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    The purpose of our research is to formulate a drone delivery problem (DDP) as a constrained multi-objective 
optimization problem and evaluate the cost-reduction effect of a drone delivery service using the provisional-ideal-point (PIP) 
method proposed in this paper. The original PIP method is a genetic algorithm-based (GA-based) optimization method that 
can efficiently generate a preferred solution for a decision-maker. However, there are two problems occur when this method 
is applied to the DDP. The first problem is that there exist some cases wherein the evaluation function becomes infinite in 
the search process, making it impossible to sort the generated solutions. The second problem is that a long time is needed for 
the solution search to converge. Accordingly, the process had to be aborted at the halfway point. We present an improved 
PIP method to overcome these two problems. The proposed method is a solution search comprising a GA combined with 
tabu search. It converts the DDP into a single-objective optimization problem of a delivery cost using conversion factors. 
This paper presents several things understood regarding the cost-reduction effect on drone delivery services using our newly 
proposed method. 
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Nomenclature 
 

𝐴𝐴 :  number of available trucks 
𝐵𝐵 :  number of available drones per truck 
𝐶𝐶𝐶𝐶𝐼𝐼 :  conversion factor of 𝐶𝐶𝐼𝐼(𝑥𝑥) 
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 :  position vector of provisional ideal point 
𝐶𝐶𝑠𝑠𝑠𝑠𝑖𝑖 :  position vector of solution point 
𝐶𝐶𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖 :  total delivery cost 
𝐷𝐷𝐶𝐶 :  flight distance cost between 𝑊𝑊𝑊𝑊s, m 
𝐷𝐷𝑖𝑖𝑠𝑠 :  distance between 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝐶𝐶𝑠𝑠𝑠𝑠𝑖𝑖 

𝐷𝐷𝑗𝑗,𝐷𝐷𝑖𝑖𝑗𝑗 :  drone delivery route 
𝐸𝐸𝑛𝑛 :  elite number 
𝐶𝐶(𝑥𝑥) :  objective function 
𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 :  provisional optimal value of 𝐶𝐶𝐼𝐼(𝑥𝑥) 
𝑔𝑔𝐽𝐽(𝑥𝑥) :  J-th constrained condition 
𝑔𝑔,𝑔𝑔′ :  generations 
𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 :  maximum generations in solution search 
𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 :  maximum generations in tabu search 
ℎ𝑖𝑖,𝑖𝑖𝑗𝑗 :  number of 𝑊𝑊𝑊𝑊 in 𝐷𝐷𝑖𝑖

𝑖𝑖𝑗𝑗 
𝐿𝐿𝑖𝑖 :  position of depot 

𝐿𝐿𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 :  maximum travel distance, m 
𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 :  maximum delivery time, s 
𝑚𝑚 :  total number of constrained conditions 
𝑀𝑀 :  total number of objective functions 
𝑁𝑁𝐷𝐷𝑗𝑗 :  total number of 𝑊𝑊𝑊𝑊 visited by j-th 

:  drone 
𝑁𝑁𝐻𝐻𝑖𝑖 :  total number of 𝑊𝑊𝑊𝑊 visited by i-th truck 

𝑁𝑁𝐿𝐿𝑖𝑖 :  total number of 𝑊𝑊𝑊𝑊 visited by i-th truck 
𝑁𝑁𝑊𝑊𝑊𝑊 :  total number of 𝑊𝑊𝑊𝑊 
𝑝𝑝,𝑝𝑝′ :  set of solutions 
𝑊𝑊𝑛𝑛 :  population 
𝑊𝑊(𝑥𝑥) :  penalty function 
𝑅𝑅 :  relative drone-to-truck cost ratio 
𝑠𝑠 :  number of solutions in 𝑝𝑝 or 𝑝𝑝′ 
𝛵𝛵 :  tabu lists 
𝐿𝐿𝐶𝐶 :  distance cost between 𝑊𝑊𝑊𝑊s, m 
𝐿𝐿𝑖𝑖 :  truck delivery route 
𝑡𝑡𝑖𝑖 :  flight duration time of drone, s 
𝑡𝑡𝑝𝑝 :  parking time at 𝑊𝑊𝑊𝑊, s 
𝑡𝑡𝑟𝑟𝑖𝑖 :  battery replacement time, s 
𝑡𝑡𝑡𝑡𝑖𝑖 :  take-off or landing time of drone, s 
𝐿𝐿𝑖𝑖 :  truck delivery route for i-th truck  
𝑢𝑢𝑖𝑖𝑗𝑗 :  set of 𝑢𝑢𝑖𝑖

𝑖𝑖𝑗𝑗 
𝑉𝑉𝐷𝐷 :  flight velocity of drone, m/s 
𝑉𝑉𝑇𝑇 :  travel velocity of truck, m/s 
𝑤𝑤𝑖𝑖,𝑡𝑡
𝑖𝑖𝑗𝑗  :  package weight, kg 
𝑊𝑊𝑖𝑖 :  loadable weight of drone, kg 
𝑊𝑊𝑊𝑊 :  depot or delivery position  

𝑥𝑥,𝑥𝑥′,𝑥𝑥′′ :  generated solution 
𝑥𝑥∗ :  best solution in 𝑝𝑝 
𝑥𝑥𝑡𝑡𝑖𝑖𝑠𝑠𝑡𝑡 :  preferred solution 
𝑥𝑥𝐹𝐹 :  feasible solution 

  
1.  Introduction 
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  In recent years, the use of drones has become widespread not 
only in the military field, but also in a variety of applications 
such as infrastructure inspection,1) monitoring,2) pesticide 
spraying,3) aerial photography,4) transport of relief supplies,5) 
and hobbies6) because of their ease of operation and low cost. 
Drone delivery service also became a hot topic in 2013 with the 
announcement of “Amazon Prime Air.” 7) Since then, several 
venture companies and organizations around the world have 
been attempting to introduce drone delivery services. 
  This service is also expected to be quite effective in Japan 
because a shortage of drivers has become a serious social 
problem.8) It can also be used to deliver relief supplies to 
affected areas when a disaster occurs. 
  The applications suitable for drone delivery are, however, 
limited owing to the limitations in flight duration, loadable 
weight, and robustness to wind. One of the methods used to 
compensate for the weakness of the drones is called “last-mile 
deliveries” or “last-mile distribution.”9, 10) In this method, 
drones are only used for delivering the packages to destinations 
over a short distance, while the majority of the delivery distance 
is covered using trucks. Murray et al. quantitatively evaluated 
how much last-mile deliveries can reduce the travel distance 
and time as compared to those of truck delivery.11-14) Chiang et 
al. also presented the benefits of last-mile deliveries in terms of 
reducing CO2 emissions as well as delivery costs.15, 16) 

In this paper, we refer to the delivery service comprising only 
the use of trucks as “truck delivery,” that comprising only the 
use of drones as “drone delivery,” and the service combining 
the use trucks and drones as “hybrid delivery.” Figures 1(a) 
through 1(c) are conceptual diagrams of these delivery styles. 

A route-generation problem related to the drone delivery and 
the hybrid delivery is referred to as a “drone delivery problem 
(DDP).” A DDP can be formulated as a constrained multi-
objective optimization problem. In our past studies, we 
presented a multi-objective optimization method called the 
“provisional-ideal-point (PIP) method,” which is based on 
using a genetic algorithm (GA) for solving the DDP.13) 
However, two problems occur when this method is applied to 
the DDP. The first problem is that there exist some cases 
wherein the evaluation function value of the original PIP 
method is infinite because the evaluation function 
characteristics make it impossible to sort the generated 
solutions. We refer to this problem as the “division by zero 
(DBZ) problem.” The second problem is that it is difficult to 
use “crossover” operators for the DDP because solution 
structures such as the hybrid delivery routes are complicated. 
Therefore, when applying the original PIP method to the DDP, 
it is necessary to depend only on “mutation” operators. 
However, this kind of method often terminates the calculation 
in the middle of the solution search because it takes a long time 
to converge. We refer to this problem as the “immature 
convergence (IC) problem.”  

In this paper, we present two methods for solving these two 
problems. The first method involves unifying the objective 
functions of the DDP to a delivery cost using conversion factors. 
The conversion factors provide correlations between the 
objective functions and make it possible to prevent the 
occurrence of the DBZ problem. The second method is to use 

“tabu search (TS)” for solving the IC problem. TS enables a 
global solution search by intentionally abandoning the best 
solution in the population to prevent stagnating the solution 
search.17) Combining this method with the original PIP method 
can be expected to improve the efficiency of the solution search. 

The usefulness of the improved PIP method can be verified 
via some benchmark problems from the “traveling salesman 
problem library (TSPLIB).”18) The validity of this method can 
also be demonstrated by applying it to the DDP. 

