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Abstract: [Objectives] The sortie generation capacity is an important index of the operational capability of an

aircraft carrier and largely determined by the support operation scheduling of the carrier—based aircraft. Therefore a

good scheduling of carrier—based aircrafts on the deck can effectively improve the operational capability of aircraft

carrier. [ Methods] This paper establishes the operation scheduling module by converting the carrier—based aircraft

support operation scheduling into job—shop scheduling problem. And through improvement of initial solution, search

strategy and tabu list length, an improved tabu search algorithm is proposed to solve the model, with the purpose of

minimizing the makespan. [ Results] The simulation test results show that the improved tabu search algorithm can

solve the carrier—based aircraft support operation scheduling problem effectively, and it is better than the traditional

tabu search algorithm in terms of speed calculation and result optimization. [ Conclusions ] The proposed algorithm

provides an effective way to solve the carrier—based aircraft support operation scheduling problem.
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0 Introduction

As the core combat equipment of aircraft carrier,
carrier—based aircraft has a great influence on its op-
erational capability ", and the sortie generation ca-
pacity of carrier—based aircraft is a key indicator for
judging the operational capability of the aircraft car-

® Therefore, the overall design of the aircraft car-

rier
rier has always been around how to effectively im-
prove the sortie generation capacity of carrier—based

Pl The carrier-based aircraft must go

aircraft
through support on deck strictly in accordance with
the pre—determined deck operation procedure before
taking off by the catapult to perform a task ', so the
sortie generation capacity of carrier—based aircraft is
closely related to the support operation scheduling
strategy on the aircraft carrier deck. The limited sup-
port resources, the variable operating environment
and the complicated operation process on the deck of

the aircraft carrier determine that the support opera-
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tion scheduling of carrier—based aircraft is the key
factor that restricts the sortie generation capacity of
carrier—based aircraft .

The support operation scheduling of carrier-based
aircraft provides a reasonable support station and
support sequence under limited deck space and sup-
port resources. It aims to shorten the hauling dis-
tance of the carrier—based aircraft and reduce the to-
tal support operation time, so as to ensure the com-
pletion of the support task before takeoff. This is a re-
source—constrained optimal scheduling problem ™.

At present, scholars all over the world have car-
ried out extensive research on the support operation
scheduling of aircraft carrier decks. For example, the
Computer Science and Artificial Intelligence Labora-
tory of Massachusetts Institute of Technology devel-
oped a human-machine interactive Deck Course of
Action Planner (DCAP) that can be used to make in-
telligent decision on the support operation schedul-

ing of carrier—based aircraft'. Dastidar et al. " pro-




80 CHINESE JOURNAL OF SHIP RESEARCH, VOL.13, NO.5, OCT 2018

posed a distributed strategy based on queuing net-
work, which can be used to solve the scheduling
problem of aircraft carrier deck. Han et al. " adopted
genetic algorithm to solve the support operation prob-
lem of carrier—based aircraft, and intuitively present-
ed a support procedure for carrier—based aircraft. Si
et al. " established the basic model of carrier—based
aircraft scheduling, and solved the scheduling prob-
lem using the improved particle swarm algorithm af-
ter the fusion of multi-population and chaotic local

1. " established a multi-target inte-

search. Han et a
grated maintenance support model and proposed an
adaptive hybrid differential evolution algorithm,
which can improve the maintenance support efficien-
cy of multi—target carrier—based aircraft.

At present, computational simulation methods and
intelligent optimization algorithms are mainly used
in China and abroad to solve the support operation
scheduling of carrier—based aircraft. Among them,
the computational simulation method generally con-
structs the model through logical relationship and pa-
rameter selection, but different system models lead
to different conclusions. Intelligent optimization algo-
rithm is faster in calculation, can be combined with
other algorithms, and has more advantages than simu-
lation method. At the same time, the existing re-
search work mainly focuses on the allocation of sup-
port stations for carrier—based aircraft, and there is
little research on the support sequence scheduling
during resource conflicts. Moreover, the impact of
the takeoff time of each carrier—based aircraft on sup-
port plan is not considered. This paper will compre-
hensively consider the carrier—based aircraft support
operation, takeoff time and transit time to optimize
the support sequence so as to solve the feasible
scheduling scheme in a short time. In view of the
similarity between the support operation scheduling
of carrier-based aircraft and the job—shop schedul-
ing, it is proposed to convert the support operation
scheduling problem of carrier—based aircraft into a
Job—shop Scheduling Problem (JSP) and solve it by
intelligent optimization algorithm. As a result, an im-
proved algorithm based on Tabu Search (TS) with
higher efficiency is proposed.

