to D; = (djl, dp, djg), as shown in Figure 3.
Table 3 summarizes the corresponding parameters of Formulas (6)—(10) and hook travel time.

D1,d2)

£
o

Figure 3. Coordinate system of tower crane’s horizontal motion.
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Table 3. Travel time calculation-related symbols.

Symbol Expression
i Material supply location i;
j Material demand location j;
Omls Om2, Om3 The tower crane location;
Si1,5i2,5i3 Coordinates of the supply location;
d i d i d i3 Coordinates of the demand location;
Tr”(l.,].) Radial travel time of the hook from i to j;
Tg(i,j) Tangential travel time of the hook from i to j;
lel(i,j) The horizontal movement time of the hook from i to j;
" ) The vertical movement time of the hook from i to j;

o1
\(/r] The speed at which the hook moves in the radial direction;
Va The speed at which the hook moves in the tangential direction;
Vs The speed at which the hook moves in the vertical direction;
A The degree of simultaneous radial and tangential movement of the hook;

h The minimum value of the lifting height;

7 Complexity level of construction environment;

Y The level of difficulty of tower crane operation;

The horizontal movement of the hook in both the horizontal and
T vertical directions.

The horizontal motion of the hook can be divided into the radial motion of the hook

Tr”(i i representation and the tangential motion of the hook T;‘(i i) Equation (6) represents
the radial movement of the hook, and V; represents the radial movement speed. Equation

(7) represents the tangential motion of the hook and V, represents the tangential movement

speed.
; ’ (s5 +5%)
(i)~ v, 6)
(-1 (42 _ ggp(-1) (2
() () )
a(ij) v,

The formulas are based on the comprehensive consideration of the tangential motion
travel time and radial motion travel time of the hook. The introduction of coefficient A
represents the simultaneity of the operator’s operation of the hook in both radial and
tangential directions. Therefore, the total travel time of the hook in the horizontal direction
is shown in Formula (8). The value range of parameter A is from zero to one, and the larger
the parameter value, the higher the degree of simultaneous movement.

Ty = max (Tl Th ) ) + Amin (T, T ) (8)

As shown in Figure 4, the travel time of the hook in the vertical direction is the
minimum value / of the height difference between the supply and demand point positions
plus twice the lifting height, and V,, represents the moving speed of the hook in the vertical
direction, as shown in Equation (9).

diz —s; |+2~h
n . | 73 i3
O ©)



Buildings 2024, 14, 867

9 of 23

Figure 4. Coordinate system of tower crane’s vertical motion.

As shown in Equation (10), the total travel time of the hook is related to the coordinated
movement of the hook in the horizontal and vertical directions, the complexity of the
construction environment, and the construction site conditions. Use parameter # to indicate
the operator’s level of operation in two directions of motion. The value range of the
continuous parameter 7 is from 0 to 1. The smaller the parameter value, the higher the
simultaneity of movement in both directions. The parameter -y indicates the difficulty level
of operating the tower crane at position n due to different site conditions. The value of
the parameter 7 ranges from 0 to 1, and the smaller the parameter value, the higher the
difficulty. Parameter y is introduced as a construction environment parameter considering
buildings built on-site or heavy materials that can lead to longer and more complex motion
paths. The parameter y represents the complexity of the travel route between supply
location i and demand location j when the tower crane is set at position n. The value of
the parameter y ranges from 0 to 1, and the smaller the parameter value, the lower the
complexity of the construction environment.

1= e (- (max (T i ) )+ wemin (T, 7)) (10

4.2. The Constraints of the Proposed Optimization Model

Based on the model and scenario analyses, the constraints include two main aspects:
the feasible combination of lifting tasks, and the prohibition of two towers being active in
the overlapping area at the same time. Table 4 summarizes the relevant parameters of the
model constraints.

Table 4. Parameters related to constraints.