In addition, the cost-reduction effects of the drone delivery 
and the hybrid delivery as compared to the truck delivery are 
evaluated using the improved PIP method. From these 
calculation results, much knowledges regarding the cost-
reduction effect of the drone delivery service can be obtained. 
  This paper is structured as follows. Section 2 describes the 
original and the improved PIP methods. Section 3 describes the 
solution structure of the DDP and its mutation operators. 
Section 4 presents the formulation of the DDP as a constrained 
multi-objective optimization problem, the calculation method 
for conversion factors, and problem settings of the DDP. 
Section 5 presents an investigation of the usefulness of the 
improved PIP method using some kinds of the TSPLIB and the 
DDP. In addition, the relationship between the cost-reduction 
effect and relative cost ratio of the drone to the truck is analyzed. 
Several obtained knowledges regarding the cost-reduction 
effect of drone delivery service are then presented. Section 6 
presents the conclusions of this study. 
 

  
Fig. 1(a).  Truck delivery.         Fig. 1(b).  Drone delivery. 

 

 
Fig. 1(c).  Hybrid delivery. 

 
2.  PIP Method 
 

The DDP can be formulated as a constrained multi-objective 
optimization problem as shown in Eq. (1). 

�
𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

 𝑭𝑭(𝒙𝒙) = 𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

  [𝐶𝐶1(𝒙𝒙),𝐶𝐶2(𝒙𝒙), … ,𝐶𝐶𝐼𝐼(𝒙𝒙), … ,𝐶𝐶𝑀𝑀(𝒙𝒙)]𝑇𝑇

𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡 𝑡𝑡𝑡𝑡 𝐶𝐶𝐼𝐼(𝒙𝒙) ≥ 0 (𝐼𝐼 = 1,2, … ,𝑀𝑀),                             
                𝑔𝑔𝐽𝐽(𝒙𝒙) ≤ 0 (𝐽𝐽 = 1,2, … ,𝑚𝑚)                         

 

It should be noted that optimization means minimization in 

(1) 
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this paper. We assume that 𝐶𝐶𝐼𝐼(𝒙𝒙) in the DDP is positive. 
However, if 𝐶𝐶𝐼𝐼(𝒙𝒙) is negative, 𝐶𝐶𝐼𝐼(𝒙𝒙) should be transformed 
to 𝐶𝐶𝐼𝐼(𝒙𝒙) ≥ 0 by an appropriate means so that the magnitude 
relation of 𝐶𝐶𝐼𝐼(𝒙𝒙) does not change. 
2.1.  Original PIP method 

The original PIP method performs a solution search using the 
two procedures presented below.13) 

 
<Procedure 1 > (Search for feasible solutions) 

The penalty function 𝑊𝑊(𝒙𝒙) is defined as shown in Eq. (2). 

𝑊𝑊(𝒙𝒙) = �𝑊𝑊𝐽𝐽(𝒙𝒙)
𝑚𝑚

𝐽𝐽=1

  𝑠𝑠. 𝑡𝑡.  �
𝑊𝑊𝐽𝐽(𝒙𝒙) = 𝑔𝑔𝐽𝐽(𝒙𝒙),    𝑔𝑔𝐽𝐽(𝒙𝒙) > 0
𝑊𝑊𝐽𝐽(𝒙𝒙) = 0,           𝑔𝑔𝐽𝐽(𝒙𝒙) ≤ 0 

𝒙𝒙𝑭𝑭  can be generated by searching for 𝒙𝒙 , which satisfies 
𝑊𝑊(𝒙𝒙) = 0. As a unique feature of this method, the units of 
𝑔𝑔𝐽𝐽(𝒙𝒙) are ignored, and they are added as scalar values. Such a 
calculation is allowed because the generation of 𝒙𝒙𝑭𝑭  is the 
objective of the solution search. The first procedure is complete 
when 𝒙𝒙𝑭𝑭 is generated. 
 
<Procedure 2 > (Multi-objective optimization) 
𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝  is defined for each objective function. 𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 

represents the smallest value of 𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭)  obtained using the 
solution search up to the current generation. 𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 is updated 
every time a better solution is found. Using this value, two 
types of coordinates are defined: the “solution point 𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔(𝒙𝒙𝑭𝑭)” 
and “provisional ideal point 𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒔𝒔,” as shown in Eqs. (3) and 
(4), respectively. 

𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔(𝒙𝒙𝑭𝑭) = �
𝐶𝐶1(𝒙𝒙𝑭𝑭)
𝐶𝐶1𝑝𝑝𝑝𝑝𝑝𝑝

, … ,
𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭)
𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝

, … ,
𝐶𝐶𝑀𝑀(𝒙𝒙𝑭𝑭)
𝐶𝐶𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝

�
𝑇𝑇

  

𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒔𝒔 = �
𝐶𝐶1𝑝𝑝𝑝𝑝𝑝𝑝
𝐶𝐶1𝑝𝑝𝑝𝑝𝑝𝑝

, … ,
𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝
𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝

, … ,
𝐶𝐶𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝

𝐶𝐶𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝

�
𝑇𝑇

 

= [1, … ,1, … ,1]𝑇𝑇             
𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔(𝒙𝒙𝑭𝑭) is a coordinate of 𝒙𝒙𝑭𝑭. 𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒔𝒔 is the coordinate of 

a virtual solution where all of the objective functions are 
simultaneously optimized to 𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 . The original PIP method 
can search for a preferred solution for a decision-maker by 
minimizing 𝐷𝐷𝑖𝑖𝑠𝑠(𝒙𝒙𝑭𝑭), as shown in Eq. (5). 

⎝

⎜
⎜
⎛

𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

𝑭𝑭(𝒙𝒙) =𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

𝐷𝐷𝑖𝑖𝑠𝑠(𝒙𝒙𝑭𝑭) = 𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙
‖𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒔𝒔 − 𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔(𝒙𝒙𝑭𝑭)‖

= 𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥
���1 −

𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭)
𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝

�
2𝑀𝑀

𝐼𝐼=1

�     

1
2

𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡 𝑡𝑡𝑡𝑡 𝑊𝑊(𝒙𝒙) = 0                                                          

 

2.2.  Improved PIP method 
2.2.1.  Conversion factors 

If 𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 = 0 , 𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭) 𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝�  becomes a division-by-zero 
calculation, which is the DBZ problem. We propose the 
introduction of conversion factors that unify all of the objective 
functions into specific units to solve the DBZ problem. All of 
the objective functions can be converted into a delivery cost in 
the DDP. In this case, Eqs. (3) and (4) are redefined as Eqs. (6) 
and (7). 

𝑪𝑪𝒔𝒔𝒔𝒔𝒔𝒔(𝒙𝒙𝑭𝑭) = [𝐶𝐶𝐶𝐶1 × 𝐶𝐶1(𝒙𝒙𝑭𝑭), … ,𝐶𝐶𝐶𝐶𝑀𝑀 × 𝐶𝐶𝑀𝑀(𝒙𝒙𝑭𝑭)]𝑇𝑇 

𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒔𝒔 = �𝐶𝐶𝐶𝐶1 × 𝐶𝐶1𝑝𝑝𝑝𝑝𝑝𝑝, … ,𝐶𝐶𝐶𝐶𝑀𝑀 × 𝐶𝐶𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝�
𝑇𝑇
 

𝐶𝐶𝐶𝐶𝐼𝐼 is uniquely calculated using actual information related 

to the delivery service. With respect to the delivery cost, 
correlations between the objective functions can be obtained by 
substituting Eqs. (6) and (7) into Eq. (5). As a result, 𝐷𝐷𝑖𝑖𝑠𝑠(𝒙𝒙𝑭𝑭) 
is not infinite, and occurrence of the DBZ problem can be 
prevented. 

In addition, the total delivery cost is calculated by summing 
all of the terms in Eq. (6), as shown in Eq. (8). 

𝐶𝐶𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖(𝒙𝒙𝑭𝑭) = ��𝐶𝐶𝐶𝐶𝐼𝐼 × 𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭)�
𝑀𝑀

𝐼𝐼=1

 

2.2.2.  Tabu search (TS) 
The application method for TS in the improved PIP method 

is shown below.  
In Procedure 1, the state where the value of 𝑊𝑊(𝒙𝒙) is not 

updated over 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 generation is regarded as stagnation of the 
solution search and excludes the best solution from the 
population. At this time, the best solution to be excluded is 
recorded in a tabu list (𝐿𝐿𝐿𝐿). In the subsequent solution search, 
the generated solutions will also be excluded if they are the 
same as the solution recorded in the 𝐿𝐿𝐿𝐿 . In doing so, the 
solution search does not stagnate with the same solution and a 
more global solution search can be performed. 

In Procedure 2, the same operation as Procedure 1 is 
performed for 𝐷𝐷𝑖𝑖𝑠𝑠(𝒙𝒙𝑭𝑭) , not 𝑊𝑊(𝒙𝒙) . When the number of 
generations reaches 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 , the solution with the smallest 
𝐶𝐶𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖(𝒙𝒙𝑭𝑭) in the 𝐿𝐿𝐿𝐿 is selected as the preferred solution. 

