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Abstract In order to explore all the possibilities of civil cargo transport aircraft for loading military equip-
ment, improve the ability to respond quickly to the needs of operations, and provide the necessary military
equipment and various types of protective materials for operational success, weight and balance problems
of civil-to-military transport aircraft are studied. To determine the loading position and orientation of mili-

tary equipment in the cargo hold of an aircraft, the civil wide-body freight aircraft B747-400F modified
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model is selected as the research object. An optimization model that integrates a two-dimensional geomet-
ric model with the load balance of transport aircraft is established by utilizing a two-stage decomposition
strategy based on the two-dimensional cutting theory in consideration of the cargo hold of the transport air-
craft as a rectangular plate, and military equipment as multiple rectangular items with varying lengths and
widths. In the two-dimensional geometric position constraint model, constraints are considered for the
non-overlapping positions of military equipment, maintaining a certain distance, not exceeding the cargo
hold boundaries, and the possibility of orthogonal rotation. In the load balance optimization model, the
objective function is to minimize the center of gravity (CG) deviation and maximize the payload in consi-
deration of constraints such as the transport aircraft’s weight, payload, CG, cargo hold cumulative load,
linear load, and area load. A Benders decomposition algorithm is designed to decompose the load balance
optimization model with complex issues containment into a master problem in position allocation and a sub-
problem for weight balance checking. Gurobi is used to solve two example scenarios for model verification.
The results indicate that the established model and the algorithm can quickly effectively determine the

loading position and the orientation of military equipment under a reasonable CG, improving the payload,

and providing references and insights for intelligent loading.
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28 BfH 28 Bl
Warow/kg 396 893.00 I oew 66.90
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L/m 54.13 P corow / aMAC 23.00
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DAL Z N EFE T CHLI RS M 5 78 SR A B a]
AT Benders 43 f# 5 ¥ 19 Gurobi x Jy i ¥ N
57. 84 s, 1M A fd 43 522 9 Gurobi J5 i34
1092, 61 s, BF X HE W 8ie 20 MR B 5 Gurobi
J5 A0 L H AT Benders 43 #5375 1) Gurobi » #2718
A7 I 18] R W s /D - B A0 161, 86 s,

xR2 EMESRERKE
Tab.2 Cargo hold weight limit and length

o o/ R T B ke ﬁ\@ﬁﬁl‘lﬂ Atz X A ﬂ’@ﬁlzl‘ﬁﬂi?ijtfﬁi A ﬂ@{jlzl‘ﬂii?ijc%ﬁ
&) £ / m RORE i/ kg #Hir/ (kg e m D #Hi/(kgem ')
Al 5.94~8.40 3674
A2 8.40~10. 86 3674 5.94~13. 34 11 450 1952.63 1515.75
B1 10. 86~13. 34 3674
C 13.34~16.52 9 714
D 16.52~19.72 9714
13.34~26. 14 36 627 1952.63 3035.43
E 19.72~22.91 9 714
F 22.91~26.14 9 714
G 26.14~29.31 16 574
H 29.31~32.51 16 574
26.14~39. 94 63 140 1 952.63 5177.17
J 32.51~35.71 16 574
K 35.71~39.94 9 714
L 39.94~42.11 9 714
M 42.11~45. 30 9 714
P 45.30~48. 50 9714 39.94~56. 34 56 907 1 952.63 7 141.73
48.50~53.09 9 714
S 53.09~56. 34 9 714
T 56.34~60.07 2 041 56.34~60.07 2 041 487.61 641.73
3 AEAERBERHER
Tab.3 Loading results for different area scenarios
Gurobi Gurobi *
KA K B
PL/kg S/% T/s ACG/ Y% MAC  PL/kg S/% T/s ACG/ Y% MAC
1-1 91 257 87.33  3604.90 2.85 91 257 87.33 173.56 1.46
20 1-2 98 537 88.71 3 600.52 2.28 98 537 88.71 175. 66 1.58
1-3 93 548 88.69 3 606.35 1.20 93 548 88.69 166. 32 2.53
1-4 78 898 70.23 0.23 2.11 78 898 70. 23 1.42 1.52
INTHR 1-5 69 166 67.99 2.10 2.33 69 166 67.99 1.71 1.58
Al T AR 10 1-6 79 070 62. 20 0.57 1.63 79 070 62.20 1.29 1.41
1-7 89 059 72.24 0.35 2.95 89 059 72.24 1.65 1.50
1-8 83 424 60.07 0.79 1. 66 83 424 60. 07 2.87 1.16
5 1-9 76 157 69. 64 0.78 2.49 76 157 69. 64 1. 95 1.73
1-10 58 407 62.12 0.11 2.26 58 407 62.12 2.73 1.26
KF 2-1 88 424 85.89 3 604.45 2.32 88 424 85. 89 203.50 2.12
g 20 2-2 90 466 88.43  3821.70 2.65 90 466 88.43 156. 31 1. 36
TH AR 2-3 93 030 88.43 3 603.04 2.15 93 030 88.43 95.78 1.98
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Gurobi Gurobi *
EM Fow HH

