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Abstract: The key issues that have always affected the production yield of the construction industry
are delays and cost overruns, especially when dealing with large-scale projects and super-high
buildings in which multiple tower cranes with overlapping areas are often deployed because of urgent
due date and limited space. The service scheduling of tower cranes, which act as the crucial site
equipment for lifting and transporting materials, is one of the main problems not only related to the
construction progress and project cost but also affecting equipment health, and it may bring security
risks. The current work presents a multi-objective optimization model for a multiple tower cranes
service scheduling problem (MCSSP) with overlapping areas while achieving maximum interval time
of cross-tasks and minimum makespan. For the solving procedure, NSGA-II is employed with double-
layer chromosome coding and simultaneous coevolutionary strategy design, which can obtain a
satisfactory solution through effectively allocating tasks within overlapping areas to each crane and
then prioritizing all the assigned tasks. The makespan was minimized, and stable operation of tower
cranes without collision was achieved by maximizing the cross-tasks interval time. A case study of the
megaproject Daxing International Airport in China has been conducted to evaluate the proposed model
and algorithm. The computational results illustrated the Pareto front and its non-dominant relationship.
The Pareto optimal solution outperforms the results of the single objective classical genetic algorithm
in terms of overall performance of makespan and interval time of cross-tasks. It also can be seen that
significant improvement in the time interval of cross-tasks can be achieved at the cost of a tiny increase
in makespan, which means effective avoidance of the tower cranes entering the overlapping area at the
same time. This can help eliminate collision, interference and frequent start-up and braking of tower
cranes, leading to safe, stable and efficient operation on the construction site.
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1. Introduction

All the time, the key issues that have been affecting the production yield of the construction
industry are delays and cost overruns, especially when dealing with large-scale projects and super-high
buildings with high resource requirements and construction difficulties [1], such as the Winter Olympic
Games venues, International Airport and emergency building, in which multiple tower cranes (TC)
with overlapping area are often deployed because of urgent due date and limited space. As the key
special equipment for construction material lifting and transportation, the operation efficiency of tower
cranes not only directly affects the construction progress and project cost but also affects equipment
health and brings security risks [2]. In recent years, with the promotion of construction industrialization
represented by prefabricated buildings, it comes with an even higher challenge for operation
management of tower cranes in terms of incremental costs and safety issues [3]. Different from
ordinary materials, prefabricated components have strict time windows, and incremental costs come
into being if it cannot be hoisted on time [4]. Studies have shown that the main reasons are the shortage
of scheduling and planning and the confusion of onsite management [5]. Meanwhile, with the rapid
development of intelligent construction and unmanned tower cranes, only relying on the operator’s
experience to manage tower crane operations can no longer meet the practical need [2,6]. Therefore, it
is particularly important to form efficient scheduling models and corresponding algorithms.

This research mainly focused on service scheduling of multiple tower cranes with overlapping
areas, which is composed of allocation of tasks within overlapping areas to each crane and
prioritization of all the assigned tasks of each crane. Because of the dynamic uncertainties of the
construction site, the operating time of the tower crane may change with the climate and the condition
of staff and equipment. Then, the tasks cannot be completed on time as planned, and hence collision
may occur. In this case, emergency braking achieved by a limit switch and monitoring software will
interrupt the smooth operation of tower cranes and bring security risks on site. Therefore, on the basis
of collision avoidance, the time interval between tower cranes entering the overlapping area is taken
as one of the objective functions. A multi-objective optimization model for multiple tower cranes
service scheduling was proposed. To achieve maximum interval time of cross-tasks and minimum
makespan, a solving algorithm based on NSGA-II is designed with double-layer chromosome and
simultaneous coevolutionary strategy, which can obtain a satisfactory solution to improve the stability
and effectiveness of TC operation.

The remainder of the paper is organized as follows. Section 2 summarizes the existing research
related to tower cranes. With the problem description in Section 3, mainly defining the hook travel
time calculation and identifying the conflicting tasks, a multi-objective optimization model is
developed to not only minimize the construction period but also reduce safety risks. By double-layer
chromosome coding and simultaneous coevolutionary strategy designing, the solving algorithm is
implemented in Section 4. In Section 5, different scale cases are generated with the engineering data
of Beijing Daxing International Airport, and the Pareto optimal solutions are obtained by the proposed
model and algorithm. Finally, Section 6 concludes the paper.
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2. Literature review

So far, the research related to tower cranes mainly includes three aspects: 1) layout planning,
which involves production selection and location optimization; 2) monitoring software and conflict
detection system; and 3) service scheduling, which means operation optimization.