The following procedures are the above solution search 
process organized in each step. 

 
<Procedure 1 > (Search for feasible solutions) 
<Step 1> 
𝑔𝑔 ← 0 and 𝑔𝑔′ ← 0. 
<Step 2> 
A set 𝑝𝑝 including 𝑠𝑠 initial individuals 𝒙𝒙 is generated. Then, 
𝑔𝑔 ← 𝑔𝑔 + 1. 
<Step 3> 
𝒙𝒙′, where 𝑊𝑊(𝒙𝒙′) ≤ 𝑊𝑊(𝒙𝒙) (𝒙𝒙′ ∈ 𝑝𝑝,∀𝒙𝒙 ∈ 𝑝𝑝), is defined as 𝒙𝒙∗ ←
𝒙𝒙′.  
<Step 4> 
If 𝑊𝑊(𝒙𝒙∗) = 0, proceed to <Procedure 2> with 𝒙𝒙𝑭𝑭∗ ← 𝒙𝒙∗. 
<Step 5> 
A set composed of 𝒙𝒙∗ and 𝑠𝑠 − 1 individuals 𝒙𝒙 generated by 
the mutation of 𝒙𝒙∗ is defined as 𝑝𝑝′. Then, 𝑝𝑝 ← 𝑝𝑝′ and 𝑔𝑔 ←
𝑔𝑔 + 1. 
<Step 6> 
If 𝑔𝑔 > 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚, proceed to <Step 11>. 
<Step 7> 
𝒙𝒙 included in 𝛵𝛵𝐿𝐿 is eliminated from 𝑝𝑝. 
<Step 8> 
If 𝑔𝑔′ ≤ 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡, return to <Step 3>. 
<Step 9> 
If 𝑔𝑔′ > 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡, 𝒙𝒙∗ is added into 𝛵𝛵𝐿𝐿. 
<Step 10> 
𝒙𝒙 is selected other than 𝒙𝒙∗  from 𝑝𝑝  arbitrary and 𝒙𝒙∗ ← 𝒙𝒙 . 
Then, return to <Step 5> with 𝑔𝑔′ ← 0. 
<Step 11> 
Regard <Procedure 1 > as a failure and reconsider the problem 
settings. 
 
<Procedure 2 > (Multi-objective optimization) 
<Step 12> 

(2) 

(3) 

(4) 

(5) 

(6) 
(7) 

(8) 
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𝛵𝛵𝐿𝐿 is initialized as an empty cell array and 𝑔𝑔′ ← 0. 
<Step 13> 
A set composed of 𝒙𝒙𝑭𝑭∗ and 𝑠𝑠 − 1 individuals 𝒙𝒙 generated 
by the mutation of 𝒙𝒙𝑭𝑭∗ is defined as 𝑝𝑝′. Then, 𝑝𝑝 ← 𝑝𝑝′ and 
𝑔𝑔 ← 𝑔𝑔 + 1. 
<Step 14> 
𝒙𝒙𝑭𝑭′  is selected, where 𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭′) ≤ 𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭) (𝒙𝒙𝑭𝑭′ ∈ 𝑝𝑝,∀𝒙𝒙𝑭𝑭 ∈
𝑝𝑝, 𝐼𝐼 = 1,2, … ,𝑀𝑀) and 𝐶𝐶𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 ← 𝐶𝐶𝐼𝐼(𝒙𝒙𝑭𝑭′). 
<Step 15> 
𝒙𝒙𝑭𝑭′′  is selected, where 𝐷𝐷𝑖𝑖𝑠𝑠(𝒙𝒙𝑭𝑭′′) ≤ 𝐷𝐷𝑖𝑖𝑠𝑠(𝒙𝒙) (𝒙𝒙𝑭𝑭′′ ∈ 𝑝𝑝,∀𝒙𝒙𝑭𝑭 ∈
𝑝𝑝) and 𝒙𝒙𝑭𝑭∗ ← 𝒙𝒙𝑭𝑭′′. 
<Step 16> 
If 𝑔𝑔 > 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚, proceed to <Step 21>. 
<Step 17> 
𝒙𝒙𝑭𝑭 included in 𝛵𝛵𝐿𝐿 is eliminated from 𝑝𝑝. 
<Step 18> 
If 𝑔𝑔′ ≤ 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡, return to <Step 13>. 
<Step 19> 
If 𝑔𝑔′ > 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡, 𝒙𝒙𝑭𝑭∗ is added into 𝛵𝛵𝐿𝐿. 
<Step 20> 
𝒙𝒙𝑭𝑭  is selected other than 𝒙𝒙𝑭𝑭∗  from 𝑝𝑝 arbitrary and 𝒙𝒙𝑭𝑭∗ ←
𝒙𝒙𝑭𝑭. If there is no 𝒙𝒙𝑭𝑭 except for 𝒙𝒙𝑭𝑭∗ in 𝑝𝑝, remove 𝒙𝒙𝑭𝑭∗ from 
𝛵𝛵𝐿𝐿 and return to <Step 13>. Otherwise, return to <Step 13> 
with 𝑔𝑔′ ← 0. 
<Step 21> 
𝒙𝒙𝒃𝒃𝒊𝒊𝒔𝒔𝒃𝒃  is selected, where 𝐶𝐶𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖(𝒙𝒙𝒃𝒃𝒊𝒊𝒔𝒔𝒃𝒃) ≤ 𝐶𝐶𝑡𝑡𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖(𝒙𝒙𝑭𝑭) (𝒙𝒙𝒃𝒃𝒊𝒊𝒔𝒔𝒃𝒃 ∈
𝛵𝛵𝐿𝐿,∀𝒙𝒙𝑭𝑭 ∈ 𝛵𝛵𝐿𝐿) as the preferred solution. 
 
3.  Genetic Algorithm 
 

The solution structures expressing three types of delivery- 
route styles are shown in Figs. 1(a) through 1(c), and their 
mutation operators are presented below.  
3.1.  Truck delivery route 

 Equation (9) represents the solution structure of the truck 
delivery route. 

𝐿𝐿𝑖𝑖 = �𝐿𝐿𝑖𝑖,𝐿𝐿1𝑖𝑖 ,𝐿𝐿2𝑖𝑖 , … ,𝐿𝐿𝑖𝑖𝑖𝑖 , … ,𝐿𝐿𝑁𝑁𝑇𝑇𝑖𝑖
𝑖𝑖 ,𝐿𝐿𝑖𝑖� 

(𝑚𝑚 = 1,2, … ,𝐴𝐴  𝑎𝑎 = 1,2, … ,𝑁𝑁𝐿𝐿𝑖𝑖) 
Figure 2 shows a conceptual diagram of 𝐿𝐿𝑖𝑖. 

 

 
Fig. 2.  Conceptual diagram of 𝐿𝐿𝑖𝑖. 

 
𝐿𝐿𝑖𝑖 represents a traveling route that starts from a depot, and 

𝑊𝑊𝑊𝑊s delivered by a truck are arranged in the order of delivery. 
𝐿𝐿𝑖𝑖𝑖𝑖  is assigned one of the 𝑊𝑊𝑊𝑊 s. Three types of mutation 
operators for 𝐿𝐿𝑖𝑖 are presented below. It should be noted that 
𝑎𝑎1 , 𝑎𝑎2 , 𝑙𝑙1 , and 𝑙𝑙2  are arbitrary integers in the domain 
presented in Eqs. (10) and (11). 

1 ≤ 𝑎𝑎1 ≤ 𝑎𝑎2 ≤ 𝐴𝐴 
1 ≤ 𝑙𝑙1 ≤ 𝑙𝑙2 ≤ 𝑁𝑁𝐿𝐿𝑖𝑖 

Operator 1： 
A part of 𝐿𝐿𝑖𝑖1 from 𝐿𝐿𝑖𝑖1𝑖𝑖1 to 𝐿𝐿𝑖𝑖2𝑖𝑖1 is inserted into an arbitrary 
place between two 𝑊𝑊𝑊𝑊s of 𝐿𝐿𝑖𝑖2. 
Operator 2： 
A part of 𝐿𝐿𝑖𝑖1 from 𝐿𝐿𝑖𝑖1𝑖𝑖1 to 𝐿𝐿𝑖𝑖2𝑖𝑖2 is reversed. 
Operator 3： 

𝐿𝐿𝑖𝑖1𝑖𝑖1  is selected from 𝐿𝐿𝑖𝑖1  and 𝐿𝐿𝑖𝑖2𝑖𝑖2  is selected from 𝐿𝐿𝑖𝑖2 . 
They are then swapped with each other. 
3.2.  Drone delivery route 

 Equation (12) represents the solution structure of the drone 
delivery route. 

