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Calibration Method of Safe Takeoff Interval for

Logistics UAVs Based on Speed Error

LIU Ming-yuan, ZHANG Xing-jian" , GENG Zeng-xian
(College of Air Traffic Management, Civil Aviation University of China, Tianjin 300300, China)

[ Abstract ]

terval for UAVs was formulated on the basis of conforming to the safety target level and aiming at the highest efficiency. According to

In order to meet the large number of future unmanned aerial vehicle (UAV) operation requirements, the safe takeoff in-

the operating speed error characteristics of UAVs, taking into account the operating characteristics of the climb phase and cruise phase,
the takeoff safety problems in three scenarios of same route operation, cross route operation and route network operation were analyzed,
a collision risk assessment model was established respectively, and a calibration method for the takeoff interval was proposed in combi-
nation with Monte Carlo simulation. Finally, taking the actual operation of logistics UAVs as an example, the 10~ maximum collision
probability was taken as the target safety level for verification, and the minimum safe takeoff interval in the three operation scenarios
was analyzed and determined. The results show that the safe takeoff interval of the same route T is 122 s, the safe takeoff interval T of
the cross route is related to the difference D between the distance of two takeoff points from the intersection point and satisfies T = (D %
1199.97)/14(T=0), and the safe takeoff intervals between the four takeoff points of the airway network system are 158, 86, 0, and 0
s, respectively. The method can provide a reference for the UAV operation enterprises to carry out takeoff interval management.

[ Keywords | logistics UAV; speed error; collision risk; Monte Carlo simulation; safe takeoff interval
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Fig. 1 Schematic diagram of same route operation
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Fig.2  Schematic diagram of cross route operation
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Mtk . www. stae. com. cn



2025,25(9)

RUBRIC , 45 « e TR DR 22 B WU TC AL A AT (9] B b a2 O 15 3965

WA TG LRI, AZPALFEA TR (T = 05s),flf
MRS D CRWE 6 s,
SEARPIHLAS 6 A X R AR e AL
Z L ATIRIRG . St K AT IR R T FI221E D
[ AE AR AT O B, /938 T . D FIREfEHER P
S AR WK T R,
K7 Son, i T D AP ORI LAY il T T
— AR T G5 e A TR R — T Y
o 0T PRER I 2 W 2T TR 9 v 26 ) RS i 45 21 1)
i, SR 7 i A AE DR ECECE Y B o
10°
107+

107
107+
5 107
% 10:
=10
1O 77 Frmmrmmmemmm s SN
107+
107+

1 —10 L L L L L 1 1 1 ! 1 1 1 1 L L L L L L
EEEREREED IR FORUCIRREES
PRI T IR /s

K5 ST HEER (D, = D,)

Fig. 5 Cross route simulation results(D, = D,)

(1199.97, 107)

IS S IS SIS \@m\\@\@s\%@\u@\%@
Z& X il i FLEEF(1=0)

Bl 6 XM ELER(T = 0s)

Fig. 6 Cross route simulation results(7T = 0 s)

T FRESR
0.04
0.035
0.03
0.025
10.02
0.015
0.01
0.005

E7 T,DMPEFRER

Fig. 7 Schematic diagram of the relationship
between T',D and P

FEAE R E BT (0 T R D 22 [ AETE I AR P e
2, AR — 2 LR 4% s B R LR AR S

R BSUEIZARHE {45 A 3 1T L — 7 [R] B X i
i TR A T AR, AT A 2 5 A AR AR A TR DL
REEHES A 0. 001 0. 01 1 0. 02 4] , 4 B i 1 /s
RN E AP 8 B as, R 0L 5L U £k MR
e, A RS 2N AY BRI 9 s (R* = 0.996)

e, 38 73, B A1 ) 22 25 AN TR] A
RIGELALA s R g5 R A& 10 FroR, 7RI
SERRT DR 10 77 4s A m A T AR

700
600F
500r
400
£

Q300-
200k

o P=0.001

100+ « P=0.01

P=0.02

10 20 30 40 50 60 70

1ls

K8 R

Fig. 8 Samples of the intercept points

700F

600r

500+

400F

D/m

300k
200[

100+

Ko HEf AL
Fig. 9  Fitted lines of the samples

T AR
’ ’ 0.04

0.035

0.03

0.025

0.02
0.015
0.01
0.005

K10 7D AP U T
Fig. 10 T,D and P fitting Gaussian surfaces

R ML . www. stae. com. cn



Mook R N5 TR

3966 Science Technology and Engineering

2025,25(9)

