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Guidance control of cognitive game for
unmanned aerial vehicleautonomous collision avoidance
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(1. The Department of UAV Application and Engineering, Air Force Engineering University, Xi’an Shaanxi 710038, China;
2. Department of Theory and Training, Xi’an Flight College of the Air Force, Xi’an Shaanxi 710306, China)

Abstract: For the problem of unmanned aerial vehicle (UAV) collision avoidance in non-segregated airspace, a novel
UAV autonomous collision avoidance control method based on guidance of cognitive game was proposed. First, UAV
collision avoidance control problem in non-segregated airspace was described. Secondly, kinematics model of a UAV and
the invasion vehicle was built. Also, cognitive safety region for a UAV was established. Thus, UAV collision avoidance
problem was changed into a game problem involving two parties. Then, solving method for the set of guidance policy was
proposed. Finally, the simulation results have verified effectiveness of the proposed method.
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1 ÚÚÚóóó(Introduction)
3�1�m!ªg:ìO\��¹e,Ã<Å3�

�l��$1,S�5É�ú¯�¦,K�
Ã<Å
3���$1�?§,XÛS��Ó�1¤���4
ä]Ô5�¯K[1–3]. Ã<ÅgÌ�-E´�yõÃ
<Å�m½Ã<Å�k<ÅmS��1�Ä�¯

K[4].

8c,IS	Æö�éT¯K®²?1
�þ�
ïÄ.�
ÆöJÑÃX³|{!AÛ{Ú�ê`z
��{,5)ûÃ<Å��-E¯K.~X,©z[5]J
Ñæ^¥¡é¡¼ê�ï<ó³|�Ê,Ú�õeÃ
<ÅÃ-E�1. ©z[6]JÑ�«S�5æN�ØL
§^u�-EXÚ,½Â�-EÅÄ¥l�Å�æN
�m���ål��Ã<Å(unmanned aerial vehicle,
UAV)�-EXÚ�IO.©z[7]æ^)Û�©AÛ
{ïÄ�ÅéõÅ-E¯K,T�{±Uþ��ÀJ

�`üÑ��I.©z [8]l�55y�¡�Ä,rõ

Å-E�.z���·Ü�ê5y(mixed-integer
linear programming, MLP)¯K,3��AÛ�E{þ
ïá-E;��å¿r§�úªz��5�å^�,
�O
�
�-E��Æ½�EXÚ.þã�{�"
�3uN´�\ÛÜ4��,Ó��ØUéÐ/?n
Ã<Å��aÄ��å. �d,qk�
ÆöÚ\

�.ýÿ��(model predictive control, MPC)�{,
T�{�Ä�g�´EÄ`z. ~X,©z[9]JÑ

ÄuReceding Horizon��(��©Ñ���{,Ï
L�ÝÚ\�Ý�å5�y�Å�;:ÅÄ±¢y

-E;�. ©z[10]JÑ�«©Ùª�.ýÿ���
{^u¢y�|UAV�-E5;. ©z[11]�éõ�
£Ä�ý�æN5;¯K,JÑ�«Äu�.�©Ù
ª�.ýÿ���{,ÏL�1©Ùª�Ó�{5)
ûÀâ. ©z[12]�é))n��¸eÃ<Å©Ùª
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�Ó��¯K,¦^
ýÿ���{,Ã<Å��ý
ÿ���{5O��`���-,l
Ú�Ã<Å5
;-E.�.ýÿ���{�,¦)��°(,�¦
)�m��,ØU�y¢�5.

Ïd,�é��l��¥�Ã<Å-E5;¯K,
½�I�JÑ�«#����{. �ud,�©3£
ã
��l��¥Ã<ÅgÌ�-E��¯K�Ä

:þ,ÏLïáÃ<Å�\�Å�$ÄÆ�.±9Ã
<Å�@�S��,òT¯K=z��9Ã<ÅÚ\
�Åü��Æ��.,¿JÑ����üÑ8�¦)
�{. ��,ÏL�ý¢�5�y¤J�{��15.

2 ¯̄̄KKK£££ããã(Problem statement)

Ã<ÅgÌ�-E5;L§�©�4��ã: 1)
�-Eý5y�ûü�ã; 2)uy-E�ã; 3)gÌ
5;-E�ã; 4)�-E´»gÌ�l���ã. X
ã1¤«.