𝐷𝐷𝑗𝑗 = �𝐷𝐷1
𝑗𝑗,𝐷𝐷2

𝑗𝑗, … ,𝐷𝐷𝑡𝑡
𝑗𝑗 , … ,𝐷𝐷𝑁𝑁𝐷𝐷𝑗𝑗

𝑗𝑗 � 
 ( 𝑠𝑠 = 1,2, … ,𝐵𝐵  𝑠𝑠 = 1,2, … ,𝑁𝑁𝐷𝐷𝑗𝑗) 

Figure 3 shows a conceptual diagram of 𝐷𝐷𝑗𝑗. 
 

 
Fig. 3.  Conceptual diagram of 𝐷𝐷𝑗𝑗. 

 
𝐷𝐷𝑗𝑗 represents the flight delivery routes between a depot and 

each 𝑊𝑊𝑊𝑊, and the 𝑊𝑊𝑊𝑊 delivered by a drone is arranged in the 
order of delivery. 𝐷𝐷𝑡𝑡

𝑗𝑗  is one of the 𝑊𝑊𝑊𝑊 s. Two types of 
mutation operators for 𝐷𝐷𝑗𝑗 are presented below. It should be 
noted that 𝑠𝑠1, 𝑠𝑠2, 𝑚𝑚1, and 𝑚𝑚2 are arbitrary integers in the 
domain presented in Eqs. (13) and (14). 

1 ≤ 𝑠𝑠1 ≤ 𝑠𝑠2 ≤ 𝐵𝐵 
1 ≤ 𝑚𝑚1 ≤ 𝑚𝑚2 ≤ 𝑁𝑁𝐷𝐷𝑗𝑗 

Operator 4： 
𝐷𝐷𝑚𝑚1
𝑡𝑡1  is selected from 𝐷𝐷𝑡𝑡1 and inserted into an arbitrary place 

of 𝐷𝐷𝑡𝑡2. 
Operator 5： 
𝐷𝐷𝑚𝑚1
𝑡𝑡1  is selected from 𝐷𝐷𝑡𝑡1  and 𝐷𝐷𝑚𝑚2

𝑡𝑡2  is selected from 𝐷𝐷𝑡𝑡2 . 
They are then swapped with each other. 
3.3.  Hybrid delivery route 

Equations (15) through (17) represent the solution structure 
of the hybrid delivery route. 

𝐿𝐿𝑖𝑖 = �𝐿𝐿𝑖𝑖,𝐿𝐿1𝑖𝑖,𝐿𝐿2𝑖𝑖, … ,𝐿𝐿𝑖𝑖𝑖𝑖 , … ,𝐿𝐿𝑁𝑁𝐻𝐻𝑖𝑖
𝑖𝑖 ,𝐿𝐿𝑖𝑖� 

(𝑎𝑎 = 1,2, … ,𝑁𝑁𝐻𝐻𝑖𝑖) 
𝐷𝐷𝑖𝑖𝑗𝑗 = �𝐷𝐷𝐿𝐿𝑑𝑑

𝑖𝑖𝑗𝑗 ,𝐷𝐷1
𝑖𝑖𝑗𝑗,𝐷𝐷2

𝑖𝑖𝑗𝑗, … ,𝐷𝐷𝑖𝑖
𝑖𝑖𝑗𝑗, … ,𝐷𝐷𝑁𝑁𝐻𝐻𝑖𝑖

𝑖𝑖𝑗𝑗 � 
𝑢𝑢𝑖𝑖𝑗𝑗 = �𝑢𝑢𝐿𝐿𝑑𝑑

𝑖𝑖𝑗𝑗 ,𝑢𝑢1
𝑖𝑖𝑗𝑗,𝑢𝑢2

𝑖𝑖𝑗𝑗, … ,𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗, … ,𝑢𝑢𝑁𝑁𝐻𝐻𝑖𝑖

𝑖𝑖𝑗𝑗 � 
𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗 ∈ {0,1} 

Figure 4 presents a conceptual diagram of 𝐿𝐿𝑖𝑖, 𝐷𝐷𝑖𝑖𝑗𝑗, and 𝑢𝑢𝑖𝑖𝑗𝑗.   
 

 
Fig. 4.  Conceptual diagram of 𝐿𝐿𝑖𝑖 ,𝐷𝐷𝑖𝑖𝑗𝑗  𝑎𝑎𝑚𝑚𝑎𝑎 𝑢𝑢𝑖𝑖𝑗𝑗. 

 
The hybrid delivery route is obtained by combining the three 

solution structures of 𝐿𝐿𝑖𝑖 , 𝐷𝐷𝑖𝑖𝑗𝑗 , and 𝑢𝑢𝑖𝑖𝑗𝑗 . 𝐿𝐿𝑖𝑖  represents the 
traveling route of a truck starting from a depot, and the 𝑊𝑊𝑊𝑊s 
delivered by the truck are arranged in the order of delivery. 𝐷𝐷𝑖𝑖𝑗𝑗 
is a set of 𝐷𝐷𝑖𝑖

𝑖𝑖𝑗𝑗, and 𝐷𝐷𝑖𝑖
𝑖𝑖𝑗𝑗 is a set of 𝑊𝑊𝑊𝑊s delivered by the drone, 

(9) 

(10) 
(11) 

(12) 

(13) 
(14) 

(15) 

(16) 
(17) 
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which takes off at 𝐿𝐿𝑖𝑖𝑖𝑖 as shown in Eq. (18). 
𝐷𝐷𝑖𝑖
𝑖𝑖𝑗𝑗 = �𝐷𝐷𝑖𝑖,1

𝑖𝑖𝑗𝑗 ,𝐷𝐷𝑖𝑖,2
𝑖𝑖𝑗𝑗 , … ,𝐷𝐷𝑖𝑖,𝑡𝑡

𝑖𝑖𝑗𝑗 , … ,𝐷𝐷𝑖𝑖,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗
𝑖𝑖𝑗𝑗 � 

 (𝑠𝑠 = 1,2, … ,ℎ𝑖𝑖,𝑖𝑖𝑗𝑗  ) 
𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗 determines the destination of the drone that has delivered 

to 𝐷𝐷𝑖𝑖,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗
𝑖𝑖𝑗𝑗 . For example, if 𝑢𝑢𝑖𝑖

𝑖𝑖𝑗𝑗 = 0, the drone returns to 𝐿𝐿𝑖𝑖𝑖𝑖. If 

𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗 = 1, the drone flies toward 𝐿𝐿𝑖𝑖+1𝑖𝑖 . 
Figure 5 shows an example of the drone flight routes 

between 𝐿𝐿𝑖𝑖𝑖𝑖 and 𝐿𝐿𝑖𝑖+1𝑖𝑖 . 

 
Fig. 5.  One example of drone flight routes between 𝐿𝐿𝑖𝑖𝑖𝑖 and 𝐿𝐿𝑖𝑖+1𝑖𝑖 . 

 
The following three types of mutation operators, as well as 

operators 1 to 5, are used to generate a hybrid delivery route. It 
should be noted that 𝑠𝑠1, 𝑚𝑚1, and 𝑚𝑚2 are arbitrary integers in 
the domain shown in Eqs. (19) and (20). 

1 ≤ 𝑠𝑠1 ≤ ℎ𝑖𝑖,𝑖𝑖𝑗𝑗 
1 ≤ 𝑚𝑚1 ≤ 𝑚𝑚2 ≤ 𝑁𝑁𝐻𝐻𝑖𝑖 

Operator 6： 
𝐿𝐿𝑛𝑛1𝑖𝑖1 is selected from 𝐿𝐿𝑖𝑖1 and 𝐷𝐷𝑛𝑛2𝑖𝑖2𝑡𝑡1 is selected from 𝐷𝐷𝑖𝑖2𝑡𝑡1. 
Then 𝐿𝐿𝑛𝑛1𝑖𝑖1 is inserted into an arbitrary place of 𝐷𝐷𝑛𝑛2𝑖𝑖2𝑡𝑡1. 
Operator 7： 
𝐷𝐷𝑛𝑛1,𝑐𝑐1
𝑖𝑖1𝑡𝑡1 is selected from 𝐷𝐷𝑛𝑛1𝑖𝑖1𝑡𝑡1 and inserted into an arbitrary 

place between two 𝑊𝑊𝑊𝑊s of 𝐿𝐿𝑖𝑖2. 
Operator 8： 
𝑢𝑢𝑛𝑛1𝑖𝑖1𝑡𝑡1 is selected from 𝑢𝑢𝑖𝑖1𝑡𝑡1. If 𝑢𝑢𝑛𝑛1𝑖𝑖1𝑡𝑡1 = 1, it is changed to 
𝑢𝑢𝑛𝑛1𝑖𝑖1𝑡𝑡1 = 0. If 𝑢𝑢𝑛𝑛1𝑖𝑖1𝑡𝑡1 = 0, it is changed to 𝑢𝑢𝑛𝑛1𝑖𝑖1𝑡𝑡1 = 1.  
 