Bugh S al A5 BRI . ELOS EoR A T F1 D Z 8] 1
KBEAR. T=(D£1199.97)/14(T=0) ., BEEX
IZTC AN, 22 4 7 IR B 6 B 5 S
ZREL, TARYERE B 2 22 D #E IRl
3.2 MEMES

“IET ST % TN R A TR B R i B Al ) AU
W 255, BORHZ RS N 2R e Ve T oE vt 4, il 11
Fis

T BEIZ T R AT ARl RS E)
) TR AT 3886 R 58 S i 45 S | TR RE A T ELOS AE R it
P& R G2 AT B 1077 IR RS 1.2 .3 4,
1 B3 AT AT H e B B S BT T
BEIHT,

\
\

></>.< )
«— \></
\

FoRWE
R
K]
HEER2
RN S 2
Fig. 11 Tic-Tac-Toe route network

F2 EBXENZTXEARKTEES
Table 2 Horizontal distance of the takeoff

point from the intersection point

Dy, HfE/m D,, Bfti/m
Dy, 3000 Dy, 4 000
Dy, 2 000 Dy, 5 000
D,, 2 000 Dy, 5 000
Dy 4 000 Dy, 3 000

MR 2 P B BUHE e 50k 10 77 A9 A5 A%
BRLE 04 BIAT R R R ) R 2 A AT TR B R
AR 1 A R 2 2 ()2 At T (R B R T
157. 14 s i K5 2 A K E 3 Z I8 )28 20 A 7 Bl B
TR T 85. 71 s, i K 3 Al K 4 Z 8] 2 ik
ATMHRIBETE KT 228.57 s /T 0. 12 s, 42 Kk 4 F
AR 1 Z B 2t T ) B 7 KT 300 s B/h T
128.57 s, MR E A 4 R S Z BT
[) & 157 431358k 158 .86 .0 F10 s, BIFE 0 s B il A T
KRR, TR 158 s AT K 2 S —2E
KA, TE 244 s BERATAS KN 3 SR —AL KL, TE 244 s
BFRCI T K, 4 2B — 20 KL, 7F 244 s BFUATHRE &
RSB AR T IR AR A T
(BB A 244 s Tl R R 122 s B9 28 40 A T a) B 2

Ko T FICAHEN B SR AN 10 22 AN, i
BgE AT N 16 Z2/h,

4 g

(1) 1 S X A A2 A T AN 38 SR I 32 15 79 b
TNNIEAE 17 5, % 18 TC A HLIE T R i By
B, T B R RR e P, ST T JC AN AL XU B
AT 2 T —Fh&e A T IRl BR A 2 ik,

(2) LASEBRIZAT 390 3 TC AL M 8461 326 4 7 56
WEA3HT, LA ELOS 1E h R Ge 2 4k -, 45 S22 W | ]
WU 17 B, X R 2 4 H A oK S By AT 8] BE A
122 ;28 UM AT B W 2 T = (D +
1199.97)/14(T = 0) . K5 UL LR 45y 5L al,
BEE — O B IE 2 HEA T, 159 B AE LG N R 5
o AR SCR B 4 A RS = R B CE T T B
A% A 158 86 .0 10 s,

(3) F—2ut5E i, 75 L% e R s o, 25
BT A B T R T (B B s e, AR, W]
PISREEZ AW E 1T S 8L B AS R HLELR &
1B4T T BT B, 2F — 25 e AR Ak JRURS: At A5
A S A el T RO & s

2 % x #

(1] BRYESS, FioC, #hrh, 9. RAJCAPUR RS B UK K #5 A2

MW g e (1] B2 RS TR, 2022, 22 (15):
5951-5966.
Chen Yaqing, Zheng Xiyuan, Han Dan, et al. Development status
and path planning research progress of civil unmanned aerial vehicle
[J]. Science Technology and Engineering, 2022, 22 (15):
5951-5966.

