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Robotic hierarchical motion planning in its representation space

XIANG Zhen-zhen, SU Jian-bo†
(Automation Department, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: In enormous and complicated robotic applications, the key issue in the field of robot motion planning is to
endow the robot with the ability of adapting to various tasks. Although traditional task-space and configuration-space-based
motion planning methods have been successfully applied to many practical applications, few of them can be used to handle
the situation when the planning algorithms fail to find a feasible path, especially with strict and complicated requirements.
In this paper, a representation-space-based hierarchical motion planning method is proposed. Taking the advantage in
increasing the number of dimensions of the representation space, the motion planning task can be modeled with much more
flexibility. On the other hand, through the interaction between the task level and motion level, the iteratively generated
trajectory will satisfy higher and richer task requirements. Performance of motion planning tasks on humanoid robots and
multi-robot systems prove the effectiveness of the proposed method.
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1 ÚÚÚóóó(Introduction)
�XL�A�c5Åì<Eâ�¯�uÐ,Åì

<�±3<a�¬¥«ú�5�õ�?Ö.duéÅ
ì<�?Ö�¦FªE,ÚõC,XÛ¦Åì<ä�
(¹���Ú$Ä5yUå,±·AE,?Ö�I¦,
´8cIS	Åì<ïÄ+���ï<
¤'5�

�:[1].

3�c$Ä5y�'+��ïÄ¥,I�)û�
Ø%¯K´: 3�½�?Ö8IÚ?Ö�åe,N�
¦Åì<gÌ/5yÑ�^�1�´»,±�¤�½
�?Ö,Ó��÷v�A��d�¦[2]. ���$Ä
5y?ÖÏ~¬3���m (configuration space,
C–space)[3–5]½?Ö�m (task space, T–space)[6–8]S

é?Ö?1ï�. ùü«é$Ä5y?Ö�ï��{

kXÙ�g�`³ÚØv[9–10]: éu?Ö�m
ó,
Ù`³3uU
3?Ö8I�?Ö�m¥�G��

mïá���éA'X,l
�*/L�Ñ?Ö�5
yL§,�":´3���¬�9��þ_$ÄÆ�
O�,ÏdéÅì<�$�¢�5�¦ép;éu�
��m
ó,Ù`:3uU
����Åì<���
þ,Ï
U
�y���¢�5,�Øv3uÃ{3
���m¥é?Ö?1�*/L«,Ó��éØÓa
.�Åì<I��ïØÓ����m.

�,Äu?Ö�mÚ���m�ï��{þ3Å

ì<$Ä5y+���
�~2��A^,�3^u
)ûE,5y?Ö�K¬w«ÑÙ�k�Û�5. 3
?1$Ä5y?Ö�¦)¥,  ¬É�õ«ØÓ�
�å,'X?Ö8I¥�¹�?Ö�å,$Ä�¸¥
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�¹�æN�å,±9Åì<��M����5�Ô
n�å�. �X?ÖE,Ý�O\,3õ«�å��
^eé�UÃ{3?Ö�m½���m¦)���

^�1�´». Ïd,�
U
�¤�½�$Ä5y
?Ö,I�*ÐDÚ�Äu?Ö�mÚ���m�ï
��{,±¦Ø�1�?Ö=z��1�?Ö. Hsieh
�[11]ïá
/�åtµ0�Vg, Olfati-Saber[12]3

ù�Vg�Ä:þ,Ä��Ä?Ö5yL§¥�­p
��å,��Ð©��1´»,
�2Åì�âÙ{
��åé���´»?1N�. Hauser[13]KÏL£Ø

��ê8��å5¦$Ä5y?Ö��¤. �,þã
nØÚ�{þU3�g�|µe)ûØ�1?Ö�

=z¯K,�J±í2����$Ä5y?Ö¥. Su
ÚXie[10] Äg�é���Åì<$Ä5y?ÖJÑ


ÄuL��m(representation space, R–space)�ï
��{,ÙØ%g�3u*Ð
DÚ�?Ö�mÚ�
��m��Ý,ò�UK�?Ö��¤5�Cþ½�
å\\�Ù¥,±d����U
��£ã$Ä5y
?Ö��m. ©z[14]±�gdÝÅ�:�$Ä5y
?Ö�ïÄé�,éL��m¥?Ö���¤5±9
Ø��¤?Ö�=z¯K?1
ïÄ.©z[15]|^
L��m�.éõÅì<�?è$Ä5y¯K?1