1 Model description and conver—
sion

1.1 Support operation scheduling
problem of carrier—based aircraft

This papér will take the fraditiopal multi-station

support of the Nimitz—class aircraft carrier as a refer-
ence and appropriately simplify it. That is to say, the
interference factors during the support operation and
the influence among multiple waves are not consid-
ered and it is assumed that the station and sequence
of each carrier—based aircraft to complete support op-
eration have been worked out in advance by the
scheduling staff.

It is assumed that there are two carrier—based air-
crafts in a wave (set to F1 and F2) that need to take
off to perform the mission, the takeoff time of this
wave is 8:00, and the takeoff time interval is 10 min-
utes (the takeoff time of F1 should not be later than
8:00, and F2 should not be later than 8:10). In addi-
tion, it is necessary to complete support tasks such
as replenishing fuel/lubricating oil/special liquids
and gases, charging, and mounting ammunition be-
fore takeoff ", The execution of support task is divid-
ed into serial execution and parallel execution. In se-
rial execution, multiple support tasks can only be
completed in sequence, and the total completion
time is equal to the sum of the completion time of the
individual support tasks. In parallel execution, multi-
ple support tasks can be performed simultaneously,
and the total completion time is equal to the maxi-
mum completion time of a single support task. Since
the real support operation completion time will dy-
namically change within a certain range and has cer-
tain randomness, this paper only considers the case
where the time fluctuation interval is small, and
takes the approximate value as the support comple-
tion time. It is assumed that the support tasks of two
carrier—based aircrafts are completed at five stations
(A1, A2, A3, A4, AS5), and each station can provide
several support services, but can only serve one carri-
er—based aircraft at the same time. It is assumed that
the scheduling process is as follows: F1 goes to Al,
A2, A4 stations to complete the support service; F2
goes to A3, A2, A5 stations to complete the support
service. The sequence, station, task and time of each
carrier—based aircraft to complete the support opera-
tion are shown in Table 1. When the carrier-based
aircraft completes the support operation at one sta-
tion, it is towed to the next support station, so the
hauling transit time is proportional to the hauling dis-
tance. This paper ignores the catapult—assisted take-
off time of the carrier—based aircraft, so its support
operation completion time is the takeoff time.

Since each station can only provide support for
one carrier—based aircraft at the same time, when

two carrier—based aircrafts need to_complete their re-
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Table 1 Support operation of carrier—based aircraft

Carrier-based Suport Support time

Support task

aircraft station /min
Al Replenishing' fuel, lubricating 20
oil, etc.
F1
A2 Charging 15
A4 Mounting ammunition 15
A3 Replenishing' fuel, lubricating 18
oil, etc.
F2
A2 Charging 15
AS Mounting ammunition 17

spective support operations at five stations, there
may be two carrier-based aircrafts at the same sta-
tion simultaneously if scheduling is not performed,
as shown by the shaded A2 station in Fig. 1. In order
to solve the station conflict, the total time of the sup-
port operation must be as short as possible, and the
following conditions must be met:

1) Each carrier—based aircraft needs to complete
the support operation at each station in accordance
with the preset support operation sequence.

2) A single station can only serve one carri-
er—based aircraft at the same time, and a single carri-
er—based aircraft can only be supported at one sta-
tion at the same time.

3) Each carrier—based aircraft must complete all

support operations prior to takeoff.

Time/min

Fig.1 Infeasible schedule
1.2 JSP

JSP is a classic production scheduling problem
and a typical NP-hard problem, where NP refers to
non—deterministic polynomial. This problem originat-
ed in the processing and manufacturing industry and
is now widely used in transportation, network com-
munication and other fields. The JSP can be de-
scribed as follows: A number of workpieces and sev-
eral machines are given, and each workpiece goes se-
quentially to each machine for completing process-
ing tasks according to a preset processing route.
Since there are several workpieces to be processed
on each machine, the scheduling scheme needs to de-

termine _theJ] processing sequeng® _of workpieces_on

each machine so as to minimize the makespan.