In the preplanning, it is very important to select the appropriate equipment and installation
location for construction activities. TC type selection is a complex decision process involving multiple
decision criteria and multi-criteria decision methods such as the fuzzy logic method [7], hierarchical
analysis [8] and neural network methods in combination with project technical parameters [9]. For the
location and loading point optimization, different mathematical modeling and computer simulations
have been adopted, such as Monte Carlo-based simulation of multiple crane operations [10], genetic
algorithm-based optimization for minimizing hook travel time [11], discrete-event [12] and agent-
based simulation [13] considering potential conflicts, mixed integer programming for minimizing
operating time and cost [ 10,14], combining genetic algorithm (GA) and building information modeling
(BIM) to plan the optimal location of TCs and facilities [15]. The latest research has proposed a two-
step framework for tower crane layout planning (TCLP) based on a fuzzy integration technique to
solve both TC selection and layout problems simultaneously [16].

After the selection and location of TCs, TC path monitoring and conflict detection derived from
construction safety attracted extensive international attention. Frameworks, algorithms and methods
for path planning have been proposed for path planning and synchronized operations of multiple
TCs to avoid collisions, such as the incremental coordination method and probabilistic roadmap
method [6,17-18]. Visualization tools in conjunction with the specific problem have been applied
for operation modeling [19] and operator visibility modeling [20]. To improve operational safety,
robots for lifting operations have also been explored [21].

In 2014, Zavichi first proposed the Tower Crane Service Sequencing Problem (TCSSP) and
transferred it into the Traveling Salesman Problem (TSP) while achieving shortest operation time [22,23].
Boysen et al. [24] deeply analyzed and classified the tower crane conflict problem and proposed a
classification scheme for the crane scheduling problem with tower crane interference. Huang et al. [25]
proposed an optimization model for crane installation location, hook movement sequence and tower
crane service plan, and they converted it into binary mixed integer linear programming (BMILP). Kim
et al. [26] proposed a framework for tower crane scheduling based on a structural matrix (DSM)
sequence feature. Ahmed Younes et al. [27] proposed that tower crane layout should be combined with
tower crane operation efficiency and designed an agent simulation model to quantitatively evaluate the
impact of conflict on tower crane operation time and cost. Hattab et al. [28] explored the optimization
problem of tower crane operation with overlapping areas in high-rise building construction and
provided a reliable and unconstrained daily operation plan of tower cranes based on a predictive plan.
During the three-dimensional movement of the tower crane, the collision is checked, and the task
allocation of the overlapping area is optimized in real time, which effectively improves the working
efficiency of the crane. Tarhini et al. [29] established an integer linear programming model based on
the two-TCs scheduling problem and introduced a heuristic method to improve the model’s
processability, solution quality and calculation time. Huang et al. [30] transformed the multi-TCs
service scheduling problem with overlapping areas into a mixed integer programming model and
optimized it based on the following three aspects: request task allocation in overlapping areas, supply
location selection of requested tasks and arrangement of operation sequence of each TC.

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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Unlike tower crane monitoring, which uses automatic sensing devices to achieve collision
avoidance, service scheduling of tower cranes is to optimize the operation process at the task level.
Through reasonable allocation and sorting of material request tasks, it can realize the stability and
effectiveness of tower crane operation. Related achievements have been emerging in the past five years,
but there have been few published studies on the service scheduling problem of multiple cranes with
overlapping areas (MCSSP). Therefore, to meet the practical need for enhancing the efficiency and
safety of construction operations, it is particularly necessary to establish efficient scheduling models
and specific algorithms and to conduct useful theoretical exploration and engineering applications.

3. Mathematical model
3.1. Problem description

Given a set of lifting requirements and a tower crane site layout, scheduling optimization of TC
operation can be achieved by determining the movement between tower crane locations, material
requirements and supply locations. Assume that two tower cranes have overlapping areas (see Figure 1)
and that cranes 1 and 2 are assigned tasks NCR’ and NCR’, respectively, from the non-overlapping
area and have a collective task CR in the overlapping area. The decision maker needs to first assign
the overlapping tasks CR to cranes 1 and 2 and then classify the tasks for each crane in a rational way.
If the task set CR is divided into CR! and CR? and then assigned to cranes 1 and 2, respectively, the
task sorting combinations for the two cranes are therefore (NCR+CR')! and (NCR*+CR?)! In order to
minimize the makespan and maximize the cross-tasks interval time for the tower cranes, the operator
needs to find the best task scheduling in all these combinations.

Supply location

M Demand location

Figure 1. Two tower cranes with overlapping areas.

The simplifications of the optimization model in this research are as follows:

1) There is no priority constraint between requesting tasks.

2) Only one type of material is allowed to be lifted at one time for each tower crane.

3) The default initial location of each tower crane for each task is at the demand position of the
previous task.

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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3.2. Travel time calculation formulation

The calculation of hook travel time is the basis and premise to solve the MCSSP. In this paper,
the Cartesian analysis model established by Zhang et al. is used to analyze the tower crane hook travel
time. Based on the position of the tower crane, the coordinate system is established, as the tower crane
position is O=(x,,),), the material supply is A=(x4,y4), and the material demand is B=(xg,y5), as seen
in Figure 2. Table 1 summarizes the corresponding parameters appearing in Eqs (1)—(5).

Table 1. Travel time calculation related symbols.