ã 1 Ã<ÅgÌ�-EL§

Fig. 1 The process of UAV autonomous collision avoidance

�-Eý5y�ûü�ãÌ�3Ã<Åå�c,
�é�«®�æNÔ?1ý?n,�z�Ã<Åý5
yÑ�^;E!���ë�´».

uy-E�ãÌ��éÃ<Å3å��,$^3
�ýÿ�{uy�«�U�-EæNÔ,8�´(½
æNÔ«a,±Bû½æ^Û«�-E�{5)û-
E.

gÌ5;-E�ã´3uy-E��,æ^��
�A�gÌ5;�{?15;,8�´$^T��5
;�Ú½5;ÅÄ5��=òu)�-E,l
gÌ
)û-EÀâ.

lþã©Û�wÑ,Ã<ÅgÌ�-EI�)û
3�'�¯K: 1)\�Å�G��O; 2)üÅmd3�
Àâýÿ; 3)C1gÌ�-EõU�Ã<Å9�æ�
�A5;�{. ùpb�®¼�\�Å��OG�,
Ì�ïÄ-Eýÿ�5;�{.

3 ---EEE¯̄̄KKK���êêêÆÆÆïïï���(Mathematical model
of collision avoidance)

3.1 ÃÃÃ<<<ÅÅÅ���$$$ÄÄÄÆÆÆ���...(UAV kinematic model)
b�3uÿ�\�Å�c, UAV´O½~�ÑÊ

�1G�. ùp,¤�Ä�-E5;¯K�¦UAV3
�á��mS��
ÅÄ±5;-E,Ïd�±¦^
�:�.5ïáÃ<Å$ÄÆ�§,�±�¤Xe/
ª:




ẋ

ẏ

ḣ

V̇

ψ̇



=




V cos γ cos ψ

V cos γ sinψ

V sin γ

−CDSρ

2m
V 2−g sin γ+

1
m

T

CLSρ

2m
V 2 sinφ




+




w1

w2

w3

0
0




,

(1)

Ù¥: (x, y)L«UAV�Y² �, ρL«�í�Ý, h

L«UAV�pÝ, ψL«Ê��, SL«ÅÊ¡È,
VL«ý�Ý, CLÚCD©OL«,åXêÚ{åX

ê, w = (w1, w2, w3)L«ÃXº�Ï��5�Ø(
½5. ��þ´íåT ,E=�φÚÊ,���γ,d�
�XÚ)�.¦^ù
Ñ\�O��û¡ �´�«
{z,ù��±�Ð/N�XÚ.

3.2 \\\���ÅÅÅ���$$$ÄÄÄÆÆÆ���...(Kinematic model of
intruder vehicle)
ùpé\�Å�¦^{z�.. \�Å�.��

¦uÿXÚU
E£ù
�.�ëê. du¤�Ä�
-E5;¯K�¦UAV3�á��mS�ÅÄ±5
;-E,Ïd��*ÿ��;,E,�±3Ï";,
��É����S,@o3�½�ýÿ��S,¦^
{z�.Ò´Ün�. ùp¦^�\�Å�.Xe¤
«.

­��1:[
ẋ

ẏ

]
=

[
V̂ cos ψ̂

V̂ sin ψ̂

]
+

[
v1

v2

]
, (2)

!�=�:



ẋ

ẏ

ψ̇


 =




V̂ cos ψ

V̂ sinψ

V̂

R


 +




v1

v2

v3


 , (3)

÷,½eü:


ẋ

ẏ

ḣ


 =




V̂x cos ψ

V̂x sinψ

V̂h


 +




v1

v2

v3


 , (4)

Ù¥v1, v2Úv3�k.Ñ\,�Lÿþ¥�Ø(½5.
XJa�¼ê�½,@oØ��.�����,Ù§
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�1ì��.AT¦þ~�ù«Ø(½éÃ<Åa

�5U�K�.

3.3 @@@���SSS������������ïïï(Establishing cognitive safe
region)
Ã<ÅgÌ�-E���)-E5;Ú©l�y

üÜ©,=�±\�Å u��5½���UAV�«
�	Ü.�
S�å�,b��kÃ<ÅÅÄ±5;
-E,òþã«�½Â�Ã<Å�S�«�,S�8
I´�yvkÙ¦�ÅBßT«�.e¡�ÑS��
�°(êÆL�.

