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Abstract: Four—dimensional (4D) trajectory prediction of aircraft, as one of the key technologies of trajectory—based opera-
tion (TBO), is of great significance. To address issues such as insufficient data diversity, difficulty in acquiring
critical data, high model complexity and poor generalization, this paper proposes a light gradient boosting ma-
chine (LightGBM ) -based phased multimodal trajectory prediction method (LightGBM-based PMTPM). The
method can intelligently identify the flight phase of the aircraft and, based on data from the aircraft’s own sensors,
predict the 4D trajectory and real—time quality of the aircraft using an onboard computer. Experimental results
show that, during all flight phases, the LightGBM—based PMTPM outperforms the back propagation neural net-
work—based phased multimodal trajectory prediction method (BPNN-based PMTPM) in predictive performance,
with root mean square error (RMSE) reductions of 64.86%, 13.15%, 80.88%, 77.46%, 86.45%, 3.46% and
19.22%, respectively. The average evaluation time of the LightGBM-based PMTPM is 59.890 ms, meeting the
accuracy and real-time requirements for 4D trajectory prediction of aircraft.
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Fig.2 Calculation process for four—dimensional trajectory

2.2 FEEEmAIE
2% S B Bl [A] — 40 2= 2R P T AE RDLBE , How) 4h

JtR A S A I AN TR o AR SO A RO 46 1h AT SCH 2 1Y
s 4% 4D MUk HEA B AR SCS % BADA HizZkiil



-6 -

R R K 2 SR

2026 42 H

RPIRESSE, WEPIGRBTETE 60 000~80 000 kg 2
8], ] FR{EHL 500 kg, Z AR FEREK, HTH R
IRFB T, FE AR 25 a e VT o & - BR AN T BIR Af A%

UL . Zoad RAT AL W, KBRS fe 5
BATHATEE S , 645 3 149 502 gk . LS
A S B RREAT 11 ANERHE, Zn N ER 1 s o

F1 KWHEIERG
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R/ SRR B/ S Y #He73/ BHAr HEH-BHA/ ROCD/ KRR &/ BB/ CATERAE A/ i/

K m (m+s™) N N N (m+s™) (kg-s™) m (°) kg
232.563 8 8 551.716 646 238.448 7 71 082.77 55961.19 15 121.58 5.702 1 1.188 7 471 451.91 0.023 9 70 167.700 2
232498 8 8 561.716 646 238.457 3 71 006.12 55919.76 15 086.37 5.689 2 1.187 5 471 870.93 0.023 9 70 165.615 4
2324338 8 571.716 646 238.424 0 70 929.53 55 865.55 15 063.97 5.680 1 1.186 1 472 290.57 0.023 8 70 163.528 2
232368 8 8 581.716 646 238.390 7 70 852.96 55 811.46 15 041.50 5.671 0 1.184 8 472 710.82 0.023 8 70 161.439 9
232303 8 8 591.716 646 238.357 3 70 776.44 55 757.46 15 018.97 5.661 9 1.183 5 473 131.69 0.023 8 70 159.350 7
232.563 8 8 551.716 646 238.324 0 70 699.95 55 703.57 14 996.38 5.652 7 1.182 2 473 553.18 0.023 7 70 157.260 4
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Tab.2 Hyperparameter settings of BPNN

ST BPNN IR0 RUEUZ 28 REUEMZoTR iR 2R

IZRRA ikelle Bamsm B ik

Patience Min_delta

BPNN 3 (64,128,64) 256 0.001 100 MSE relu Adam 40 2
BP-based PMTPM 3 (32,64,32) 256 0.001 100 MSE relu Adam 40 2
%3 LightGBM B3I E
Tab.3 Hyperparameter settings of LightGBM
%ﬂ: nghlGBM E/‘j POI=N =) 3 = e gy », " TEIJ"ﬁE E{’?‘__‘

RS e 3 g Lo R 1} I‘Jj‘ SIS Ed "
VR 3 R S HEE TR IR TR R EPTR YA K
LightGBM 4 067 12 212-1 0.322 8 50 500

LightGBM-based [1 883,1 509,1 678,
PMTPM 1499,1784,2 032 1 619]

9,21,21]

[7,28,28,20, [27-1,2%-1,2%-1,2"-0.322 0,0.226 5,0.494 3, 0.449 8,
1,2-1,2"-1,2"-1]

10 500

0.493 3,0.418 5,0.476 2]