The objective function of JSP is

minz, (1)

The constraints of JSP are
t,20; ieO (2)
t—t>d; (i,))ed (3)

il

t—t>dvt,—t,>d; (i.)eE. keM (4)
Where ¢, is the makespan; ¢, and ¢, are the start
time of the process ¢ and the process j, respectively;
0={0,1,---,n} is the set of the process i and the
process j, where 0 and n are virtual processes, with
process 0 as the starting point and process n as the
end point; D=1{d,,d,, --
set of each process, where (d,, dj)e D ; A is the con-

-,d } is the processing time

straint set of processing sequence determined by the
workpiece's own process route. E, is the constraint
set processed on machine k; M={1,2,---,m} is
the set of machines.

Eq. (1) indicates that the scheduling target is to
minimize the makespan, Eq. (2) indicates that the
start time of a process must be greater than 0, Eq. (3)
indicates that a workpiece must be processed sequen-
tially according to the process route, and Eq. (4) indi-
cates that a machine can only process one workpiece

at the same time.

1.3 Differences and conversion between
two models

It can be seen from the above that the support op-
eration scheduling problem of carrier—based aircraft
is very similar to JSP, but there are two differences
between the two models:

1) In JSP, each workpiece starts from a fixed point
and is processed on different machines according to
the processing sequence and reaches the end point.
Therefore, in different scheduling schemes, each
workpiece reaches the end point at different time. In
the case of the support operation scheduling of carri-
er—based aircraft, the takeoff time of each is differ-
ent, and each carrier—based aircraft must complete
all support operations before takeoff. In simple
terms, JSP can be viewed as a sort from a fixed start-
ing point to a non—fixed end point, while the support
operation scheduling of carrier—based aircraft consid-
ers the takeoff time to be a fixed end point. If it is
simply converted into a JSP, an effective solution
may not be obtained.

2) In the JSP model, the transit time from the pre-
vious machine to the next machine when a process of

one workpieée is completed is not considered. In the
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support operation scheduling problem of carri-
er—based aircraft, the effect of transit time on the fi-
nal scheduling scheme cannot be ignored. Therefore,
the transit time should be considered during the
scheduling process.

Based on this, the paper reversely transforms the
support sequence constraint of the carrier—based air-
craft into the processing sequence constraint of the
workpiece in the job—shop scheduling, and each sup-
port operation corresponds to the processing se-
quence in reverse order. The carrier—based aircraft
set is converted into the workpiece set in job—shop
scheduling. A virtual process is inserted before the
first process of each workpiece, namely, the latest
takeoff time of all carrier—based aircrafts is taken to
subtract the takeoff time of the carrier—based aircraft
represented by the workpiece, and the difference is
used as the processing time of the virtual process (if
the difference is 0, the virtual process is not insert-
ed). Moreover, a virtual process is inserted between
the remaining adjacent processes, and the transit
time of carrier—based aircraft is used as the process-
ing time of the process.

According to the above processing steps, Fig. 1
can be converted to Fig. 2. In Fig. 2, JOB1 corre-
sponds to F1; JOB2 corresponds to F2; M1, M2, M3,
M4, M5 correspond to Al, A2, A3, A4, A5, respec-
tively. The processing time of the non—gray process
is the same as the time of carrier—based aircraft sup-
port operation. The gray node is the inserted virtual
process, and the processing machine is MO, which is
a special machine that can process infinite workpiec-
es at the same time. The processing time of the first
gray process in JOB1 is the difference between the
takeoff time of 2 and F'1, and the processing time of
the other gray processes is the transit time between

adjacent stations.

