
1 32ò1 7Ï
2015c 7�

� � n Ø � A ^
Control Theory & Applications

Vol. 32 No. 7
Jul. 2015

���aaaÃÃÃÀÀÀâââ;;;,,,555yyy���YYY

DOI: 10.7641/CTA.2015.41012

¸��1, )#¬2†, Ü ²2

(1. ô�nóÆ�ð���Ïó§Æ�,ô�~² 213000; 2. H®Ê�ÊU�Æ¬ÊÆ�,ô�H® 210016)

Á�:3#���¥�Ï+ngÄzXÚ¢��Y¥,Ê,5y�¬3ÄuÊ,�Ê�ì$1L§¥�üX
��Ú.�
3�6þ!p�ÝÚ�m�^�e¼�õÊ�ìÃÀâ;,,�éØÓ�Ê´�m©Ù(�,ÄuÊ
´Àâ:�o«¿�Å�,�ï
��õÊ�ì4��êÍÜ�.ÚõÊ�ìÀâýN��.,�â+�m��å
ïá
�.Ñ\!G�ÚÑÑ�m��å'X.æ^N�Ê�ìLÀâ:��ÚÐ©�1��ü«üÑ,JÑ
�
«õÊ�ì;,5y`z�.. �~©ÛL²,¤JÑ�õÊ�ì;,5y�.�1k�.
'�c: ¬^Ê�;Ê�$Ñ;Ê�ì;�¥�Ï+�;m�;;,;`z;êÆ�.

¥ã©aÒ: TP277 ©zI£è: A
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Abstract: The trajectory planning module plays an important role in the new generation air traffic management automa-
tion system. For the planning of multiple aircraft conflict-free strategic trajectories under the condition of great traffic flow,
high density, and small separation, the multi-aircraft max-algebra coupled model and conflict pre-deployment model are
proposed based on competition mechanism as well as space distribution structure of air routes. The relationship between
input variable, state variable and output variable is established according to the air traffic control separation constraints. The
trajectory optimization model is formulated by adjusting the time of aircraft arrival and departure. Besides, the simulation
results demonstrated the optimization model proposed in this paper is effective and feasible.
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1 ÚÚÚóóó(Introduction)
�X�¥Ê�$Ñ�¯�uÐ���]k�g

ñ�FÃâÑ,3�¥�Ï6�8�E,��,æ^
�1Oy(Ü�+N���¥�Ï+n�ªÅìw

«ÑÙá�5. 3d�¹e,î³Ú{I©OOy¿
¢�Ùe���¥�Ï+nXÚ,={I�#���
¥$ÑXÚ(next generation air transportation system,
NGATS)[1]Úî³�ÓN�ü�î³U��¥�ÏX

ÚïÄ(single European sky air traffic research system,
SESAR)[2]. 3�6þ!p�ÝÚ�m���$1^�
eéõÊ�ì¢�ÃÀâ;,5y´#���+g

ÄzXÚ��Ø%�Eâ��[3]. 8cýÔâ�¡�
Ê�ìÊ,íÿïÄ¥Ñy��{Ì�©�ü«: Ä
uêâ�÷�.�Ê,íÿÚÄuÊ�ì�.�Ê

,íÿ. cöØ�6u�íÄåÆÚÚîåÆ�.,
�ØI�¼�Ê�ì�ÄåÆëê,Ì�ÏLé�þ
�¢S�1êâ?1ÚO©Û5?1Ê,íÿ[4–5].
�öKÄuÊ�ì�15U,lÊ�ì$1�Y²¿
¡!R�¿¡Ú�Ý¿¡Ñu,©Û��¿¡ØÓÊ
ãþ��Å$ÄÆ�.¿�d)¤Ê�ìÊ,[6–7].
ÄuõÊ�ì$1G����5, Lymperopoulos�
æ^S0�Akâ�ý�{?1õÊ�ìÊ,í

ÿ[8–9]. �r��âS�m�é�1Oy?1gÄ&
ÿ,uÿ�1Oy�m�3�d3Àâ,^uN��
k�1Oy[10]. Ç_Ð��é�1Oy&ÿ¥Ê,�
���î�m�Àâ&ÿ�Ñ
�½�.[11].
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�±Ï5!½5Ú°�5�'�A5?1©Û[12].
Olsder��é�Ï$1�ä,Äu4��ênØ,�é
�Ïóä$1�m,3�Ä�ÅÏf�cJeé�Ï
XÚ?1nØ©Û[13–15]. Schutter��éc´XÚ�
��òØ¯KÚ)�L§�\óSü¯K,/�4�
�ênØÚ�.ýÿ��nØé��$1G�Ú)

