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Abstract An approach based on autonomous behavior agent of lunar rover motion plan-

ning and controlling is presented. First, based on the autonomous behavior agent, a group

of behaviors is designed, and its theory is proven. Then, a behavior automata is used for

behavior coordination. When the motion planning cannot guarantee the rover safety, a mo-

tion planning agent is invoked to learn behavior parameters, which are then memorized by

a neural network. At the same time, the rover behaviors can meet both constraints of rover

maneuverbility and lunar terrain transferbility. The approach can timely plan and control

the rover in an unknown world. Simulation and experiment results are shown to demonstrate

the effectiveness of the approach.
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Fig. 1 Lunar rover prototype (left), configuration sketch (middle), lunar rover agent model (right)K9Atvw�-2 13:K9AZ℄#	oW�����*K9A�TxV (Ri , θi)�\�<[ (ri, θi)�<�= Rk �Fh℄ Rl ��)<[ d 9Æa θ ��v�|� [V , V ]



706 � y d � � 32?{�v�|� [ω, ω], &�g�TJ\&|9JJS|�K9ADÆfp�7��!Z℄#	o*f�M��{�Q%*�℄.s?{7�f�℄K9A%je.Z��ae.�8Q��K9Atvw�f&s\�!C�{�Q%*9��4bb\�2&s�\�U��F�4bbe.�8Q�{�Q%*9��t&�℄�E�����E�qr,�>℄�K9A^P9MvO,--%MvO,�DÆIuO,�e.%jO,�y�#O,f�E�&~y�#O,�TOvk-�O,�t0A_�O,�OvA_9e�O,�p�s?Q�s?�M�O,f�6+y�#b�bw�(Jy�#bi�W!& RF"b,bfw�&~i(��F"�T�K9AAx9i��ODu9��EuK9AOv�9ve�{9i��+<OfbOvA_9Mv�.^wK9AOvA_9-%Mvb.!��whY�,-%Mv��i�,tvw�b.!�K9A6+���bMv	r��9�wp6NIb� R�K9ABa+u�)n�Onb[m��K9ARThY_�JG9F-K9A��ihY�(J{�O,�℄e.�8Q�+JP℄a`�=e.b\�2�K9A9e.�+<O-K9AZ℄#9e.\�2{e.�8Q�\�Us?Q~�V^'bs?�/&ss?ir9�M�U�=e�x'e.bOvA_�a`OvMv�q�JZ--%O,��ns�
3 vA_�<vAjses�C_
3.1 6T�!'YF"&?IV4:'hS2 1 ~K9AZ℄#(J{�Q%*a`e.bmL�~mC\�^�K9AbDu9Æa�\�Zof�(JK9Abs?Mv*AuK9Ab�v9�v�|��\({�Q%* (Ri, θi) {&�'Æab\�m (ri, θi) �
��#\bE�? WV̄i

{ Wω̄i
, #\s?=eb�|Mv�k V̄i, ω̄i -TrAu

ω̄i(k) = Cωob(k)Wω̄i(ri(k) − R1i)(π/2 − θi), V̄i(k) = CV ob(k)WV̄i
(R2i − ri(k)) (1)$6�fWd�: ri ≈ ri−1, X1

dω̄i(k)/dt =(ω̄i(k) − ω̄i(k−1))/T ≈

[Cωob(k)Wω̄i(ri(k) − R1i) − Cωob(k−1)Wω̄i(ri(k−1) − R1i)](π/2 − θi)/T ≈ (2)

(Cωob(k) − Cωob(k−1))(ri(k−1) − R1i)(π/2 − θi)/T

dV̄i(k)/dt ≈CV ob(k)WV̄ i(R2i − ri(k−1))/T�1{�Q%*�#\Mv=e�b�|{
�|�-?
ωob(k) =

N∑

i=1

ω̄i(k) = Cωob(k)

N∑

i=1

Wω̄i(ri(k) − R1i)(π/2 − θi)

Vob(k) =

N∑

i=1

V̄i(k) = CV ob(k)

N∑

i=1

WV̄ i(R2i − ri(k)) (3)

dωob(k)/dt =(ωob − ωob(k−1))/T ≈

((Cωob(k) − Cωob(k−1))/T )

N∑

i=1

Wω̄i(ri(k−1) − R1i)(π/2 − θi) (4)
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dVob(k)/dt ≈ (CV ob(k)/T )

N∑

i=1

WV̄ i(R2i − ri(k−1)))? 1. W
ri(k) − R1i ∈ [0, d1], R2i − ri(k) ∈ [0, d2] (5)