Fa4 1

B/ 2 H L AT s BT LightGBM 1943 B Be 2 A Sl 10 75 v

2.5 SLIEMIERR

AR ] MSE . RMSE .R2.MAE FIMAPE {1 41T
Mrbrife o Forb s MSE ] DSz B A0 F0m (1 £ - 243 it 25
FEEE ; RMSE J2MSE [ 5 i, B 5 B i —2,
TR R? FORB BT BUE 7 22 (R BEfig 1 , Bz
T 1 ERES  MAE AT DS BEF 522 1Y) F- 25 7K F s MAPE
AT MAE, 241 7 — R nyiR 22 B w5 M
AR A A IR A

6M§E:’1T2(yi—j7i)2 (12)
(13)
(14)
(15)
e = = X | Y701 | % 100% (16)
n = Yi
A,y 7y RIS S AR AESR @ AU A Y B
i PN S FILE n AT 5 B i
3 BRGIE
3.1 4D i
ARICLL A321 M, FAT T EET RATIHRIAY 4D i

FRFRI B2, A Y BADA Bid R R E A 28
R TR 72 v, B 2 28 SRR E B K
S LERR BT A 1 013.2 hPa, % & 2 g 1E
e T3 i v B 8l AR T R 2 4%, DA R e it 78
HRORTRE IR B 28 A R DL o BRI, AR SCHE BADA #2437
TS S, DS B Be A A7 -3l i) i
BEEE 4 DBy R T A B, R EE S RS
SR ZS 2R AR Ia AT AR vl TR AR S B0
AL

(Dfizs asai R eT 72, 78 28 000 ft(1ft=03048 m)
B R, L 0.72 BTEE BB ©AT 300 km;

(22 TR R = AR AR B 0T, N D%k
0.72 il 2 5545 0.78

Hfiias g LA S #5552 0.78 SE- A KAT 15 min;

(AT — KB IET} ICTHE A 2 000 ft,
K HAE Ey A TC T4 1 55 8 T

(52 AR e RS B R AR OB LT, LA S kg

0.78 RATZ S FEAF] 800 km;

(6) L2 AR AE LR = JE AR B LT, DA Sk
0.78 el 2= 5%k 0.74;

(T Zs 25 DL Thk%k 0.78 NI 24w i, U
A3 300 kt(1 kt = 1.852 km/h) FFEZE 20 000 ft.

FET FRTCATRY B, SRR AR AT B A A 1Y 2 A
PR e RS e B R (R AR AL ] 4 B . K 4
FH R X AR RA TR B DAL 4 WT LA Y, 3R 1) T
AR B TS AT TR WD 5 B 558 v o DBt — B (1]
KA LLE Y, 4058 2 63 min B KAT)S , 25 25 0 o
M72 000 kg FEZE 69 000 kg, #R i T FE b7 L2 a5 L 5
H4.37% L, 78 4D il J o A2 v, s e i
AT AN

240

% Pk
Zooop T
= 220
B o0t
{\H, 200
ool
0 800 1600 2400 3200 4000
s ) /s
(a) H28 i~} A
9500 —
g 9000f — “UkRE
= 8500
= 2000
£ 7500
7000
I 6500
6000C | ) L I ) | ) | |
0 800 1600 2400 3200 4000
A a] /s
(b)) = He iy & -t ]
=0 72 000 s =
-T?:ﬂ 71 500F HJLT%%EEE
& 71000}
70 5001
% 70000
69 500F
B 69000F
eso0——
0 800 1600 2400 3200 4000

A 18] /s
(e )fizs 2857 B[]
B4 MERETE-ME.SESE-HERE-HEE
Fig4 True airspeed—time, pressure altitude—time and mass—time

profiles of the aircraft

3.2 HEBIRTLRER
R T IS BEA ST R A LightGBM A AL
TR R S50, AR SCE e X L 4347 T BPNN 5 Light—
GBM A58 8 F0 80 o it FH AR [R] ) ot B A 215X 2
R A v GHIR AR A AR PR R AR L AN 4 s .
W33 4 \TLIEH, LightGBM AL BPNN, H: RMSE
TRET 52.52%, i A TEBEFE R4 T BPNN, i &
FE R BB AR AT 1, 3X UL Light GBM AR AN 25