�L§?15yN�[16–17]. o]ï�34��êµ
ee�Ñ
Ì�üè�ä�XÚG��§,©Û
X
Ú�½5�A�[18–19].

oN5w,�'©z=é�1Oy¥�U�3�
Àâ?1ýÿ,vk�ÑäN��)ÃÀâÊ,5y
��{,ù´Ï�õÊ�ìÃÀâÊ,5yL§´�
a;.���55y¯K,5yL§¤�9���å
^��3î�Ü6��5A�,ùéu��ïÄ�
Ê�ì�Ê,5yL§E¤
é�(J.Ïd,�

JpõÊ�ìÊ,��^5,I�±üÊ�ìÊ,í
ÿ�.ÚÊ´Ê�A��Ä:,l�ÛÚXÚ��Ý
éõÊ�ìÊ,?15y. �©�éõÊ�ìÊ,5
y¯K,l±e4��¡ÐmïÄ: 1)üÊã�Ï6�
ê�.�ï; 2)õÊã�Ï6�ê�.�ï; 3)��
�Ï6�ê�.�ï; 4)õÊ�ì;,`z�.�ï.

2 üüüÊÊÊããã���ÏÏÏ666���êêê���...���ïïï(Single seg-
ment traffic flow algebra model formulation)
4��ênØ´d=IÆöCuninghame-Green�

JÑ�[20–21],{IÆöCohen9ÙÜ�öòÙ¤õ/
$^�
lÑ¯�Ä�XÚ�ï�Ú©Û¥[22–23],e
¡{��Ñ4��ê¥�Ä�$�5K:

1) �R�¢ê�,/−∞0�KÃ¡�,K4��
ê$��½Â��R̄ = R ∪ {−∞};

2) �a, b ∈ R̄�?¿ü�Iþ,K½Â/⊕0�
/��0$�,=a⊕ b = max(a, b);

3) �a, b ∈ R̄�?¿ü�Iþ,K½Â/⊗0�
/�Ú0$�,=a⊗ b = a + b;

4) "�ε½Â�/KÃ¡�0,'u4��ê�õ
�$�5K,�ë�©z[24].

�!±ã1¤«ÊãABþ$1�Ê�ì6�ïÄ

é�,:?ØÊ�ì6�G�üz9Ù3�ê�g
þ�ï�¯K.éuüÊã�/,Ê�ì�Ï6�G
�üzL§�±^n�ÊãM1,M2, · · · ,Mném�

Ê�ìP1, P2, · · · , Pm�ÑÖL§5L�,Ù¥{1, 2,

· · · ,m}L«Ê�ì�?Ò,�½��Êã��Ý�
�+5K5½���Y²S�m�dmin. UìA½�
�1´»,��Ê�ìPi(i = 1, 2, · · · , m)þ��É
n�ÊãM1,M2, · · · ,Mn�^gÑÖ¿�z�Êã

Mj(j = 1, 2, · · · , n)Ñ�ém�Ê�ìP1, P2, · · · ,

Pm^gÑÖ.3TG1ÑÖL§¥,¡ÊãéÊ�ì
�ÑÖL§�/ÑÖ¹Ä0,Ê�ìÚÊã�¤ÑÖ

¹Ä���],¡Ê�ìm©?\,Êã½,Êã
m©�Ê�ìÑÖ�]Ñ\,Ê�ì�l,Êã½
,ÊãéÊ�ìÑÖ�.�]ÑÑ.Ï,ÑÖL
§�¹mn�Õá�ÑÖ¹Ä,©Ok(m + n)�]
Ñ\Ú(m + n)�]ÑÑ.éG1ÑÖL§�ï
�,8(�í��NÑÖL§�XÚCþm�Ü6Ú
�m'X,=/G��§0Ú/ÑÑ�§0,e¡Äk
éXÚ�Cþ(G�Cþ!Ñ\CþÚÑÑCþ)Úë
þ(ÑÖ�m)?1½Â[24].