N∑

i=1

Wω̄i(π/2 − θi) = 1,

N∑

i=1

WV̄ i = 1 (6)X1 N∑

i=1

Wω̄i(ri(k) − R1i)(π/2 − θi) ∈ [0, d1],

N∑

i=1

WV̄ i(R2i − ri(k)) ∈ [0, d2].  ~�ωob(k) ∈

Cωob(k)[0, d1], Vob(k) ∈ CV ob(k)[0, d2], d(ωob(k))/dt ∈ (Cωob(k) −Cωob(k−1)/T )[0, d1], dVob(k)/dt ∈

(CV ob(k)/T )[0, d2].`B�$0z~1\(��b0�UO�!0z��HXJ� �&�'bAw?
ρob(k) = (Cωob(k)/CV ob(k))

N∑

i=1

Wω̄i(ri(k) − R1i)(π/2 − θi)/
N∑

i=1

WV̄ i(R2i − ri(k)) (7)+u�) (XG, YG) f���)>as?=ebMv�k-TrIu
ωG(k) = CωG(k)θG(k), VG(k) = CV G(k)RG(k) (8)X�v
�|?
dωG(k)/dt ≈ (CωG(k) − CωG(k−1))θG(k−1)/T (9)�v�v
�|?
dVG(k)/dt ≈ (CωG(k) − GωG(k−1))RG(k−1)/T&�'Aw?

ρG(k) = (CωG(k)/CV G(k))θ(k)RG(k) (10)&~ Cωob(k), CV ob(k), CωG(k), CV G(k) ?#\s?{�)>as?�Kr�O����Au�K9Ab�|�
�|��aAw��5 w�K9Atvw�H��Wω̄ i, WV̄ i w,8*{�Q%*T#\s?Mv~bE��-u℄ 1 Hj�K9A#\Ov�|- (1) rIu�3s?ir�X-r (5) � (6) Iu�X#\Ov�|�
�|- Cωob(k), CV ob(k) >�Iu�*℄�K9A>a�)s?b�|{
�|- CωG(k), CV G(k) >�Iu�Y��JJG?K9As?℄��s?ir9�M~�K9Atvw�H�~K9A�|�
�|H�!2l℄ypM�H��dOvA_��K�!&OvA_�|�
3.2 6T5℄<a'OLf*8T��,8kRMvO,p�℄y��K9As?Mvp�$�&su#��nK9As?MvJG:1℄ypM�K9As?9K9A	�{e.	�:1���'<O�$�K9As?�}Y-�[Xu�?&�b�|>WIu�)R 1. Iuws? Bi: ℄e.	� Qi {s?�4	� Xi a`~�f�s?Mv*=e�+6e.{�4	�bhfMvJG�&,t?�(%�� Si = (Qi, Xi, Ii, fi, Pi, Ui, Qi).�(s?5w�(:1'xwbv�_'JG�&~�Qi?u�	��Xi?s?�4	��Ii



708 � y d � � 32??Jq	��fi?s?v�O,�ps?Mv�T9�K~�bOvAv�~ Ẋi = fi(Xi, Ui),w Lipshitz h~O,�Pi ?s?7��Ui ?s?�T�Qi ?s?�K�)R 2. Ius?�vt B: -��s?4Ebs?O,;{�u�	�Aus?w�x��s?v�JGAus?	�b�(JG�-6s?v�JGw Lipshitz h~O,�$S!s?	�VT>��*f�-6s?w'xwbv�JG�$��&_'f�6K9Ave�9Ov�JGH{?G8d�)R 3. Iu(�s?�iIus? Bi 9 Bj T1\f�hYG8T2h�1Ybs?�)? 2. WIu(�s? Bz -i(p�s? Bi, Bj bs?v�O, fi ∈ Rn, fj ∈ Rn3*Au�3~�mk>=SO�
X�X!(�s?v�JGH,t?
Ẋz(t) = α(t)fi(Xi(t), Ui(t)) + (I − α(t))fj(Xj(t), Uj(t))~!(�s?-iIus?b�|>b���Iu�&~ α(t) ∈ diag(α1(t), α2(t), · · · , αn(t)),