-z(t) ∈ RdL«3?Û��t > 0ü��ÀâÃ
<Å�G��þ. b��±ÏL���©�§£ãÙ
Cz5Æ:{

ż(s)=f(z(s), s, α(s), β(s)), ∀s∈ [0, t],
z(0)=z0,

(5)

Ù¥: α(·)L«UAV���þ, β(·)L«�.¥¤�Ä
��
Ø(½5.

dª(1)��,ÙCz5Æ�6uØÓ«a�ü�
���þα(·)Úβ(·). �AÚB©O´RmÚRp�ü

����;f8. �A :={α : (0, t) → A}ÚB :=
{α : (0, t) → B}. éuz�z0∈RdÚ(α, β)∈A×B,
^z = zα,β

z0
L«�';,,T;,�½Â�ª(1).

-O ⊂ Rd´,�m8,¡��/-E«�0. T
8Ü¥¤k��é ��du-E.T8Ü�°(½
Âò�ûuÄåÆG��m�ÀJ.ùp,-E«
�O�À�´��æN,@o§�Ö8K = Rd\OÒ
L«G��å�8Ü.

ØÓ�S�«�½ÂXe:

1) 8ÜW1: �½Â�Ð© ��f8,¦�éu
?Û��üÑ, UAVÑØU�y;�-E.

2) 8ÜW2(tf): �½Â�Rd\W1¥¤kÐ©G

��8Ü,¦�XJvkÅÄ,Ò¬�3ù��ºx,
=XÚ3tf�c��«�W1.

3.4 ---EEE555;;;¯̄̄KKK���ÆÆÆ���ØØØ���...(Game model of
collision avoidance problem)
�
Bu©ÛQk��qk6ÄXÚ�S�5¯

K,�¦^�g,Æ�¥���¹{[13]. 6Ä�w�
���éÃ¿»�S�5. �égÌ�-E��,�
Ä���9ü��Æ�¯K,��´UAV,,��´
\�Å.d?,\�Å�UAV�m�é ��ÄåÆ
�.�

ẏ = f(y(t), α(t), β(t)), (6)

Ù¥: yL«G�Cþ, αL«UAV���þ,
βL«

Ø(½5,§åX��12�Æ�ö��^.

Ó�,ª(6)÷ve�^�:

1) éuz�(x, x′, a, b) ∈ Rd×Rd×A×B,�3
Lf > 0,¦�|f(x, a, b)−f(x′, a, b)|6Lf |x− x′|.Ù
¥, Lf´Lipschitz~þ.

2) éuz�y ∈ RdÚb ∈ A, f(y,A, b)´Rd�

��à8.

4 ������������üüüÑÑÑ888���¦¦¦)))(Solving the set of
guidance and control strategy)

4.1 ������üüüÑÑÑ888W1(Guidance strategy set W1)
d13.3!!13.4!��,-E5;¯K�Lã�

Ê33���½48K = Rd\O�¯K,gÌ�-E
¯K�=z��9ü��Æ�µe. d�8ÜW1U

�Æ�����¹¤£ã,ù�11�Æ�ö(UAV)�
�;�-E«�O,½��u�¦XÚ�±3S�
«�K(�å8Ü),¦^g�Ñ\,
12�Æ�ö}
ÁÚ�XÚ�lK(ÏLg�Ñ\β). ½ÂÆ�ö1
(UAV)��ýÏüÑ8�

Γ :{α : B→A, ∀s∈ [0,∞], (β(θ)= β̃(θ),∀θ∈
[0, s])⇒ (α[β](θ) = α[β̃](θ),∀θ ∈ [0, s])}.

,�,òUAV��ÆÀJ��38ÜΓ ,¿½ÂÆ�
ö1(UAV)��|�.

Æ�ö1��|�:¤kÐ© �z0�8ÜV1(K),
¦�ùp�3���ýÏ�üÑa ∈ Γ¦�éu¤k

�t ∈ [0,+∞),¤kéA;,z
α[β],β
0 (t)�NN��

β ∈ B;�-E8ÜO:

V1(K) ={z0 ∈ K|∃a ∈ Γ, ∀β(·) ∈ B,

∀t > 0, z
α[β],β
0 (t) ∈ K}.

�âT½Â��

W1 = R3\V1(K), (7)

W2(tf) = {z0 ∈ Rd, ∃β(·) ∈ B, ∃s ∈ [0, tf ],

s.t. zα0,β
0 (s) ∈ W1}, (8)

�â8ÜW1�½Â��,éu?Û��üÑ,
UAVÑØU�y;�-E,Ïd8ÜW1 /́���

¹0�8Ü.§Ud�9ü�¤
Æ�¯K��d¼
ê5L«,ùp¤
1(UAV)¦^Ù��üÑ,¤
2
(\�Å)¦^Ø(½5��Ñ\.

