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Table 1 The running time of computing MOCVRP in Shapley with different N and n,
o
20 40 60 80 100 150 200
N
2 1.20E -02 4.80E -02 1.08E -01 1.92E -01 3.00E -01 6.75E -01 1.20E +00
4 1.60E -01 6.40E -01 1.44E +00 2.56E +00 4.00E +00 9.00E +00 1.60E +01
6 1.34E +00 5.38E +00 1.21E +01 2. 15E +01 3.36E +01 7.56E +01 1.34E +02
8 9.22E +00 3.69E +01 8.29E +01 1.47E +02 2.30E +02 5.18E +02 9.22E +02
10 5.63E +01 2.25E +02 5.07E +02 9.01E +02 1.41E +03 3.17E +03 5.63E +03
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14 1.72E +03 6.88E +03 1.55E +04 2.75E +04 4.30E +04 9.68E +04 1.72E +05
16 8.91E +03 3.57E +04 8.02E + 04 1.43E +05 2.23E +05 5.01E +05 8.91E +05
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Table 2 The running time of computing MOCVRP in B-T Shapley with different N and n( h)

N & 20 40 60 80 100 150 200
2 0.01 0.05 0.11 0.19 0.30 0.68 1.20
4 0.06 0.22 0.50 0.90 1.40 3.15 5.60
6 0.13 0.53 1.19 2.11 3.30 7.43 13.20
8 0.24 0.96 2.16 3.84 6.00 13.50 24.00
10 0.38 1.52 3.42 6.08 9.50 21.38 38.00
12 0.55 2.21 4.97 8.83 13.80 31.05 55.20
14 0.76 3.02 6.80 12.10 18.90 42.53 75.60
16 0.99 3.97 8.93 15.87 24.80 55.80 99.20
18 1.26 5.04 11.34 20.16 31.50 70.88 126.00
20 1.56 6.24 14.04 24.96 39.00 87.75 156.00
1 2 B-T Shapley 0
Shapley 0 2) N
N =20 n, =200 N C(N)
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4 Shapley B-T Shapley
Table 4 Comparison results of Shapley and B-T Shapley on solving 18 instances
No. N SolveTimes PCore % Best—r Ave—+ Worst—+
1 3 9 100 0.996 0 0.958 4 0.9153
2 4 16 100 0.999 9 0.999 8 0.999 8
3 5 25 100 0.969 1 0.924 2 0.903 4
4 6 36 100 0.968 3 0.945 3 0.916 5
5 7 49 100 0.987 6 0.967 0 0.951 8
6 8 64 100 0.999 8 0.999 7 0.999 5
7 9 81 100 0.984 2 0.962 1 0.9357
8 10 100 100 0.984 6 0.943 5 0.914 9
9 11 44 100 0.968 3 0.929 9 0.906 4
10 12 48 100 0.979 0 0.9349 0.914 5
11 13 52 100 0.961 0 0.937 4 0.925 6
12 14 56 100 0.968 0 0.9515 0.939 3
13 15 60 100 0.985 1 0.969 1 0.960 8
14 16 64 100 0.999 8 0.999 7 0.999 5
15 17 85 100 0.986 2 0.972 6 0.950 6
16 18 90 100 0.979 0 0.951 2 0.921 9
17 19 95 100 0.979 9 0.941 0 0.916 1
18 20 100 100 0.971 6 0.9343 0.914 1
average 100 0.9815 0.956 8 0.938 1
4 BT Shapley Shapley
Fig. 4 The correlation coefficient of cost sharing results of B-T' Shapley and Shapley on solving 18 instances
4 B-T Shapley B-T Shapley
Shapley 18 Shapley
0.981 5 Ave —r B-T Shapley
0.956 8 Worst —r
0.938 1. N=4 8 16 B-T' Shapley 18

4 4 B-T Shapley

Shapley
0.999 8 0.999 5

Worst — r

0.999 5.