Y~A^ïÄ.�©3©z[15]�Ä:þ,�?�Ú
�\�÷
A^L��m�.�L§¥¤%¹�©

��p�Og�.ù�g����´ò$Ä5y�?
ÖI¦�5y�{ùéáÚ��üÜ©KÜu��

µe�¥. �5y�{3�c�L��m¥Ã{÷v
$Ä5y?Ö�I¦�,�=¿�Xüö´éá�,
d�7Lé?ÖI¦±9L��m�.?1N�,�
ª�U��ÎÜ?ÖI¦�5y(J,¢y5y?Ö
I¦�(J�Ú�.

�©¤JÑ�ÄuL��m�©�$Ä5yµe

(�Xã1¤«.

ã 1 ÄuL��m�©�$Ä5yµe
Fig. 1 The framework of hierarchical motion planning in

R–space

T�{�~5�$Ä5y�{�',(�þ�Ì
�«O3u?Ö�Ú$Ä��m¿�DÚ�ü�L

§,
´�¤
��Ì�.XJ3�c?Ö8IÚ�
A�åeÃ{3L��m¥¦)���1�´»,K
ò�?Ö�'�G�CþÚ�å\\�L��m¥,
éÙ?1�Ý*Ð,��¦��1´». dL��m
�Ý�*Ð¤�5�`³��¡Ny3¦$Ä5y

?Ö�¦)��(¹,¦Ø�1?Ö=z��1?Ö,
,��¡��±¦5y���´»÷v�p�gÚ

�´L�?Ö�¦. 3�<Åì<ÚõÅì<XÚ�
$Ä5y?Ö¥�¦)(J�±L²�©¤J�{

¤ä��(¹5Ú·A5.

2 LLL������mmm¥¥¥���©©©���$$$ÄÄÄ555yyy(Hierarchical
motion planning in R–space)
éu���Åì<$Ä5y?Ö,|^ÄuL�

�m�©�$Ä5y�{?1¦)�L§Ì��±

y©�ü��¡: ?Ö�Ú$Ä�. 3?Ö�¥,ÏL
é?Ö£ã�©Û,�±l¥��?Ö�8IÚ�¤
?Ö�L§¥¤É���å;3$Ä�¥,ÏLÀ�
�?Ö�'�Cþ�E�A�L��m,?
|^5
y�{¦)���1�´». duL��m��ï�
5y�{�ÀJé$Ä5y?Ö�¦)kX���

K�,Ïde¡òÌ�éùüö?1�ã.

2.1 LLL������mmm������ïïï(Construction of R–space)
Ï~$Ä5y¤�9�G�Cþê8
�,��

p�mäkér�P{5,XJÄu¤k�G�Cþ
5�EL��m,ò¬¦���L��mäkép�
�ê,Ø|u�Yé5y?Ö�¦). Ïd,3(½L
��m¤�¹�Cþ�,I��âA½�$Ä5y?
Ö,k�é5/ÀJÑ�|U
L�T?Ö�Cþ,
ddïáåé5y?Ö�£ã.

b�éu���½�$Ä5y?Ö,�dn�L�

CþéÙ?1��/£ã,K��ï��n��L�

�mZ = (z1, z2, · · · , zn) ⊆ Rn,Ù¥z��Ý�C
þþkÙ�g�����:

zimin 6 zi 6 zimax , i = 1, · · · , n. (1)

dd�òL��mZy©���f�mAÚØ��f

�mĀ. e�½�$Ä5y?Ö�),K�du{
(z0 ∈ A) ∩ (zg ∈ A),

∃P ∈ A, P = {z0, · · · , zg}, (2)

�=¿�X:?Ö�å©G�z0Ú8IG�zgþ3L

��m���f�mA¥,�U
lA¥Ïé��^

ë�å©G�Ú8IG��´»P .

2.2 555yyy���{{{���ÀÀÀJJJ(Choice of planning algorithm)
�é$Ä5y?ÖïáåL��m�.�,�A

�5y?ÖB�±|^$Ä5y�{}Á?1¦),
±�ä3�c�L��m¥UÄ���1). Ïd,
ÄuL��m�©�$Ä5y�{I�5y�{ä

k��5,�=: éu��A½�5y?Ö,eT?Ö
�),KT�{U
�y�����1),��K�
£?Ö¦)�}.

