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Abstract

Delivering the attributes of a data set to the user without any perceptual dis-

tortions is the most important requirement of data perceptualization. Penalty-

based method is one of the prevailing haptic rendering method which was

shown to result in distorted perception of surface topography that has vary-

ing stiffness. The force constancy theory, which states that the user generates

invariant contact force level when s/he strokes a surface to perceive its topog-

raphy, was proven to well account for this phenomenon. This paper proposes a

new haptization algorithm named Topography Compensation Algorithm(TCA)

that resolves the problem of the penalty-based method. TCA is computationally

efficient and delivers topographyinformation consistently with virtual models.

When the force direction is varied using virtual surface normals, penalty-based

algorithm may render the same surface differently depending on operating con-

ditions, but TCA does not. Since TCA uses the compensated position rather

than original surface position, it is subject to two problems. One is rendering

surface heights differerent for each exploratory procedure, and the other is er-

ror accumulation. Using the human motion characteristics of slope perception,

we developed the method of restoring the compensated height to the original

height. TCA expanded by this method was shown to resolve the two artifacts

by a psychophysical experiment.
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� 1¤ùÿ

"V *́0

óÁ�hË: E$��8a�A(Haptic Rendering)_� ���©� ×�æ¹כô�Ç %i�½+É�Ér���©� Óüt�̂\� t�&ñ
�)a :£¤fç
[þt

õ� ��6 x���� ���t�ô�Ç ���©� Óüt�̂_� :£¤fç
[þts� {9�u�
��̧2�¤ &ñ
�Ð\�¦ ���²ú�
���H �.���s	כ Õª

�Q��óÁ�hË:���'��̀s�Û¼�©�q�(Haptic Interface Device)�����²ú�
���HjËµs�þj7áx&h�Ü¼�Ð

��6 x��\�>� ���²ú�÷&��H %i��<Æ_� %ò
�¾Ó, ��6 x��ü< óÁ�hË: �©�q�çß�\� µ1ÏÒqt
���H Ô�¦îß�&ñ
ô�Ç �©�

I�(Instability),óÁ�hË:E$��8a�A~½ÓZO�s�³ð�&³
��¦��
���H5Åq$í
_�Óüto�&h�:£¤$í
�̀¦Ø�æì�ry�

���²ú��<Ê\� ô�Ç>��� e����H �â
Äº\� s��Qô�Ç %i�½+É�Ér t�&�t�t� 3lwô�Ç��. s��Qô�Ç :£¤fç
[þt�Ér ��

|ÃÐs����©�Óüt�̂_�5Åq$í
�̀¦���t�½+ÉM: ú̧�6£§s��8K�������FG�̀¦Ö¼z�����,þj���_��â
Äº ú̧�

6£§���̂ëß��̀¦Ö¼z�>�ëß���H��.óÁ�hË:E$��8a�A\�@/ô�Çþj��H_�s�Ã»ü<l�Õüt\�@/ô�Ç �̧����

«Ñ��H [1]\��è>h÷&#Qe����.

õ��<Æ&h� X<s�'�\�¦ ���t��o
�l� 0A
�#� ���©� 8̈��â
\�"f {9�#Q����H Óüto�&h� �&³�©��̀¦ óÁ�

hË: &ñ
�Ð�Ð ]j@/�Ð ³ð�&³
���H ��Ér	כ B�Äº jËµ��H {9�s���. #�l�"f X<s�'�_� ���t��oêøÍ X<

s�'�r�y���o_�SX��©��)a>h¥Æ�Ü¼�Ð"fr�y��,'õAy��,8ú¤y��\�s�ØÔ��H#��Qì�r��\�¦8úxg�A
���H

6 x#Q�ÐÕªaË> 1.1\�X<s�'����t��o\�@/ô�Ç>h¥Æ��̀¦³ð�&³
�%i���. GROPE [2]��HX<s�'�

���t��o_� ���½̈&h���� áÔ�Ð#�oàÔ�Ð, ��6 x���� ì�r�� Ãºï�r_� ½̈�̧\�¦ jËµ ���²ú� �©�q�(Force