PL/kg S/% T‘s ACG/% MAC  PL kg S/ % T's ACG/ Y% MAC

2-4 46 784 74.77 0.09 1.63 46 784 74.77 1.37 1.87

2-5 69 235 70. 26 2.95 1.96 69 235 70. 26 0.96 1.98

XF 10 2-6 78 977 69.02 0.12 2.32 78 977 69.02 1.32 2.68

TR 2-7 88 806 81.41 1.56 1.68 88 806 81.41 1.45 2.45

g 2-8 59 264 71.22 0.67 1.36 59 264 71.22  165.00 2.32

5 2-9 38 354 31. 30 0. 20 2.54 38 354 31.30 0. 88 1.25

2-10 41 313 37.29 0.59 2.45 41 313 37.29 0.98 1.48

¥ifA 75 608 71.36 1 092.61 2.14 75 608 71.36 57. 84 1.76

4 5 43 3R] 2-3 78 1F 38 e 5% AL \f
1E e T B2 3 4%

4 HBl2-3 ExiEH
Fig. 4 Orthogonal rotation example 2-3

0 10 20 30 40 50
P K /m

B 5 HEfH2-3 FAERXiERE
Fig.5 Non-orthogonal rotation example 2-3
& 4 BN 93 030 kg, BEAE T LA FH 2
88.43% . H.OW2E N 2. 15U MAC, 3 T 17 %
& R E R4 2.4.6,9.11.,12.,16 X T4k

Pt A5 ) & AR T OE 32 e e o 2 38 5 1) AH G T Al
R kA T A4, B 5 By%esiaEly 87 572
kg B G T FUFI IR A 78, 58 %, LM 2 N 2. 43%
MAC. %8 T 16 MZEH &, Kl 4 FE 5 #8 T
13 MR E R & I ZE 34 3.4.5.8.9.10,
11.12.14,15,17.,19.,20, 3% H v & A4 IE 2 e % i A5
TEHHAE 4.9.11.12, WA 4 FE 5 AT HIE 3 e 5%
29 BRI S N A5 TROBIL 2 28 R T ARUR R AR

TR BRI AT T O 22 A8 A B/ R O A
DR
K4 RAREEY S NRREER ., FIRE

W R, B TR RN E & E R, T
R E N 112 115 kg, FER R ZRBRHI X (23)F , %
WA A BR DY Ry 8 A AR A TR R
BAK 34k 45. 69 0 5 £ % v 45 o 3 55 FI /N i
Yy e, OF ¥ e 8 m BN B 4 0 O 102 176 kg A
103 454 kg, B¢ A 1 AR 2 53 517245 82. 77 Yo Al
81.97 % X J& K fy th 4 i i S s A A A
IR 13A N E R SRR E AT 20
/I\,. LR 2 T AR KR BTH 3 600. 97 s

BEREE PR REFE R ST P EREN
103 178 kg S ALAI FH RN 77.87% . 4 Fig

S N AT Gurobi, fff F§ B F Benders 43 f# A Gu-
robi * MR $& & 7oK M i E], P-4 0 219, 22 s,
O 22 7E H D A R R H N W E R E O,
FFE B HEESK

4 FAEEHERHER
Tab.4 Loading results for different weight scenarios
Gurobi Gurobi *
FKM faw B
PL kg S/% T/s ACG/% MAC PL/kg S % T s ACG/ Y% MAC

40 3-1 112 290 43.76 102. 31 1.93 112 290 43.76 63.25 2.05

40 3-2 111 750 47.59 1.56 2.36 111 750 47.59 5.32 1.33
KE &

40 3-3 112 290 43.76 16. 44 2.01 112 290 43.76 5.98 1.82

40 3-4 112 290 47.67 151. 44 1.56 112 290 47.67 42.32 2.96
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Gurobi Gurobi *
A B HH
PL kg S/% T/s ACG/% MAC  PL/kg S % T s ACG/ % MAC
50 4-1 101 510 83.79 3 600.47 2.32 101 510 83.79 400. 32 1.22

- 50 4-2 108 145 82.72 3 609. 30 2.01 108 145 82.72 362.12 2.11

R 50 4-3 98 129 83. 89 3 600.72 1. 66 98 129 83. 89 302. 36 1.92
50 4-4 100 921 80. 69 3 601. 38 2.04 100 921 80. 69 345. 87 2.53
52 5-1 88 582 85.32  3659.55 1.98 88 582 85.32 401. 65 2.19

- 54 5-2 103 168 77.69 3 602.02 2.24 103 168 77.69 245.98 1.51

A 54 5-3 110 966 81.28 3602.92 2.26 110 966 81.28 175. 22 2.89

58 5-4 111 098 83.57 3 604.17 2.41 111 098 83.57 210. 69 2.60

39 6-1 103 587 79.14 3 699. 04 1.47 103 587 79.14 328.75 2.69

b 43 6-2 112 272 67.81 24.15 2.69 112 272 67.81 204. 87 2.87

s 44 6-3 99 457 82.65 3603.62 1.55 99 457 82.65 236. 44 1.78

45 6-4 97 396 81.87 3 601.67 2.33 97 396 81.87 176. 32 2.08

¥{E 105 240 72.08 2 505.05 2.05 105 240 72.08 219.22 2.16
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