4.  Problem Setting 
 
4.1.  Delivery area 

It is necessary to obtain map data related to the delivery area 
in advance in order to generate a delivery route. The Itoshima 
Peninsula in Japan was set as the delivery area for this study. 
The map image was obtained from Google Maps. The shape of 
the road was extracted from the quoted map, and one depot and 
30 delivery positions were arranged on the road as shown in 
Fig. 6. 

We assumed that the truck can travel on this road and the 
drone can travel in all areas except for over the mountains. 
4.2.  Pre-calculations 
  The solution search in the DDP can be made more efficient 
by referring to the shortest distance between the 𝑊𝑊𝑊𝑊s that is 
calculated in advance when evaluating the generated delivery 
route. The shortest route is calculated for both the cases of land 
and air routes. 
4.2.1.  Land routes 

We set points that can be reached by a truck on the road 

Fig. 6.  Delivery area map. 
 
as shown in Fig. 6. The interval between the points is within a 
range in where the road shape can be expressed by connecting 
them. The presence or absence of obstacles between the points 
can be determined using the ray-tracing method.19) The shortest 
distance cost between 𝑊𝑊𝑊𝑊 s can be calculated using the 
distance cost between the points, the presence or absence of 
obstacles, and the A* algorithm.20) Equation (21) represents one 
of the calculated shortest distance cost, 

𝐿𝐿𝐶𝐶𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅 = 𝐿𝐿𝐶𝐶𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅, 
(𝟎𝟎 ≤ 𝒊𝒊𝒅𝒅,𝒊𝒊𝒅𝒅 ≤ 𝑵𝑵𝑾𝑾𝑾𝑾) 

where, 𝒊𝒊𝒅𝒅  and 𝒊𝒊𝒅𝒅  are unique numbers used for 
discriminating each 𝑊𝑊𝑊𝑊 , 𝟎𝟎  is a depot, and the values 𝒅𝒅 
through 𝑵𝑵𝑾𝑾𝑾𝑾  represent each delivery position. All of the 
shortest distance costs between 𝑊𝑊𝑊𝑊 s can be expressed as 
shown in Eq. (22). 

𝐿𝐿𝐶𝐶 =

⎣
⎢
⎢
⎡ 0 𝐿𝐿𝐶𝐶𝟎𝟎𝒅𝒅

𝐿𝐿𝐶𝐶𝒅𝒅𝟎𝟎 0 ⋯
𝐿𝐿𝐶𝐶𝟎𝟎𝑵𝑵𝑾𝑾𝑾𝑾
𝐿𝐿𝐶𝐶𝒅𝒅𝑵𝑵𝑾𝑾𝑾𝑾

⋮ ⋱ ⋮
𝐿𝐿𝐶𝐶𝑵𝑵𝑾𝑾𝑾𝑾𝟎𝟎 𝐿𝐿𝐶𝐶𝑵𝑵𝑾𝑾𝑾𝑾𝒅𝒅 ⋯ 0 ⎦

⎥
⎥
⎤
 

4.2.2.  Flight routes 
  We set points that can be traveled by a drone on the map 
shown in Fig. 6, except for those in mountainous. The points 
are set at 4[m] vertical and horizontal intervals. The shortest 
flight distance between the 𝑊𝑊𝑊𝑊s can be calculated in the same 
manner as that presented in Section 4.2.1. The flight distance 
costs between 𝑊𝑊𝑊𝑊s were calculated and expressed as shown in 
Eq. (23). 

𝐷𝐷𝐶𝐶𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅 = 𝐷𝐷𝐶𝐶𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅 
All of the shortest flight distance costs between 𝑊𝑊𝑊𝑊s are 

expressed as shown in Eq. (24). 

𝐷𝐷𝐶𝐶 =

⎣
⎢
⎢
⎡ 0 𝐷𝐷𝐶𝐶𝟎𝟎𝒅𝒅

𝐷𝐷𝐶𝐶𝒅𝒅𝟎𝟎 0 ⋯
𝐷𝐷𝐶𝐶𝟎𝟎𝑵𝑵𝑾𝑾𝑾𝑾
𝐷𝐷𝐶𝐶𝒅𝒅𝑵𝑵𝑾𝑾𝑾𝑾

⋮ ⋱ ⋮
𝐷𝐷𝐶𝐶𝑵𝑵𝑾𝑾𝑾𝑾𝟎𝟎 𝐷𝐷𝐶𝐶𝑵𝑵𝑾𝑾𝑾𝑾𝒅𝒅 ⋯ 0 ⎦

⎥
⎥
⎤
 

4.3.  Formulation of the delivery route problems 
The delivery route problems related to the truck, drone and 

hybrid deliveries are formulated as a constrained multi-
objective optimization problem, as shown below. 
4.3.1.  Truck delivery 

The truck delivery problem is formulated as follows. 
𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

 𝑭𝑭(𝒙𝒙) = 𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

  [𝐶𝐶1(𝒙𝒙),𝐶𝐶2(𝒙𝒙),𝐶𝐶3(𝒙𝒙)]𝑇𝑇 

𝐶𝐶1(𝒙𝒙) = ∑ ∑ 𝐿𝐿𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊+𝒅𝒅𝒊𝒊
𝑁𝑁𝐿𝐿𝑚𝑚
𝑖𝑖=0

𝐴𝐴
𝑖𝑖=1  �𝑻𝑻𝟎𝟎𝒊𝒊 = 𝑻𝑻𝑵𝑵𝑻𝑻𝒊𝒊+𝒅𝒅

𝒊𝒊 = 𝑳𝑳𝒊𝒊 = 𝟎𝟎�    , 

(18) 

(19) 
(20) 

(21) 

(22) 

(24) 

(25) 
(26) 

(23) 
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𝐶𝐶2(𝒙𝒙) = ���
𝐿𝐿𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊+𝒅𝒅

𝒊𝒊

𝑉𝑉𝑇𝑇

𝑁𝑁𝐿𝐿𝑚𝑚

𝑎𝑎=0

+ 𝑁𝑁𝐿𝐿𝑚𝑚�𝑡𝑡𝑝𝑝 + 𝑡𝑡𝑠𝑠𝑡𝑡 + 𝑡𝑡𝑠𝑠𝑝𝑝��
𝐴𝐴

𝑖𝑖=1

 

𝐶𝐶3(𝒙𝒙) = �𝐿𝐿𝑖𝑖,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡

𝐴𝐴

𝑖𝑖=1

   𝐿𝐿𝑖𝑖,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡 = � 1,   𝑁𝑁𝐿𝐿𝑖𝑖 > 0
 0,   𝑁𝑁𝐿𝐿𝑖𝑖 = 0  

Subject to 
𝑔𝑔1(𝒙𝒙) = 𝐶𝐶1(𝒙𝒙) ≤ 𝐿𝐿𝐷𝐷𝑚𝑚𝑖𝑖𝑚𝑚 
𝑔𝑔2(𝒙𝒙) = 𝐶𝐶2(𝒙𝒙) ≤ 𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 
𝑔𝑔3(𝒙𝒙) = 𝐶𝐶3(𝒙𝒙) = 𝐴𝐴 

Where, Eqs. (26) through (28) present the total delivery 
distance, total delivery time required to complete the delivery 
service, and number of trucks used, respectively. Equations 
(29) through (31) are the constrained conditions of 𝐶𝐶1(𝒙𝒙) 
through 𝐶𝐶3(𝒙𝒙), respectively. 
4.3.2.  Drone delivery 

The drone delivery problem is formulated as follows. 
𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

 𝑭𝑭(𝒙𝒙) = 𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

  [𝐶𝐶4(𝒙𝒙),𝐶𝐶5(𝒙𝒙),𝐶𝐶6(𝒙𝒙)]𝑇𝑇 

𝐶𝐶4(𝒙𝒙) = 2��𝐷𝐷𝐶𝐶𝑳𝑳𝒊𝒊𝑫𝑫𝒃𝒃
𝒋𝒋

𝑁𝑁𝐷𝐷𝑚𝑚

𝑡𝑡=1

𝐵𝐵

𝑗𝑗=1

  

𝐶𝐶5(𝒙𝒙) = ���
2𝐷𝐷𝐶𝐶𝑳𝑳𝒊𝒊𝑫𝑫𝒃𝒃

𝒊𝒊

𝑉𝑉𝐷𝐷

𝑁𝑁𝐷𝐷𝑚𝑚

𝑠𝑠=1

+ 𝑁𝑁𝐷𝐷𝑚𝑚 × (𝑡𝑡𝑟𝑟𝑖𝑖 + 4𝑡𝑡𝑡𝑡𝑖𝑖)�
𝐵𝐵

𝑗𝑗=1

 