Symbol Type Expression

ersn = 1, indicates that the tower crane at n requests the lifting
task r in sequence s;

Xisq = 1,indicates that in the work sequence s and v, when two
tower cranes enter or leave the overlapping area at positions n
and o, the time difference between two tower crane movements g
and w cannot be negative;

Represents the time difference between the motion g and w when
two tower cranes at positions n and o in the work sequence s and

v leave and enter the overlapping area.

ersn  Binary parameter

Xisq  Binary parameter

Continuous

Do
WS4 parameter
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4.2.1. Tower Crane Lifting Task Assignment Feasible Combination

The supply point of the material and the demand point of the task should be within
the working range of the same tower crane. The binary variable ;; ; = 1 is introduced to
represent the transport of the material from the supply point i to the demand point j in
the sequence s, as shown in Formulas (11) and (12). A demand point can only be lifted by
one tower crane. The binary variable e, s , is introduced. When e, s, = 1, it means that the
tower crane at the position n requests the lifting task 7 in the sequence s type, as shown
in Formula (13). Formula (14) indicates that lifting is feasible only when the supply and
demand points are within the same working range of the tower crane.

65ij-p(Si, TCp) —1r <0, Vie(L2...,I)Vje(1,2,...,]),¥se€(1,2,...,5),Vne (1,2,...,N) (11)
bij-p(Dj, TCy) —r <0, Vie(L,2,...,I)vje1,2,...,]),¥s€(1,2,...,5),¥ne (12,...,N) (12)
R
Y esn=1 Vse(1,2,...,5),Vne(1,2...,N) (13)
r=1

ersm < 0sij  Vre(L2,...,R),Vie(L,2,..., )Y€ (L2...,]),se12..,S),Vne12...,N) (14

4.2.2. Eliminate the Service Schedules of Simultaneous Movement inside
Overlapping Areas

Taking two tower cranes as examples, discuss and determine whether the tower cranes
have entered or left the overlapping area. Table 5 summarizes the relevant parameters of
Formulas (15)-(26) for calculating the overlapping region part.

Table 5. The relevant parameters of the overlapping region calculation formula.

Symbol Expression
010, The distance between the two tower cranes;

01 (%01, Yo1) Tower 1 coordinates;
O2(x02, Yo2) Tower 2 coordinates;
Q1 (qu, y,ﬂ), The coordinate position of the two intersection points where the
Q2 (g2, ¥g2) working range of the two tower cranes overlaps;

1 Tower 1 forearm length;

D Tower 2 forearm length;

The angle of the intersection with respect to the tower crane at

p the origin;
[61,62] The range of overlapping areas;
T, —waiting The time that a tower crane needs to wait in order to avoid conflict.

Calculation of Overlapping Area Intersections

A plane coordinate system is established according to the positions of the two tower
cranes. The values O1(x,1,Y,1) and Oy (xg2, Yo2) represent the center coordinates of the
tower crane, respectively. The working range is the arm length of the tower crane, and the
arm length of the two tower cranes is 71 and r, respectively. The position of the two tower
cranes is established on the x-axis for ease of calculation, as shown in Figure 5. According
to the distance calculation Formula (15), the distance between the two towers is calculated
as 010;.

0105 = \/ (xo1 + 202)> + (o1 + ¥02) (15)
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Figure 5. Diagram of tower position.

According to Equations (12)—(16), the coordinate position of the intersection can be
calculated. B can be calculated according to Equation (16).

B= arccos( 1 <OloZ) — 72> (16)

2-7’1'0102

Q1(x41,y41) and Qa (X2, ¥g2) are the coordinates of the intersection of two circles, and
the specific values of the coordinates of the two nodes can be calculated according to the
calculated B, as shown in Equations (17)—(20).

Xq1 = r1-c08P (17)
Yqp = ri-sinf (18)
Xg2 = r1-C0SP (19)
Y = —r1-sinf (20)

For tower crane 1, the range of access to the overlapping region is [61,61], and the
expressions for 6] and 9% are shown in Equations (21) and (22).

6] =p (21)
0 =—p (22)

For the tower crane 2, the range of access to the overlapping area is [67,63], and the
expressions for 6% and 9% are shown in Equations (23) and (24).