~��$Ä5y�{�5Ué'��L1[15]. 3
¦)A½$Ä5y?Ö�,��I��â�ï�L�
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�m��ÝÚ°Ý±9ØÓ5y�{�5U,nÜ�
ÄÀJÜ·�5y�{,±÷vØÓ5y?Ö��¦.

�,ýé���$Ä5y�{´��n��ÀJ,
�´ù�a�{3¦)p�$Ä5y?Ö�¬��


��O�þ,Ïd3¢S?Ö¥��A^. Äu�
�y©�A∗ÚD∗�{3¦)$�$Ä5y?Ö¥�
�
�~2��A^[16],äk©EÇ��5,�Ù¦
)5UÚ��5þ��É�m�ÝÚ��z°Ý�

K�,Ï
3¦)E,�p�$Ä5y?Ö�J±�
�-<÷¿��J.Äuæ��$Ä5y�{,XV
Ç´Iã(probabilistic road map, PRM)[6]Ú¯�*Ð

�Åä (rapidly-exploring random tree, RRT)[3],äk
VÇ��5,Ó�³/Ù3¦)p�$Ä5y?Ö�
¤LyÑ�`É5U,C
c5��
�5�õ�'
5ÚuÐ,~X�Ä´»�`5�RRT*[17–18]Ú

PRM*[19]�{.

L 1 ~�$Ä5y�{�5Ué'
Table 1 Performance comparisons of common motion

planning methods

�{ ��5 �`5 p��m·^5

È�³|{ Ä ´ Ä

�Àã{ ´ ´ Ä

Grid–A* ©EÇ �� Ä

Grid–D* ©EÇ �� Ä

RRT VÇ Ä ´

PRM VÇ ã ´

RRT* VÇ ìC ´

PRM* VÇ ìC ´

3 ¡¡¡���ÀÀÀúúúÚÚÚ���???ÖÖÖ������<<<ÅÅÅììì<<<$$$ÄÄÄ555

yyy(Motion planning of humanoid robots for
visually-guided tasks)
�!òÄuL��m�©�$Ä5y�{A^u

�<Åì<�$Ä5y. 3[Ø�¸¥,�X�<Å
ì<�A^�5�2�,I�¦��¤�?Ö�Fª
E,. ÀúDa���<Åì<�­��DaUå�
�,¤¼��Àú&E~~�^uéÅì<�Ä�?
1Ú�,¦Åì<U¯�k�/�¤�A�?Ö.~
X,�<Åì<I�é�¸¥�<?1£O,±ÀJ
(½�p�é�;I�é8IÔ?1½ ,±�1�
'�ö�;I�é±��æNÔ?1£O,±�¤;
æÚ�Ê.

3�¤�±þaq�ÀúÚ�?Ö�L§¥,é
�<Åì<�Ä��¦´�y8IÔ3Ù$ÄL§

¥Ø¬�ÑÀúDa���,ÄK¬¦�ª�?ÖÃ
{�¤. éuù��¦,Äu?Ö�m�$Ä5y�
{BU÷v,�IòÀúDa�����?Ö�å¿
3?Ö�m¥�±�Ä=�.Ød�	,du�<Å

ì<ó�3[Ø�¸¥,)ö�Ï"ÙÄ�U
�<
�$ÄS.��N,3$ÄL§¥Ly��g,. ~
X,3|¢A½<�$ÄL§¥,)öÏ"�<Åì
<��N��A���Ù$Ä����,
ÞÜ��
Þ�±��ÌÝ�^=,±¦�U*�Ù|¢��;
3®(@¿m©�C8I<�$ÄL§¥,)öÏ"
�<Åì<U
ò�NÚÀ�Ó��±�é8I<

���,±Bé�U
	ú�Åì<�C�¿ã. �

��ù�?Ö�¦,I�3�k?Ö�m�Ä:þ
O\éÅì<ÞÜG��£ã,�EÑ#�L��m
5é5y?Ö?1��/£ã,?
¦)����g
,�$Ä´».

3.1 LLL������mmm¥¥¥���???ÖÖÖïïï���(Task modeling in R–
space)
$Ä5y?Ö�|µ�½Xã2¤«. Ù¥,�þ

���ã��<Åì<ÞÜ���Þû�����

¸ã�,/00Ò ���<Åì<�ÀúÚ�?Ö�
�1ö. ?Ö�I¦�: u/00Ò ���<Åì
<NAOI�c /10Ò ���´Ø�,
�3c
 /20ÒÚ/30Ò ��L§¥éA½�8I<?
1|¢,(½8I< u/40Ò �,�ªòØ�4
�8I<,l
�¤��?Ö.3ù�?Ö¥,b½?
Ö���ã58I®²(½,
­:'5XÛ3$Ä
�éÅì<?15y,¦ÙQ÷vÀú�å,q÷v
g,$Ä��¦.

