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System Outline
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System Outline
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Mathematical Modeling

I Notation

[Index] [Decision Variable]
o . Xij ! 1,when the truck transits the arcitoj
[,j, k:index of nodes
0, in the other cases @ D5 @ i,jEC
[SEt] r;j 1,when the drone reaches station node j from customer node i at delivery process
C:Set of customer nodes  (2,...,C) 0,in the other cases @ ] 0 i€ECjES
. NT.
S:Set of station nodes (C+1,..,S=N) AP . - o o
ri:l, t tat t tret
N: Set of nodes (1,...N) (C,Sc N) ij L, when the drone reaches station node j from customer node i at return process
0,in the other cases ieEC,jES
[ParamEter] lij : 1,when the drone leaves station node j from customer node i at delivery process
B;:Time of bus arrival at node i [ES 0,in the other cases ° =il @ i€eS,jeC
dij: Time taken to move from i node to j node i,j EN lij : 1,when the drone leaves station node j from customer node i at return process
. 0,in the oth  ES,JEC
C4: Drone operating costs L Hhe Other cases LS
) u; : The order in which trucks visited node i ieC
C;: Truck operating costs
t; : Cumulative time when the truck arrives at node i LEC
E: Maximum usable energy Of drone T; : Cumulative time when the drone arrives at node i IEN

M: Suf ficiently large number
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Mathematical Modeling

I Objective Function I * Constraints (3)~(5) &I} 29
C N N
minimize th*dl]*le ZZ(TU+IU+ Ty +lU)*Cd*dU HEAH , I-L I-L I, "L
i=1j=1 i=1j=1 i] = O r j = li] i E
I Constraints 2. i) & C ) = .@
CI.IEN'I' CI.IEN'I' CLIENT,
N N
o ko Occurred by
N Cc .
S 1+ Yy = i—1c - Constraints (1)
1=C+1 i=1
c N c N
zzrijzzzri’j (3) N
SUsh Esn j;l(rij+ri;) <1 i=1,..,C (6)
IDAEDIINT © C
i=C+1 j=1 i=1 j=C+1
N c N z(lij+l;j)s1 i=C+1,..,N (7)
l{ > rl.'. (5) j=1
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Mathematical Modeling

I Constraints I Constraints
C
Dy =1 ® 7 =0 (15)
JZZ ) 7; < B; ] i=C+1,..,N (16)
;xu:;x]z j=1,..,C 9) tjzrj—T<1—Zl:xij> j=1,..C (17)
u; =1 (10)
2<u; <C i=2..,C (11) O B °
l

w=u+1-C(1-x) i=1,..,C j=2,..C (12) ~— Drone waits for
t =0 (13) _ . & Truck or Bus
=t +d; —T(1—x;) i=1,..C j=2..C (14) @ 0
"""""""""""""""""""""""""""" Y 'I:ruck_and Bus

" l- il can't wait for Drone
(8) EZ2 DepotOfA] &SI}

(9) Lt joliM EHO| SO{QTE LHE B2 BIEA LIDIOF BT,
(10)~(12) E™HO| E=E & Sub-tour= 2iligh &~ giC

(13)~(14) E™Z 0|5 Al Ol ARI2HS +H3ICY

—_ 1 —
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Mathematical Modeling

I Constraints I * Constraints (18)~(19), (23) &I} &Y

C C
BjZBl-—T*(Z—Zrki—lek) Lj=C+1,..,N (18) 3 2 I 1 10 [ 9

k=1 k=1

A S SR AIR
Bi > B; —T * Z_Zr’éi_zl;k L,j=C+1,..,N (19) o|-I|'k|I|:',|

=1 =1 %%% I

_ . 4 5 6 ) 7 8
Tthl"l‘dij—T(l—Tij) i=1,..,C ]=C+1,...,N (2())
0o 0"

TjZTi-l_dij_T(l_ri’j i=1,..,C j:C+1,...,N (2]_)
TJZBL‘FdU—T(l—lU—l{] i=C+1,..,N j:1,...,C (22) /\
N N — % ) . Drone rides Bus
i=1j=1
xi; € {0,13 ij=1,..,C 24) — 0|4 X] AH| X—= —
Tij,ll-j,ri'j,l{j € {0,1} l,] =1,..,N (25)