9% = max{arctanZ (yql Yo2 ) ,arctan2 (]/qz yoz) } (23)
Xq1 — Xo2 Xg2 — Xo2

9% = miny{ arctan2 Yqr = Yo2 ,arctan2 (yqz yoz) (24)
Xq1 — Xo2 Xq2 — Xo2

Identification of the Movement Routes Passing Overlapping Areas

Given the coordinate position of the supply and demand point, assuming that the
supply point is not in the overlapping area, there are three situations, as follows:
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When the demand point is not in the overlapping area, and the tower crane does
not pass through the overlapping area, there will be no space conflict between the
tower cranes. So, the tower crane does not need to wait. The lifting time of the task is
calculated as shown in Formula (25). Situation 1 in Figure 6 is shown;

When the demand point is not in the overlapping area, but the tower crane needs
to pass through the overlapping area, space conflict may occur. During the lifting
task, when the tower crane is about to enter the overlapping area, it is necessary to
determine whether there is a tower crane performing the lifting task in the overlapping
area. If there is a tower crane in the overlap area performing the lifting task, then the
tower crane needs to wait for the previous tower crane to leave the overlap area. The
lifting time of the task is calculated, as shown in Formula (26). If no other tower crane
performs the task in the overlapping area, the lifting time of the task is calculated, as
shown in Formula (25). Situation 2 in Figure 6 is shown as the following:

Tf = Ti]jj + Tr—waiting (26)

When the demand point is in the overlapping area, and the tower crane needs to pass
through the overlapping area, space conflict may occur. Similar to scenario 2, it is
necessary to determine whether there are other tower cranes performing lifting tasks
in the overlapping area when entering the overlapping area. If it is determined that
there are other tower cranes performing lifting tasks in the overlapping area, the lifting
time of the task is calculated as shown in Formula (26). Otherwise, the Formula (25)
is used to calculate. Scenario 3 in Figure 6 is shown.

7 I

Scenario 1 Scenario 2

p+1 p+1

/\  Material supply location
<> Material demand location

Scenario 3
p+1

Figure 6. Analysis of whether the tower arm passes through the overlapping area.

Estimation of the Time for Each Action to Enter and Leave the Overlap Area

The Sy, 5,4 variable is referenced as the start time of each action, and the unloaded lifting

movement time before the first task starts is denoted as B,,. Therefore, in Formula (27), the
start time of the full-load lifting movement for the first sequence is s = 1. For each no-load
movement, q§ = 2, the start time is equal to the start time of the previous full-load lifting
movement plus the moving time of the previous movement and the unloading time of the
goods, as shown in Formula (28). The start time of each full-load lifting movement for a
sequence s > 1is equal to the start time of the previous sequence of empty load lifting plus
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the time of the full-load lifting movement plus the time of loading the goods, as shown
in Formula (29).

Snsq = Bn + Tioading, s=1g9=1Vne(L2,...,N) (27)

I ]
Snsg = Smogir + Y. Y Gsijn (:n?fj + Tun,mding), g=1Ys¢€ (1,2...,8), Vne(1,2,...,N) (28)
i=1j=1

I ]
Snsa = Sns1q1+ Y 3 O tjin (Tl + Toating ), 9=295€ (23,...,8), Wne(1,2,..,N) (29
i=1j=1

As shown in Equation (30), the continuous variable E, s 4 is introduced as the time
when the tower crane arrives at the intersection and enters the overlapping area. Define
E;,s,i,j as the time from supply point i or demand point j to the selected intersection in the
overlap area. As shown by Company (31), the continuous variable Gy s, is introduced
as the time when the tower crane arrives at the intersection and leaves the overlapping
area. G, . ; j is defined as the moving time of the tower crane lifting task from entering the
overlapping area to leaving the overlapping area.

1
Ensqg=Snsqg+ Y Y E Vne(1,2,...,N),¥s € (1,2,...,8), Vge{1,2} (30)

n,s,i,j’
i=1j=1

I ]
Gusqg=Ensqg+ Y, ) G, vne(1,2,...,N),Vse€(1,2,...,5), Vqe{1,2} (31)

1,5,1,j7
i=1j=1

When the demand point is not in the overlapping region ¢; = 0 and does not pass
through the overlapping region w = 0, the time to enter the overlapping region is shown
in Formula (32) for each loaded and unloaded lifting motion. When the demand point is
not in the overlapping region ¢; = 0 and does not pass through the overlapping region
w = 0, the time to leave the overlapping region is shown in Formula (33) for each loaded
and unloaded lifting motion.

Ensg =0, Vne(1,2,...,N),Vse(1,2,...,5),Vq € {1,2},<p]- =0,w=0 (32)

Gusq=0, Vne(l,2,...,N),Vse(1,2,...,5),Vq € {1,2},(pj =0,w=0 (33)

When the demand point is ¢; = 1 in the overlapping region and needs to pass
through the overlapping region w = 1, the time to enter the overlapping region is shown in
Formulas (34) and (35) for each full-load lifting motion. When the demand point is ¢; =1
in the overlapping region and needs to pass through the overlapping region w = 1, the time
to leave the overlapping region is shown in Formulas (36) and (37) for each empty-load
lifting motion.