Symbol Expression
i Material supply location i;
Jj Material demand location j;
X Position along the x-axis;
v Position along the y-axis;
z Position along the z-axis;
Ve Radial velocity of the hook;
Va Angular velocity of the hook;
vy Vertical velocity of the hook;
T, 6D Radial hook travel time from i to j;
T, @) Tangent hook travel time from i to j;
T, @) Horizontal hook travel time from i to j;
T, @) Vertical hook travel time from i to j;
T The total hook travel time from i to j;
Degree of coordination of hook movement in radial and tangential directions in
A horizontal plane ranging between 0.0 and 1.0 (Where 0.0 stands for full

simultaneous movement and 1.0 for full consecutive movement);

Degree of coordination of hook movement in vertical and horizontal planes ranging
n between 0.0 and 1.0 (where 0.0 stands for full simultaneous movement and 1.0 for
a full consecutive moment);
Degree of obstacle blocking hook movement from an initial hook location to the
material supply location i when TC sets up at location k ranging between 1.0 and oo
(where 1.0 represents normal operation without obstacle, and o represents difficult
operation with the most number of obstacles);

3.2.1. Radial travel time and angular travel time

The radial travel time (7, of the hook is expressed by Eq (1), and the tangent travel time (7,)
is expressed by Eq (2).

ok vh)- il

R ()

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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(1) (¥By_ (-1 YA
|tanCDEE)~tanD )|

iJ)
T, ( = Va (2)

3.2.2. Horizontal travel time

According to the radial and angular travel time synthesis, hook travel time in the horizontal
direction, consider the introduction of the A parameter: the reaction operator’s ability to move the hook
simultaneously in the radial and angular directions, i.e., the degree of overlap between the radial
movement and the tangential movement. 4 is a continuous positive number, taking values in the range
0 <A< 1. The smaller the value of 4 is, the higher the simultaneity of the reaction to move the hook in
the radial and tangential directions. The hook horizontal travel time can be calculated using Eq (3).

T = max (1,0, 7,7} 4+ 2 mingT, 09, 7,07) 3)

Xaxis

X

DD

Wi
JA\

DOPDIDDDDINIXN

EA Zg

Figure 3. Coordinate system of tower crane’s vertical motion.

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.



5999

3.2.3. Vertical travel time

As shown in Figure 3, the vertical travel time (7,”) of the hook is expressed by Eq (4).

(b)) _ |1Zp—Zal+2h
T, = —
12

(4)

where Z,4, Zp are the coordinates of point A and point B in Z (height) direction, respectively, and 4 is
the minimum value of lifting height.

3.2.4. Total travel time

The total travel time (77%”) of the hook is expressed by Eq (5).

(&

TT(‘J) =u- (max{Th(i‘j), T," "}+n -min{Th(i'j),T,,(i‘j)}) (5)

where 7 (0 < < 1) and 4, respectively, represent the horizontal and vertical synergistic movement
ability of the operator. The parameter ¢ (1 < x4 < o) describes uncontrollable conditions onsite. The
larger the value of p is, the more adverse the construction environment.
3.3. Time calculation of task entry/exit overlapping area

Taking two tower cranes as an example, the judgment basis of two tower cranes entering the
overlapping area is discussed, and the relevant description and explanation are carried out. Table 2

summarizes the corresponding parameters appearing in Eqs (6)—(15).

Table 2. Entry and exit time calculation for task overlapping areas related symbols.

Symbol Expression

o The azimuth of 0;

S Half of the angle between two intersection points and O;
O1(xo1,Y01) Tower 1 coordinates;

O2(X02,Y02) Tower 2 coordinates;

0:0; The distance between the two tower cranes;

FL, Tower 1 forearm length;

FL Tower 2 forearm length;

[01,02] Angle range of overlapping area;

Y The operation angle of the tower crane forearm;

The plane coordinate system of the overlapping area of the two tower cranes is shown in Figure 4.
According to the distance calculation Eq (6), the distance between the two towers is O;O:.

0102=J Cor+%02) 4, 5.,)° (6)

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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Figure 4. Diagram of tower position.

According to Eq (7) of the cosine theorem, f; can be calculated as follows:

FL3+(0,05)?-FL3

B,=arccos( 7L, 010, ) (7)

o2 1s the azimuth angle of Oz, Q/(x41, v41) and O2(x,2, y42) are the intersections of two circles. The
calculation is based on the above f; and a.. Then, the coordinate values are calculated as Eqs (8)—(11):

xq1=FL; % cos(ag-ﬂl) (3
Yyl =FL, Xsin(az—ﬂl) 9)
xq2=FL Xcos(afrﬂ]) (10)
yq2=FL1 Xsin(a2+,81) (11)

The range of tower crane 1 entering the overlapping area is [6;/, 6'], and then the values of 6,
and 6’ are

O =ay -B, (12)

0 =ay -p, (13)

The range of tower crane 2 entering the overlapping area is [6:°, 62°], and the specific values are
calculated from Eq (14) to (15):

Y1V Yo Vo
0i=max {arctan2 ( = 2) ) arctanZ( = 2)} (14)
Xql1~%¥o02 Xg2-X02
, Ya17o Va2 Vo
G=min {arctan2( a 2) , arctan2 ( = 2)} (15)
Xq1%Xo02 Xq27X02

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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1, y2 are, respectively, the operation angles of the TC 1 forearm and TC 2 forearm.