ã 2 ÀúÚ�?Ö|µ«¿ã

Fig. 2 The scenario of visually-guided task

ã3��<Åì<�?Ö�.9�'��I½Â,
©O�Ñ
Åì<3­.�IX¥� ^½Â,Åì
<ÞÜ��Þ�^��,±9Åì<�8I<�m�
�é'X,^u�½8I<´Ä?uÅì<À�¥.

éu/0 → 10�$Ä,duØ�9�<��p,
�I¦8I«��±3Åì<�À���S=�,d
�L��mòz�DÚ�?Ö�m,�=±Åì<3
��²¡S� �(xN , yN)Ú^��θ ∈ [0, 2π)��
L�Cþ�E��n��L��m:

ZH = (xN , yN , θ) ⊆ R3. (3)
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éu/1 → 40�$Ä,du�9�é8I<�|
¢��C,�â�!m©¤��©Û,I�\\Åì
<ÞÜ��Þ¤éA��ÝL�Cþ,�) ��α

Ú:��γ,l
��Ê��L��m:

Z ′
H = (xN , yN , θ, α, γ) ⊆ R5. (4)

Ù¥: α ∈ [−αm, αm], γ ∈ [−γm, γm].

ã 3 �<Åì<�.

Fig. 3 The model of humanoid robot

3.2 ØØØÓÓÓ???ÖÖÖ���ãããééé`̀̀zzz888III���NNN���(Adjustment
of optimal targets in different task phase)
3ïáL��m�.�Ä:þ,�À��`$Ä

5y�{(XA*½RRT*�)é$Ä5y?1¦). d
u3��$Ä5y?Ö�ØÓ�ãkXØÓ�?Ö

�¦,ÏdØÓL�Cþ3�­Ú�å�ÀJþ�k
�A��É,I�3?Ö��$Ä��m?1�p.

éu/0 → 10�$Ä,b�3L��m�ü�G
��mCz��d½Â�üö�\�î¼ål:

c(zi, zi+1) =

wp

√(
(xi+1 − xi)2 + (yi+1 − yi)2

)
+

wθ

√
(θi+1 − θi)2 +

wα

√
(αi+1 − αi)2 +

wγ

√
(γi+1 − γi)2, (5)

�¦Ø ��­wp	�Ù¦¤k�­þ�",Ó��
½Ù^���Cz��,¦8I©ª�±3À�S,
dd���ÎÜ�¦��á´».

éu/1 → 30�$Ä,�~�ÞÜCz�Ý��
­,Ó�ée�´»:�éu®k´»��� l�
Ý?1�å,±�yÅì<��N���´»��¦
�U��,¿U?1����|¢. ±ã 4¤«�
RRT*�{�~,�ò l�δ�½�|δ| 6 δm.

éu/3 → 40�$Ä,�O�Åì<ÞÜ ��
��­,Ó�ò ���Cz�½3���S,±�
yÅì<��N���À�¥%���.

ã 4 �<Åì<�N���´»Y�«¿ã
Fig. 4 The deviation angle between the body of a humanoid

robot and the path

3.3 $$$ÄÄÄ;;;,,,���)))¤¤¤(Trajectory generation)
?Ö|µ��ý�¸3MATLAB 2013b¥���

¤,�<Åì<��'ëêXL2¤«,Ù¥, L,WÚ

H©O�Åì<��!°Úp, φÚψ©O�Åì<�

�Þ�Y²À�ÚR�À�.
L 2 �<Åì<���ëê

Table 2 Configuration parameters of humanoid robots

ëê L W H αm φ γm ψ

ê� 0.3m 0.2m 0.5m 90◦ 60◦ 30◦ 40◦

�
U�wÍ/NyÑ�©�{3AéØÓ�ã

58I�¤5yÑ�$Ä´»�m��É,Äk�é
��{ü|µ¥�ÀúÚ�?Ö,é�©�{¤5y
Ñ�$Ä;,?1½þ©Û.{ü|µ���Xã5
¤«. |/�3m× 2m,Åì<�Ð© � u�e
�(0.7, 0.3)?,8I«����»r = 0.05��/«
�,�% u(2.3, 1.7)?. Ý/µL«Åì<3��
²¡þ�ÝKÓ+,�ÞL«Åì<��N��,n
�/«��LÅì<�Y²À���,�8I�Åì
<¥%�ë�B�Tn�/«��§=@�8I?