1]
Ep i = Z% Z;(Ss,i,j,n' (8L Ninip) + Foijnprt Nihipin) ) Y1 € (L2 N),Ys € (1,2,..,8),07 = Lw =1 (34)
1=1j=
I ]
Ensg = Sus—14+ 3,0 Ensijp  Vne(1,2,...,N),Vs€(1,2,...,5),0=1 ¢;=Lw=1 (35)
i=1j=1
G i Ssiin (0 N + 0 N +0siin:
1,5, = 5,1,],n sijmp " 2,h(j,p) sijmp+1l " 2,h(j,p+1) S,JAn

19// N + 19// N (36)
Sidmp " 2h(jp) s.jimp+1 " 2,h(j,p+1

:2,(pj:1,w:1

)) + Tuntoading V1 € (1,2,...,P),¥s € (1,2,...,5),

I
_
-
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I J
Gusqg=Ensg1+ 3.3 Gy V1€ (1,2,...,N),Vs € (1,2,...,5), g=2,9j=1Lw=1 (37)
i=1j=1
When the demand point is not in the overlapping region ¢; = 0 and needs to pass
through the overlapping region w = 1, for each fully loaded lifting movement, the time to
enter the overlapping region is shown in Formulas (34) and (35). For each fully loaded lifting
movement, the time to leave this overlapping area is shown in Formulas (38) and (39).
For each unloaded lifting movement, the time to enter the overlapping area is shown
in Formulas (40) and (41). For each unloaded lifting movement, the time to leave the
overlapping area is shown in Formulas (42) and (43).

1]
Gloif = El El Os,ijin (9 Ninti ) — Bijmpst Ningipsny | YN € (L2, N), VS € (1,2,...,S), 38)
¢j=0w=1
I ]
Gusg=Ensqg+3,) Gusiiy ¥n€{1,2,...,N}, ¥se€{1,2,...,8}, g=1,¢;=0,w=1 (39)
i=1j=1

Epoii = Osjin (ﬁ;’,j,iln,p-Ngh(j’p) n ﬁ;’,j,i,n,pﬂ-Ngh(].,pﬂ)), vne (1,2,...,N),Vs€(1,2,...,5),¢j=0w=1 (40

rJ
Ensg = Snsg1+ 3,3 Ensijp Vne(1,2,...,N),Vs€(1,2,...,5),4=2,9 =0,w=1 (41)
i=1j=1
/ " "
H,S,i,j :O'S,j,i,k. ﬂs,j,i,n,p.Ng,h(j,p) _ﬂs,j,i,n,erl' g,h(],p+1) ’ VTl S (1,2,...,N),VS € (1,2,...,5), (P] = O,CL) == 1 (42)
1]
Gusg = Ensqg+ 3,3 Ghsijp V1€ (L,2,...,N),Vs € (1,2,...,5),=2,¢; =0,w =1 (43)
i=1j=1

When the last task performed by the tower crane is located within the overlap area,
then the time for that task to leave the overlap area is defined as infinite M, as shown in
Formula (44). The relevant parameters for calculating the entry and exit overlapping areas
are shown in Table 6.

1]
Gnysg = M-Zi Z%as/i,j/n, vne(1,2,...,N),s=Sq=1,9;=1, w=1 (44
1= ]:

Table 6. The relevant parameters for entering and leaving overlapping areas were calculated.

Symbol Type Expression
By, Continuous parameter  The time when the tower crane starts the first lifting task;
Snsq Continuous parameter ~ The start time of each action of the tower crane lifting task;
Ens,g Continuous parameter  The time when the tower crane enters the overlap area;

The movement time of the tower crane into the overlapping
Continuous parameter  area from supply point i or demand point j to the

selected intersection;
Gn,sg Continuous parameter  The time when the tower crane leaves the overlap area;
The movement time of the tower crane from entering the

El

n,sij

G/ ... Continuous parameter . . .
5] P overlapping area to leaving the overlapping area;
. Movement time of tower crane from supply point i to

N Continuous parameter . vemen? t UPPY P

Lh(ip) intersection point p;

n . Movement time of tower crane from demand point j to
N}, . Continuous parameter . . -

2,h(j.p) intersection point p;
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Ty —waiting = min{

Table 6. Cont.