1) Ify,&[0:,0>] or y-€[6:°,0-°], there will be no collision during the work process. Else, there is
conflict risk.

2) Conflict identification. If conflict risk exists, when scheduling solution generated by
chromosome decoding, the time parameters of all cross-tasks are calculated according to Eqgs (1)—(5),
including CTipegin, CTiena and CTiservai.

3) Contlict resolution. If there is CTiervar < 0, postpone the CTipegin Of the task late into the
overlapping area; make it equal to CTjenq of the task early in the overlapping area.

3.4. Cross-tasks interval time calculation
In this paper, considering the makespan f; and the cross-tasks interval time />, a multi-objective
optimization model is established. Table 3 summarizes the corresponding parameters appearing in

Eqs (16)~(23).

Table 3. Objective function calculation related symbols.

Symbol Expression

m Number of tower crane;

M Total number of tower cranes;

N Extremely positive numbers;

CT Cross-task;

Cr Time of finish for task r;

H, Collection of loadable tower codes for task 7;

K The task k of tower m;

CTibegin Cross-task i start time;

CTiena Cross-task i end time;

CTierval Time interval between cross-tasks;

Thotal Maximum makespan;

Tloading Material loading time;

Tunioading Material unloading time;

Ry Tower m has a total of tasks R;

P Tower m processing time for task 7;

Dim The task k of tower m where materials are demanded;

Skm The task k of tower m where materials are supplied;

Sir Preparation time when order r is assigned to tower

Pr The position of the tower crane hook;

R Total number of lifting tasks, {R,,jm =1,2...M};

r Lifting tasks 7;

Tn Operation time of tower crane m;

Tr Total time of crane hook travel for the task being hoisted;
The decision variable, y,,,x = 1 means that task r is scheduled for

Vmrk operation on tower m at position &, otherwise, r is not scheduled for

operation on tower m;

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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The calculation of cross-tasks interval time can be divided into two cases:

1) When there is no cross-task assigned to tower crane 1 and tower crane 2 or only one tower
crane has cross-task, there will be no cross operation when the two towers operate.

2) There are m conflicting jobs CT; on tower crane 1, the beginning time of the task is CTipegin,
and the end time is CTjena. There are n conflicting jobs C7; on tower crane 2, the beginning time of the
task is CTipegin, and the end time is CTjens. The minimum interval time is calculated by all possible
conflicting jobs on tower crane 1 and possible conflicting jobs on tower crane 2. The specific
calculation process is the following:

(1) If the end time of a cross-task C7;(1 <i <m) on tower 1 is less than the begin time of a possible
cross-task CTj (1 <j < n) on tower 2, then CTinserval ji= CTjpegin - CTiend,

(i1) If the end time of a possible cross-task C7i(1<i<m) on tower 1 is longer than the beginning
time of a possible cross-task C7; (1 <j < n) on tower 2, then CTinerval ji= CTivegin - CTjena.

In summary, the objective function and constraints are obtained as shown in Eqs (16)—(23).

S =Min(T,

tota

J=Min(max{T}, T,, Ts...Ty;}) (16)
TszT(Om’Slm)—'—Tloading_’_TT(Slm,Dlm)_’_Tunloading,' Rm =1

Tm :TT(Om,Slm)+Tloading_{—TT(Slm’Dlm)+Tunlaading+
n
ZkT:ng(TT(Dk_lm’Skm)+Tloadl‘ng+TT(Skm’ka)—'—Tunloading ): Rm 1 (17)
f2 :Max(CT interva[) :Max(2ﬁ1 min (Tintervaliiéi Tintervalf(zﬂ] )i + Z?:l min (Tinterval | Jjer T, interval (e+1)i ) )

(18)
S.T.

X Yty SNEE Vo M =1 2,0, Mo k=1,2, ., R-1 (19)

Cr-Pm,,-Sm,r-Cl+N(2—ymr(kﬂ)-ymlk)20 m#l v 1=12,...R, VmEH.NH, k =1, 2, ..., n-1 (20)

C‘r'ZmEHrZZ:IymrkPmr 20’ m =]’ 2""’M (21)
y =0, rk=12,..R, VYm&{L2, .M} \H, (22)
y €01}, nk=12..R, vm€EH, (23)

The objective functions (16) and (17) represents the minimum makespan, and the objective
function (18) represents the maximum cross-tasks interval time, where 0 is the task on tower 2 that
enters the overlapping area before task 7, and ¢ is the task on tower 1 that enters the overlapping area
before task j. Constraint (19) means that each tower is allowed to schedule at most one order.