ã 1 üÊã(�y©

Fig. 1 The division of single segment

½½½ÂÂÂ 1 ½Âxij�G�Cþ,�xij =/�éu
��1gÑÖL§¥,ÊãMjéÊ�ìPiÑÖ¹Ä

��@m©�m0,Ù¥: j = 1, 2, · · · , nÚi = 1, 2,

· · · ,m.
½½½ÂÂÂ 2 ½Âul�Ñ\Cþ,�ul =/�éu�

�1gÑÖL§¥,1l�]Ý\Ù11�ÑÖ¹Ä
�m©�m0,Ù¥: l = 1, 2, · · · , n + m,]�S
ÒUkÊã�Ê�ì?1üS.
½½½ÂÂÂ 3 ½Âyl�ÑÑCþ,�yl =/éu��

1gÑÖL§¥,1l�]lÑÖL§¥��º��

�@�m0,Ù¥: l = 1, 2, · · · , n + m,]�SÒ
UkÊã�Ê�ì?1üS.
½½½ÂÂÂ 4 ½Âtij�ÑÖ�m,�tij =/�éu�

�1gÑÖL§¥,ÊãMjéÊ�ìPi�ÑÖ�

m0,Ù¥: j = 1, 2, · · · , nÚi = 1, 2, · · · ,m.

d	,3?ØG1ÑÖL§3�ê�¡þ�ï�
¯K�,I�k�Ñ��©ÛÑÖL§Ä:�/Êã
éÊ�ìÑÖ�±m©?1�^�0Ú��ïáXÚ

�.Ä:�ÑÖL§A÷v�/�m–Ü605K.é
¤?Ø�G1ÑÖL§,ÊãMjéÊ�ìPi�ÑÖ

�±m©?1,��=�/ÊãMj�|^0Ú/Ê�

ìPi?uTÊã\�0ùü�^�Ó�÷v,Ù¥
i = 1, 2, · · · , m, j = 1, 2, · · · , n. é¤?Ø�G1Ñ
ÖL§,3�ÄÊ�ìm�m�´��S�m��c
Je,Äu±þ¤�Ñ�/ÊãéÊ�ìÑÖ^�0,
���ÑÖL§A�Ì�/�m–Ü605K�:

555KKK 1 i=1Új =1�,éÊ�ìP1ÚÊãM1,
ÊãéÊ�ìÑÖ^��L��

x11 = max{u1, un+1}. (1)

555KKK 2 i = 1Új 6= 1�,éÊ�ìP1ÚÊãMj

(j = 2, 3, · · · , n),ÊãéÊ�ìÑÖ^�éAu/Ê
ãMj−1éÊ�ìP1ÑÖ�.ÚÊãMj�|^0,�
L��

x1j = max{uj, x1,j−1 + t1,j−1}. (2)
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555KKK 3 i 6= 1Új = 1�,éÊãM1ÚÊ�ìPi

(i = 2, 3, · · · ,m),ÊãéÊ�ìÑÖ^�éAu
/ÊãM2éÊ�ìPi−1ÑÖ�.ÚÊ�ìPi?uT

Êã\�0,�L��

xi1 = max{xi−1,2 + ti−1,2, un+i}. (3)

555KKK 4 i 6= 1Új 6= 1�,éÊãMj(j = 2, 3,

· · · , n)ÚÊ�ìPi(i = 2, 3, · · · ,m),ÊãéÊ�ì
ÑÖ^�éAu/ÊãMj+1éÊ�ìPi−1ÑÖ�.

ÚÊ�ìPi3ÊãMj−1þÑÖ�.0,�L��

xij = max{xi−1,j+1 + ti−1,j+1, xi,j−1 + ti,j−1},
i = 2, 3, · · · ,m; j = 2, 3, · · · , n. (4)

é¤?Ø�G1ÑÖL§,ÏLÚ\G��þ

x = [x11 · · · x1n x21 · · · x2n · · ·
xm1 · · · xmn]T,

Ñ\�þÚÑÑ�þ©O�

u = [u1 · · · un un+1 · · · un+m]T,

y = [y1 · · · yn yn+1 · · · yn+m]T.