% Drone rides Truck

%
|
1l

(18)~(19) B{A S AEE St AIE 0|2 0|C.
(20)~(22) E20| t[l A| t]H A2ITHF XS,
(23) E29| 48| 0| X|= Z|CH o[ X (E) 2Lt X O{0F
(24)~(25) xyj,mij, Lij 7, li; = O L H==0|Ct,

rot

= —OfiL{X] AH| O @ g »@
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Algorithm

I Algorithm Pseudocode

Algorithm 1 Graph Initialization

1: Initialize the graph with cost matrix, number of customers, and number of
buses

2: Set the pheromone levels for each edge

3: Set the unchosen probability for each node

Algorithm 2 ACO Initialization

1: Set the number of ants, generations, and other parameters
2: Initialize pheromone levels and related variables

Algorithm 3 Ant Colony Optimization with Drone Delivery

1: for generation = 1 to max_generations do

2 Initialize the ants

3: foreach antin the colony do

4 Select an unvisited node based on probabilities

5: for each node in the graph do

6 Select the next node based on pheromone and heuristic information
7 Update the ant’s tour and cost

8 Update the time and pheromone delta for the ant
9 end for

10: Calculate the total cost for the ant’s tour

11: If the drone is used, update the drone route and cost
12: Update the pheromone levels for the ant

13: end for

14:  Update the global pheromone levels based on all ants
15:  Print the current best solution

16: end for

17: return The best solution found

11
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Algorithm

I Algorithm Pseudocode

Algorithm 4 Ant Initialization

1: Initialize the ant’s memory, position, and other related variables
2: Set the initial node for the ant

Algorithm 6 Pheromone Update

Algorithm 5 Select Next Node

1: Calculate the probabilities for moving to the next node

2: Select the next node based on the calculated probabilities
3: Update the ant’s memory and position

4: Update the total cost and pheromone delta

1: for each edge in the graph do

2:  Update the pheromone level based on the ant’s tours
3: end for

4: Update the unchosen probabilities for each node

Algorithm 7 Drone Delivery Calculation

1: for each node in the ant’s tour do

2: Reset the drone’s local cost and time

3: for each bus node do

4: Calculate the route and cost if the drone is used
5 Update the best cost and route for the drone

6: end for

7: end for

8: return The best drone route and cost

11
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Result

I Optimization Solver

Energy 15 nodes 20 nodes 25 nodes
100 2653 2933 3356
50 2653 2953 3450
30 2709 3040 3547

I AntColony Algorithm

Energy 15 nodes 20 nodes
100 2788 3047 3503
50 2725 3041 3563
30 2729 3090 3566

13
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Result

I Optimization Solver

3000
HEEl Solver 15 Nodes
(+-5.09%) mm Algorithm 15 Nodes
2800 (+-2.71%) {+-0.74%)
2725 2709 2729
a—
2600
o
a
N - -
2200
2000 - - -—
50 30
Energy
20 Nodes: Solver vs Algorithm Costs by Energy Level
3500
EEl Solver 20 Nodes
mm Algorithm 20 Nodes
3300
(+-3.89%) (+-1.64%) 2090
B +-3. +-2.98%
) 3100 3047 t ) 3041
7]
N i -
2700
2500 - -
50
Energy
25 Nodes: Solver vs Algorithm Costs by Energy Level
3700
EE Solver 25 Nodes
«
3600 1 (+-3.25%) (+-0.54 Algorithm 25 Nodes
(+-4.38%) 3563 a7 e
3503
3500
3400
7]
8

15 Nodes: Solver vs Algorithm Costs by Energy Level

3300 +

3200 4

3100 +

3000 -

3450
50

Energy
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« http://m.irobotnews.com/news/articleView.html?idxno=13133, "E& Hj& AMH|A, 2AIDJIA HiE 2] =0

« https://www.klnews.co.kr/news/articleView.html?idxno=304713, Part 1. 32L} TH{|9!0f| CiA| == 'EE HHS'

* Murray, C. C,, & Chu, A. G. (2015). The flying sidekick traveling salesman problem: Optimization of drone-assisted parcel

delivery. Transportation Research Part C, 54, 86-109 .
- Huang, H., Savkin, A. V., & Huang, C. (2020). Round Trip Routing for Energy-Efficient Drone Delivery Based on a Public
Transportation Network. IEEE Transactions on Transportation Electrification, 6(3), 1368-1376.
* Choudhury, S., Solovey, K., Kochenderfer, M. J., & Pavone, M. (2021). Efficient Large—Scale Multi-Drone Delivery Using
Transit Networks. Journal of Artificial Intelligence Research, 70, 757-788 .
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