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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Constraint (19) represents the continuity of machine position numbers, and if position k does not
schedule orders, subsequent locations do not allow orders to be scheduled. Constraint (20) requires
that a tower crane is allowed to work on only one task at a time, that there is a sequence between tasks
and that the transfer time between tower cranes depends on the limitation of the tower crane’s
working range and does not allow the task to be assigned to an unfinished tower crane. Constraint (21)
limits the completion time of the task. Constraint (22) limits the range of available towers, and the
task is not allowed to be arranged on the tower crane that cannot be hoisted. Constraint (23) is for
variable assignment.

4. Solution algorithm
In this paper, a multi-objective optimization algorithm based on NSGA-II (TCSC-NSGA-II) is

designed for solving the model proposed above, which is developed on Matlab, and the computational
process is shown as Figure 5.

‘FDouble-layer
 chromosome coding

Randomly generate N initial populations, Xpop, Ypop, Gen=0 |

e v \
| Simultaneous Crossover and mutation of Xpop || Crossover and mutation of Ypop | |
! Coevolutionary to obtain N Xoff’ to obtain N Yoff |
| [ | |
ffffffffffffffffffffffff F—————————=
| Combined population 2N |
——————————————————————— e
:_DGCOdiIlg X: Ind%cates tower opération task numbel; Decode and generate |
Y: Indicates tower assignment for operational . .
|Method | asks scheduling solutions \
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii il
Y 1 \
|| Time calculation of Conflict identification and ‘
task entry/exit :

| overlapping area Multiple tower resolution | Yes
: motion l |
characteristic ; |
| | Travel time calculation Calculation fi and f: | ‘
| \
T 1
e = r-—— \
| Ind1v1dual. i has non-doquna.nt ranking Based on Mil’l(fz) and Max(ﬁ) |

irank and crowding ia . . .
| TR ——r— Perform non-dominated sorting and crowding \
rank™ Jrank rank= Jranky 1d-=1ld, .
: i is better than j calculation }
\ 4
Selecting the best N individuals fr . ]

: electing ;\] ;(s)pul;liolr:/sl uas from Elite strategy generates a new population N }

Pareto optimal
solution set

Figure 5. Multi-objective optimization based on TCSC-NSGA-II.
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The key steps of double-layer chromosome coding, genetic operator design and TCSC-NSGA-II
algorithm design are explained in the following sections.

4.1. Overview of the NSGA-II algorithm

The existence of multiple objectives in a problem will, in principle, result in a set of optimal
solutions (often called Pareto-optimal solutions) rather than one optimal solution. In the absence of
any further information, it cannot be said that one of the Pareto-optimal solutions is better than another.
This requires the user to find as many Pareto-optimal solutions as possible. Classical optimization
methods (a priori methods) suggest transforming multi-objective optimization problems into single-
objective optimization problems, emphasizing one particular Pareto-optimal solution at a time. When
this approach is used to find multiple solutions, it must be applied multiple times.

The Non-Dominated Sorting Genetic Algorithm (NSGA) is an a posteriori intelligent algorithm
derived in the context of multi-objective problems. The main difference between NSGA and GA is in
the operation of selection, of which the former stratifies individuals according to the value of the
objective function, dominated and non-dominated, and then selects according to the stratification by
an iterative process of looping to obtain a relatively good solution for each objective function value [31].
Based on this, Deb improved the NSGA by adding an elite strategy for selection after stratification,
namely NSGA-II. After a large number of practical applications, NSGA-II has been proved to
outperform NSGA in three advantages: the introduction of the crowding degree comparison operator,
the non-dominant order crowding degree comparison operator and the elite strategy. Using the concept
of non-dominant order Pareto optimal solutions to classify individuals in the population, the method
retains individuals with better characteristics in the population and is able to find much better spread
of solutions and better convergence near the true Pareto-optimal front [32]. NSGA-II is currently the
most popular multi-objective problem solving method for production scheduling, logistics planning,
process parameter optimization, etc. [33-35].

4.2. Double-layer chromosome coding

As the MCSS problem mainly deals with two problems, the overlapping area task assignment and
task sequencing of each crane, double-layer chromosomes (X and Y) are employed in this research.
Chromosome X = {X1, X»,..., X;,..., Xz} represents the execution order of all tasks, where the r indicates
the rth scheduled task. Chromosome Y = {Y1, Y».,..., ¥,,..., Ys} represents the corresponding cranes
related to assigned tasks X, and in order to limit the search space to the range of available tower cranes,
let crane Y belong to set H, where the s indicates the number of the task which is the value of .X;.

The following is an example to illustrate this coding strategy. Consider an example of 5 tasks and
a total of 3 cranes, where H1 = {1, 2}, H> = {2, 3}, H3 = {1, 2,3}, Hs= {2}, Hs = {1, 2, 3}. Given the
chromosome encoding [X, Y], where X =[5, 3, 1, 2, 4], Y =1, 2, 3, 1, 1]. According to the sequence
of chromosome X, Task 5 (X1 = 5) is scheduled first assigned to Crane 1 (Hs (¥5) = 1); thereafter,
Task 3 (X2 = 3) is assigned to Crane 2 (H3 (Y3) = 3); Tasks 1 and 2 are assigned to Cranes 1 and 3 in
that order, immediately after Tasks 5 and 3; Task 4 is assigned to Crane 2. In summary, the schedule
for Cranes 1, 2 and 3 is {{5, 1}, {4}, {3, 2}}.