Äuþã/�m–Ü605KÚÑÖL§Ån,�â¤
½Â�XÚCþÚÙ¦ëþ,$^±þ¤�Ñ�4«
/�m–Ü605K���XÚ��ê�g�.,Ù
G��§ÚÑÑ�§©O�{

x = A⊗ x⊕B ⊗ u,

y = C ⊗ x,
(5)

Ù¥3�XÚëêÝ
�L�ª©O�

A =



ε ε

t11 ε
. . . . . .

t1,n−1 ε

ε t12 ε
. . . t13 · · · ε

. . . . . . . . .
. . . t1n · · · ε

ε t2,n−1

. . . . . .

tm−1,2 ε
. . . tm,1 ε
. . . . . . . . .

tm−1,n · · · ε

tm,n−1 ε




,

(6)

B =




0 ε · · · 0 · · · · · · ε
. . .

0
ε 0
...

...
. . . . . .

ε ε 0
...

...
. . . . . .

ε · · · · · · 0
...

...
...

...
ε · · · · · · ε




, (7)

C =




tm1

tm2

. . .

tmn

ε ε t1n · · · ε · · · ε

ε · · · t2n · · · · · · ...
. . . ε

ε · · · tmn




. (8)

�âc©�Øã,�éÊ�ì6���.,�±�
�±eA:(Ø:

1) éu¤�ï�Ê´–Ê�ìXÚ4��ê�.,
§L�
Ê´éÊ�ìÑÖL§¥G�!Ñ\ÚÑÑ

m�/�50ÏJ'X,¿�§3/ªþaqulÑ
�m�5ëYCþÄ�XÚ�.. ¯¢þ,é©¥¤
�ï����.,eòü�Ê�ìÀ���1g,Ï
LÚ\�À�mëê,?�Ú�±ïá/X{

x(k) = A⊗ x(k − 1)⊕B ⊗ u(k),
y(k) = C ⊗ x(k)

(9)

����.,Ù¥kL«1g?Ò.3dÄ:þ,��
Ú\�"�^�§u(k) = Ky(k − 1),Ù¥KL«

�"�^~ê.

2) éu¤�ï�Ê´–Ê�ìXÚ4��ê�.,
§�XÚëêäk�é�½5,�½Ê´�m(�©
Ù,�UCÊ�ì?\Ê´�k�gS�,UC��
´XêÝ
A, BÚC�äNëê,¿ØUC�.�
�é/ª. Ê�ì?\Ê´^S�UCéAuXÚG
�Cþ���C�L§.

3) éu¤�ï�Ê´–Ê�ìXÚ4��ê�.,
3�ÄÊ�ì$1L§¥�«�ÅÏ��K��,X
ÚëêtijA��Åþ,XÚG�þ���Åþ,dd
�ò�.d(½./ª*Ð��Å./ª.

éu¤�ï�G��§ÚÑÑ�§,-p=mn,
¿½Â$�

A∗ = E ⊕A⊕A2 ⊕ · · · ⊕Ap−1, (10)
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Ù¥E�4��ê¿Âe�ü Ý
,éuG��§,
Åg��¦Ý
E, A, A2, · · ·ÚAp−1,�±��:




x = Ax⊕Bu,

Ax = A2x⊕ABu,

A2x = A3x⊕A2Bu,
...

Ap−2x = Ap−1x⊕Ap−2Bu,

Ap−1x = Apx⊕Ap−1Bu.

(11)

�âÝ
A�A5,�±�Ñ:{
x = A∗Bu,

y = CA∗Bu.
(12)

3 õõõÊÊÊããã���ÏÏÏ666���êêê���...���ïïï(Multi-segment
traffic flow algebra model formulation)
±þ?Ø�´ü�ÊãþÄu4��ênØ�Ê

�ì6�å�.��ï,e©X?Ø��ÊãþÊ
�ì6�å�.��ï,�)3«�/,=®à�1!
©Ñ�1Ú���1. �u�Ì,e¡=?Ø��;
.���Êã�ê�.. Xã2¤«,ã¥

|C2D1| = |C1D2| = |E1F2| = |E2F1| = dmin.

3ÊãA1OB1þ,�òÙy©�n1�fã,Øfã
C1F1	,Ù{z�fã��Ýþ�dmin. Ón,�ò
ÊãA2OB2y©�n2�fã,ØfãC2F2	,Ù{
z�fã��Ýþ�dmin.