[2] Reich P G. Analysis of long-range air traffic systems: separation
standards- I [ J]. The Journal of Navigation, 1966, 19 (1):
88-98.

[3] Reich P G. Analysis of long-range air traffic systems; separation
standards-II [ J]. The Journal of Navigation, 1966, 19 (2):
169-186.

[4] Reich P G. Analysis of long-range air traffic systems; separation
standards-Ill [ J]. The Journal of Navigation, 1966, 19 (3):
331-347.

[5] Brooker P. Lateral collision risk in air traffic track systems: a
‘ post-Reich’ event model[ J]. The Journal of Navigation, 2003, 56
(3): 399-409.

[6] TRz, FIRT:, WM. FT Event Y] 1 i 18 XU RS B #4852
BILT). P ERATR 0, 2008(3) : 14.

Xu Xiaohao, Wang Zhenyu, Zhao Hongsheng. Event-based lateral
collision risk improvement model[ J]. Journal of Civil Aviation Uni-
versity of China, 2008(3) . 14.

(7] #ifed, S, 2T Event MY ELRE 1 XS SO RIBTSE [ 1],
o R R 2A 4R, 2011, 29(6) ¢ 4-7.

Dai Fuqing, Zhou Qi. Research on vertical collision risk improve-

ment model based on Event[ J]. Journal of Civil Aviation University

Mtk . www. stae. com. cn



2025,25(9)

RUBRIC , 45 « e TR DR 22 B WU TC AL A AT (9] B b a2 O 15

3967

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

of China, 2011, 29(6) : 4-7.
ER, RIET. FET Event BUHRIAY 14 28 ST 4 Al 4 KU D
L] A ERMATRAY:SR, 2015, 33(3) : 14,
Cao Xingwu, Zhang Zhaoning. Cross route collision risk assessment
based on Event improvement model [ J]. Journal of Civil Aviation
University of China, 2015, 33(3) . 14.
[ ST S S | S R T N S N K ]
WatrE ik (J). AETRS®HE THA, 2023, 45(10)
3149-3156.
Zhang Honghai, Li Bowen, Liu Hao, et al. Demarcation method of
safety separation for multi-rotor UAV in free airspace[ J]. Systems
Engineering and Electronics, 2023, 45(10) ; 3149-3156.
Maki E, Weinert A, Kochenderfer M. Efficiently estimating ambi-
ent near mid-air collision risk for unmanned aircraft[ C ]//10th
AIAA Aviation Technology, Integration, and Operations ( ATIO )
Conference. Fort Worth: ATAA, 2010. 9373.
Weibel R, Edwards M, Fernandes C. Establishing a risk-based
separation standard for unmanned aircraft self separation[ C]//
11th AIAA Aviation Technology, Integration, and Operations
(ATIO) Conference. Viginia; AIAA, 2011 6921.
Lee HT, Meyn L A, Kim S Y. Probabilistic safety assessment of
unmanned aerial system operations[ J]. Journal of Guidance, Con-
trol, and Dynamics, 2013, 36(2) : 610-617.
Weinert A, Campbell S, Vela A, et al. Well-clear recommenda-
tion for small unmanned aircraft systems based on unmitigated col-
lision risk[ J]. Journal of Air Transportation, 2018, 26(3) ; 113-
122.
Chen C, Edwards M W, Gill B, et al. Defining well clear separa-
tion for unmanned aircraft systems operating with noncooperative
aircraft [ C |//AIAA Aviation 2019 Forum. Dallas: AIAA,
2019 3512.
EFIHT, FAAS. FETO0 8 1% 2 A SR T (1 ) 0 T A WL 2 4[]
WA Tk s (0], T E A= B EOR , 2022, 18(3)
184-192.
Wang Lili, Yang Jie. Research on safety interval assessment meth-
od of logistics UAV based on position error probability model|[ J ].
China Production Safety Science and Technology, 2022, 18(3):
184-192.
ARHRIEL. R IR RS T B AN AR bR E T TS [ D]
A B AU LR R, 2021.
Zou Yiyuan. Research on the demarcation method of safe separa-
tion for unmanned aerial vehicle in future smart cities[ D ]. Nan-
jing: Nanjing University of Aeronautics and Astronautics, 2021.
W TZE, SRAAT, BR, A5 BT ERE AR AL A LA
[MRIRE SR T ]. BlFER S TR, 2021, 21(14) ; 6050-6056.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Pan Weijun, Zhang Hengheng, Yin Haoran, et al. Calculation
method of aircraft time interval based on dangerous value distribu-
tion model[ J ].
(14) : 6050-6056.