Symbol Type Expression

@; = 1, indicates that the demand points are in the

i Binary parameter
i yp ete overlap area;
w Binary parameter w = 1, indicates that the tower crane moves through
yP overlapping areas;
;,i,j,n,p = 1, represents the transport of materials from
I%,i,j,n,p Binary parameter sup.plly point i to demand point j, and the tower crane at
position 1 enters or leaves the overlapping area through the

intersection point p;
. 19! inp = 1, represents the movement from demand point j
Binary parameter to supply point i, and the tower crane at position # enters or

leaves the overlapping area through the intersection point p.

"
s, jim,p

4.2.3. Forbid Simultaneous Movements Inside Overlapping Areas

In order to avoid space conflicts during the lifting process and ensure safety, only one
tower crane is allowed to move in the overlapping area during the execution of the lifting
task. Therefore, the continuous variable D5 ()" is introduced to represent the time difference
between the motion g and w when two cranes at positions n and o in the work sequence s
and v leave and enter the same overlapping area. The time difference Dy, ¢y’ is calculated
as shown in Equation (45). When the time difference between the two is non-negative, it

means that the two tower cranes move simultaneously in the overlapping area.

opw — Ensg, Vn,0€(1,2,...,N),n#0,Vs,0¢c(1,2,...,5),Vqw e {1,2} (45)

In order to avoid the simultaneous movement of two tower cranes in the overlapping

area, constraints (46) and (47) are used to ensure that the time differences of Dy sy’ and Doy

are opposite signs. Then, we introduce bits of binary variables x;g": bits of xpog = 1

represents Dy ¢y’ positive, and bits of xj s = 0 represents Dy 0y’ negative. xyoy = 1
indicates that the time difference between two crane movements g and w is negative when

the two cranes enter or leave the overlapping area at positions n and o in the work sequence
sand 0. x5y = 0 means that the time difference between the two crane movements g and
w is positive when the two cranes enter or leave the overlapping area at positions n and
o in the working sequence s and v. As stated in constraint (47), bits of 75y and bits of

Xow cannot be equal to 1 at the same time, only one can be equal to 0 and 1. ¢ indicates a

positive number.

) < DZ}?I;U < C‘XZ}ZZ;U/ Vn,0€ (1,2,...,N),n#0,Vs,v e (1,2,...,5),Vq,w € {1,2} (46)
—ngéjzu >0, Vmoe(1,2,...,N),n#o,Vs,ve(l2...,5),Yqwe {12} 47)

To avoid two tower cranes moving in the overlap area at the same time, one of the
tower cranes needs to wait in the safe area until the tower crane leaves the overlap area.
The waiting time is calculated, as shown in Formula (48).

Do-vw Df};ﬁ;?u} >0, Vmoe(1,2,...,N),n#o,Vs,ve(l,2...,5),Ywe{l,2} (48)

ns,q .’

5. Experiment Results and Discussion
5.1. Case Background

This case study focuses on the construction project of green construction, in a production—
education integration training building in a certain school of Jinan. The project is a 16-story
assembly construction project with assembled components, mainly using prefabricated
structural columns, prefabricated structural beams, and prefabricated structural panels.
And the assembly rate is greater than 50%. In Figure 7, as an example, tower crane 1 and
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tower crane 2 worked together to lift sixteen precast columns on the first floor of this project.
And there are two supply points to supply materials to the two tower cranes, respectively. A
coordinate system is established with the horizontal and vertical coordinates of tower crane
1 as the origin and the coordinates of tower crane 2 are located on the positive semi-axis of
the x-axis. These two tower cranes have overlapping areas for lifting, and their operations
are not constrained. We aim to optimize the schedule of lifting tasks between two tower
cranes and obtain the optimal lifting plan.

5
<
=
S
2
=
=
=
b~
2
g
2
g
3

"

Figure 7. Project diagram.