This encoding method can ensure the independence between chromosome X and Y, guaranteeing
that the infeasible solutions are excluded in the algorithm search process. On the basis of this encoding

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.
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method and the available crane range of each task, the service scheduling of each crane can be obtained.
4.3. Synchronous evolution genetic operator design

Due to the difference in constraints, the genetic operators for chromosome X and Y are designed
separately to ensure their feasibility.

For genes on chromosome X, a value representing a specific task can only occur once. Crossovers
and variants of traditional genetic operators may produce infeasible solutions by producing the same
value for different genes. Using recombination operators instead of traditional crossover operators,
partial genetic algorithms can achieve population diversity by changing the position of genes. In this
way, each individual of the generated offspring corresponds to only one parent, so there is no infeasible
solution. In this study, three genetic recombination operators were used to populate the effective
offspring: gene transposition, gene exchange and gene inversion, as shown in Figure 6(a).

For the Y chromosome, the recombination operator is not suitable because each gene has its own
specific range. In this case, a viable solution to obtain populated offspring can be obtained by using
the traditional crossover operator, as shown in Figure 6(b). If the parents Y; and Y> are valid, then
swapping the values of the same gene position for Y; and Y> is also valid for each offspring. After
crossover, a simple mutation is used, as shown in Figure 6(b). It is only necessary to restrict the
mutation of the gene Y; to H.

Parent individual Offspring individual Parent individual Offspring individual

EILEIR O EgE) E3E - TERNEL

(a)X_Shift(): s1=2,s2=5

sl:genesto be inserted s2insert position ...
‘ 3 ‘ 4‘ 2 ‘ 1 ‘ 5 ‘.::> ‘ 3 ‘ 5 ‘ 2 ‘ 1 ‘ 4 ‘ (a)Y_Crossover(): c1=2,c2=4
(b)X_Exchange(): e1=2,e2=5

c1,c2:the head and tail loci of cross-
operating genomes

s alEEE— 3 [5]a]2]a 21—

el,e2:gene loci with exchange

(c)X_Inverse(): r1=2,r2=5 (b)Y_Multation():m1=3
rl,r2:end-to-end gene loci of reversely
manipulated genome rl: gene loci with variation
(a) Partheno-genetic operators of chromosome X (b) Crossover and mutation operator of chromosome Y

Figure 6. Genetic operators of TCSC-NSGA-II algorithm.
4.4. TCSC-NSGA-II algorithm design

The operation steps of the TCSC-NSGA-II algorithm are as follows:

1) An initial population of size N is generated.

2) Generation of offspring with population size N is performed by parental crossover and mutation.

3) The N initial populations and the obtained N new populations are merged. Then, the non-
dominated sorting stratification and crowding degree are calculated by calculating the objective
function value of each individual, and the crowding degree is calculated as follows: (i) non-dominated
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stratification of individuals, the number of ranks recorded as #,ank.; (i1) decreasing individual ranking
according to crowding value, assigning their endpoint crowding to o« while calculating the crowding
of the remaining individuals recorded as i4, as shown in Eq (24).

=S U =) (24)

where f7*! is the j target at point i + 1, and ;! is the j target at point i - 1.

4) N superior individuals are selected as new parents based on the results of non-dominated sorting
stratification and crowding calculation. The superiority comparison method is as follows: 1) when the
number of tiers of i is greater than j, then individual i is superior to j, SO irank > jrank; i1) if i and j have
the same rank and the crowdedness of individual 7 is greater than that of individual j, then individual i
is superior to j, SO irank = jrank and iz> ja.

5) The process is repeated until the predefined maximum number of iterations is reached.

4.5. Algorithm procedures
The pseudo-codes of TCSC-NSGA-II algorithm are shown in Table 4.

Table 4. Pseudo-codes of TCSC-NSGA-II algorithm.

Algorithm: TCSC-NSGA-II pseudo-code
Initial population, crossover probability, mutation probability, fitness function, number of

Input: . .
1terations
f)utp ut Pareto optimal solution;
1. Chromosomes—scheduling// Conflict identification and resolution
2. def m (f1.,/2);
3. f1=compute f; (scheduling);
4. f>= compute /> (scheduling);
5. return m(f7,/>)
6. def InitialisePopulationX (Task);
7. PopulationX = random.shuffle(Task);
8. return PopulationX
9. def InitialisePopulationY (PopulationX, FeasTower);
10. Index = 0;
11. For Item in len(PopulationX)
12 PopulationY[Index]=FeasTower[Index][random.randrange(len(FeasTower[Inde
' x])]
13. Index = Index + 1;
14. return PopulationY
15. return PopulationY
16. def CrossTask (Population);
17. return Parentl, Parent2
18. def TournamentSelection(Population);
19. return Parentl, Parent2