WEA, RS, K FET GRS 3 B T AT M 1 C X
BEIEYN ) B4 KBS PEAL [ )], B HOR 5 TR, 2021, 21
(10) : 4284-4288.

Xie Chunsheng, Liang Xianyun, Lu Fei. Assessment of longitudi-

Science Technology and Engineering, 2021, 21

nal collision risk of paired approach to closed spaced parallel run-
ways based on statistical distribution[ J]. Science Technology and
Engineering, 2021, 21(10) : 4284-4288.

Clothier R A, Palmer J L., Walker R A, et al. Definition of an
airworthiness certification framework for civil unmanned aircraft
systems[ J]. Safety Science, 2011, 49(6) . 871-885.

Burke D A, Hall C E, Cook S P. System-level airworthiness tool
[J]. Journal of Aircraft, 2011, 48(3) . 777-785.

International Civil Aviation Organization. Convention on interna-
tional civil aviation: Doc 7300[ S]. Montreal ; International Civil
Aviation Organization, 2006.

NS [l AR X AL I Al 5 A R S e BT [ D ]
M AL AR K, 2002.

Ying Ailing. A study of the effect of spacing standards on inter-air-

FE AL

craft collision hazards[ D]. Nanjing: Nanjing University of Aero-
nautics and Astronautics, 2002.

JEE, PR, TKRBERR, S SRR A TN Hhl R KU T
TWrgE[ 1], BURSSHE 56 AR, 2022, 2(5) : 20-30.

Li Jin, Zhong Gang, Zhang Xiaowei, et al. Research on the cal-
culation method of airborne collision risk of urban low-altitude un-
manned aerial vehicle[ J]. Modern Transportation and Metallurgi-
cal Materials, 2022, 2(5) : 20-30.

Sarrut D, Baudier T, Borys D, et al. The OpenGATE ecosystem
for Monte Carlo simulation in medical physics[J]. Physics in
Medicine & Biology, 2022, 67(18) : 184001.

SarrutD, Bala M, Bardies M, et al. Advanced Monte Carlo simu-
lations of emission tomography imaging systems with GATE[J].
Physics in Medicine & Biology, 2021, 66(10) : 10TR03.

Betz W, Papaioannou I, Straub D. Bayesian post-processing of
Monte Carlo simulation in reliability analysis[ J]. Reliability Engi-
neering & System Safety, 2022, 227 108731.

Kroese D P, Brereton T, Taimre T, et al. Why the Monte Carlo
method is so important today? [J]. Wiley Interdisciplinary Re-
views: Computational Statistics, 2014, 6(6) : 386-392.

Massey Jr, Frank J. The Kolmogorov-Smirnov test for goodness of
fit[ J]. Journal of the American Statistical Association, 1951, 46
68-78.

Mtk . www. stae. com. cn