R R K 2 SR

2026 42 H

F4 THEBRGTMISHERXTLE

Tab.4 Comparison of evaluation metrics for experimental models

I AT AR 18 S R S S0 A VA o (LI PR e AR
g AT BUA 2 WA R RS A AL R R AT T IR

TR MSE RMSE R MAE  MAPE/% BP-based PMTPM 1 LightGBM-based PMTPM %) il il
BPNN 1380.198 0 37.150 15 0.999 991 28.504 62  0.042 1 RO . [E) I BPNN A1 LightGBM 2 7] DAXS B4~ KATRY
LightGBM 311167 6 17.639 94 0.999 996  4.583 78  0.006 8 Byt A7 BTN , 4 T 8 A 45 S A 325 s
x5 RENTMAERITLE
Tab.5 Comparison of model evaluation results

TR FrBt MSE RMSE R MAE MAPE/%

BPNN MrEs 1 761.825 400 27.601 180 0.999 978 24.589 100 0.0356

MrEs 2 8 153.083 000 90.294 430 0.999 760 69.144 300 0.101 5

B 3 1 168.487 000 34.183 150 0.999 965 29.908 000 0.044 0

Mt 4 21 025.130 000 145.000 400 0.999 353 124.071 000 0.184 5

MrEs 5 704.634 500 26.544 950 0.999 979 22.991 900 0.034 7

MrEt 6 10 278.500 000 101.383 000 0.999 687 81.565 240 0.121 2

MrEs 7 2 245.266 000 47.384 240 0.999 932 37.147 110 0.055 7

BP-based PMTPM MrEs 1 193.096 700 13.895 930 0.999 994 11.998 090 0.017 3

i 2 6 393.529 000 79.959 550 0.999 812 60.302 150 0.088 2

Bt 3 173.639 400 13.177 230 0.999 995 11.351 440 0.016 7

Wi 4 83 227.24 000 288.491 300 0.997 439 214.478 200 0.318 6

BBt 5 637.940 200 25.257 480 0.999 981 21.867 350 0.032 6

Mt 6 6 683.238 000 81.751 070 0.999 796 67.978 930 0.101 7

Bt 7 1 009.264 000 31.768 920 0.999 969 23.552 550 0.035 2

LightGBM MrEs 1 36.345 190 6.028 697 0.999 999 3.240 534 0.004 7

Bt 2 2 593.526 000 50.926 680 0.999 924 19.230 910 0.028 2

BBt 3 22.333 310 4.725 813 0.999 999 3.497 312 0.005 1

Bt 4 10 412.840 000 102.043 300 0.999 680 56.340 170 0.083 7

BBt 5 17.505 130 4.183 913 0.999 999 3.342 364 0.005 0

MrEt 6 5 622.131 000 74.980 870 0.999 829 31.767 210 0.047 2

Bt 7 1 068.291 000 32.684 720 0.999 968 4.455 573 0.007 0

LightGBM-based PMTPM MrEL 1 23.841 056 4.882 730 0.999 999 3.286 275 0.004 7

MrEs 2 4 822.943 696 69.447 417 0.999 858 10.559 308 0.015 1

Mk 3 6.345 712 2.519 070 1.000 000 1.390 674 0.002 0

MrEst 4 4 227.447 714 65.018 826 0.999 870 36.650 648 0.054 2

Mk 5 11.710 182 3.422 014 1.000 000 2.256 245 0.003 3

MrEt 6 6 228.896 858 78.923 361 0.999 810 15.229 043 0.023 1

MrE 7 658.538 133 25.661 998 0.999 980 3.741 936 0.005 9

it R 5 AT LAE T, 55K BPNN 5 LightGBM
AT REEE , WLEZ 3 LightGBM R 7E A4 K AT BEAY
TEALSE BH BT BPNN, £ LightGBM HA &
B TR E R, 5 R 4 AR S5E —3. BP-based
PMTPM #H%% T BPNN, BB Bt 4 LLSh, HERMSE 439l
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36.28%.18.21%.21.49% , iX UE B T 4 RATB B o3P B

YA 194G 35k o TRl I LB 36 2 FZe 3 AT LAIAS,
BT B Bl Zr i B L FH 8 S8 T R itk —
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Tab.6 Comparison of model testing time

REARTPAN LSS

plENINIE

BEMECR T T PR BT PRI e A
BffE]/ms RMSE/ms Hf[a]/ms RMSE/ms
BPNN 63.80 1.138  0.200 7 0.380 0.053
BP-based 165.52 — — 1.111 0.063
PMTPM
LightGBM 8.84 565490 7.590 0 566.150 7.297
Light GBM- 2.41 — — 59.890 1.242

based PMTPM
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