Continued on next page
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Algorithm: TCSC-NSGA-II pseudo-code

20. def Reproduction(Parent1, Parent2);

21. Offspringl.crossover (Parentl.x, Parent2.x);
22. Offspring2.crossover (Parentl.y, Parent2.y);
23. Offspringl.mutation (Parentl.x, Parent2.x);
24. Offspring2.mutation (Parentl.y, Parent2.y);
25. return Offspringl, Offspring2

26. def fast-non-dominated-sort(P);

27. foreachp€P

28. Sp=0;

29. np =0;

30. foreachg€P

31. if (p < g)then

32. Sp=5U{q};

33. else if (p > q)

34. np=np+ 1;

35. if n, = 0 then

36. DPrank=1;

37. Fi=F;U{p};

38. i=1;

39. while F; # O

40. 0=0;

41. Foreachp € F;

42. Foreachq € S,

43. ng=ng-1;

44. if ny = 0 then

45. Grank =1+ 1;

46. 0=0U{q};

47. i=i+1;

48. Fi=Q;

49. Def crowding-distance-assignment (/);

50. =11,

51. For each i,set I[i]distance = 0

52. I=sort (/, m) ;

53. 1[1]distance = [[l]distance = o0,

54. Fori=2to (I-1)

55. i)aistance = {[ilaistance + (U[i + 1].m - I[i - 11.m)/ (fu™™ - fu™™);
56. Ri= P UQy

57. F = fast-non-dominated-sort (R/);

58. Pri=Qandi=1,

59. Until |Pri| + |[Fi| < N;

60. def Crowding-distance-assignment (F;)
61. Pi1=PUF;;

Continued on next page
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Algorithm: TCSC-NSGA-II pseudo-code

62. I=i+1;

63. Sort (Fi,u);

64. Pi1= P UFj[1:(N-| Pe1))];
65. Or+1= Make-new-pop (Py+1);
66. t=t+1;

67. return Scheduling set

5. Experiment results and analysis
5.1. Case background

This case study focuses on the construction of the bottom part of Daxing Airport Project Region 1.
Due to the regional similarity, the tower crane service scheduling in Region 1 has certain guiding
significance for other regions. The main work of a tower crane is to lift formwork, steel bars, steel
cages and fresh concrete. In Figure 7, Cranes 1 and 2 in Daxing Airport Region 1 are taken as examples
to optimize the task scheduling of tower crane operation. These two tower cranes have the operation
area of overlapping areas, but the operations between them are unconstrained.
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Figure 7. Schematic diagram of Daxing Airport.
5.2. Input model parameters

Tables 5—7 give the material supply position coordinates, material demand position coordinates
and two tower crane position coordinates. The vertical velocity is ¥, = 136 m / min, the radial velocity
is V= 60 m / min, the rotary angular velocity is V,= 0.5 arc / min, and the lifting capacity of the tower
crane is 30. In the case of good weather conditions, there is no obstacle in the hook travel path between
the supply position and the demand position under normal operation conditions, and there is no
additional delay, so set = 1. In order to evaluate the ability of tower crane operators on site, parameters
A and # are set to 1.0 and 0.25, respectively. Material loading and unloading time is set to 1.0 time
units (minutes).
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Table 5. Place of supply.

) position coordinate i

Material supply Material supply type
X y z

1 10 36 0 2,4
2 10 70 0 1,2,3
3 36 86 0 2,3
4 70 86 0 1,4

Table 6. Material demand.

. Material demand coordinates
Material demand

X y z
1 36 36 19
2 60 36 19
3 82 36 19
4 82 60 19
5 24 48 30
6 48 48 26
7 72 48 26
8 24 72 30
9 48 72 34
10 72 72 30

Table 7. Tower position coordinates.

Position coordinates of tower crane
Tower crane

X y z
Crl 63 55 70
Cr2 30 66 70

MATLAB R2018a software is applied to solve the problem. The operating environment is the 17
—8565U core of CPU @ 1.80 GHz, 1.99 GHz, and the parameters such as population number,
maximum iteration number, crossover probability and mutation probability are constant. Each task
randomly generates the demanded material type and material demand place No., and 10, 50, 70 and
100 tasks are set, respectively. The number of chromosomes is set to 100. The non-dominated sorting
genetic algorithm is implemented to solve the problem.

5.3. TCSC-NSGA-II multi-objective optimized results

In this study, the objective is to obtain the maximum cross-tasks interval time while ensuring a
relatively short duration of makespan to make the construction process smoother and safer. From the
results, it can be seen that the obtained non-dominated solution has some practical significance. In the
past, the shortest makespan was excessively pursued, which led to frequent collision and interference,
while a very small increase in completion time would obviously improve the interval of cross-tasks if

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5993-6015.



6010

viewed from the current perspective. This means a small reduction in operation efficiency can bring a
significant increase in safety.

