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Abstract: To achieve precise prediction of pitch angles, this paper proposes a TCN-iTransformer model,
named MFP-TCN-iTransformer, that integrates multi-flight phase (MFP) encoding. This method constructs
a joint prediction architecture: The iTransformer module extracts global temporal features from quick access
recorder (QAR) data and captures cross-variable dependencies, while the temporal convolutional network
(TCN) module models multi-scale temporal dependencies of the pitch angle through dilated convolution.
Additionally, MFP encoding is introduced, dividing the flight process into five phases to distinguish the data
characteristics of different stages. Finally, a feature fusion mechanism is designed to combine discrete phase
information with continuous QAR data, enhancing the model’ s adaptability to phase characteristics.

Experiments based on 264 352 pieces of QAR data show that the proposed model achieves an average
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improvement of 19.16% and 22.05% in mean absolute error (MAE) and root mean square error (RMSE) ,

respectively, compared to other benchmark models. Systematic ablation studies subsequently verify the

effectiveness of each core component and confirm that refined flight phase encoding brings stable performance

improvements. The results indicate that the model can achieve high-precision pitch angle prediction, which

has practical value for enhancing flight safety.

Key words: pitch angle prediction; MFP-TCN-iTransformer model; quick access recorder (QAR) ;
multi-flight phase (MFP) encoding; flight safety
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Table 2 List of relevant parameters
SRR SHOTE R Hfir
FLIGHT _PHASE AT BPR RS AL 12 B U, T TR 43 5 R B Bt —
ALT_QNH R ft
ALT _STD_C b A TF 5 B ft
ALT_STD_RATE 1R AR AL ft/s
RALTC TCLk v = BE{E ft
GD b 1A PR B NM
AD KATHES NM
TAS HLAE kt
IVV_C e ft/min
VRTG_C SINEW)(PE Y5 g
LATG_C o o 3 2 g
LONG _C G 1) B BE g
FLPG_C AL o 32k 2 8
MACH_C L i —
PITCH_C A0 £y ()
PITCH_RATE s A 338 (°)/s
ROLL_C R )
ROLL _RATE TR R (°)/s
CK_PITCH_CPT 25 I il AR A 4 4> 7 )
CK_PITCH_FO 25 i A 00 A AP i 4 A7 )
CK_LEFT _PITCH_CMD 725 it 7 ) 45 AT A o7 7 (")
CK_LEFT _ROLL_CMD 725 B A M A5 AT VR e o7 )
CK_RIGHT _PITCH_CMD 725 it A ) 45 AT A o7 7 )
CK_RIGHT _ROLL_CMD 2 B A A5 AT TR e o )
THROTTLE_LEVER_L 2o TR B ()
THROTTLE_LEVER _R A T AT AL )
ENG _NI1_L 7 R BB r/min
ENG _NI1_R 1 K B HLEE i r/min
ENG_FF L 72 % S ALK A R R kg/h
ENG_FF_R A 2 SRR I AL D AT kg/h

B O A B B i 5 R AR X ) B
TESEHEAT T R G0 (W R AR 0 18 - 1 58, 1H 0 T &
294> Z B0 B2 IR b AR G F BOHE [ LUR IR o6 1k
U< R 1S N 7 (Vs /T =
ALT _QNH.ALT _STD_C 5 RALTC 2 ] k56 14
e v, BT 9 AH OC R ECRF 0.95, R EMT# W 1Y
MM EGEMEES . AU b, R TR
IE4R TR 0T 6, A Sk R R B L rp B o A kT
i ¥ ALT_STD.C, 3 B B ALT QNH 5
RALTC, W, 2454 8 R & ) AU 43 0, 1 5k
Y I A G AT i B v B R B AR, B BT RN T
1% S50, BRI S 808 MACH _C fIGD., et
AL S 808 2 25 AMFAE . X T 8l b A7 7 1 Bk
{8, A SO Ay AR (R AT e . s, AR Sl
b AR I I — T T i A B AT TAL B 5 45 50 A0 A
WAk . R R B TE A DR AR AR A [F] B LA ) 3 5
HE SR A R, A, MRS A s LT
LR AL e T HO MR & ER L

B A, 32 DX o] B A i oy o R AR T o 7 0 Tk 2
By B, X 28 DX (RN HE AT % TR v, DAAE AR R I 25
HE B 3 26 B0 R BT S, ol e T A A
VNS
3.2 XLWIFgE

R 56 UE B A ) A Rk #E % T Python 9 Py-
torch R 726 B RSEE . Hh Btk 6:2:2
() L B8 K 500 B 3 o A DI 4 0 U 4 A 4
S rpOM [ A 1 45 S B — B ISR
FE b B /N A 128, 48 Adam D1k g5 E AT 0
Ik, W 36 2 21 %5 0.001, Il 45 28 K0k 400 2,
YN 25 I 27 B30 4 1% 25 78 10 48 LA HLAS s 20, )
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Table 3 Experimental parameter settings