uÅì<À�S.ÀúÚ�?Ö½Â�:�<Åì<
3lå:�8I«��$ÄL§¥,I�©ªò8I
«��±3ÙÀ�¥. I�`²�´,ùp���Å
ì<ÞÜ��Þ�Y² ��.
�13.1�!aq,�±�ïXe�o�L��m:

Z ′′
H = (xN , yN , θ, α) ⊆ R4. (6)

éAu�!m©�£ã,éT?Ö�½
3«ØÓ�
8II¦:/´»�á0!/Åì<�N���´»�
�0!/Åì<�N���À�¥%��0. 3ù3«
ØÓ�8Ie,�â3.2�!�£ã,�éØÓ�L�
Cþ�½�A��­Ú�å��:11«8Ie,�½
Åì<� �Cz�­wp = 1,Ù{�­þ�";12
«8Ie,�½Åì<�é´»����� l�δm

= 60◦;13«8Ie,�½Åì<�Y²À�φ=30◦.
|^RRT*�{éþã¯K©O?1S�¦),S�
gê�½�200, 000g,���ã6¤«�$Ä;,.
Ù¥,ÉÚ�ã�¤�äG(��RRT*�{35y
L§¥���Åì<¤k�1$Ä´»3��²¡
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þ�ÝK.ã7Úã8©O�Ñ
3ØÓ8II¦e,
Åì<�N���´»±9�À�¥%�m�Y�

Cz­�,L3ÚL4K©O�Ñ
éA�þ��IO
��½þÚOêâ.

ã 5 {üÀúÚ�?Ö|µ
Fig. 5 A simple scenario of the visually-guided task

ã 6 {ü|µ¥3«?Ö8IéA�$Ä;,
Fig. 6 Different paths for three tasks in simple scenario

L 3 ØÓ?Ö8IeÅì<�N���´»��
Y��þ��IO�

Table 3 The average and standard deviation of
the angle between the robot orientation
and its path in different tasks

´»�á
Åì<�N��

�´»��

Åì<�N��

�À�¥%��

þ� −33.4◦ −29.2◦ 9.2◦

IO� 42.0◦ 19.3◦ 37.2◦

L 4 ØÓ?Ö8IeÅì<�N���À���
Y��þ��IO�

Table 4 The average and standard deviation of
the angle between the robot orientation
and its vision in different tasks

´»�á
Åì<�N��

�´»��

Åì<�N��

�À�¥%��

þ� −38.0◦ −26.7◦ 0.2◦

IO� 31.4◦ 27.3◦ 4.5◦

�8II¦�½�/´»�á0�,ÏLé'

ã6¥�3Ìfã�±wÑ,ã6(a)¥Åì<�$Ä
Ñ´;bX�¸¥�æNÔ�¤�,Ïd�ª��
�$Ä´»�Ý�´�á�,=�2.252m.
�8II¦�½�/Åì<�N���´»�

�0�,�±w�ã6(b)¥�Åì<�
��ù�
8I,Ø�ØÀJ�^���´»,¦��ª�´
»�Ý��
2.590m. d	,ã7�*/LyÑ

3ù�8II¦e,Åì<�N���´»m�Y
�ÅÄÌÝ��,Ó�lL3�Ñ�½þ©Û(J
¥��±w�,Åì<�N���´»��Y��
IO��19.3◦,´3«ØÓ$Ä;,¥���,�=
Åì<3$ÄL§¥,�N��U
�Ù$Ä�´
»���±pÝ���.
�8II¦�½�/Åì<�N���À�¥

%��0�,lã8¥�±²wwÑ,Åì<�N�
��À����m�Y�­��ÅÄ��u,	ü

«8II¦éA�­�ÅÄ.lL4�Ñ�½þ©
Û(J¥Ó��±w�,Åì<��N���À�
¥%�Y�IO���,L²Åì<��N���
À�¥%�±pÝ���,÷v
Q½�8II¦.
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ã 7 ØÓ?Ö8IeÅì<�N���´»��Y�
�Cz­�

Fig. 7 The curve of the angle between the robot orientation
and its path in different tasks

ã 8 ØÓ?Ö8IeÅì<�N���À���Y�
�Cz­�

Fig. 8 The curve of the angle between the robot orientation
and its vision in different tasks

ÏL±þ©Û,�±w�,�©JÑ��{U

�âØÓ�?ÖI¦,ïá�A�$Ä�å,�ª
5y��ØÓa.�$Ä;,,��ÀúÚ�?Ö
�8I.
e¡2£�ã2¤JÑ�E,ÀúÚ�?Ö�

¦). �{ü|µ�¦)L§aq,3ª(4)�E�
L��m¥dRRT*�{)¤�?ÖI¦�éA�
$Ä;,,Xã9¤«.

ã 9 ¦)ÀúÚ�?Ö����`$Ä;,
Fig. 9 The optimal trajectory for the visually-guided task

lã9¥�±w�:
1) 3/0 → 10�L§¥,�<Åì<�$Ä´

±´»�á�8I�,Ï
Ù�N���ÚÀ��
��±9´»�r�növk'é,Åì<��N
�
¦�Uø;��¸æNÔ�-E
�Ñ
��

���ÝN�,±¦þbCæNÔÏL,l
��
�á�$Ä´».

2) 3/1 → 20�L§¥,�<Åì<�N��
��´»�r����,
ÞÜ�=ÄÌÝ��,
dd�±wÑÅì<Uì�½�?ÖI¦?u|¢

8I�G�,����/20Ò �,?\ü�d3
8I��Àål��S(±8I��%�J��S),
Ó�²(@üöþ�?Ö8I,l
UY?1|¢.

3) 3/2 → 30�L§¥,�<Åì<�Î?u
|¢G�,����/30Ò �,?\����d
38I��Àål��S,Ó��(@Ù�?Ö8
I.

4) 3/3 → 40�L§¥,�<Åì<U
¦Ù
�N����À����±��,ùòkÏu8I
<9�5¿�§�¿ã,?
^|�¤�Y��p.
±þ(J`²,�<Åì<|^�©JÑ��

{U
3[Ø�¸¥ÀúÚ�?Ö�ØÓ�ã��

÷v?Ö�¦�$Ä´».

4 õõõÅÅÅììì<<<XXXÚÚÚ���$$$ÄÄÄ���NNN (Multi-robot
coordination)
�!�éõÅì<�$Ä�N?Ö|^ÄuL

��m�©�$Ä5y�{?1©ÛÚ¦). õÅ
ì<XÚ2�A^u/³Í�!ÑÜ|¢!ó;Ô

6�+�,Ù$Ä5y�Ø%¯K3u¦��XÚ
�±A½�è/�N$Ä.duéz�Åì<?1
Õá�$Ä5yÏ~¬���©
��O�þ,Ï
dæ�©��$Ä5y�{U
k�/J,5y�

�Ç.3?Ö�,�ò��õÅì<XÚw���
�N,���éT�N�?Ö£ã;3$Ä�,é�
�õÅì<XÚ?1$Ä5y?Ö�¦),���
N�$Ä;,,2�âéõÅì<?è�è/�¦
O���z�Åì<�$Ä;,. XJ3�c�?
Ö�½Úè/�¦eÃ{���1�;,,KI�
éÐ©�L��m?1�Ý*Ü,OV�'�Cþ,
�����5y?Ö�)��.

4.1 LLL������mmm¥¥¥���???ÖÖÖïïï��� (Task modeling in
R–space)
b½�c�õÅì<$Ä5y?Ö�7�Åì

<3ó¥¥?1ó���$ó�,¤�$�ó��
�ë\Å�:,Ù'!�gd¹Ä.�½TõÅì
<XÚ�è/Xã10¤«,Ù¥ü>Y����
�β,��üÅì<�m�ål�L.
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ã 10 õÅì<XÚ?èè/
Fig. 10 Formation of the multi-robot system

�½TÅì<XÚ�è/ë��IX��:

�O,¿À�O:3��²¡¥� �(x, y)Ú^�
θ ∈ [0, 2π)����XÚG��£ã,K��ï�
�n��L��m:

ZM = (x, y, θ) ⊆ R3. (7)

e�c�?èè/Ã{÷v$Ä5y?Ö��¦,
�Ø��1),KI�Är�?èè/�'�Cþ
��é5y?Ö�£ã,V\�þãL��m¥.
~X�òè/¥ü>Y����β��#�L�C

þ,l
��Xe�o�L��m:

Z ′
M = (x, y, θ, β) ⊆ R4, (8)

Ù¥β ∈ [β0, βm].