F1 A4
F2 A3 A2

oo @
JOB2 M3

Fig.2  Model transformation

=
%)

2 Solving algorithm

The JSP solution méthod ¢an e mainly divided in-

to two types: optimization algorithm and heuristic al-
gorithm. The optimization algorithm (for example,
the branch and bound method) is very computational-
ly intensive and difficult to apply to the aircraft carri-
er deck. In the heuristic algorithm, the convergence
rate of the simulated annealing algorithm is too slow,
the search space is too large, and the temperature is
difficult to be controlled. Genetic algorithm has the
problem of prematurity and low efficiency. TS algo-
rithm has an acceptable computational efficiency af-
ter solving problems such as initial solution, search
strategy and tabu list length. Therefore, based on the
TS algorithm, this paper proposes an improved heu-
ristic algorithm for solving the support operation
scheduling of carrier—based aircraft.

The TS algorithm adopts the idea of local search,
and conducts progressive optimization globally. The
search process is shown in Fig. 3. The main idea of
TS is to search the neighborhood of the initial solu-
tion and find the candidate solution as the current so-
lution. Furthermore, it adopts tabu list to store the
searched area information, so as to avoid returning to
the previously searched area in the subsequent itera-
tive search. The TS algorithm has six basic elements:
initial solution and objective function, neighborhood
structure, candidate solution, tabu list and length,
aspiration criterion, and termination rule ", The Im-
proved Tabu Search (ITS) algorithm proposed in this
paper will focus on the length of the tab list, genera-

tion of initial solution, and incorporation of the scat-

Generation of
initial solution

Initialize the tabu list using
the initial solution as the
current solution and the

optimal solution

Meet the
termination
rule?

Y | Output optimal _»[ Fndj

solution

Generate a solution set by
searching in the neighborhood
of current solution

Use this solution as the

Meet aspiration current solution and
TR . .
criterion? the optimal solution

Select the optimal
solution that is not
tabooed in the solution
set as current solution

v

L—{  Update tabu list

Fig.3 _ Tabu search process
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ter search strategy and the centralized search strate-
gy.

1) Tabu list. The tabu list is used to store objects
that are tabooed to prevent repeated search for previ-
ously searched regions. If the length of the tabu list
is too long, the search will be suppressed; if the
length is too short, it will cause repeated search and
enter the loop """, The ITS algorithm will employ the
dynamic tabu list length L, whose value will dynami-
and L

cally change between the two limits L_. >

specifically:

(1) If a solution superior to the current solution is
found, L—-1 is taken as the length of the tabu list, and
L>L . is maintained.

(2) If a solution superior to the current solution is

not found, L+1 is taken as the length of the tabu list

and L<L_  is maintained.
(3) It is assumed that the initial value of tabu list
length L is L, , where L _, =2w/3, L =2w,

and w is the number of workpieces in the job shop.

2) Generation of an initial solution. An initial solu-
tion must be given before the TS, and a good initial
solution can significantly improve the performance of
the TS algorithm "*. Considering that the shifting bot-
tleneck algorithm can not only solve the job-shop
problem quickly, but also generate a solution better
than that of the priority allocation criteria such as
SPT and FCFS, this paper will use the shifting bottle-
neck algorithm to provide the initial solution for TS.
The shifting bottleneck algorithm is a heuristic algo-
rithm, and it finds the bottleneck machine with the
largest delay in all machines and then performs sin-
gle-machine scheduling. After the scheduling is
completed, the above steps are repeated for the re-
maining machines.

3) Scatter search strategy. Scatter search strategy
can perform extensive search on the region of the so-
lution set to avoid falling into local search. If a solu-
tion that is better than the current optimal solution

has not been found in a certain area, the search will

be started again in a new area. If a scheme shorter
than the makespan of the current scheduling scheme
in a search is not found, the number of iterations
should be recorded. When the number reaches the
preset upper limit, a new solution will be found to
serve as the initial solution of the next iteration, and
then the tabu list is emptied.

4) Centralized search strategy. When the optimal
solution is updated, if the current region is further
searched, it is possible to find more optimal solu-
tions. If a solution better than the current optimal so-
lution is found in the local region, the optimal solu-
tion should be updated and the tabu list should be
emptied to make the follow—up search of the current
region freer.

In the process of converting the support operation
scheduling problem of carrier—based aircraft into
JSP, this paper introduces a virtual machine MO.
Since MO has an infinite capacity and allows to pro-
cess infinite workpieces at the same time, the work-
piece processing sequence of MO will not affect the
total processing time. Therefore, in the ITS algo-
rithm, the workpiece processing order on MO will not

be swapped to save computation time.