αi(t) ∈ [0, 1], i = [1, 2, · · · , n].`B�T Xz(t) ∈ Rn bo> On
r (�0? r bB�9#�r ?G\dk), �6i(p�Ius? Bi, Bj bs?v�O,�$w Lipshitz h~O,�X Xi(t), Xj(t) { fi(Xz(t), Ui(t)),

fj(Xz(t), Uj(t))VT�3�'b�|>�-? fi(Xi(t), Ui(t)), fj(Xj(t), Uj(t)), W fi(Xi(t), Ui(t)),

fj(Xj(t), Uj(t)) w℄wG<b�XT On
r �bN��|mkH,t?Si�|mkb0�U�Ẋz(t) = α(t)fi(Xz(t), Ui(t)) + (1 − α(t))fj(Xz(t), Uj(t))(*�0zb0�UO�!0z), &~�α(t) ∈ diag(α1(t), α2(t), · · · , αn(t)), αi(t) ∈ [0, 1], i = [1, 2, · · · , n], 3 Ẋz(t) ∈ On

r . �)? 3. �6Iu(�s? Bz, W�6 Xz(t), 3i(p�Ius? Bi, Bj bs?v�O, Ẋi(t) ∈ [a
−

, a+]n, Ẋj(t) ∈ [a
−

, a+]n, Ẍi(t) ∈ [b
−

, b+]n, Ẍj(t) ∈ [b
−

, b+]n, ‖fi(Xi(t), Ui(t)) −

fj(Xj(t), Uj(t))‖ 6 Q, ‖α̇(t)‖ 6 ρ X�-Si(p�Ius?1YbIu(�s? Bz, ~�
Xz(t) ∈ [a

−
, a+]n, Ẋz(t) ∈ [b

−
− ρQ, b+ρQ]n.`B�C Xz(t) ∈ On

r (�0? r bB�9#�r ?G\dk), $ Ẋi(t) ∈ [a
−

, a+]n, Ẋj(t) ∈

[a
−

, a+]n, Ẍi(t) ∈ [b
−
, b+]n, Ẍj(t) ∈ [b

−
, b+]n ?0z�-u℄ 1 j�

Ẋz(t) = α(t)fi(Xi(t), Ui(t)) + (1 − α(t))fj(Xj(t), Uj(t))&~ α(t) ∈ diag(α1(t), α2(t), · · · , an(t)), αi(t) ∈ [0, 1], i = [1, 2, · · · , n], 3 Ẋz(t) ∈ On
r . X

Xz(t) ∈ [a
−

, a+]n(*�0zb0�UO�!0z). - (9) ra�
‖Ẋz(t)‖ = ‖α(t)ḟi(Xi(t), Ui(t)) + (1 − α(t))ḟj(Xj(t), Uj(t)) + α̇(t)(fi(Xi(t), Ui(t))−

fj(Xj(t), Uj(t)))‖ 6 ‖α(t)ḟ1(Xi(t), Ui(t))‖ + ‖(1 − α(t))ḟj(Xj(t), Uj(t))‖ + ρQ 6 bn
+ + ρQ

‖Ẋz(t)‖ = ‖α(t)ḟi(Xi(t), Ui(t)) + (1 − α(t))ḟj(Xj(t), Uj(t)) + α̇(t)(fi(Xi(t), Ui(t))−

fj(Xj(t), Uj(t)))‖ > ‖α(t)ḟ1(Xi(t), Ui(t)) + (1 − α(t))ḟj(Xj(t), Uj(t))‖ − ρQ > bn
−

− ρQ�� Ẋz(t) ∈ [b
−
− ρQ, b+ + ρQ]n. �u℄ 2 � 3 ?�)>ab#\s?℄�JGqul℄ypM�r��Vx℄dbtZO� ρ, 5�(Js?�Kr�O� Cωob(k), CV ob(k), CωG(k), GV G(k) n!s?bK9AOv�|�
�|~�1!wH��℄s?irO�??of�K9A�|{
�|b1!w�J~��
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4 s�vA_�
4.1 C HNOL�K9A�T~ls�)b<[ d �K9A.&Æa9{℄b�� θ ~{℄�?�T��K9A.&�| V1 ��v�| ω1 ?�K(k��)>as?b=
(k{�|N�R2 2 �t�	[AXRT�
(a) �*=\ d d�O� (b) �*�b θ d�O� (c) �w�} ω1 d�O� (d)  w�} V1 d�O�4 2 +?u�Ox,