𝐶𝐶6(𝒙𝒙) = �𝐷𝐷𝑗𝑗,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡

𝐵𝐵

𝑗𝑗=1

   𝐷𝐷𝑗𝑗,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡 = � 1,   𝑁𝑁𝐷𝐷𝑖𝑖 > 0
 0,   𝑁𝑁𝐷𝐷𝑖𝑖 = 0  

Subject to 
𝑔𝑔1(𝒙𝒙) = 𝐶𝐶6(𝒙𝒙) = 𝐵𝐵 

𝑔𝑔2(𝒙𝒙) =
2𝐷𝐷𝐶𝐶𝑳𝑳𝒊𝒊𝑫𝑫𝒃𝒃𝒋𝒋

𝑉𝑉𝐷𝐷
+ 4𝑡𝑡𝑡𝑡𝑖𝑖 ≤ 𝑡𝑡𝑖𝑖 

𝑔𝑔3(𝒙𝒙) = 𝑤𝑤𝑡𝑡
𝑗𝑗 ≤ 𝑊𝑊𝑖𝑖 

Where, Eqs. (33) through (35) present the total flight delivery 
distance, total flight time, and number of drones used, 
respectively. Equation (36) is the constrained conditions of 
𝐶𝐶6(𝒙𝒙) . Equations (37) and (38) present the constrained 
conditions related to the flight duration and loadable weight of 
the drone, respectively. 
4.3.3.  Hybrid delivery 

The hybrid delivery problem is formulated as follows. 
𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

 𝑭𝑭(𝒙𝒙) = 𝑚𝑚𝑚𝑚𝑚𝑚
𝒙𝒙

  [𝐶𝐶1(𝒙𝒙),𝐶𝐶2(𝒙𝒙), … ,𝐶𝐶6(𝒙𝒙)]𝑇𝑇 

𝐶𝐶1(𝒙𝒙) = ∑ ∑ 𝐿𝐿𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊+𝒅𝒅𝒊𝒊
𝑁𝑁𝐻𝐻𝑖𝑖
𝑖𝑖=0

𝐴𝐴
𝑖𝑖=1  �𝑻𝑻𝟎𝟎𝒊𝒊 = 𝑻𝑻𝑵𝑵𝑵𝑵𝒊𝒊+𝒅𝒅

𝒊𝒊 = 𝑳𝑳𝒊𝒊 = 𝟎𝟎�    , 

𝐶𝐶2(𝒙𝒙) = ���𝑓𝑓1,𝑖𝑖𝑖𝑖(𝒙𝒙) + 𝑓𝑓3,𝑖𝑖𝑖𝑖(𝒙𝒙) + 𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗 × 𝑡𝑡𝑟𝑟𝑖𝑖�

𝑁𝑁𝐻𝐻𝑖𝑖

𝑖𝑖=0

𝐴𝐴

𝑖𝑖=1

 

𝐶𝐶3(𝒙𝒙) = �𝐿𝐿𝑖𝑖,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡

𝐴𝐴

𝑖𝑖=1

   𝐿𝐿𝑖𝑖,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡 = � 1,   𝑁𝑁𝐻𝐻𝑖𝑖 > 0
 0,   𝑁𝑁𝐻𝐻𝑖𝑖 = 0  

𝐶𝐶4(𝒙𝒙) = ∑ ∑ ∑ �𝑓𝑓1,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) + 𝑓𝑓2,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) + 𝑓𝑓3,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙)�𝑁𝑁𝐻𝐻𝑖𝑖
𝑖𝑖=0

𝐵𝐵
𝑗𝑗=1

𝐴𝐴
𝑖𝑖=1  , 

𝐶𝐶5(𝒙𝒙) = ����𝑓𝑓6,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) + 𝑓𝑓7,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙)�
𝑁𝑁𝐻𝐻𝑖𝑖

𝑖𝑖=0

𝐵𝐵

𝑗𝑗=1

𝐴𝐴

𝑖𝑖=1

 

𝐶𝐶6(𝒙𝒙) = ��𝐷𝐷𝑖𝑖𝑗𝑗,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡

𝐵𝐵

𝑗𝑗=1

,
𝐴𝐴

𝑖𝑖=1

 𝐷𝐷𝑖𝑖𝑗𝑗,𝐶𝐶𝑠𝑠𝑡𝑡𝑛𝑛𝑡𝑡 =

⎩
⎪
⎨

⎪
⎧ 1,   �ℎ𝑖𝑖,𝑖𝑖𝑗𝑗

𝑁𝑁𝐻𝐻𝑖𝑖

𝑖𝑖=0

> 0

 0,   �ℎ𝑖𝑖,𝑖𝑖𝑗𝑗

𝑁𝑁𝐻𝐻𝑖𝑖

𝑖𝑖=0

= 0 

 

Where, 

𝑓𝑓1,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) = 2 � 𝐷𝐷𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑫𝑫𝒊𝒊,𝒃𝒃
𝒊𝒊𝒋𝒋

ℎ𝑚𝑚,𝑖𝑖𝑗𝑗−1

𝑡𝑡=1

 

𝑓𝑓2,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) = (1 − 𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗) × 2𝐷𝐷𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑫𝑫𝒊𝒊,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗

𝒊𝒊𝒋𝒋  

𝑓𝑓3,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) = 𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗 × �𝐷𝐷𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑫𝑫𝒊𝒊,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗

𝒊𝒊𝒋𝒋 + 𝐷𝐷𝐶𝐶𝑫𝑫𝒊𝒊,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗
𝒊𝒊𝒋𝒋 𝑻𝑻𝒊𝒊+𝒅𝒅

𝒊𝒊 � 

𝑓𝑓4,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) =
𝑓𝑓1,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙)
𝑉𝑉𝐷𝐷

+ 4𝑡𝑡𝑡𝑡𝑖𝑖�ℎ𝑖𝑖,𝑖𝑖𝑗𝑗 − 1� 

𝑓𝑓5,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) = (1− 𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗) × �

𝑓𝑓2,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙)
𝑉𝑉𝐷𝐷

+ 4𝑡𝑡𝑡𝑡𝑖𝑖� 

𝑓𝑓6,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) = 𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗 × �

𝑓𝑓3,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙)
𝑉𝑉𝐷𝐷

+ 4𝑡𝑡𝑡𝑡𝑖𝑖� 

𝑓𝑓7,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) = 𝑓𝑓4,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) + 𝑓𝑓5,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙) + 𝑡𝑡𝑟𝑟𝑖𝑖�ℎ𝑖𝑖,𝑖𝑖𝑗𝑗 − 𝑢𝑢𝑖𝑖
𝑖𝑖𝑗𝑗� 

 
𝑓𝑓1,𝑖𝑖𝑖𝑖(𝒙𝒙) = 𝑚𝑚𝑎𝑎𝑥𝑥�𝑓𝑓7,𝑖𝑖𝑖𝑖1(𝒙𝒙),𝑓𝑓7,𝑖𝑖𝑖𝑖2(𝒙𝒙), … ,𝑓𝑓7,𝑖𝑖𝑖𝑖𝐵𝐵(𝒙𝒙)� 

𝑓𝑓2,𝑖𝑖𝑖𝑖(𝒙𝒙) =
𝐿𝐿𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑻𝑻𝒊𝒊+𝒅𝒅𝒊𝒊

𝑉𝑉𝑇𝑇
+ 𝑡𝑡𝑝𝑝 + 𝑡𝑡𝑠𝑠𝑡𝑡 + 𝑡𝑡𝑠𝑠𝑝𝑝 

𝑓𝑓3,𝑖𝑖𝑖𝑖(𝒙𝒙) = 𝑚𝑚𝑎𝑎𝑥𝑥�𝑓𝑓2,𝑖𝑖𝑖𝑖(𝒙𝒙),𝑓𝑓6,𝑖𝑖𝑖𝑖1(𝒙𝒙),𝑓𝑓6,𝑖𝑖𝑖𝑖2(𝒙𝒙), … , 𝑓𝑓6,𝑖𝑖𝑖𝑖𝐵𝐵(𝒙𝒙)� 
Subject to 

𝑔𝑔1(𝒙𝒙) = 𝐶𝐶1(𝒙𝒙) ≤ 𝐿𝐿𝐷𝐷𝑚𝑚𝑖𝑖𝑚𝑚 
𝑔𝑔2(𝒙𝒙) = 𝐶𝐶2(𝒙𝒙) ≤ 𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 
𝑔𝑔3(𝒙𝒙) = 𝐶𝐶3(𝒙𝒙) = 𝐴𝐴 