3 Experimental simulation results

In order to verify the improving effect of the pro-
posed algorithm, two examples are designed with refer-
ence to the USS Nimitz and Carrier airwing nine

in 1997 and

!. The station and time of the carrier—based

surge demonstration related refer-

ences "
aircraft support operation in case 1 are shown in
Table 2. The transit time of the carrier—based air-
craft to the next station is proportional to the dis-
tance between the stations. It is assumed that six car-
rier—based aircrafts (F1-F6) need to be dispatched
at a certain wave, each carrier—based aircraft must
complete the four support tasks of refueling, flight
preparation, charging, and mounting ammunition be-
fore takeoff, and each support operation has two sup-
port stations (Y1/Y2, P1/P2, S1/S2, G1/G2) to pro-

Table 2 Deck operation(case 1)

Support station

Support time/min

Carrier—based

aireraft Refueling Flight Charging  ounting Refueling Flight Charging  eunting
preparation ammunition preparation ammunition
F1 Y1 P1 Sl Gl 15 15 10 15
F2 Y2 P1 S2 G1 16 15 12 15
F3 Y1 P2 Sl G2 15 10 10 10
F4 Y2 P2 S2 Gl 16 10 12 15
F5 Y2 P1 S2 G2 16 15 12 10
F6 Y2 P2 S1 G2 16 10 10 10
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vide services. The takeoff time of this wave starts at
10:35 and the takeoff interval is 5 minutes.

The experimental platform is developed in Java
language. The running machine environment is Core
i5-6200U, the CPU basic frequency is 2.3 GHz, the
memory capacity is 8 GB, and the operating system
is Windows 10. Due to the high dependence of the
TS algorithm on the initial solution, in order to verify
the improving effect of the shifting bottleneck algo-
rithm on TS efficiency, the random solution (ITS-R),
the solution generated by the FCFS rule (ITS-FCFS)
and the solution generated by the shifting bottleneck
algorithm (ITS-M) are adopted as initial solutions to
perform comparison on the basis of the ITS algo-
rithm. The termination rule of the TS algorithm is as
follows: the current optimal solution is updated for
no more than 60 times. Table 3 shows the compari-
son results of 10 times of repeated independent cal-
culations. In the table, the average value of optimal
solution corresponding to ITS-R is 110, and the aver-
age value of calculating time is 0.964 s. The average
value of optimal solution corresponding to ITS-FCFS
is 110, and the average calculating time is 0.825 s.
The average value of the optimal solution correspond-
ing to ITS-M is 110, and the average calculating
time is 0.682 s.

It can be seen from Table 3 that although the opti-
mal solutions corresponding to the three initial solu-
tions are the same, the efficiency of calculating the
initial solution by the shifting bottleneck algorithm is
the highest. Therefore, the initial solution generated
by the shifting bottleneck algorithm can effectively
improve the TS algorithm, and its Gantt chart is
shown in Fig. 4. The gray portion of the figure indi-
cates the transfer process of the carrier—based air-
craft from the previous station to the next station.

Table 3 Comparison of calculation results of different
initial solutions

FiIF (i W et st 1]
F2k 2 et JCs2 Wcr ]

3w} Bl I
[]
£ raf

bt
ot A
9:00 9:20 9:40 10:00 10:20 10:40 11:00

Time

Fig.4  Gantt chart of case 1

The total time of the support operation scheme
solved by the improved algorithm is 110 minutes,
and the entire support operation flow runs from 9:10
(F2 refueling) to 11:00 (F6 takeoff).

In order to compare the computational efficiency
of the ITS algorithm and the traditional TS algorithm,
the two algorithms are used to perform 10 repeated
independent calculations for case 1. The comparison
results are shown in Table 4. It can be seen from Ta-
ble 4 that the average value of the optimal solution
corresponding to the ITS algorithm is 110, and the
average value of the calculating time is 0.682 s. The
average value of the optimal solution corresponding
to the TS algorithm is 110.1, and the average value
of the calculating time is 1.029 s. Therefore, the cal-
culation speed of the ITS algorithm is faster than that
of the TS algorithm, and the TS algorithm occasional-
ly cannot find the optimal solution 110.