5.2 B-T Shapley
4.3

4.4

Shapley
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N2V B-T Shapley
N’InN (1<i<N)
Shapley ~ B-T Shapley i. 5 5
5 Shapley  B-T Shapley
Table 5 The running time of Shapley and B-T Shapley
Shapley B-T Shapley

e N Times( s) Kiime Kos N Times( s) Kiime Koprs

1 3 0.001 2 - - 15 000 5.913 1 - -

2 4 0.001 9 1.5000 | 3.5556 | 20 000 11.8882 |2.0105 | 1.8310

3 5 0.002 2 1.166 7 | 3.1250 | 25 000 15.7249 | 1.3227 | 1.597 7

4 6 0.005 0 2.2857 | 2.8800 | 30000 19.9993 | 1.2718 | 1.4659

5 7 0.014 7 2.9375 |2.7222 | 35000 39.8739 [ 1.9938 | 1.3815

6 8 0.028 7 1.9574 | 2.6122 | 40 000 49.3587 | 1.2379 | 1.3228

7 9 0.068 3 2.3804 | 2.5313 | 45000 57.143 2 1.1577 | 1.279 7

8 10 0.156 0 2.2831 |2.4691 | 50000 67.5016 | 1.1813 | 1.2467

9 11 0.374 4 2.4000 | 2.4200 | 55000 77.392 1 1.146 5 | 1.2207

10 12 0.8112 2.1667 | 2.3802 | 60 000 88.187 4 1.1395 | 1.1996

11 13 1.856 4 2.2885 | 2.3472 | 65000 99.8406 | 1.1321 | 1.1821

12 14 4.165 2 2.2437 | 2.3195 | 70000 | 209.7277 |2.1006 | 1.167 5

13 15 9.422°5 2.2622 (2.2959 | 75000 | 235.8267 | 1.1244 | 1.1551

14 16 | 20.576 5 |2.1838 [2.2756 | 80000 | 260.8337 | 1.1060 | 1.1443

15 17 | 45.3963 |2.2062 |2.2578 | 8000 | 277.4946 | 1.0639 | 1.1350

16 18 99.216 6 | 2.1856 | 2.2422 | 90 000 304.7792 | 1.098 3 | 1.126 8

17 19 | 216.8414 | 2.1855 | 2.2284 | 95000 319.3184 [ 1.0477 [ 1.1195

18 20 | 475.4910 | 2.1928 | 2.2161 | 100 000 | 350.2690 | 1.0969 | 1.113 0

(a) (b)
5 Shapley(a) BT Shapley(b)
Fig. 5 Comparison of Shapley () and B-T Shapley (b) in the running time
5 K,. 5 N =15 K,. =
Shapley ~ B-T Shapley 9.4225/4.1652 =2.2062. K, Shapley
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N