5.2. Input Model Parameter

Tables 7-9 show the position coordinates of the feed, the position coordinates of
the feed, and the position coordinates of the two tower cranes. The vertical speed is set
to V, = 136 m/min. The radial speed is set to V; = 60 m/min. The rotary angular
speed is set to V; = 0.5 arc/min, and the lifting capacity of the tower crane is 30. The
maximum working range of the two tower cranes is 60 m and 55 m, respectively. Under
good weather conditions and normal construction operations, the travel path of the hook
between the supply and demand positions is unobstructed and there is no additional delay.
The parameter y is set to one. To assess the ability of the tower crane operator in the field,
parameters <y, A and B are set to 1.0, 1.0, and 0.25, respectively. The material handling time

is set to 1.0-time unit (minutes). Unit cost parameters () and Q are set to 3 CNY/min and
6 CNY/min, respectively.

Table 7. Place of supply.

Position Coordinate
X y z

1 19.901 17.124
2 72.200 16.723 0

Material Supply

o
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Table 8. Tower crane position coordinates.

Position Coordinates of Tower Crane
Tower Crane

X y z r
1 0 0 70 60
2 82.5 0 70 55

Table 9. Material demand.

. Material Demand Coordinates
Material Demand

X y z
1 —30.493 —10.024 9
2 48.933 5.348 9
3 57.568 5.185 9
4 72.176 17.445 9
5 —15.209 —9.002 9
6 51.934 —7.790 9
7 80.293 7.790 9
8 —21.442 0.761 9
9 —15.209 —9.002 9
10 65.201 —33.720 9
11 40.748 —27.651 9
12 62.037 —11.606 9
13 26.567 6.063 9
14 55.834 —-1.722 9
15 40.299 —5.308 9
16 88.482 —9.668 9

We applied Python software to solve the above problems. The running environment is
a 36-core CPU with 72 threads, and the memory is 128 g. The parameters, such as population
size, crossover probability, and mutation probability, are constant. Each demand point
requires prefabricated component materials, and the supply point can provide the required
materials to the demand point.

5.3. Multi-Objective Optimized Results

This article aims to minimize energy consumption costs while ensuring that there
are no contflicts, while ensuring a relatively balanced workload for each tower crane and
improving the resource utilization of prefabricated component hoisting on the construction
site. We aim to improve the lifting efficiency, safety, and cost of prefabricated components
on construction sites. Each point at the Pareto front calculated using the NSGA-III algorithm
represents an almost optimal solution and can be used as a candidate solution for decision-
making. From the results, it can be seen that the non-dominated solutions calculated by the
NSGA-III multi-objective optimization algorithm have a certain practical significance.

Set the population size for each generation to 60. To display the Pareto front more
intuitively, take the objective function f; as the horizontal axis and the objective function f,
as the vertical axis. Utilizing the NSGA-III multi-objective optimization algorithm to solve
two conflicting objective functions allows us to obtain a Pareto front solution that closely
approximates the optimal solution. This approach effectively offers an optimal trade-off
between the two optimization objectives. The NSGA-III algorithm effectively manages to
navigate the search space and identify solutions that excel in both objectives, thus providing
a comprehensive and balanced perspective. From Figure 8, The red circle represents the
objective function value of the 100th generation population, the black circle represents
the objective function value of the first generation population. It can be seen that for the
objective function f1, the difference between the maximum energy cost consumption and
the minimum energy cost consumption is approximately 300. For the objective function f»,
the difference between the maximum mechanical energy consumption balance difference
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and the minimum mechanical energy consumption difference is approximately 1500. This
indicates that achieving the optimal solution for the two objective functions requires
careful consideration of the trade-offs involved. The initial objective function f; is mainly
distributed between 8550 and 8850, while objective function f; is distributed between 0
and 1500. As the number of iterations increases, the Pareto front solution moves towards
the lower left corner, the objective function f; gradually approaches 8523, and objective
function f, gradually approaches 0. It can be noticed that the range of variation in f; is more
pronounced. The optimized Pareto front is located in the lower left corner, indicating that
the obtainable solutions are non-dominated. The results are consistent with the definition of
the non-dominated solution set, indicating that the obtained optimal solutions are reliable.
The study shows that multi-objective tower crane task scheduling optimization based on a
non-dominated genetic algorithm is reasonable and effective. Therefore, decision-makers
can explore the results while satisfying constraints to find the optimal solutions that have
the best balance between the objective functions. When the optimal solution set is obtained,
decision-makers can use different comprehensive evaluation methods to compare and
select plans.
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Figure 8. Reflection of the calculated values of the two objective functions.