Feedback Device)ü< HMD(Head-Mounted Display)\�¦ ��6 x
�#� �̂+«>
���H l�0px�̀¦

]j/BNô�Ç��. jËµ ���²ú� �©�q�\�¦ STM(Scanning Tunneling Microscope)õ� ������
�#� r�

1
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Ü«ÍÏ� 1.1X<s�'����t��o(Data Perceptualization).

y��õ� 8ú¤y�� &ñ
�Ð\�¦ ]j/BN
���H "é¶��� �̧7áx r�Û¼%7�(Teleoperation System)\� @/ô�Ç ���½̈

[3]�̧ X<s�'� ���t��o_� ô�Ç ì�r��s���. þj��H\���H #��Q �̂¦µ¢§ X<s�'�_� |9�½+Ë(Multiple

Volume Data Sets)\�@/ô�ÇX<s�'����t��or�Û¼%7�s�>hµ1Ï÷&l��̧ 
�%i��� [4].

s�ü< °ú s� õ��<Æ&h�Ü¼�Ð %3��Ér X<s�'��Ð ëß�[þt#Qt�����, ¢̧��H ��|ÃÐs� ���0A&h�Ü¼�Ð n�

�����ô�Ç ���©� Óüt�̂\� @/
�#� Õª Óüt�̂�� t���� 5Åq$í
[þt�̀¦ ��6 x���� ���t�½+É Ãº e���̧2�¤


�l� 0AK�"f��H s�\�¦ ���²ú�
���H Ãºéß�õ� ~½ÓZO�s� 
¹כ��9���. �©� ñ ���6 x\� ¹ô�Çכ��9 ¹�è[þtכ

�̀¦{9�§4�Ü¼�Ð
��¦��6 x��\�>����²ú�½+ÉjËµ�̀¦Ø�¦§4�Ü¼�Ð
���H>�íß�õ�&ñ
s��9¹כ�
� 9s�

\�¦óÁ�hË:E$��8a�A(Haptic Rendering)s���ô�Ç��.7£¤óÁ�hË:E$��8a�As�êøÍ��6 x�������©�_�

Óüt�̂ü< �©� ñ���6 x�̀¦ ½+É M: óÁ�hË: ���'��̀s�Û¼ �©�u��� ��6 x��\�>� ���²ú�½+É jËµ�̀¦ >�íß�
�

��H õ�&ñ
�̀¦ ú́�ô�Ç��[5]. óÁ�hË: E$��8a�A�Ér ���©� Óüt�̂�� &ñ
_��)a +þAd��, jËµ�̀¦ >�íß�
�l� 0AK�

��6 x
���H ��«Ñ ½̈�̧ ¢̧��H ·ú��¦o�7£§\� ���� ì�rÀÓ÷&��HX<, s� ×�æ X<s�'� ���t��o ì�r��

_� ~½Ó@/ô�Ç ��«Ñ\�¦ ò́Ö�¦&h�Ü¼�Ð E$��8a�A
���H ·ú��¦o�7£§Ü¼�Ð óÁ�hË: �̂¦µ¢§ E$��8a�A(Haptic

Volume Rendering) [6][7]s� ú́§s� ��6 x�)a��. óÁ�hË: �̂¦µ¢§ E$��8a�A ·ú��¦o�7£§�Ér t�%i�&h�

l�Ö�¦l�(Local Gradient)\�¦ ³ð���_� ZO����(Surface Normal)Ü¼�Ð ��6 x
�#� óÁ�hË: �©�q�

����6 x��\�>����²ú�½+ÉjËµ�̀¦>�íß�ô�Ç��.þj��H_�Dh�Ðî�rr�Û¼%7�[þt�ÉráÔ2�¤r�(Proxy)l�

ìøÍ_�óÁ�hË:E$��8a�Al�ZO��̀¦ �̂¦µ¢§E$��8a�A\���6 xô�Ç��[8][9].