K oprs B-T Shapley .
5.3 MOCVRP
) 5 N =15 K, =15 x2%/ MOCVRP
(14* x2') =2.257 8 5 N =175 000
K s = 75 000° x log, ( 75 000) /( 70 000* x
log,(70 000) ) =1.155 1.
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Shapley 20 475.491 Os B-T Shapley MOCVRP
B-T Shapley 100 000 MOCVRP
350. 269 Os. 5 Shapley :
N B-T' Shapley 1) Ne{4 8 10 12 32}
N . 5 n;, =20; 2)
Kiw Ko Kogs N=70000 ¢ =100 kg Q =1000; 3)
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N= 4
345 A N
e Kos . N=4:2x2 N=8: 2x4 N=10: 2x5 N-=
4 Shapley ~ B-T Shapley 12: 3 x4 N=32: 4x8; 5)
p=10 ; 6) MOCVRP
Shapley 5 Cluster + Saving +
N =30 Variable Neighborhood Search ( CSvV
475. 491 0s x30°x2% /(20° x2*) =1 095 531.264 Os = ).
12.679 8d. 5 Shapley ~ B-T Shapley( Binary Tree
Shapley ~ B-T Shap- )
ley 6 T,
T, CSv
MOCVRP Shapley MOCVRP 6 T
2Y 1 ( s T, h r  B-T Shapley
1) Shapley Shapley
6 Shapley  B-T Shapley 5  MOCVRP
Table 6 Comparison results of running time and correlation coefficient of Shapley and B-T Shapley on 5 instances
Shaple B-T Shaple
R - 7.(h) 7.9 : A0 '
1 4 0.001 9 0.130 4 0.000 0 0.048 6 0.981 6
2 8 0.028 7 7.490 9 0.000 0 0.201 7 0.985 1
3 10 0.156 0 49.721 9 0.000 0 0.339 8 0.953 7
4 12 0.8112 267.879 2 0.000 0 0.8427 0.960 3
5 32 — — 0.000 0 3.3409 —
Shapley N =8
28 —1 MOCVRP MOCVRP 49.721 9 h( 2 4d)
N =10 MOCVRP
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2019
267.879 2 h(11.1 d). B-T Shapley 985 1.
2N -1 MOCVRP 5.4
N=10 12 1 h
N=32 MOCVRP
3.340 9 h.
100 km’
Shapley 4
B-T 4
Shapley Shapley 6 7 (
Shapley . N=2' 200 q; ; 81 ~84
(¢ 2 ) ) - 6( a)
B-T Shapley  Shapley ( 10km 6(b)
6 N=4 8 B Shapley 80 4
Shapley 0.9816 0. (b).
(a) (b)
6 N=4  MOCVRP (a) (b)
Fig. 6 The spatial distribution (a) and coordinates (b) of depots and customers of a MOCVRP case with N =4
7 4 1~ 4 3 3 2 .3
7(b)
1~ 4 22 11 .22 25 2 127. 89 km
409.206.412 563 44.12% .
1~ 4 8 4 1
81 ~84. 6 1~ 4
( “v” 1 ‘0”7
“x” 3 Y47 . Len,
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10km ( s km); Len % =100%
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B-T Shapley
7 N =4 MOCVRP
Table 7 The coordinates and demand of customers and depots of MOCVRP instance with N =4
No. x; i q; No. x; ¥i q; No. x; i q;
1 4.88 | 3.21 24 1 29 1.97 | 1.73 31 2 57 1.91 | 2.96 24 4
2 1.89 | 4.98 10 1 30 4.52 | 4.43 10 2 58 4.81 | 9.47 27 4
3 4.27 | 6.67 14 1 31 8.86 | 7.65 15 2 59 2.07 | 5.09 19 4
4 0.95 | 4.41 17 1 32 6.04 | 0.25 21 2 60 5.89 | 1.63 13 4
5 9.56 | 7.58 17 1 33 6.29 | 4.90 28 2 61 4.82 | 8.05 22 4
6 8.24 | 9.20 21 1 34 4.54 | 5.31 29 3 62 8.04 | 1.38 13 4
7 3.38 | 4.60 14 1 35 4.67 | 8.11 16 3 63 6.63 | 0.51 11 4
8 5.95 | 7.40 20 1 36 7.44 | 3.79 19 3 64 8.94 | 6.86 36 4
9 0.22 | 0.25 29 1 37 7.07 | 5.97 17 3 65 9.83 | 0.04 27 4
10 6.80 | 0.25 18 1 38 5.16 | 7.37 23 3 66 4.96 | 5.50 26 4
11 2.99 | 3.31 18 1 39 5.18 | 1.03 19 3 67 4.32 | 0.11 27 4
12 8.86 | 7.66 15 1 40 6.37 | 8.30 10 3 68 7.38 | 0.01 14 4
13 5.10 | 0.51 31 1 41 0.88 | 3.95 24 3 69 5.93 | 9.25 27 4
14 8.46 | 4.92 11 1 42 7.43 | 8.22 19 3 70 8.39 | 2.67 26 4
15 0.01 | 6.00 10 1 43 8.69 | 7.83 23 3 71 6.33 | 2.08 28 4
16 4.93 | 5.56 19 1 44 5.08 | 6.73 12 3 72 9.70 | 4.94 28 4
17 4.41 | 2.17 29 1 45 9.26 | 2.53 22 3 73 5.75 | 5.68 20 4
18 1.57 | 6.31 25 1 46 0.32 | 7.73 29 3 74 4.05 | 6.45 11 4
19 7.07 | 1.11 12 1 47 0.75 | 0.21 12 3 75 1.75 | 5.72 16 4
20 6.71 | 9.29 12 1 48 9.91 1.60 12 3 76 3.27 | 4.93 16 4
21 8.40 | 1.53 17 1 49 0.97 | 3.52 23 3 71 1.85 | 7.51 34 4
22 5.95 | 3.01 26 1 50 9.03 | 6.82 20 3 78 0.35 | 7.24 24 4
23 6.67 | 4.65 25 2 51 5.18 | 3.06 25 3 79 0.49 | 3.15 25 4
24 1.63 | 8.97 10 2 52 1.58 | 0.26 15 3 80 1.98 | 1.54 29 4
25 6.24 | 9.49 25 2 53 8.36 | 3.63 13 3 81 4.00 | 8.00 0 1
26 8.97 | 6.46 10 2 54 6.21 | 8.30 11 3 82 6.00 | 6.10 0 2
27 8.75 | 6.47 20 2 55 8.97 | 5.13 19 3 83 2.50 | 3.00 0 3
28 1.22 | 9.71 11 2 56 1.87 | 9.21 20 4 84 6.30 | 2.50 0 4
() (h)
7 N =4 MOCVRP (a) (b)