In order to show the Pareto front more intuitively, the Pareto front graphs of 50 tasks and 100
tasks are obtained with the objective function f; as the ordinate and the objective function f> as the
abscissa. As shown in Figures 8 and 9, each point in the graph is the optimal solution. The optimized
Pareto front image is tilted above the right, indicating that the solutions obtained in the figure are non-
dominated. The results are consistent with the definition of the non-dominated solution set mentioned
above, indicating that the obtained optimal solution is reliable.

462

460

4s 458 %

456 - s

*¥
454 F *
X)K
452 - - % X ¥
450 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

fy

Figure 8. 50 tasks on the Pareto front.
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Figure 9. 100 tasks on the Pareto front.
5.4. Comparative analysis with classical genetic algorithm

In order to further verify the rationality and effectiveness of the proposed multi-objective model
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and algorithm, this section will use the classical genetic algorithm to solve the two objective
functions respectively.

In order to explore the reasonable and effective Pareto optimal solution, the specific operation is
as follows: The genetic algorithm is used to optimize f; and f> respectively, and the corresponding
optimal value is obtained. The relevant parameters are consistent with the previous design. First, using
a genetic algorithm to optimize f7, 10, 50, 70, and 100 tasks are generated, with each group running 30
independently. Figure 10 shows the change of the objective function f; in the 500 iterations of the
computing. It can be seen that with the continuous search of the genetic algorithm, the objective
function value decreases and finally tends to be stable, indicating that the single objective genetic
algorithm is effective. The value of /> also tends to be stable after 500 iterations, and the convergence
trend is shown in Figure 11.
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Figure 10. f; Optimization convergence curve.
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Figure 11. /> Optimization convergence curve.

Tables 8 and 9 give the optimal solutions of f; and f> under 10, 50, 70, 100 different-size tasks. It
can be seen from Table 8 that when the optimization is with only f;, there may be a negative number
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of f2, which means tower crane 1 and tower crane 2 enter the overlapping area at the same time.
Although there are usually monitoring and sensing devices installed on the equipment which can make
it brake, this will inevitably lead to a sudden change in speed of TC, resulting in waste of time and
even safety accidents. At the same time, it can also be seen that when the optimization is carried out
with f; as the objective, the best value is better than that of /7 in the Pareto optimal solution set, but the
value of /> is much worse. It can also be seen from Table 9 that when only the objective function /> is
optimized, the best value is better than the maximum value of /> in the Pareto optimal solution set, but
the value of /7 may increase at different degrees. The results can also show an interesting phenomenon
that significant improvement of /> can be achieved at the cost of tiny increase in f;, which means
effective avoidance of the tower cranes entering the overlapping area at the same time.

Table 8. The objective function value of £, is optimized by single objective.

n A /2

10 67.87 2.79
50 339.68 -11.92
70 534.72 -12.35
100 673.63 -13.49

Table 9. The objective function value of /> is optimized by single objective.

n /) /z

10 100.74 130.73
50 454.16 141.56
70 637.63 292.66
100 872.83 151.50

Based on the above results and analysis, it can be concluded that the results obtained by the dual-
objective optimization based on TCSC-NSGA-II in this paper are reasonable. When the non-
dominated genetic algorithm is used to optimize the two objective functions at the same time, the
chromosomes entering the overlapping area at the same time are eliminated, which ensures f> as non-
negative. Meanwhile, the value of the objective function f; obtained is close to the optimal value.
Hence, it shows that the service scheduling optimization of multi-objective tower crane based on non-
dominated genetic algorithm is reasonable and effective.

6. Conclusions

The multi-crane service scheduling problem is one of the major problems related to tower crane
operation that has received limited attention in terms of efficiency and safety. In this paper, a
mathematical model of the multi-objective tower service scheduling problem was developed
considering the conflicting task intervals. Double-layer chromosome and simultaneous coevolutionary
strategy were designed and implemented with the NSGA-II computational procedure. The algorithm
proposed in this paper is not only an improvement in efficiency compared to previous optimization
methods but also is able to handle the large-scale tasks with reasonable solution quality and efficiency,
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which is difficult to solve with integer linear programming and mixed integer linear programming. In
addition, the TCSC-NSGA-II method introduced as an a posteriori method is less dependent on
background knowledge than traditional a priori methods, and selection is made only after candidate
solutions are obtained, so the diversity of solutions is better than traditional methods.

A case study of the International Airport, Daxing, China, was conducted to verify the proposed
model and algorithm in the paper. In terms of makespan of tower cranes and the time interval of cross-
tasks, the obtained optimization solution was proved to be effective and can meet with the practical
requirement of the engineering project. The current work can be applied directly to enhance operation
management of tower cranes on the construction site.

In future research, it would be useful to remove as much simplification as possible from the
proposed optimization model to make it more practical for use in the field. Additionally, it would be
beneficial to incorporate dynamic features that align with actual construction requirements. For
example, uncertainty regarding the arrival time of tasks and the sequential constraints of prefabricated
components should be taken into account, and appropriate algorithms should be designed to address
these issues, as they are often present in real construction scenarios.
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