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Abstract: To guide the packing operation, raise aircraft payload, and boost transportation
effectiveness, models of the combination of air cargo palletization (ACP) and aircraft weight and balance
(AWB) were developed. The bi-level optimization model (BOM), the combinatorial optimization model
(COM), and the improved combinatorial optimization model (IOM) were proposed, and the objectives of
the models were the maximum payload and the minimum center of gravity (CG) deviation from a defined
target CG. The models also took into account a wide range of restrictions in real packing and stowing
operations, such as limitations on capacity, weight, loading position, aircraft balance, and other factors in
aircraft and unit loading devices. Four scenarios with various conditional data for three models were tested
and analyzed using the commercial solver Gurobi, by taking the B777F as an example. Tests showed that
while the BOM had the greatest CG deviation and the smallest mean payload (97 412.37 kg), it also had
the fastest solution speed. For cases solved within the time limit, the mean computational time was 87.77 s,
but the mean CG deviation was 1.35%. And there were some unacceptable cases where the maximum

approached 3.66%. The COM test required the longest time for completion; 48% of the cases cannot be
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solved in the given time limit, and the mean took 880.25 s for completion, making it a challenge to accept

in real-life scenarios. The IOM had an acceptable solution time, with a mean of 424.79 s, the best target

optimization effect, and the greatest payload, with a mean of 97 679.77 kg; all CG deviations were

controlled within 1.16%, with a mean of 0.79%.

Keywords: air cargo; packing; weight and balance; integer programming;

combinatorial optimization
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Table 4 Test data

. ey ik AR
S n UANIEER 23
B & BoR ke JEFUm Woi/ke Vya/m?

340 [290,305] [1.0,1.2] 101299 372.49
720 [132,152] [0.35,0.45] 102 136 288.19

]

Wota < Winpl ]
P TP 760 [127,140] [0.35,0.45] 101 389 304.03

]

]

Vva < Viny
800 [120,135] [0.35,0.45] 101944 319.82

780 [115,135] [0.4,0.55] 97483 371.01

1080
760

1020
1 040

86,106] [0.3,0.4] 103772 378.25
50,260] [0.01,1] 118344 391.43

95,110] [0.3,0.4] 104649 357.75
95,1101 [0.3,0.4] 106730 364.68
84,104] [0.3,0.45] 103459 410.15
51,600] [0.01,2.59] 109934 452.58

O 00 N AN W R W

—_
(=]

Wita > Winpl 1100
Vya < Vv 340

—_
—_

[
[
[
[
[
[
[
[
[
[

12 360 [52,599] [0.01,2.71] 117 501 460.52
13 380 [52,598] [1,1.2] 122523 416.63
14 400 [50,549] [1,1.2] 122160 438.49
15 1060 [93,108] [0.3,0.4] 106592 371.54
16 400 [51,448] [0.03,2.39] 100377 469.6
17 740 [123,138] [0.01,1.5] 96386 536.6
18 780 [115,135] [0.01,1.4] 97483 563.34
19 760 [125,140] [0.02,1.6] 100824 621.6
20 W< W 800 [120,135] [0.01,1.4] 101944 569.44
1

[

[

[
21 V> Vay 720 [132,152] [0.01,1.8] 102136 669.15
22 820 [51,190] [0.01,1.3] 98501 563.02
23 840 [50,180] [0.01,1.3] 96961 566.94
24 860 [50,170] [0.01,1.3] 94766 554.41
25 880 [50,170] [0.01,1.2] 95023 532.87
26 360 [51,598] [0.01,2.69] 111772 490.57
27 380 [50,500] [0.03,2.41] 107475 480.7
28 Woia> Wil g0 [50230] [0.01,1.4] 114 198 569.44

Vva 2 Viny

29 820 [115,140] [0.01,1.3] 104584 563.02
30 840 [115,130] [0.01,1.3] 102933 566.94

A f ] Python 1 5 52 B, K H Gurobi9.5.0
VE R DA R i o B i oA 357 38 28 10 A8 CPU
3.2 GHz /\#ZAbF 8%, ROM 16 GB, Xf T A [A Ay
i, B3 E T 3600 s (SR AT RIBR 6o Gn 2R
BiITE 3600 s PR T 4558, W4y S i, 75
25 I 3600 s B BOE BT AR . RS AT
3MBARL BB LR, Horh Z,, Z,. Z 9 FoR 3
Br 3 Zs Zs, Z, B KR E O W25, ¢ A CPU
BATIS L Vo Vi RBURI AR
32 EHISH

kTGN [ A TR 3 AT 6 B, 3 3 2 ] 4
A i B S B AT AT o

3.2.1 AT RN

) 1~ 5 5 R RARFRRLE B /TR
BLFR 9 15 B0, BRI Wia < Wat HL Vi < Vineo #1773
TR 7 127 SR FH AH [ SR il 2 oK ik, 43845 T &AL
{EL, 58T B AR R AR 3] T R ok, A, s 3
FIR o