Fig. 7 The vehicle tour of 4 enterprises before cooperation distribution (a) and after ( b)
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Table 8 The distance number of vehicle loading rate of 15 sub-eoalitions with or without cooperation
j B S Len, Len,, Len% | K, | K,, | K% LR % | LR, %
1 001 {4} 63.13 63.13 0.00 3 3 0.00 | 93.83 93.83
2 010 {3} 63.79 63.79 0.00 3 3 0.00 | 68.67 68.67
3 011 {3 4} 90.51 126.92 | 28.68 5 6 16.67 | 97.50 81.25
4 100 {2} 43.57 43.57 0.00 2 2 0.00 | 51.50 51.50
5 1 01 {2 4} 78.10 106.70 | 26.80 4 5 20.00 | 96.13 76.90
6 110 {2 3} 77.43 107.36 | 27.87 4 5 20.00 | 77.25 61.80
7 111 {2 3 4} 102.09 | 170.49 | 40.12 6 8 25.00 | 98.42 73.81
8 000 {1} 58.39 58.39 0.00 3 3 0.00 | 68.17 68.17
9 001 {1 4} 99.10 121.52 18.45 5 6 16.67 | 97.20 81.00
10 010 {1 3} 94.87 122.17 | 22.35 5 6 16.67 | 82.10 68.42
11 011 {1 3 4} 110.26 | 185.31 | 40.50 7 9 22.22 | 98.86 76.89
12 100 {1 2} 80. 82 101.96 | 20.74 4 5 20.00 | 76.88 61.50
13 1 01 {1 2 4} 110.08 | 165.09 | 33.32 6 8 25.00 | 98.17 73.63
14 110 {1 2 3} 104.51 | 165.75 | 36.95 6 8 25.00 | 85.58 64.19
15 111 {1 2 3 4} 127.89 | 228.88 | 44.12 8 11 | 27.27 | 99.38 72.27
9 N =4 4
Table 9 Comparison results of cost sharing of Shapley B-T Shapley 7 value and Nucleolus
X(1) X(2) X(3) X(4) r with Shapley
() 363.07 | 222.37 | 334.47 | 359.00
Shapley 1.000 0
% 37.82 48.96 47.56 43.14
() 349.69 | 241.31 | 346.46 | 341.44
B-T Shapley 0.979 6
Yo 40.11 44.62 45.68 45.92
() 371.33 | 271.97 | 291.43 | 344.17
T 0.814 5
%o 36.40 37.58 54.31 45.48
() 366.18 | 284.47 | 286.28 | 341.97
Nucleolus 0.718 4
% 37.29 34.71 55.12 45.83
() 583.89 | 435.71 | 637.85 | 631.32 —




1 B-T Shapley — 123 —
15 MOCVRP
( p= MOCVRP
10 ). Shapley B-T Shapley
T Nucleolus
Shapley .7 Nucleolus Shapley
15
8 Len, x p = Len, X p; B-T 2V 1
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A Binary Tree Shapely method for cost sharing of the collaborative vehicle
routing problem
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Abstract: Cooperation in logistics distribution among enterprises can significantly reduce the cost and emission
of logistics delivery. Key research questions are how to model cooperation in logistics distribution and develop
a cost sharing method. Traditional cost sharing methods need to calculate the cooperative cost for all sub-coali—
tions which is equivalent to solving 2" — 1 complex vehicle routing problems for calculating the cooperative
cost of 2" —1 sub-coalitions ( N is the number of enterprises) . This paper analyzes the properties of the cost
sharing problem in collaborative distribution by modeling a multi-eooperation vehicle routing. Based on the
classical Shapley cost sharing method a Binary Tree ( B-I') Shapley method is proposed. The new method can
not only reduce the computational complexity of cost sharing from O ( N°2") to O ( N’log,N) but also can
lower the number of vehicle routing problems to be solved from 2" —1 to 2N — 1. As a result the cost alloca—
tion of collaborative delivery can be completed within a reasonable time. Calculation results of numerical ex—
amples and actual cases show that the time needed for the B-T Shapley method is almost negligible compared
with that for the Shapley value method. Moreover the cost allocation results using the B-T Shapley method on—
ly have minor deviations compared with those using the Shapley value method with an average accuracy of a—

bout 95% .

Key words: collaborative vehicle routing problem; Shapley; cost sharing; cooperative games