ã 2 ��Êãfãy©

Fig. 2 The division of crossover segment

3��ÊãS,�1Àâ:´ u��:NC�
��Êã©ã:. e�����O�c�üÊ�

ìiÚj�$1Êã�Ó(þ�A1OB1½A2OB2),@
od«G¹aquü�Êã�/,�!Ø2?�Ú?
Ø.e©Ì�?Ø§��$1ÊãØ�Ó����?
�ÀâN�¯K,Ù¥�eÊ�ì�$1Êã�
A1OB1,,�eÊ�ì�$1Êã�A2OB2.
Ø���5,éu3ÊãA1OB1þ$1�Ê�ìgÚ

3ÊãA2OB2þ$1�Ê�ìh,eÊ�ìgk��

��:O,Uìk�kÑÖ�K(=é,��½� �
:5ù,ké��T �:¤^�m��Ê�ìJø
ÑÖ),3ÊãA1OB1ÚA2OB2þ$1�Ê�ì6I

÷v��åÓc©¤ã. d	,3��:O?�I÷

v±e�å^�:{
xh,l+4 = xg,l+2 ⊗ tg,l+2 ⊕ xh,l+3 ⊗ th,l+3,

xh,l+2 = xg,l+7 ⊗ tg,l+7 ⊕ xh,l+4 ⊗ th,l+4.

(13)

4 ���������ÏÏÏ666���êêê���...���ïïï(Airspace traffic
flow algebra model formulation)
±þ?Ø�´üÊã±9õÊãü��:��/,

3Ê�ì¢S$1¥,��Ä���ü�S(X�¹õ
�Å|�ªà+�«½p�+�«)�U�3�«�
���1Àâ,�)®àÀâ!uÑÀâ!��Àâ
½J`Àâ�. Ïd,k7�±üÊãG1ÑÖ4�
�ê�.�Ä:,ïá��ü��4��êÜ¤�..
�â±þ?Ø,�ò��ü��Ü¤�.À�dü�
Ä�Àâ���.Gé�(J,Ø��1(i− 1)�À
â���.

∑
i−1

(Ai−1, Bi−1, Ci−1)�1i�Àâ��

�.
∑
i

(Ai, Bi, Ci)�Xã3¤«�Gé'X.

ã 3 f�.Gé(�

Fig. 3 The series connection of sub-models

Ïd,Ü¤���.�±£ã�



[
xi−1

xi

]
= Ai−1,i ⊗

[
xi−1

xi

]
⊕Bi−1,i ⊗ ui−1,

yi = Ci−1,i ⊗
[

xi−1

xi

]
⊕Di−1,i ⊗ ui−1.

(14)

$^�þ–Ý
�§�L«/ª,Ü¤�XÚ�G�
�§ÚÑÑ�§L�ª©O�[

xi−1

xi

]
=

[
Ai−1 ε

Bi ⊗Ci−1 ⊗Ai−1 Ai

][
xi−1

xi

]
⊕

[
Bi−1

Bi ⊗Ci−1 ⊗Bi−1

]
ui−1,

(15)

yi =

[
Ci ⊗Bi ⊗Ci−1 ⊗Ai−1

Ci ⊗Ai

]T [
xi−1

xi

]
⊕

(Ci ⊗Bi ⊗Ci−1 ⊗Bi−1)ui−1. (16)

Ón,�l1(i− 1)�Àâ���.��1(i + n

− 2)�Àâ���.,=�3n�Àâ���.Gé

�,KÜ¤��XÚÝ
!Ñ\Ý
!ÑÑÝ
Ú��
DÑÝ
©OXe¤«. �âÀâ���.Ü¤��
XÚG��§,�±�äõÊ�ìÃÀâÊ,5y�
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Y´Ä�1,eØ�1,@o��âXÚG��§�
Ñ#�õÊ�ìÃÀâÊ,5y�Y.

Ā =




Ai−1

Ai−1BiCi−1

Ai−1

i+1∑
j=i

⊗Bi

i∑
j=i−1

⊗Ci Ai+1

...