In order to further verify the rationality and effectiveness of the proposed multi-
objective model and algorithm, the average convergence trends of the two objective function
values will be plotted separately.

In order to check whether it is a reasonable and effective Pareto optimal solution,
optimization is carried out by using the NSGA-III multi-objective optimization algorithm,
and the corresponding objective function values are obtained. The relevant parameters
are consistent with the previous design. First, the average objective function value of
100 generations is calculated as the vertical coordinate of each generation using the opti-
mization algorithm. Figure 9 shows the average change of the objective function hair f1
over the 100 iterations of the calculation. It can be seen that as the NSGA-III multi-objective
optimization algorithm continues to search, the average objective function value gradually
decreases and eventually stabilizes, indicating that the algorithm is gradually approaching
the optimal solution and showing that the algorithm is effective. After 100 iterations, the
average objective function value of f2 also stabilizes, and the convergence trend is shown
in Figure 10. Combining the above results and analysis, the results obtained in this article
based on the NSGA-III multi-objective optimization algorithm optimization are reasonable.



Buildings 2024, 14, 867

19 of 23

8720 7
8715
8710
8705
8700
8695
8690
8685
8680
8675
8670
8665
8660
8655
8650
8645
8640
8635
8630

f1

T T T T T
0 50 100

Iteration

Figure 9. f; Optimization convergence curve.
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Figure 10. f, Optimization convergence curve.

In this article, the comprehensive evaluation TOPSIS [41] is selected to rank the plans.
The weight distribution is different for different objectives. This article focuses more on
energy consumption cost, so the weight value is assigned as 0.6, while the other objective
weight value is assigned as 0.4. Based on the Pareto front obtained through optimization
using the NSGA-III multi-objective optimization algorithm, the TOPSIS comprehensive
evaluation method is used for calculation. The positive ideal solution distance, negative
ideal solution distance, and relative closeness values of each plan are calculated. Finally,
the plans are ranked based on the relative closeness values. The ranking of the plans is
shown in Table 10.
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Table 10. Schedule of lifting tasks and lifting sequence among the top eleven.
Task Lifting Sequence Sort
Scheme Tower Crane 1 Tower Crane 2 Result
1 1—-5—8—9—13—2—11 10—»16—14—6—4—12—7—3—15 2
2 1-5—8—9—13—2—6 11-+12—4—3—10—16—15—14—7 3
3 1—-+5—8—9—13—2—3 16—10—7—12—4—14—6—15—11 11
4 1—-5—+8—9—13—2—15 16—10—14—3—12—7—6—4—11 7
5 1-5—8—9—13—2—3 16—10—4—15—7—11—14—6—12 10
6 1—-+5—8—9—13—2—6 12—10—16—14—7—15—4—3—11 4
7 1—-5—8—9—13—-2—14 15—10—12—16—4—6—7—3—11 5
8 1-5—8—9—13—2—15 16—14—6—10—3—4—11—-12—7 8
9 1—-+5—8—9—13—2—3 12—11—-7—15—6—14—10—4—16 6
10 1-+5—8—9—13—2—3 7—6—15—10—4—12—16—14—11 9
1 1-5—-8—9—-13—2—11 10—6—16—15—4—12—14—3—7 1

As can be seen from Table 10, there are some commonalities among the top 11 solutions.
For example, each solution has seven tasks for tower crane 1 and nine tasks for tower
crane 2. The first six tasks and the sequence of tasks lifted by tower crane 1 are the same
in each scenario. It can also be noticed that most of the tasks in the overlap area are lifted
by tower crane 2. So, for tower crane 2, the main preference is more on the condition of
balancing the utilization of mechanical equipment for the assignment of tasks. The different
weight values assigned will lead to a different selection of solutions. To avoid conflicts
between the two tower cranes, reasonable scheduling of lifting tasks and optimization of
lifting sequences can effectively improve efficiency, thereby saving energy consumption
costs. At the same time, it ensures a relatively balanced energy consumption and utilization
rate for each tower crane.

5.4. Discussion

When the weights of the objective function changed, what happened to the choice
of the program? The relationship between objectives and weights is represented by
Equation (49), which was discussed as follows:

f=afi+bf (49)

In the formula, a and b represent the weight values of different objective functions.