�ÄLipschitzëY¼êg : Rd → R,¦�g(x) 6
0 ⇔ x ∈ K,±9?¿�λ > Lf ,��¯K´

ϑunc(x) :=min
a∈Γ

max
β∈B

{ max
θ∈[0,+∞]

(e−λθg(ya|β|,β
x (θ)))},

(9)

Ù¥ max
θ∈[0,+∞]

(e−λθg(ya|β|,β
x (θ)))å¨v�^,=XJ

ya|β|,β
x ��
G��å,ÒI�?1|G.

½½½nnn 1 -ϑunc´ª(29)¤½Â��d¼ê,K
k
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W1 = {x ∈ Rd, ϑunc(x) > 0},

�ϑunc´XeHamilton-Isaac�§��ëYÊ5):

min(λϑunc+Hunc(x,∇ϑunc(x)), ϑunc(x)−g(x))=0,

Ù¥Hunc(x, p)=max
a∈A

min
b∈B

(−f(x, a, b) · p).

�âd½n��,8ÜW1�ÏLO����d¼

êϑunc�Cq5¼�. @o,½ÂXe�8�N�:

F (x, β)=





⋃
α∈A

f(x, α, β), x ∈ K,

Co[{0}∪⋃
α∈A

f(x, α, β)], Ù¦,

(10)

±9§�î.Cq:

Gρ(x, β) = x + ρF (x, β) + ε(ρ)B, (11)

Ù¥: ρ´,��mÚ�, B´Rd¥��ü ¥,
ε(ρ)´��~þ,�y�{�Âñ5.

nþ��,8ÜW1�O�L§Xe:

1) éuk = 0, K0 = K;

2) éuk > 1,O�

Kn+1 ={x ∈ Kn|∀β ∈ Gρ(α, β) ∩Kn 6= Φ} .

4.2 ������üüüÑÑÑ888W2(Guidance strategy set W2)
d13.3!��,éutf > 0,8ÜW2(tf)¥?¿

Ð© �m©,XJØæ�?ÛÅÄ,Ò¬���x
«�W1. ùp,��Cþ´α ≡ 0�XÚÄ�A5�
f(x, 0, β) =: f1(x, β),XÚ=dØ(½5Cþβ ∈
B. @o,�â8I8ÜW1,8ÜW2(tf)U
�£ã
�Ä�A5f1e�Ó¼�/. ù�Ó¼�/��ÏL
Y²8�{5O�[14].

4.3 ���������---���)))¤¤¤(Generating the guidance com-
mand)
d?,�ÄÃ<Åý¢ÅÄ5�ò´,ÄuÃ<Å

>.��5)¤�-E���-,¿���-E�Ñ
Ñ,= 




φ̇ =
1
N

(φcom − φ),

θ̇ =
1
M

(θcom − θ),
(12)

Ù¥NÚM´�m~ê.

1) Y²ÅÄ.

�â�ÝVÚV dO�üöm�Y²À��,½
ÂzeÃ<Å�À�����

λ = sgn
[
(VH × V d

H )Z

]
arccos(

VH × V d
H

VH

),

(13)

Ù¥�IHL«Y²©þ. ÏLïáÀ�����^
E=���Ñ\. b�zeÃ<Åk����E=�

�φmax. �â��E=�,�O�Ñ1 sS��p��
�UC

γmax =
g

|VH| . (14)

d�,Y²ÅÄÜ6XL1¤«.

L 1 Y²ÅÄÀJ
Table 1 Lateral maneuver selection

À������ E=�-

λ < −γmax φcom = −φmax

−γmax 6 λ 6 γmax φcom =
λ

γmax
× φmax

λ > γmax φcom = φmax

2) R�ÅÄ.

�âzeÃ<Å�UC�Ý�þV d,�¼�¤I
�:��. ¤I�:��θreq�L«�

θreq = arctan
V d

V

V d
H

. (15)

3R�ÅÄ¥,ÏL¤I�:��,��úªÜ·�
�m~êM . R�ÅÄÜ6XL2¤«.

L 2 R�ÅÄÀJ
Table 2 Vertical maneuver selection

À������ E=�-

0 6 |θreq| < 15◦ 1
15◦ 6 |θreq| < 30◦ 2
30◦ 6 |θreq| < 45◦ 3

|θreq| > 45◦ 4

5 ���ýýý©©©ÛÛÛ(Simulation analysis)
�
�y¤JgÌ�-E���{�k�5,?