T o3 25 LA A5 D T 2 S e AR AR e i, P
#, SAHA A L, nIATEN, H I 7E b 4G
o, B 22 B K, ME A 1.53%. TEMLZS A /] 5L
R A v, B O D 25— MR P I 7E 2% LA .
LA 4 1 5325 DA AR T ) Fe A 5 48 1 B0 D
ZOGIRBT 2%, —MAHHEZ . A AR
IR 20 G AR TR £ 0 i 22 1 B 0E 43 SR
0.86% F1 0.71%, 5 KAH 43 51~ 1.21% F1 0.79%,
i 22 55 /N, EB AR W] HE Z Y0 R . AESR RIS ] L, 4
A 0 AR TR (1 SR A el (] 54, 41 R 369.2 55 2K
PEL A AR TR 1) SR At B[] A B (EL R R 2.7 s5 4%
A AR TR 1) SR fige i TR A 0.17 s,

AL DL, A T R FR I A /N, 4328 AR A 7
5 R B[] A 4 6 A 3, (RO 22 B3R
H AP AR B0 22 HL B /N, (E SR At B[]
KK Motk gl A O AR Rl AR AR N E] B He oy A
ARAE RIS 22, (H FO i 22 e -«
322 iR BV BL

) 6~ 45 15 R BB B TR TR
B fe A BR Ml 28 . B R RN T AR il (R R
B, B W = Wop B Vie < Vi o 3 BB A 7E 25 28 1)
] Y 1RAR T S e, it AH TR, W& 4 i .

a3 A5 R AR T 0 i 25 3K, SME R 1.14%,
B RAE MW 12 59 2.035 1%, #id T4 6 il $#52
M 25 5 20 DI ARASE T R o5 20 45 A ARASE T8 1)
Tt 2 B EI4E 53 R 0.79% FiI 0.84%, i K AH 53 1)
R 1.08% F1 1.15%, i 22 8/, HBAE AT H2 32 15 1] .
FESR A ] 1, G R ARBL R (B Ol 623.6 s; 2R
P A LA RU IS (E R 4.66 s; 53 25 1 AL A 70 1Y
BRI A 0.523 s

AL, FE R K L RN, 28 5 S0
55 3.2.1 1AM,
323 /b B G

S 16~53451 25 S bR Wy S B /N TR AL
PR AR AR 27 2] RS BLUBR A% L, B Wy, <
Wnpt B Vi > Vi o 3 B RSR figf 15 31 A 5 8 044
FRUIEAAH A, QP s iR o