Ai−1

i+n−2∑
j=i

⊗Bj

i+n−3∑
j=i−1

⊗Cj · · ·Ai+n−2




,

(17)

B̄ =




Bi−1

Bi−1 ⊗Bi ⊗Ci−1
i+1∑

j=i−1
⊗Bj ⊗

i∑
j=i−1

⊗Cj

...
i+n−2∑
j=i−1

⊗Bj ⊗
i+n−3∑
j=i−1

⊗Cj




, (18)

C̄ =




Ai−1 ⊗
i+n−2∑

j=i
⊗Bj

i+n−2∑
j=i−1

⊗Cj

Ai ⊗
i+n−2∑
j=i+1

⊗Bj

i+n−2∑
j=i

⊗Cj

...
Ai+n−2 ⊗Ci+n−2




T

, (19)

D̄ =
i+n−2∑
j=i−1

⊗Bj⊗
i+n−2∑
j=i−1

⊗Cj. (20)

5 õõõÊÊÊ���ììì;;;,,,`̀̀zzz���...���ïïï(Multi-aircraft
trajectory optimization model formulation)
b�¤k�3ÀâG¹�Ê�ìýOl|��Ø

C,K§�7,3õ�ÊãS?1N�.3¢S$1
¥,�
ü$+�
Ú�1
ó�KÖ±9JpÊ�
$1�²L5,Ï~òÊ�ì��¥��=z�/¡
��.Ïd,�¥�Ï6þ+nÜ���uæ�N�
å�����{,ÏL��Ê�ì��'�Ê´:�
��5;��1Àâ. ÃØ´N�Ê�ì$1�Ý�
´N�Ù��Êã\����,Ù7,K�Ó�Êã
þ½��Êãþ�Yõ�Ê�ì�$1. l±þü«
Ê�ì$1G�N�Ñu,dc©¤�ï�4��ê
�.��,N�Ê�ì��Êã\������þÒ
´N�G��§¥Cþu�ê�,N�Ê�ì�Êã
$1�Ý��þÒ´N�G��§¥CþAÚC�

ê�.�I�N�Êã$1G��Ê�ìêþ�m,
l~�Ê�ì�¥oòØÚ~�é�©�1���

N�þü��ÝÑu,õÊ�ìÃÀâÊ,5yN�
üÑ�±£ã�Xe�`z¯K:

min{α
n+m∑

k=n+1

R∆u(k) + β
n+m∑

k=n+1

Q∆y(k)},

s.t.





x + ∆x = (A + δ(β, 0)∆A)⊗ (x+
∆x)⊕B ⊗ (u + δ(α, 0)∆u),

y + ∆y = (C + δ(β, 0)∆C)⊗ (x + ∆x),
∆umin 6 ∆u 6 ∆umax,

∆Amin 6 ∆A 6 ∆Amax,

∆Cmin 6 ∆C 6 ∆Cmax,

(21)

Ù¥: αÚβ©OL«N�Ê�ì�©�1��Ú$

1�Ýü«����Xê, RÚQ©OL«ü«N�

��e�Ê�ì��Xê, ∆u, ∆AÚ∆C�ûüC

þ, [(·)min, (·)max]L«Cþ(·)�ü�>.�å�,�

α + β = 1, α > 0, β > 0,

R = [r1 r2 · · · rm],
m∑

i=1

ri = 1(ri > 0),

Q = [q1 q2 · · · qm],
m∑

i=1

qi = 1(qi > 0).

½Â δ(x, y)�/_�ÛG�¼ê0,=: �x = y�,
δ(x, y) = 0;�x 6= y�, δ(x, y) = 1. �â±þ¤�
ï�õÊ�ìÃÀâÊ,5y8I¼êÚ�å^�,
ÏLÀ�·���XêαÚβ,�±�Eõ«ÃÀâÊ
,5y�.,äN�):

1) eα = 1, β = 0,d«�¹e=ÏLN�Ê�
ì�©�1��5;�Àâ.

2) eα = 0, β = 1,d«�¹e=ÏLN�Ê�
ì3Êãþ�$1�Ý5;�Àâ.

3) eα 6= 0, β 6= 0,d«�¹eÏLN�Ê�ì
�©�1��ÚÊ�ì3Êãþ�$1�Ýü«�

Y5;�Àâ.

6 ���ýýý���yyy(Simulation validation)
��yõÊ�ìÃÀâÊ,5y�.�k�5,

Ø���5,±6eÊ�ì����1�/�~?1
ÃÀâÊ,5y, 6eÊ�ì��Ý©O�

v1 = 850 km/h, v2 = 750 km/h, v3 = 800 km/h,

v4 = 850 km/h, v5 = 650 km/h, v6 = 750 km/h,

�Ê�ì�N���þ�[600 km/h, 900 km/h]. Ê
�ì$1�Ê´(�Xã4¤«,Ù¥Ê�ì1!Ê�
ì3ÚÊ�ì4¤3�Êã�A1B1,Ê�ì2!Ê�
ì5ÚÊ�ì6¤3�Êã�A2B2, O�Êã��:

�α = 15◦.
d	,Êãþ�� �:�ålëê©O�

|G1H1| = |H1I1| = |H2I2| = 60 km,

|G2H2|=50 km, |I1C1|=80 km, |I2C2|=100 km,

|C1O|+ |OF1| = |C2O|+ |OF2| = 40 km,

|C1D2| = |C2D1| = |E1F2| = |E2F1| = 10 km.