Table 4 Comparison between ITS algorithm and TS
algorithm ( case 1)

ITS algorithm TS algorithm

Initial solution

ITS-M

Initial solution

ITS-FCFS

Initial solution

ITS-R

Calcu

lation
G Optimal Calculating Optimal Calculating Optimal Calculating
imes

solution  time/s

solution  time/s solution  time/s

Calculation
limes Optimal Calculating Optimal ~ Calculating
solution time/s solution time/s
1 110 0.745 110 1.153
2 110 0.766 110 1.025
3 110 0.590 110 1.012
4 110 0.747 110 0.925
5 110 0.639 110 1.127
6 110 0.602 110 1.051
7 110 0.671 111 0.859
8 110 0.758 110 0.998
9 110 0.711 110 1.094
10 110 0.590 110 1.050

1 110 1.035 110 0.843 110 0.745
2 110 0.809 110 0.807 110 0.766
3 110 0.83 110 0.845 110 0.59
4 110 0.903 110 0.792 110 0.747
5 110 1.171 110 0.93 110 0.639
6 110 0.947 110 0.799 110 0.602
7 110 0.91 110 0.84 110 0.671
8 110 1.195 110 0.747 110 0.758
9 110 0.964 110 0.833 110 0.711
10 110 0.879 110 0.84% 110 0.59

In order to further verify the computational perfor-
mance when different numbers of carrier—based air-
crafts are dispatched, case 2 is also designed. It is as-
sumed that 10 carrier-based aircrafts are dispatched
with a takeoff time of 10:42 and a takeoff interval of
2 minutes. The support operation is arranged as
shown in Table 5.

For case 2, the comparison of computational per-

formancél between ITS algorithm and traditional TS
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Table 5 Deck operation(case 2)
Support station Support time/min
Carrier—based
aircraft Refueling Flight Charging  Mounting Refueling Flight Charging ~ eumting
preparation ammunition preparation ammunition
F1 Y2 P1 S2 Gl 16 15 12 15
F2 Y1 P1 S1 Gl 15 15 10 15
F3 Y1 P2 S1 G2 15 10 10 10
F4 Y2 P1 S2 G2 16 15 12 10
F5 Y2 P2 S2 G2 16 10 12 10
F6 Y2 P2 S1 G1 16 10 10 15
F7 Y1 P2 S2 Gl 15 10 12 15
I8 Y2 P1 S1 G2 16 15 10 10
F9 Y2 P2 S1 G1 16 10 10 15
F10 Y1 P1 S2 G2 15 15 12 10
Table 6 Comparison between ITS algorithm and TS show that the ITS algorithm can effectively optimize

algorithm ( case 2)

ITS algorithm TS algorithm

Calculation
limes Optimal ~ Calculating Optimal  Calculating

solution time/s solution time/s
1 145 3.555 147 4.254
2 145 3.904 145 4.241
3 145 4.057 150 4.256
4 145 3.421 147 4.427
5 145 3.515 147 4.776
6 145 3.756 145 4.861
7 145 3.715 145 4.291
8 145 4.121 145 5.249
9 145 3.714 150 4313
10 145 3.621 145 5.461

algorithm is shown in Table 6. The average value of
the optimal solution corresponding to the ITS algo-
rithm is 145, and the average value of the calculating
time is 3.73 s. The average value of the optimal solu-
tion corresponding to the TS algorithm is 146.6, and
the average value of the calculating time is 4.613 s.
Therefore, the computational efficiency and optimiza-
tion effect of the ITS algorithm are better than those
of TS algorithm.

4 Conclusions

In this paper, the support operation scheduling
problem of carrier-based aircraft is converted into
JSP. The support operation scheduling model is es-
tablished, and an ITS algorithm is proposed to solve
the model. Compared with the traditional TS algo-
rithm, the improved algorithm derives the initial solu-
tion using the shifting bottleneck algorithm, incorpo-
rates the scatter search strategy and the centralized
search strategy, and makes the length of the tabu list
dynamically change with the search. The calculation

results_of different secales of example verification

the support operation process of carrier—based air-
craft, and its optimization results and calculation
speed are better than those of the traditional TS algo-

rithm.
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