1Xeü�|µ�¢�. æ^MATLAB�Simulinkó
ä��ï�ý�¸,¤k�O�3��CPU�ÏA�
¤Hi5,Ìª�2.8 Ghz, Windowsö�XÚ�>Mþ
�1. �ý¥ò���?n±Ï��20 ms.

|||µµµ 1 æ^üeUAV?1�y,Ù¥UAV1��
�1, UAV2äkgÌ�-EõU���XÚ.Ó�,
ò¤J�{�~^��.ýÿ���{(MPC)?1é
'. üeÃ<Å(UAV1, UAV2)�Ð© �!�Ý�
8I ��&EXL3¤«.

L 3 VÅÐ©&E
Table 3 Initial information of two vehicles

Ð© �/m 8I �/m Ð©�Ý/(m·s−1)

UAV1(2000, 10, 100)(−4000, 4000, 1500) (−35, 25, 12)
UAV2 (0, 10, 100) (5000, 4000, 1500) (30, 27, 12)

3�1L§¥,XJüeUAVØæ�?Û5;Ä
�,ò¬Ñy-E�x. duUAV2äkgÌ�-Eõ
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U,Ïd§¬�1�
5;Ä���üÅ�E,¤�
���ý­�Xã2−5¤«.

ã 2 VÅ;,

Fig. 2 Trajectories of two vehicles

ã 3 VÅ�éål

Fig. 3 Relative distance between two vehicles

ã 4 UAV2E=��-

Fig. 4 Roll angle command of UAV2

nÜ©Û,�âã2��,üeUAV��1;,v
kÑy��,��Ã<Å3�1L§vku)-E.
3ã3¥,:y�Ú:�L«n�m�ål,¢�L«
¢Sm�ål,��¢Sm�ålo�un�m�å
l,`²�1L§vku)-E,�MPC�{¤��

üÅm�²w�u�©��{. lã4Úã5�±wÑ
�©�{¤��E=��-Ú����-þ3��

���S,
MPC�{¤�����-�Ñ
��.
ù´duMPC�{¤I�¦)�m��, UAV27L
?1���ÅÄâU;�-E.

ã 5 UAV2����-

Fig. 5 Pitch angle command of UAV2

|||µµµ 2 æ^üeUAVÚ�ek<Å(manned
plane)?1�ý,Ì��yüeUAV���¤-E5
;,±9UAV�k<Å�m��-E��.ùp,üe
UAVþC1äkgÌ�-EõU���XÚ. 3e�
Å�Ð© �!�Ý�8I ��&EXL4¤«,�
���ý(JXã6−8¤«.

L 4 Ð©&E
Table 4 Initial information

Ð© �/m 8I �/m Ð©�Ý/(m·s−1)

UAV1 (0, 1000, 1000) (2000, −1500, 1000) (30, −30, 0)
UAV2(0, −1000, 100) (2000, 1500, 1000) (30, 30, 0)

ã 6 nÅ;,

Fig. 6 Trajectories of three vehicles

lã6�±wÑ,üeUAV��1;,vkÑy�
�,��üeUAV3�1L§vku)-E.Ó�,l
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Tã¥��±wÑUAV2Úk<Å�vku)-E.
ù´duUAV1ÚUAV2þkgÌ�-EõU,¬�
15;Ä����E.lã7−8�±wÑ, UAV1Ú
UAV2E=��-þ3Ôn����S.

ã 7 VÅ:��

Fig. 7 Pitch angel of two vehicles

ã 8 UAV2E=�

Fig. 8 Roll angel of UAV2

nþL²,�©Äu@�Æ������Æ�{
�±k�/)ûÃ<Å�gÌ�-E¯K.

6 (((ØØØ(Conclusions)
�(�Ã<Å3��l��S��1,JÑ�«

Äu@�Æ�����-E���{. T�{ÏL�
ïÃ<Å�@�S��,ò�-E¯K=z�Ã<Å
�\�Å�ü�Æ�,l
¼�5;-E���üÑ.
�ýL²¤J����{U
¦Ã<Å¢ygÌ5

;-E.e�Úó�ò´Äu¤J��{�OÃ<Å
gÌ�-E��ì,¿A^�¢S��.Ã<Åþ,
�y¤J�{�¢SA^�J.
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