4.2 $$$ÄÄÄ;;;,,,���)))¤¤¤(Trajectory generation)
?Ö|µ��ý�¸Ó�3MATLAB 2013b¥

���¤. z��$Åì<Cq��»�R��,õ
Åì<XÚ?è���ëêXL5¤«. |/�
60m× 40m,|µÙ�Xã11¤«. õÅì<XÚ
?è�IX��: u?è��e�,ÙÐ© �
 u(4, 23)?,8I«����»r = 1��/«
�,�% u(45, 5)?. $Ä;,�5yL§�:Ä
k|^RRT*�{é��è/�$Ä;,?1¦),
,�ÏL��àg�IC�Ý
��z�Åì<�

$Ä;,.

L 5 õÅì<XÚ?è���ëê
Table 5 Configuration parameters of

multi-robot system formation

ëê R β L

ê� 0.5m 30◦ 1m

Äk�ÄõÅì<XÚ3$Ä¥�±�½?è

è/��/,�½?èY����β�30◦. |^
RRT*�{?1150, 000gS�,E�Ué��1´
»,Xã12¤«,Ù¥n�/Åì<?è�à:ë

�3$Ä5y¦)L§¥^u£ã?è�Y�. d
d�@��±�c��½è/Ã{�¤$Ä5y?

Ö.ù�(J�ã11¥��¸æN©Ù´�Î�:
du|µ�Ü��/æNÔ�¥Ü"��ål�

C,��Åì<?èÃ{3ÏL"��9�N�Ù
è/��,
�¥Ü"��°Ý�Ä,XJ�¦Å
ì<�±è/ØC,KÃ{Ã-E/�¤$Ñ��.

ã 11 õÅì<XÚ?è�$?Ö|µ

Fig. 11 Task scenario for the multi-robot system

ã 12 è/�½�õÅì<XÚ�;,
Fig. 12 The trajectory of the multi-robot system with

fixed formation

Ïd�±�Äò?èü>Y����β��#

�L�Cþ,ÙCz���[15◦, 90◦],¦Åì<?
è�ü:�±gdC�Y�. Ó�|^RRT*�{
?1150, 000gS�,�±��ã13¥¤«�$Ä
;,. lã¥�±w�,Åì<?è3$ÄL§¥
¿©|^
?èè/�N��`³,3ÏL|µ¥
ÜdÄÏ��,Åì<?è�è/�Ñ�A�N�,
A�.�¤��è/,�y
��?è�±^|Ï
L.ã14�Ñ�õÅì<XÚ?è3$ÄL§¥?
èY��Cz­�Ó��NÑ
?è�N�L§:
3õÅì<XÚ?è²L119�´»:�,?è�
Y�m©ÅìC�,¦?è�ð�n�/uÐ,�
�122�´»:��?èî�ªÝ�¸�,
�Å
ìÂÄ¿3ù�L§¥ÅÚÏL|µ¥Ü�dÄÏ

�,�ª¦��?è^|��8I«�.
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ã 13 è/�C�õÅì<XÚ�;,
Fig. 13 The trajectory of the multi-robot system with

flexible formation

ã 14 õÅì<XÚ?èY��Cz­�
Fig. 14 The formation angle curve of the multi-robot system

5 (((ØØØ(Conclusions)
�©ÄuL��mJÑ
�«©�$Ä5y�

{. T�{U«
|^L��mé$Ä5y?Ö?
1ï��`:,U
3?Ö�mÚ���m�Ä:
þ\\�õ�?Ö�'�Cþ,¦�*¿��p�
Ý�L��m,l
�±D�$Ä5y?Ö±�Ð
�(¹5,¦��Ø÷v5y?Ö�¦$�Ø��
¤�$Ä5y?Ö=C���¤�?Ö.d	,�
©¤J�{æ��©�(�¢y
?Ö��$Ä�

��p,?
/ÏuL��m�.,¦T5y�{
�±��(¹/)û$Ä5y�?Ö=z¯K,Ó
�é?Ö�¦�k�Ð�·A5. 3¡�ÀúÚ�
��<Åì<$Ä5y?ÖÚõÅì<�N?Ö¥

�A^y²
�©¤J�{�k�5Ú¢^5.
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