When the weight of objective function f; is between 0.01 and 0.19, the top two ranked
schemes are scheme 1 and scheme 11, respectively; when the weight of objective function
f1 is in the range of [0.2, 0.72], the top two ranked solutions are scheme 11 and scheme 1,
respectively; it can be observed that when the weight values are between 0.01 and 0.72, the
top two are both scheme 1 and scheme 11. When the decision-maker prefers the objective
function f; to be smaller, then scheme 11 may become the final scheduling solution.

When the weight of objective function f; is in the range of [0.73, 0.82], the top two
ranked schemes are scheme 2 and scheme 11, respectively; when the weight of the objective
function f; is between 0.83 and 0.99, the top two schemes are scheme 2 and scheme 9,
respectively. The weight value of objective function f; gradually increases, and the first-
ranked scheme has changed from scheme 1 to scheme 2. But the objective function f, of
scheme 2 is better than scheme 1. Scheme 9 may have been the ultimate scheduling option
when decision-makers wanted lower energy costs. However, scheme 9 was not the top
choice. The decision-makers preferred to have lower energy costs in real situations. The
value of objective function f; for scheme 9 was also within an acceptable range, so scheme 9
was more likely to be selected in practice.

From this, it can be seen that the higher the weight value of the objective function,
the optimal objective function value will be selected for the final solution. Different
comprehensive evaluation methods and emphasis on different goals will lead to differences
in the scheduling plan. The weighted approach to screening results reflects the role of
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differences between targets on screening results. At the same time, the weights and
decision-makers together influence the final scheduling result.

6. Conclusions

This study aims to improve the efficiency of prefabricated component lifting by min-
imizing energy consumption costs and reducing the energy consumption of mechanical
equipment. Various binary variables and linear control constraints are introduced to sim-
ulate tower crane operations and avoid the simultaneous movement of tower arms in
overlapping areas. Under the premise of ensuring that no conflicts occur, a multi-objective
optimization model for the schedule of prefabricated component lifting tasks on the con-
struction site is established. The NSGA-III multi-objective optimization algorithm is used
to solve the mathematical model, and the following conclusions are drawn:

As the number of iterations increases, the Pareto front solution obtained approaches
the optimal solution.

The optimal solution is a set of solutions, each of which is a non-dominated solution.
These solutions represent trade-offs between different objectives. The decision-maker can
sort the solutions in the solution set according to the actual situation.

The top 11 candidates using the comprehensive TOPSIS evaluation methodology have
the same number of tasks assigned to tower crane 1 and have close to the same lifting tasks
and prioritization. The task schedule for tower crane 2 is shown to balance the energy
consumption costs of the two tower cranes.

The NSGA-III optimization in this study achieved good results. To a certain extent,
it improved the efficiency of prefabricated component lifting on the construction site,
saved costs, and optimized the utilization of resources. This study has a certain scientific
significance and feasibility.

Different ranges of weights are discussed that will have an impact on the ranking of
the schemes and may affect the final scheduling results.

This article has made some efforts for the task scheduling problems of overlapping
multiple tower cranes. However, there are still some limitations. For example, in the
simulation process, the choice of multiple supply points is not provided; the situation that
the supply points are located in the part of the overlapping area is not discussed; and the
prioritized sequence of lifting between different components is not taken into account. It is
hoped that more in-depth research can be carried out in the future, and that the intelligent
research can be better combined with the dynamic lifting of prefabricated components on
the construction site, so as to better optimize the process of lifting, and to improve the
safety, efficiency, and resource utilization of lifting.
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Nomenclature

NSGA-III  Non-dominated sorting genetic algorithm-III
TOPSIS Technique for order preference by similarity to an ideal solution

MILP Mixed integer linear problem
USCA Upgraded sine cosine algorithm
PSO Particle swarm optimization
TCLP Tower crane layout planning
BIM Building information modeling
GIS Geographic information system
RRT Rapidly exploring random tree
NSGA-II  Non-dominated sorting genetic algorithm-II
TOPSIS Technique for order preference by similarity to an ideal solution
MTSP Multiple traveling salesman problem
FIFS First-in-first-serve
SJF Shortest job first
NNF Nearest neighbor first
CCGA Cooperative coevolutionary genetic algorithm
VEGA Vector-evaluated genetic algorithm
MOGA Multiple objective genetic algorithm
SPEA Strength Pareto evolutionary algorithm
3D-CES Three-dimensional crane evaluation system
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