𝑔𝑔4(𝒙𝒙) =
2𝐷𝐷𝐶𝐶𝑻𝑻𝒊𝒊𝒊𝒊 𝑫𝑫𝒊𝒊,𝒃𝒃

𝒊𝒊𝒋𝒋

𝑉𝑉𝐷𝐷
+ 4𝑡𝑡𝑡𝑡𝑖𝑖 ≤ 𝑡𝑡𝑖𝑖 

𝑔𝑔5(𝒙𝒙) =
𝑓𝑓3,𝑖𝑖𝑖𝑖𝑗𝑗(𝒙𝒙)
𝑉𝑉𝐷𝐷

+ 4𝑡𝑡𝑡𝑡𝑖𝑖 ≤ 𝑡𝑡𝑖𝑖 

𝑔𝑔6(𝒙𝒙) = 𝐶𝐶6(𝒙𝒙) = 𝐵𝐵 
𝑔𝑔7(𝒙𝒙) = 𝑤𝑤𝑖𝑖,𝑡𝑡

𝑖𝑖𝑗𝑗 ≤ 𝑊𝑊𝑖𝑖 
Where, Eqs. (40) through (45) present the total delivery 
distance, total delivery time required to complete the delivery 
service, number of trucks used, total flight delivery distance, 
total flight time, and number of drones used, respectively. 
Equation (46) presents the total flight distance required to 
complete the delivery from 𝐷𝐷𝑖𝑖,1

𝑖𝑖𝑗𝑗  to 𝐷𝐷𝑖𝑖,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗−1
𝑖𝑖𝑗𝑗 . Equation (47) 

presents the flight distance to complete the delivery at 𝐷𝐷𝑖𝑖,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗
𝑖𝑖𝑗𝑗  

and return to 𝐿𝐿𝑖𝑖𝑖𝑖. Equation (48) presents the flight distance to 
complete the delivery at 𝐷𝐷𝑖𝑖,ℎ𝑚𝑚,𝑖𝑖𝑗𝑗

𝑖𝑖𝑗𝑗  and move to 𝐿𝐿𝑖𝑖+1𝑖𝑖 . Equations 
(49) through (51) represent the flight times of Eqs. (46) through 
(48), respectively. Equation (52) presents the time between 
when the truck arrives at 𝐿𝐿𝑖𝑖𝑖𝑖 and when it starts to move to 
𝐿𝐿𝑖𝑖+1𝑖𝑖 . Equation (53) presents the auxiliary of Eq. (41). Equation 
(54) presents the time between when the truck leaves at 𝐿𝐿𝑖𝑖𝑖𝑖 and 
when it completes the delivery 𝐿𝐿𝑖𝑖+1𝑖𝑖 . Equation (55) presents 
the maximum value of Eqs. (51) and Eq. (54). Equations (56) 
through (58) and Eq. (61) present the constrained conditions of 
𝐶𝐶1(𝒙𝒙) through 𝐶𝐶3(𝒙𝒙), and 𝐶𝐶6(𝒙𝒙), respectively. Equations (59) 
and (60) are the constrained conditions related to the drone 
flight duration. Equation (62) presents the constrained 
conditions related to the drone loadable weight. 
4.4.  Conversion factors 

All of the objective functions presented in Section 4.3 are 
now converted into delivery costs. According to the 2017 
business analysis report released by the Japan Truck 
Association, the delivery costs of the service are divided into 
four categories: labor cost, fuel cost, maintenance cost, and 
depreciation cost.21) Figure 7 shows the percentage of each 
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category. 
Assuming that the evaluation values of the truck delivery 

route correspond to the percentages in Fig. 7, the following 
equations are obtained. 

 
Fig. 7.  Breakdown of the delivery costs. 

 

    
𝐶𝐶𝐶𝐶2 × 𝐶𝐶2(𝑥𝑥)

𝐶𝐶𝐶𝐶1 × 𝐶𝐶1(𝑥𝑥) + 𝐶𝐶𝐶𝐶2 × 𝐶𝐶2(𝑥𝑥) + 𝐶𝐶𝐶𝐶3 × 𝐶𝐶3(𝑥𝑥) = 0.596 

    
𝐶𝐶𝐶𝐶1 × 𝐶𝐶1(𝑥𝑥)

𝐶𝐶𝐶𝐶1 × 𝐶𝐶1(𝑥𝑥) + 𝐶𝐶𝐶𝐶2 × 𝐶𝐶2(𝑥𝑥) + 𝐶𝐶𝐶𝐶3 × 𝐶𝐶3(𝑥𝑥) = 0.314 

    
𝐶𝐶𝐶𝐶3 × 𝐶𝐶3(𝑥𝑥)

𝐶𝐶𝐶𝐶1 × 𝐶𝐶1(𝑥𝑥) + 𝐶𝐶𝐶𝐶2 × 𝐶𝐶2(𝑥𝑥) + 𝐶𝐶𝐶𝐶3 × 𝐶𝐶3(𝑥𝑥) = 0.09 

Where, 𝐶𝐶𝐶𝐶1 ,  𝐶𝐶𝐶𝐶2 , and 𝐶𝐶𝐶𝐶3  are calculated from the above 
equations. It is also assumed that the drone's conversion factors 
are determined based on the relative cost ratio of the drone to 
that of the truck. In this case, 𝐶𝐶𝐶𝐶4 , 𝐶𝐶𝐶𝐶5 , and 𝐶𝐶𝐶𝐶6  are 
calculated using the following equations. 

𝐶𝐶𝐶𝐶4 = 𝑅𝑅 × 𝐶𝐶𝐶𝐶1 
𝐶𝐶𝐶𝐶5 = 𝑅𝑅 × 𝐶𝐶𝐶𝐶2 
𝐶𝐶𝐶𝐶6 = 𝑅𝑅 × 𝐶𝐶𝐶𝐶3 

 
5.  Calculation Results 
 
5.1.  Verification of the improved PIP method 

We verified the usefulness of the improved PIP method using 
the TSPLIB and the DDP. Note that the TSPLIB is a single-
objective optimization problem where the objective function is 
only the distance of the generated path, and no constraints are 
given. Therefore, the benchmark tests in this section evaluate 
only the improvement in solution search performance by 
combining the TS and original PIP method. 
5.1.1.  TSPLIB 

We compared the solution search performance of the 
improved PIP method to that form the original PIP method 
using some benchmark problems of the TSPLIB; specifically, 
“berlin52,” “eli76,” “lin105,” “ch150,” and “KroA200.”18) The 
solution structure and mutation operators are the same as those 
presented in Section 3.1. As a selection operation, we applied 
the strategy of inheriting only the upper individual to the next 
generation, 𝐸𝐸𝑛𝑛 = 20 is set for the original PIP method, and 
𝐸𝐸𝑛𝑛 = 1  is set for the improved PIP method. The solution 
search ends at 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 = 500,000 . We also set 𝑊𝑊𝑛𝑛 = 200 , 
𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 = 1000, and the number of each calculation sample as 
10. The calculation software was MATLAB ver. 2018b, and the 
CPU of the PC used was an Intel Core i7-4790 3.60 GHz CPU 
with 8 GB of RAM. 

Figure 8 shows a comparison of two error ratio graphs 

showing the distance cost for the generated route and shortest 
route. From this result, it can be observed that the error rates 
and standard deviations of the improved PIP method are 
smaller than those of the original PIP method. 

 
Fig. 8.  Comparison of the search performance. 

 
Furthermore, we applied the original PIP method and the 

improved PIP method to “eli76” under the five calculation 
conditions shown in Table 1, respectively, and compared the 
error ratio and calculation time of the generated solution and 
the optimal value. 
 

Table 1.  Calculation conditions of 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 and 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 for each case. 
 

Case 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 
Case 1 10,000 10 
Case 2 50,000 50 
Case 3 100,000 100 
Case 4 150,000 150 
Case 5 200,000 200 

 

 
Fig. 9.  Comparison of the search performance for each case. 

 

 
Fig. 10.  Comparison of the calculation times for each case. 
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Figure 9 shows that the improvement effect of the error ratio 
in the improved PIP method by increasing 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 and 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 is 
larger than that of the original PIP method. The reason for this 
is that the IC problem can be avoided by the TS, and 
convergence of the solution search is improved by increasing 
𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 and 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡. 

Figure 10 shows that the calculation time of the improved 
PIP method is longer than that of the original PIP method. This 
is because it is necessary to remove the solution included in 𝛵𝛵𝐿𝐿 
from the population. The reason why the difference in 
calculation time increases as the values of 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 and 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 
increase is the number of solutions in the 𝛵𝛵𝐿𝐿 increases as the 
number of generations increases. 

From the above results, we found that the solution search 
performance of the improved PIP method improves as 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 
and 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 increase, unlike the original PIP method. However, 
it is necessary to set 𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 and 𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 appropriately because 
the rate of increase in calculation time for the improved PIP 
method is larger than that of the original PIP method. 
5.1.2.  DDP 

In order to verify the usefulness of the improved PIP method, 
we compared it with the original PIP method in terms of the 
probability of successfully generating a feasible solution and 
the total delivery cost of the obtained delivery route. The 
calculation conditions are listed in Table 2. 

