
 

 

Supplementary Material 

 

Figures 

 
Figure S1 The closed-loop landing controller 

 

 

 

 

 
Figure S2 Real-flight experimental setup: (a) assembled Holybro X500 quadrotor platform with 
onboard components; (b) outdoor autonomous landing trial on open grass field with the ArUco 

landing marker positioned at the designated target coordinates		



 

 

Figure S3 Phase-normalised real-flight position trajectories, showing the mean across the trials 
with complete onboard position logs (N = 3) with ±1 standard-deviation bands: (a) x position; 

(b) y position; (c) z position. Dashed lines denote the landing-target setpoints. 

 



 

 

 
Figure S4 Image-plane state variables under wind-speed variation from 0 to 30 m/s  

in the simulation campaign with the Kalman filter: marker centroid coordinates (top two 
panels), marker width and height (middle panels), and yaw angle 𝜃 (bottom panel) versus time 



 

 

 
Figure S5 Image-plane state variables under wind-speed variation from 0 to 30 m/s  

in the simulation campaign without the Kalman filter 
 



 

 

 
Figure S6 Outer-loop velocity PID tracking performance under the proposed integration of 
Kalman state prediction and monocular feedback over the complete flight: (a) longitudinal 

velocity; (b) lateral velocity; (c) vertical velocity. The corresponding per-channel RMSE values 
are reported in Table S4 and visualised in main-text Figure 8c. 



 

 

Tables 

 

Table S1 Outer-loop velocity PID controller parameters in all simulation and experimental trials 

Control loop Error source 𝐾! 𝐾" 𝐾# 
Longitudinal Velocity 

(𝑣$) 
Image y-axis centroid error 0.00600 0.00006 0.00085 

Lateral Velocity (𝑣%) Image x-axis centroid error 0.00500 0.00005 0.00080 
Yaw Rate (𝜓̇) Angular error (𝜃) 0.00400 0.00001 0.00050 

	
	

Table S2 Closed-loop transient performance metrics for the baseline simulation, proposed 
Kalman-integrated simulation, and real-flight experiments 

Performance metric Unit Baseline model 
(Sim without KF) 

Proposed model 
(Sim with KF) 

Experimental 
Result 

Rise Time (𝑡&) s 0.0215 0.0221 0.0145 
Settling Time (𝑡') s 2.8214 2.8205 2.8213 

Maximum Overshoot (𝑀!) % 0.00 0.00 12.94 
Steady-State Error (𝑒'') m 2.9628 0.3939 1.9378 

 

 
Table S3 Statistical positional trajectory error analysis (RMSE) across coordinate components 
for the three experimental conditions, with percentage improvement computed relative to the 

simulation without KF baseline 

Coordinate 
Component Unit Real-Flight Simulation  

with KF 
Simulation 
without KF 

Improvement 
(%) 

Longitudinal (𝑒$) m 4.929 2.742 3.463 20.8% 
Lateral (𝑒%) m 3.616 1.964 2.495 21.3% 

Altitude (𝑒() m 3.893 4.520 5.093 11.3% 
Total 3D RMSE m 7.248 5.640 6.645 15.1% 
 
 
 

Table S4 Velocity tracking performance in real-flight experiments 

Velocity Component Metric Value (m/s) Result Interpretation 
Longitudinal (𝑒$) RMSE 0.162 High Precision Tracking 

Lateral (𝑒%) RMSE 0.190 Robust Stability 
Vertical (𝑒() RMSE 0.461 Controlled Descent 

 
 



 

 

Table S5 Distributional statistics of the image-plane tracking errors for the three experimental 
conditions. Values are reported as mean ± 1 standard deviation, with the maximum absolute 

error in parentheses. 

Error component Real flight Simulation  
with KF 

Simulation  
without KF 

Horizontal centroid  
error (px) 13.5 ± 22.8 (92.0) 7.5 ± 16.8 (66.0) 11.0 ± 17.0 (63.0) 

Vertical centroid  
error (px) 25.7 ± 31.7 (187.0) 29.1 ± 29.9 (200.0) 24.8 ± 37.6 (202.0) 

Yaw error (deg) −26.7 ± 9.9 (34.0) −17.7 ± 12.2 (33.3) −7.0 ± 10.7 (33.7) 
Bounding-box width  

error (px) −0.06 ± 0.20 (1.46) −0.04 ± 0.29 (1.92) −0.02 ± 0.33 (2.00) 
Bounding-box height  

error (px) 0.06 ± 0.20 (1.46) 0.04 ± 0.29 (1.92) 0.02 ± 0.33 (2.00) 

 
Table S6 Per-trial real-flight dispersion accompanying the phase-normalised mean ±1 SD 
position trajectories of Figure S3 (target waypoint: 7.5, 5.5, 0 m; N = 3). Absolute mission 

durations differ; uncertainty in Figure S3 is therefore shown versus normalised time τ = t/T 
rather than clock time 

Metric Trial 1 Trial 2 Trial 3 Mean SD 

Mission duration  
T (s) 38.108 44.696 30.692 37.832 7.006 

Final landing error  
ex (m) -0.787 +0.495 +0.784 0.164 0.836 

Final landing error  
ey (m) +0.298 +0.843 +0.808 0.650 0.305 

Final landing error  
ez (m) 0.198 0.198 0.198 0.198 0.000 

Final 3D landing error  
|e|3D (m) 0.865 0.997 1.144 1.002 0.139 

Trajectory RMSEx  
to target (m) 1.425 3.752 4.705 3.294 1.688 

Trajectory RMSEy  
to target (m) 1.120 2.771 3.457 2.449 1.202 

Trajectory RMSEz  
to target (m) 5.738 6.038 3.658 5.144 1.296 

Trajectory RMSE3D  
to target (m) 6.017 7.630 6.890 6.846 0.807 



 

 

Table S7 Literature benchmark of recent vision-based UAV landing systems against the proposed framework 

 