a3 A5 R AR AR TR 0 i 25 TE K, (BN 1.69%,

20220844-8



%11

BAm S s LA S RCR A Sk

x5 KRBER
Table S Solution results
PRI AR MBI A BT ARAL B A k2 A AR

i Z/kg  ZJ% s Vu/Va)l%  ZJkg  Zg% t/s Vol V)% ZJkg Z, t/s (Ve Vi ) 1%
1 101299 0.8707 0.26 79.58 101299 1.2069 115.22 79.58 101299 0.6979  1.65 79.58
2 102136 1.6162 0.17 61.57 102136 0.8087 337.05 61.57 102136 0.7106  3.07 61.57
3 101389 1.7336 0.16 64.95 101389 0.6998 493.67 64.95 101389 0.7900  2.31 64.95
4 101944 1992 0.15 68.33 101944 0.7509 469.52 68.33 101944 0.6905 234 68.33
5 97483  1.425 0.1 79.26 97483 0.8150 430.65 79.26 97483 0.6782  4.12 79.26
¥IME 100850 1.53 0.17 70.74 100850 0.86  369.22 70.74 100850 0.71 2.70 70.74
6 100446 14758 0.37 78.14 102297 0.7034  699.95 79.55 102296 0.8288  5.62 79.59
7 102294 0.8524 0.38 72.01 102291 0.7957 679.25 71.40 102294 0.7040  7.52 65.71
8 101084 0.6860 1.86 73.76 102293 0.6913 307.99 74.56 102300 0.7567  8.97 74.62
9 102292 0.8359 0.4l 74.58 102292 0.7345 1027.1 74.49 102300 0.7395  5.19 74.72
10 101780 0.6936 0.39 86.14 102295 0.9775 1064.9 86.48 102296 0.9129 8.4 86.53
11 102299 1.0558 0.28 88.08 102299 0.7147 678.55 88.90 102291 08067  1.05 82.27
12 102295 2.0351 0.34 83.18 102297 0.7350 397.29 81.52 102299 0.9429 145 79.93
13 102300 0.8665 0.24 73.07 102296 1.0849 142.03 67.99 102294 09375 1.12 79.67
14 102299 1.4869 0.31 77.39 102294 0.7906  290.9 74.98 102294 1.1530 0.86 70.96
15 102294 1.5040 0.65 76.16 102291 0.7151 939.6 76.07 102292 0.7004  6.46 74.88
¥ 101938 1.1492 0.523 78.25 102294 0.7943  623.6 77.59 102295 0.8483  4.66 76.89
16 100323 0.7095 41.74 99.86 100263 0.6830 3600 99.47 100274 0.6829 3600 99.63
17 90215 0.6937 3.88 99.98 89892 0.6427 3600 99.40 90214 0.6456 750.73 99.98
18 88612 1.4897 92.94 99.98 88283 0.6396 3600 99.55 88605 1.0757 3600 99.97
19 88612 3.6554 232.88 100 86936 0.6307 3600 99.60 87107 0.7018 3600 99.92
20 87167 1.9067 952.48 99.99 92006 0.6514 3600 99.62 92230 0.8631 3600 99.96
21 85052 0.9759 10.25 99.99 84808 0.6332 3600 99.46 84971 0.6228 3600 99.86
22 92468 2.9749 270.76 99.98 92363 0.6549 3600 99.70 93474 09627 3045 99.99
23 90607 1.0746 6.19 99.97 90662 0.6492 3600 99.90 90697 0.8284 1168 99.97
24 89402 29766 2.89 99.99 89289 0.6533 3600 99.71 89393 0.6433 3600 99.97
25 91197 0.7971 932 99.98 91124 0.6477 3600 99.79 91203 0.6599 1138 99.99
¥IME 90365 1.7254 1623 99.97 90562 0.6485 3600 99.62 90816 0.7686 2770 99.92
26 102297 0.7707 19291 91.80 102291 0.9935 491.82 85.81 102292 1.0507 1.85 85.35
27 102291 0.8499 807.61 94.54 102292 0.8656 474.07 91.94 102298 0.7644  1.99 90.18
28 102281 0.6904 3600 94.58 102299 0.7379 1365.5 97.95 102297 0.8747 443 94.63
29 95029 1.1038 2.09 99.99 94844 0.6708 3600 99.72 95019 0.6630 3600 99.97
30 93184 0.7741 1.01 99.99 92719 0.7698 3600 99.23 93112 0.6554 3600 99.89
¥IH 99016 0.8378 923.62 96.18 98889 0.8075 1906.29 94.93 99003 0.8016 1441.65 94.01

B 19 B O 22 B 2R E] T 3.6%, B 22 F
B 24 EO R 2ZE LR R T 2.9%, v 0] 4%
ZK o 2 A R R Bk 2H A R A R 1)
O 22 B9 S 53 90 °R 0.64% F1 0.76%, fix KA 7>
R 0.68% Fil 1.07%, 25588 /1N, #RAE AT 232 Y I .
FER AR E] L, R /N T ORALRR L R
FUR T RHLIR &I, v e i £, el A ik
BERITE 25 7 1 3 600 s K ik sf 6] P, R VA 345 i

et s A0t 2L A A TR AT 38 0 B4 {91 28 445 52 B[]
A AR SR 0 il 0 20 D AR ASE 3R 1) SR e B (1] 15
{4 162.3 s, B[] HAR B &

N 958 NN N ARy N s R
T8 SR figt B 18] L AT e %ot O 3, (O i 25 5
HEMMERNTTEZ . AA ARG 45
PRABERY B OBR 0 i 22 /N, ESR A A T KK, L
43545 AE B2 B 8] P9 TG IR AR A SR O A
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Fig. 3 Radar chart of scenario 1
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Fig. 4 Radar chart of scenario 2
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Fig. 5 Radar chart of scenario 3
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Fig. 6 Radar chart of scenario 4
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