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Abstract Due to uncertain time delay of data transmission over Internet, teleoperated

Internet robots cannot accomplish the desired actions of the remote operator in time. This

paper investigates a novel approach, user intention modeling, to compensate the uncertainty

with the robot autonomy. The user intention to control and operate the networked robot is

modeled and incrementally inferred based on Bayesian techniques. Consequently, the robot

can autonomously execute the task without frequent interactions with the user, and this

decreases data transmission over Internet and improves the efficiency of the whole system to

a great extent. Experimental results demonstrate the validity and feasibility of the proposed

method.
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. X[~�4;LY9f;O�xB�GC$Im<�S+0�O+YO��~z=�?�|�YU�9vvf;Sn�YkO��Y-)Y.��S3z)?(\Y�#�9Y)�["�_�|℄)�fqY�'�y"5�SDvSn�Y!��d�~)�OY�PY&x'x,\S4veHtU�G!�Y{p+�x9��7,0}WY�0qO[4]

. Rz)=
k�Y�u�rh\CxW�9�u��0) Internet Y,YL �zSn�a!�.F.YkIv���Im'� �KF?'~_�US4�_Sn�=fY�℄[3,5∼7] +��z�qO�m!�4;��,0x�[!��(�O�b�=QY)im9�u�Y{��Sn�Y'� E~℄m�S+YO%9v�R:L
7�YqO�Wk)mxB;��N#|N “/�/ ”(hands-on) Y�}!��z7,0Y'�Sn�s�M'h0/PY{!�9[��'��oMA=��YeH�hSn�!����[S4vSDE\tU+trSn�Y'� �C��SD9Sn��jYxB�Gzmt7$|f0�v!�YO��
2 UFH_W��;?E�_8B��7&S[ �$VYSn�}W[8∼10]

, k-pA�)G=}9Yo�.0<�zm>hK}W�#K�6Y�B�&�m�o.��G-"Y#K�6)SDY|�E\� �.0<�)eHSn�YD�no
9�Dq~AY!��>�KF��.qO�C�;	��!f�$#K� 9 t ��qSn�B�}-UYGY!��>9 �D�n�y�g+mZq t ���YSDE\#K�..�X> Dt = {dt, dt−1, · · · , d1, d0} �&Sn�}-UY=}9D�n.69SD�>�di(0 6 i 6 t) ) i ��Y..��rNS u �&SDE\�[SD��Sn�z��s6Yh0�ut �& t ��SDYE\�Ut �&�NYFS�6�=�_�Sn��$�VSDY|sE\�J)Y=�-[SDGY�℄hiE\Y�B�&�B� t ��qYGY..���BOp P (Ut|Dt) �&m~�E\ j t ���YE\�B�&�1	�P (Ut = ut|Dt) �&Sn��km t ��SDE\k ut Y�B��E\�B�&S4Sn�YD�n.69SD�>�#��m Dt ��fI v �&D�n.6�c �&!�S>��NYFS�6��X V 9 C �&�m7,04;��Sn�S3xP_-UD�n�y v 9SDS> c, KF..X℄)�=(�&k {ct, vt−1, · · · , c1, v0}.k7D[C.9bD��;?E�g�7hK}W)K|�ÆY�[�kGY�-�ylÆ7m7Zq#K�6 ut ��SDE\Y!Q�$9mM=��d0_bD�BOp8< (Probability density function, PDF) P (Ut = ut|Dt). z�k5�~s�e.~s�m�~srN�ASn�YD�n�y�S4 PDF P (Ut = ut|Dt−1) +e.SDYSqE\�XK|�Æg��ZqE\ ut �aq=��E\ ut−1 9.WYD�n�y vt−1 Y-�z6Qq�BOp P (ut|vt−1, ut−1) ℄)�fI�e. PDF 	�%�
P (Ut = ut|Dt−1) =

∫
P (Ut = ut|vt−1, Ut−1 = ut−1)P (Ut−1 = ut−1|Dt−1)dut−1 (1)

P (ut|vt−1, ut−1) �&S7Y=��E\k ut−1 �..UD�n�yk vt−1 ��SD�9��E\ ut Y�B���~s��~sS4X7SD!�1
+��m=~se.Y PDF. !fZqYSDE\�g� t ��SD1
 ct Qqn2[�qY.6 Dt−1 = {dt−1, · · · , d1, d0}. X
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Bayes Rule, WU�3 PDF:

P (Ut = ut|Dt) = ηP (ct|Ut = ut)P (Ut = ut|Dt−1) (2)%��η �&0=J3<�P (ct |ut) P�SDE\k ut zSn�G�Dq-U ct Y�Bp�	2LY�=�3� �P (U0 = u0) ��k)m~�j&E\�X>Y=��&�
3 �5�o(p7=�m�\33-}W��b7�hSn�`t���SDE\Y�3�u�[Sn�℄)'�_CLfY	LB3-SDhiY\3��ofIG.Y#K�6k=�}mÆ6 u = 〈x, y〉, [SD�9Sn�C y Y	LB3-a x �3�SDS>XX 8 �S>.7���!�Sn�kh9��Ykh�$O�ow�O�\�X v lJk x, �&XLfY3�Sn�Y��Y!Q�� 1 !A7 �5 YGY�℄��"��3� 5 YfI��=(kS Bayes Rule, % (1) 9 (2) )$\��Y�� 1 7"gJZl�_


Table 1 Establishing attributes and their possible values6! 	℄4 X ∈ {b1, b2, · · · , bn}, n �℄4,=
MC Y ∈ {f1, f2, · · · , fm}, m ��Z
MCZ^=F℄ U ∈ {u1, u2, · · · , uk}, k \\ n : m Z:V�Z℄ V ∈ {b1, b2, · · · , bn}"�T? C ∈ {robotForward, robotBackward, robotLeft, robotRight, cameraLeft, cameraRight, zoomOut, zoomIn}!��>)Sn��9Y'z6��"��d,04;��3}v “LY0� ”9 “Im0� ” 5�#&(p7�NYSD1
� A 9 B. 1
� A X�>X C �=}9�>�3,0u�Y>.�>.7�vN[SDY|�3-4;�1
� B rÆ)1
� A9=�x'�>X C �X[SDvSqSn�#KKw.�z~AY�^�>�\ 1 �&Y)Sn�C1
� A k6�'za 3 �12 �18 9 24 (�e.YE\�B�&�X 9 Y ���&3hY 5 �39��YY 3 ℄	LB (~�E\X)z 15 ��℄YE\�). +Y U � Y)m�3qB|fYSD|�E\�a 3 ('z7�q��B�&�=�E\�B��S[Az==�E\Y�B�?��Æk:�z9�hSn�khY�$n�Y-�Ga 3 (�$�Sn�Y'z�y�r�YUGY�℄YE\��Ua 12 (�E\X�YGYSDE\�lY%�
Ye.�B�z�R7=�|�Y���oxm3-�h�℄�LYLfYZY9�y�F�hhl)�3-=�GYY3�Ga 12 (m�SDB�Y7��yY3�[�77IYE\��S41
S>!�f;Sn�Ykh9��YY	LBfr7z�E\�Ga
12 U 18 (�U � YSD|�E\�r9�A/LY�B���ma 24 (��pf_7k7/� Y��kvNY�B�hk 0.18. �4-)6�Y'z�Sn�B�℄)|fSDY|�E\�"�+bYE\�Sn�'�RmSDhiY3q��ChiY	LB3-�3���3�Q7G;��℄)�|`tSDE\�
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^ 1 %Jn1��V�*{ 3,12,18,24 )Aau[TEG^�D�'
Fig. 1 User′s intention inferred probability distribution after 3, 12, 18, 24 steps without time delaya}��3��7	=G7Y�^S>Y1
� B �'zSDYE\�\ 2 Y�3�2�&Y)a 3 �18 �24 9 30 ('z�e.YE\�B�&�G\�o�SDY|�E\℄)�7&!Q�R)X[�^1
�~�'z4;�a=��3Y�j94�

^ 2 Jn1��V�*{ 3,18,24,30 )Aau[TEG^�D�'
Fig. 2 User′s intention inferred probability distribution after 3, 18, 24, 30 steps with time delay	\ 2 G&�a 18 (�q�E\�B�&w[f��zm\ 1 ��V64;G7�}(�Ga 18 (�$�U � YSD|�E\Y�B��rtL�a 24 (��[7k



5 j � 4℄	>�R℄TEG^uV[ Internet AkUp�#��� 823{�/L�R9=��3���a}��3`tYE\�B�9���;�[kIE\YV(:9���1	�a 24 (C��\ 2 � U � YE\�B�) 0.145, �[\ 1 �Y 0.165. 'z7���\ 2 ma 30 (�/�GWUY|�E\�B��Aa}WL�
0.025, z:�[q=��3�a 24 ('z�G��Y�N1� 0.05.

4 �G<	?*%2�o��7=��QY���[/S�;?_8vSDE\��tU�GSD�k9D�no<�!QSD|�E\�"�`tYE\�s$d�xB�Sn��℄)'�_/H9��SDhiY�k�~�eHSn�}Ww^7vS+O%Y9v�m�7$|f0�YO��M�7�u7Y ℄��3�2�Q7���YY� 9�� �SDE\U�)~�!���Y-p����=(Y$0v%�[M�'zY$| 9$C �C��~�E\U�Y$0�B�=b�	=*uU�Y*S 9=� �"k℄)kS[#�lY�hSn�7,0�u��:)$9$t.YqO�
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