3�Ê�ìØN�Ùg�G��cJe,e±Pi(t0)
= Λ(i = 1, 2, · · · , 6)L«Ð©��t0Ê�ìi¤3�
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 �:´Λ,@ot0���Ê�ì3Êãþ� �©

O�P1(t0) = I1, P3(t0) =H1, P4(t0) =G1, P2(t0)
= I2, P5(t0) = H2, P6(t0) = G2.�â±þ^��

�,Ê�ì1ÚÊ�ì2�$1G�3��:O?Ø÷

vc©¤ã�/�m–Ü605K,duÊ�ì1�$
1G¹¬K��Ê�ì3ÚÊ�ì4�Ê�ì2�$1
G¹¬K��Ê�ì5ÚÊ�ì6,ÏdI��â�'
�I¼êé±þ6eÊ�ì$1G�?1Ú�N�.

ã 4 ��Êã(�ëê

Fig. 4 The parameters of crossover segment

�R = Q = [1/6, 1/6, 1/6, 1/6, 1/6, 1/6], ai,min =
ci,min = 42 s, ai,max = ci,max = 55 s,�âõÊ�ìÃ
ÀâÊ,5y�.��/(1),ÏLO���Ê�
ì2!Ê�ì3!Ê�ì4!Ê�ì5ÚÊ�ì6�í´�
m © O � 0.0078 h, 0.0195 h, 0.0092 h, 0.0454 hÚ
0.0731 h. 3�Ê�ì�â±þ�m?1N��,Ê�
ìmþ÷vc©¤?Ø�/�m–Ü605K.�âõ
Ê�ìÃÀâÊ,5y�.��/(2),(Ü`z(J
ÚÊ�ìG��ëYUCL§,��Ê�ì2!Ê�
ì3!Ê�ì4!Ê�ì5ÚÊ�ì6��ÝN�L§©
OXã5–9¤«,ã¥��ÎÒ©O�L�æ���
�Ê�ìG�,Ù¥:/10,/00Ú/−10©OL«
\�G�!!�G�Ú~�G�,Ê�ì2!Ê�ì3!
Ê�ì4!Ê�ì5ÚÊ�ì6lm��:O���

� 0.2016 h, 0.2492 h, 0.3052 h, 0.2436 hÚ0.3192 h.
3�Ê�ì�â±þG�?1N��,Ê�ìmÓ�
÷vc©¤?Ø�/�m–Ü605K.d	,3N�
Ê�ì$1G��,§���ÝCzL§þ´ëY�.

ã 5 Ê�ì2�ÝN�L§

Fig. 5 The speed adjustment of aircraft 2

ã 6 Ê�ì3�ÝN�L§

Fig. 6 The speed adjustment of aircraft 3

ã 7 Ê�ì4�ÝN�L§

Fig. 7 The speed adjustment of aircraft 4

ã 8 Ê�ì5�ÝN�L§

Fig. 8 The speed adjustment of aircraft 5

ã 9 Ê�ì6�ÝN�L§

Fig. 9 The speed adjustment of aircraft 6
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7 (((ØØØ(Conclusions)
�â��SÊ�ì6�$1A5,ÏLòÊ´©

ã¿�ÄÊãm�(�,/�4��ênØ,±Ê�
ì6�$1A5�Ä:,ïá
ÄuÊ´Àâ:�o
«¿��4��êÍÜ�.. �â�¥�Ï+�5K
(½
�.Ñ\Cþ!G�CþÚÑÑCþ�m�'

X,æ^N�Ê�ì$1�ÝÚå���ü«üÑ,
ïá
4��ê¿ÂeõÊ�ìÊ,5y�.. �5
�ïÄòýu©ÛÑ\6ÄéÑÑ�m�'X,?
©ÛÑÑÉÑ\K��¯a5.
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