Fig. 2 Controller of goal-oriented behaviorRH d ? P2, X V1 ? P2; RH d ? P1, X V1 ? P1; RH d ? Z0, X V1 ? Z0;RH θ ? N3, X ω1 ? N2; RH θ ? N2, X ω1 ? N2; RH θ ? N1, X ω1 ? N1;RH θ ? Z0, X ω1 ? Z0; RH θ ? P1, X ω1 ? P1; RH θ ? P2, X ω1 ? P2;RH θ ? P3, X ω1 ? P2.Y�AX~� “9 ” <O��	[O+�v~l
�TK9Ans�)>as?JG~�. 3(AX�h[�)WFf�g?�|sp��(�)fBq���`W�)fX'q�Z 6 (AXnK9A.&Æarfs{℄Æa�℄`+	[MvhY!s?f�n�T�KF�~℄w<O��(Jrfp�s?7�WA_xUK9Atvwbs?�K�?���-6_hH���w�X6iq}i{NI�=�$���ub|�aiqe� w7��MvNI9�|N�7�lb<O,w�( �h+bÆ
�/3�,8iq}i�MvNI�K9A�v{�v�|�=�x'rf�|7��~�℄iiqQwH�&��
4.2 �_OL#\s?�\�T5K9AF℄b0a<[ [r1, r2, · · · , r11] ?�T(k��K9A.&�| V2 ��v�| ω2 ?�K(k�=
(k{�|N�R2 3 �t�	[AXRT�RH [r1, r2, · · · , r11] z? Z0, X V2 ? Z0, ω2 ? N1;RH [r1, r2, · · · , r11] z? P1, X V2 ? Z0, ω2 ? P1;RH ri ? P2, X V2 ? P2, ω2 ? P1(&~ i = 1, 2, · · · , 7);RH ri ? P1, X V2 ? P1, ω2 ? P1; RH ri ? Z0, X V2 ? Z0, ω2 ? Z0;RH rj ? P2, X V2 ? P2, ω2 ? N1(&~ j = 8, 9, · · · , 11);RH rj ? P1, X V2 ? P1, ω2 ? N1; RH rj ? Z0, X V2 ? Z0, ω2 ? Z0.Y�AX~� “9 ” <O��	[O+�v~l
�Tns#\s?JG~�.i(AX�hK9ATg�\�fO���ub�|�a�/�-|2�g��a�v[B\��_T&T;�qrb\�f�6W���Z 5



710 � y d � � 32?(AX�hK9A\�&TK9AF�f�wnK9Aa7:s��-6#\s?w{�Q%*�'#\s?b0�U��b1!w�h~w{Iuww1�hb�
(a) U6=\ ri o rj d�O�3 (b) �w�} ω2 d�O�3 (c)  w�} V2 d�O�34 3 $℄u�Ox,

Fig. 3 Controller of obstacle avoidance behavior

4.3 HNC '�_OL!s?-�)>as?9#\s?�KQU1Y=e�>a�)b#\s?b�Tw�)>as?�T [d, θ] {#\s?b�T [r1, r2, · · · , r11]. >a�)b#\s?b�Kw�)>as?�K [V1, ω1] n#\s?b�K [V2, ω2]. &ir�Xw�℄K9AT<�=�%jVT\�f#\s?�xl��X�)>as?�xl�TK9A<�=�VT\�{1VT\�f�-xl#\s?{�)>as?��^v��Yb�HnK9A:1�s6\�%Es�b1��/T�)9\�^2P9\��v�[�_w�()2hJG�!s?w Lipshitz h~b�w'ywb�&�}w(Æ (Zeno) s?�$�!s?1Y�H?K9A<�=9\�%Eb2℄^�'b�T~lEw�-6i(�s?wh~b�31YZbs?=ebEw�wh~b�$�^oG8do>�im�'i�s?b�K�|w^fb�>a�)b#\s?=ebt℄9^	Mv~	�a^	�b>(JG���!s?x+6TK9A<�=��3^�K9A9�)b{℄w0b\��SfK9A��#B\�5�a�)Æa.&�
5 �}j�	4p6��s?y�#bOvA_9Mv�`R2 4 �t�2 4(a) wK9AT 3D �Jiq�/JG�9�LDpuK9A�/JGb[m}n�K9A��i&sOvA_9Mv�2 4(b) wK9AT 2D e.TOvA_�H�H�DK�K9A�|{
�|wh~�1!b�3T℄�b�==l��K9AOvA_9MvJG~�11Iuw�:1W&bhfw�T CPU �� 1.8G ��V 256M f�&s 3D FO,�`�O,-kw? 80Hz. T PC104+ �� 400MHz � 128M �V�6+ VxWorks hf9�O,f��7~�K9AhfOvA_9Mvb�=�(Jp6NIb�9�Mv�~+uK9A[m}n�K9A��i9E#\9OvA_9Mv�*fK9A�H&s74e.bt0[mA_�U�nK9A�/�;fw9HFwza`WXG|b!&�K9A9iqx�<O�'+l��s?y�#Æ
����`�HR2 5 �t���7*IiIuK9AAx9i��O<O��Alsx{aBvK9A�Ov�=�F"�*f�?�KK9AspJGbÆ���?K9A-%Mv!2Ax9i��Om��O��K9A���{XF�fp�mL�
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(a) 3D UPwB`:Nw�a (b) 2D UPwB`:Nw�a4 4 ��u�{�$dQyCa;Ox�b
Fig. 4 Autonomous behavior agent based motion planning and control simulation

4 5 M;Cjry��b
Fig. 5 Snaps of lunar rover match with terrain simulation
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