In addition, we calculated the shortest truck delivery route in 
Fig. 6 using the GA in order to obtain the values of 𝐶𝐶𝐶𝐶1 to 
𝐶𝐶𝐶𝐶6 using Eqs. (63) to (68), respectively. Figure 11 shows the 
generated delivery route. The number attached to each 𝑊𝑊𝑊𝑊 in 
this figure represents the delivery order. As a result, 𝐶𝐶1(𝒙𝒙) =
81,229 [m] , 𝐶𝐶2(𝒙𝒙) = 12,463 [s] , and 𝐶𝐶3(𝒙𝒙) = 1 [truck] . 
Then, we can obtain 𝐶𝐶𝐶𝐶1 = 0.0213 [yen/m] , 𝐶𝐶𝐶𝐶2 =
0.264 [yen/s] , 𝐶𝐶𝐶𝐶3 = 497 [yen/truck] , 𝐶𝐶𝐶𝐶4 =
0.00213 [yen/m] , 𝐶𝐶𝐶𝐶5 = 0.0264 [yen/s] , and 𝐶𝐶𝐶𝐶6 =
49.7 [yen/drone]. 
 

Table 2.  Calculation conditions. 
Items Values Unit  Items Values Unit 
𝑊𝑊𝑛𝑛 100 Individuals  𝑡𝑡𝑖𝑖 30 min 

𝐺𝐺𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 10 Generations  𝑡𝑡𝑡𝑡𝑖𝑖  30 s 
𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 5000 Generations  𝑡𝑡𝑟𝑟𝑖𝑖 30 s 
𝐴𝐴 1 Trucks  𝑡𝑡𝑝𝑝 2 min 
𝐵𝐵 1 Drones  𝑊𝑊𝑖𝑖 2 kg 
𝑁𝑁𝑊𝑊𝑊𝑊 30 Places  𝑤𝑤𝑖𝑖,𝑡𝑡

𝑖𝑖𝑗𝑗  1-2 kg 
𝑉𝑉𝑡𝑡 10 m/s  𝐿𝐿𝐷𝐷𝑚𝑚𝑖𝑖𝑚𝑚 50,000 m 
𝑉𝑉𝑖𝑖 15 m/s  𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 10,000 s 
𝑅𝑅 0.1      

 
We first compare the success rates of generating a feasible 

solution in Procedure 1. The number of calculation samples is 
100. It should be noted that 𝐸𝐸𝑛𝑛 = 10 is set for the original PIP 
method, and 𝐸𝐸𝑛𝑛 = 1  is set for the improved PIP method. 
Figure 12 presents the result of the comparison of the solution 
searches. 

From this figure, the success rate of generating a feasible 
solution using the improved PIP method is 100%, but that of 
the original PIP method is only 36%. 
  Next, the delivery cost of the obtained delivery route using  

 
Fig. 11.  Generated truck delivery route. 

 
Fig. 12.  Comparison of the success rates of generating a feasible solution. 
 
Procedure 2 is compared. Some of the given constrained 
conditions were relaxed to 𝐿𝐿𝐷𝐷𝑚𝑚𝑖𝑖𝑚𝑚 = 100,000 [m]  and 
𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 = 14,400 [s] , such that feasible solutions can be 
generated regardless of the method used.  

Figure 13 shows the average delivery costs and the standard 
deviations of the hybrid delivery routes generated using the 
original and improved PIP methods, respectively. As per this 
result, the delivery routes generated using the improved PIP 
method have lower costs of approximately 6.2% on average 
when compared to those of the original PIP method. The 
standard deviation of the improved PIP method was suppressed 
to approximately half that of the original PIP method. 
Therefore, the solution search performance of the improved PIP 
method is superior to that of the original PIP method. 

 

 
Fig. 13.  Comparison of the total delivery cost. 
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5.2.  Relationship between cost-reduction effect and 𝑹𝑹 
We calculated the delivery cost-reduction rate in the range of 

0 ≤ 𝑅𝑅 ≤ 1  in order to analyze the relationship between 𝑅𝑅 
and the cost-reduction effect of the drone delivery service. In 
order to obtain feasible solutions in all of the delivery styles, 
the constraint condition was relaxed to 𝐿𝐿𝐷𝐷𝑚𝑚𝑖𝑖𝑚𝑚 = 100,000 [m], 
and 𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖𝑚𝑚 = 30,000 [s]. The other conditions are the same as 
those listed in Table 2. 

Figure 14(a) shows the generated drone delivery route. The 
number attached to each 𝑊𝑊𝑊𝑊  in the figure represents the 
delivery order. The evaluation values of the objective functions 
are𝐶𝐶4(𝒙𝒙) = 381,592 [m], 𝐶𝐶5(𝒙𝒙) = 29,039 [s], and 𝐶𝐶6(𝒙𝒙) =
1 [drone]. 

Figure 14(b) shows the hybrid delivery route, which is 
generated by combining a truck and drone, as shown in Fig. 1 
(c). The number attached to each 𝑊𝑊𝑊𝑊 in this figure represents 
the delivery order. The evaluation values of the objective 
functions are 𝐶𝐶1(𝒙𝒙) = 52,947 [m] , 𝐶𝐶2(𝒙𝒙) = 8,416 [s] , 
𝐶𝐶3(𝒙𝒙) = 1 [truck], 𝐶𝐶4(𝒙𝒙) = 76,623 [m], 𝐶𝐶5(𝒙𝒙) = 6,908 [s], 
and 𝐶𝐶6(𝒙𝒙) = 1 [drone]. 
  Figure 15 presents the graphs showing how much the average 
delivery cost can be reduced by using the drone delivery route 
and the hybrid delivery route as compared to the truck delivery 
route for the range of 0 ≤ 𝑅𝑅 ≤ 1. The standard deviations are 
displayed at each plot point. The number of samples at these 
points is 10. 

 
Fig. 14(a).  Generated drone delivery route. 

 

 
Fig. 14(b).  Generated hybrid delivery route. 

 
Fig. 15.  Cost-reduction ratio graph of the drone delivery and hybrid 
delivery as compared to that of the truck delivery. 

 
The following facts can be stated regarding points ① 

through ⑤, as indicated by the red broken line in the figure 
above. 
① When 𝑅𝑅 = 0 , the cost-reduction ratio of the drone 

delivery is 100%.  
② When 𝑅𝑅 = 0 , the cost-reduction ratio of the hybrid 

delivery is less than 30%.  
③ When 𝑅𝑅 = 0.3, the cost-reduction ratios of the drone and 

hybrid deliveries are nearly the same. 
④ When 𝑅𝑅 > 0.3, the cost-reduction effect of the drone 

delivery is lost. 
⑤ When 𝑅𝑅 > 0.5, the cost-reduction effect of the hybrid 

delivery is lost. 
Based on the above facts, the following knowledge regarding 

the cost-reduction effect of the drone delivery service was 
determined. 
 The smaller the value of 𝑅𝑅, the greater the cost-reduction 

effect. 
 Drone delivery has a greater cost-reduction effect than 

that of the hybrid delivery owing to the increase in the 
value of 𝑅𝑅. 

 Whether drone or hybrid delivery is superior in terms of 
the cost-reduction effect depends on the value of 𝑅𝑅. 

 The above knowledges obtained is valid under the 
assumptions we made, and will change depending on the values 
of conversion factors. However, the conversion factors are set 
reflecting the current statistics, and knowledge gained has some 
important meanings for the current cost ratios of relevant 
factors. It is meaningful to examine the effects of change in the 
conversion factors on cost-reduction as future work. 
 
6.  Conclusion 
 
 In this paper, we presented an improved PIP method that 
prevents the occurrence of the DBZ problem and IC problems 
that occur when the original PIP method is applied to the DDP. 
The proposed method prevents occurrence of the DBZ problem 
by transforming the DDP into a single-objective optimization 
problem of delivery cost using conversion factors. Furthermore, 
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it can also handle the IC problem by combining TS with the 
original PIP method. 

We evaluated the validity of the proposed method using 
some types of benchmark problems from the TSPLIB and DDP. 
As a result, we found that the improved PIP method can 
generate the shortest paths that are closer to the optimal 
solution than those obtained using the original PIP method. 
However, appropriate parameter settings are required in order 
to perform an efficient solution search of the improved PIP 
method. We also found that the improved PIP method is 
superior in terms of the success rate for generating a feasible 
solution and reducing the delivery cost as compared to those of 
the original PIP method. 

Finally, we analyzed the relationship between the cost-
reduction effect of the drone delivery service and the relative 
cost ratio of the drone to the truck using the improved PIP 
method. As a result, we obtained significant knowledges 
regarding the cost-reduction effect of drone delivery services. 
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