SR {E SR 1
VIR 2 > & 0.001 || Al &2 I 45 R e B 6
epoch 400 E A NN 3
FEHTZ 1k epoch 10 T bR RelL.U
i AYERE 25 BRELE S 0.1
=31 12 LN 128
ESIN-WIPS 4 8

3.3 MR

S 05 A BB B HE i, 2 6 1 507,
H SR S 3 45 XF 1% 22 (Mean absolute error, MAE)
144 5 1% 22 (Root mean square error, RMSE) 1k
PSRRI A

(1) MAE & X %

1 - N
MAE =2y~ i (13)

A WEEAKE , y, 5 D REAR S HSAH, ),
SRR AN REAS 5 T AEL

MAE {H 27 U 5 2052 R 22 8] 46 X 5% 22 1Y
SRR AR/ T TN (L S AR T 2 A
25 /I SR FRCI ) A G

(2) RMSE & XK

1 n
RMSE = lgz(y,-fy,v)z (14)
i=1

RMSE {H 275 Flill {f 5 ¥ 52 2Z (] 3 22 °F 7
P YA 07 7 fE AR /)N 2 A 7R 0 )
JEE B vy, SR A5 ST 010 2 Al 2 )N
3.4 XWHERESW

A S BE AT A K 1.16.48 #1160, H
EHE 5 QAR 4 1y >R B0 (16 Hz) B A G .
120(0.062 5 s) TN FH T Ao 90 A5 80 %55 ik i 31 285 79 i
PERE J1 516 25 4825 (1 5.3 s) T0 I XF 1o 26 0 2% 34
SRR B G B I TR) T T, B 4 1 22 By O (R
160 25 (10 s) T 0] FH 37 A 455 0 %o o 4 B0 s 34
M O R A AR T X KA R AR L L
TETA AT B Bk e — M i b K, B 76 J vy —
AN FEAE DL ZR G0 1 b 1P Al AR B A A ] B B
AR FO o R B S R e

BEXT 54 RAT By Be i A [a] 5 0 20K, 3R 4.9 Y
T ALFE ) A6 25 598 (Gated recurrent unit, GRU)
43 Be B 8] ¥ %)) Transformer (Patch time series
Transformer, PatchTST) 78 N [ 7 Ff #5284 (1) °F- 1
MAE FI°F- 4 RMSE.

R4 TREBEZITHER MAE X RMSE Xttt
Table 4 Comparison of MAE and RMSE across different models during various flight phases

i - 0.0625 s ls 3s 10's
b B MAE/RMSE MAE/RMSE MAE/RMSE MAE/RMSE
TCN-iTransformer 0.08/0.112 0.104/0.125 0.136/0.165 0.176/0.255
Transformer 0.102/0.123 0.133/0.166 0.174/0.194 0.225/0.322

CNN-LSTM 0.100/0.117 0.130/0.186 0.170/0.181 0.220/0.278

FEY GRU 0.104/0.133 0.135/0.164 0.177/0.212 0.229/0.315
Informer 0.098/0.108 0.127/0.187 0.166/0.177 0.215/0.271

Crossformer 0.096/0.101 0.125/0.139 0.163/0.183 0.211/0.266

PatchTST 0.080/0.111 0.120/0.134 0.156/0.169 0.182/0.256
TCN-iTransformer 0.062/0.071 0.078/0.094 0.102/0.106 0.132/0.146
Transformer 0.069/0.074 0.090/0.109 0.117/0.135 0.152/0.175

CNN-LSTM 0.072/0.116 0.094/0.108 0.122/0.167 0.158/0.185

e st GRU 0.078/0.124 0.101/0.124 0.133/0.178 0.192/0.254
Informer 0.077/0.113 0.102/0.133 0.131/0.192 0.169/0.207

Crossformer 0.073/0.092 0.095/0.122 0.124/0.133 0.161/0.203

PatchTST 0.075/0.085 0.098/0.118 0.128/0.152 0.165/0.179
TCN-iTransformer 0.041/0.047 0.052/0.059 0.068/0.074 0.088/0.099
Transformer 0.046/0.051 0.060/0.079 0.078/0.089 0.101/0.109

CNN-LSTM 0.050/0.056 0.065/0.085 0.085/0.101 0.170/0.220

A GRU 0.048/0.054 0.062/0.072 0.082/0.111 0.206/0.299
Informer 0.052/0.056 0.068/0.082 0.088/0.099 0.114/0.139

Crossformer 0.051/0.059 0.067/0.073 0.087/0.092 0.113/0.138

PatchTST 0.042/0.049 0.063/0.069 0.083/0.090 0.107/0.128
TCN-iTransformer 0.090/0.118 0.117/0.134 0.153/0.176 0.198/0.216

T Transformer 0.103/0.122 0.135/0.179 0.176/0.247 0.228/0.308
CNN-LSTM 0.112/0.135 0.156/0.215 0.191/0.295 0.247/0.277
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AT B 0.0625s 1s 3s 10's

b B MAE/RMSE MAE/RMSE MAE/RMSE MAE/RMSE

GRU 0.108/0.136 0.140/0.197 0.184/0.271 0.288/0.339

Informer 0.117/0.164 0.152/0.173 0.199/0.219 0.257/0.301

Crossformer 0.115/0.158 0.159/0.178 0.196/0.229 0.253/0.288

PatchTST 0.110/0.142 0.143/0.164 0.187/0.231 0.242/0.252

TCN-iTransformer 0.122/0.135 0.156/0.165 0.204/0.255 0.264/0.277

Transformer 0.138/0.202 0.179/0.223 0.235/0.284 0.304/0.385

CNN-LSTM 0.156/0.195 0.203/0.291 0.265/0.273 0.343/0.491

P GRU 0.150/0.238 0.195/0.269 0.255/0.294 0.392/0.463

Informer 0.154/0.199 0.20/0.282 0.261/0.262 0.338/0.386

Crossformer 0.146/0.157 0.199/0.255 0.249/0.286 0.322/0.339

PatchTST 0.144/0.146 0.187/0.216 0.245/0.274 0.317/0.324

iR R AWM LKL R UE N,
TCN-iTransformer 5 A £ °F- ) MAE #il RMSE
BTN = A e R T i R M oy i BER =51 N

(1) PERefLH B3 £ L Fr i CATBY Be i 4%
A K I, TCN-iTransformer i MAE 5 RMSE
{H 11 2R o K 5 AN AE R 6B B 20 1 o, MAE
5 RMSE 5 PatchTST 4, {H 7£ HoAth B[] 25 14 i
I v AT LR B S AR 3

(2) 3T B Be T A B2 I 5« BT A A5E B A 1A
BBt 1) MAE 5 RMSE B ¥k T A By Br . £ 2
JFERAE T HRITRES PR, AEN AR E S
11, N AR T 1D, S 8083 /N B Ty LA i

(3) A=Wy Be UM MEFE R AH L Z R R
T A5 Y BB B R aE N B ANRLAT R AR
SR RAT B B AN IR R T, 2 BUR A A B A
SR P UNEIE 2 S O NTTTE: b NS 11U 9

FOAE HE 3T W B, A BRI MAE % 3 8K, #E—
A 6 IE S T i B R O A0 A T e X A v R
KRB B

3.5 HEXBRESW

N T VAR A v RS 2 B AT RO AR TR
FBR AR, I R AR AT R oy AT

(D) & Bl A2 0 AT B B 4 11 R 34> Bir B¢
(R AL A ® a8 it B3 A B B W
MFP-TCN-iTransformer-V1, L Xf b A SCAH Lt F
QAR2Vec " BRI I H

(2) ZBRAR A2 19 AT B B g 1, AL A ] B —
B  TCN-iTransformer #{ # [ MFP-TCN-
iTransformer-V2,

(3)1E S 20 B4 Ak RN, A 2% o I ] 48 J35 114
AXFF L Z o Y g E X 5RO
MFP-TCN-1Transformer-V 3,

w5 Fros KB CCAT B B g i Y A T

(MFP-TCN-iTransformer-V2) & 5 8 A5 T
K, H 2833 oM A0 Ak ) RAT B B dm i 0, B U 1Y
PERE /N IR 2 T o X BRI TR AT B B A
SR 2 G B O Rl AR g A, R TR R A AN X S
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Table 5 Comparison of ablation experiments on flight

phase encoding components

RS MAE  RMSE
MFP-TCN-iTransformer(5 BB ) 0.163 0.248
MFP-TCN-iTransformer-V1(3FrE)  0.165 0.251
MFP-TCN-iTransformer-V 2
L . 0.169 0.257
(T ©AT B B4 ) ’
MFP-TCN-iTransformer-V2
. 0.199 0.271
(TG B 2k i X 5F)

ZJa , h T ERUE TCN 21 14 % 4 (A 485 780 4 g (1)
e, E T 2B TCN 4419 iTransformer 5% 74
PEAT I R4 B, LA K R B IE itransformer 54 8 X T
AR R, % B T TCN-Transformer 15 # Y17 74
il o34 o

2 6 7 M M4 s T AR RUAZ O AR ) DK .

Fo6 HERAMHHEBEEITEE

Table 6 Comparison of ablation experiments on model

components
ZRES MAE RMSE
TCN-1Transformer 0.169 0.257
iTransformer 0.177 0.267
TCN-Transformer 0.172 0.261

(1) TCNAHX BRI E L EE . R TCNA
R T REEMMERE TR, MAE M 0.169 5
F]0.177, RMSE M 0.257 ¥4 %1 0.267, XiF# T
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Fig.5 Visualization results of different models on pitch an-

gle prediction
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Fig.6 Feature heatmap based on multi-head attention
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Fig.7 Histogram of feature contribution distribution based on attention weights
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