�&³z�́�̀¦ �̧~½Ó
���H���Ér���©��&³z�́6£x6 xáÔ�ÐÕªÏþ�õ�²ú�o�X<s�'����t��o\�"f��H���©�

Óüt�̂_� 5Åq$í
[þts� "f�Ð ����'a÷&#Q e����H �â
Äº�� ú́§��. ÕªaË> 1.2�Ér Õª�Qô�Ç \V\�¦ �Ð#�ï�r
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(a) ³ð���Z�}s�X<s�'�. (b) Z�}s�X<s�'�(z�́���)ü<�ÃÐgË>=åQ_��â
�Ð(&h����)

Ü«ÍÏ� 1.2 “Protein-on-mica”X<s�'�.

��. ÕªaË> 1.2(a)��H éß�Ñþ�|9�s� Mica Óüt|9�\� z�0>4R e����H Bi-lipid Membrane Patch_�

³ð���Z�}s�ë�s(Surface Height Map)�̀¦Z�}�ÉrÂÒì�r�Érµ1ß>�,±ú��ÉrÂÒì�r�Ér#QÑüv>�³ð�&³
�

%i�Ü¼ 9¼#�î̈
ô�ÇMica³ð���0A\� Halo\�_�K�Ñüt�QÁú¢���"é¶+þA_�éß�Ñþ�|9�Membrane�̀¦

�Ð#�ï�r��. ¼#�î̈
ô�Ç ³ð���\� @/
�#� ���̧p�'� ß¼l�_� �<Êa� �>rF�
���H ���ª�ô�Ç :£¤fç
[þt�̀¦

8£¤&ñ
½+ÉÃºe����H�©�q����ÅÒ��+þA�ÃÐgË>�&³p��â
(Scanning Probe Microscope)�̀¦��6 x
�

#� Z�}s� ë�s�̀¦ 8£¤&ñ

�%i���. Membrane Patch��H Transmembrane éß�Ñþ�|9�_� ÅÒl�&h�

��� C�\P��Ð G�0>4R e��l� M:ë�H\� Halo lipid ÂÒì�r�Ð�� �8 éß�éß�
���. s� X<s�'�\� @/ô�Ç

���©� �̧4Sq�̀¦ �̀V,�w�l�ìøÍ·ú��¦o�7£§Ü¼�ÐE$��8a�A�<ÊÜ¼�Ð+���6 x��\�>�³ð����̀¦:�¤:�¤5g

"f³ð���_�y©��̧\�¦Ö¼z�����,����̀¦Õª#Q�Ð>��<ÊÜ¼�Ð+�³ð���_� �̧�ª��̀¦·ú���è­qÃºe����H

8̈��â
�̀¦]j/BN
�%i���.ÕªaË> 1.2(b)�ÉrZ�}s�&ñ
�Ð\�¦8£¤���\�"f�����Ð��¤�̀¦M:_� �̧�ª����X<

#�l�"f SX����½+É Ãº e��1pws� Halo %ò
%i��Ér Mica %ò
%i��Ð�� Z�}��. Õª�Q�� ��6 x��[þt�Ér {9�

�'a÷&>� Halo%ò
%i�s�Mica%ò
%i��Ð��±ú�����HìøÍ6£x�̀¦�Ð%i���.s��&³�©��̀¦"î
SX�y�ì�r$3�
�

l�0AK���6 x��_��<Hs�¹¡§f��������'���â
�Ð\�¦l�2�¤
�#��'a¹1Ï
�%i��¦Õª���õ�"î
SX�ô�Ç%i�

��� �&³�©��̀¦ �̂¦ Ãº e��%3���. ÕªaË> 1.2(b)��H çß�éß�y� ³ð�&³�)a Óüt�̂_� ³ð��� �̧�ª�(z�́���)õ� �<H

_� ���'�� �â
�Ð(&h����)�� î̈
'��
�t� ·ú§6£§�̀¦ �Ð�����. ��z�́ �̀V,�w� l�ìøÍ ·ú��¦o�7£§�Ér ç�H{9�

ô�Çy©��̧\�¦°ú���H³ð����̀¦��&ñ

��¦ëß�[þt#Q���l�ZO�s�%3�~���.���s	כ

s��Qô�Ç�&³�©��Ér�&³z�́&h�Ü¼�Ð�̧�'a¹1Ïs�÷&��H{9�s���.³ð����̀¦�<HÜ¼�ÐÀDGÀDG¾º\�¦M:éß�

éß�
��¦±ú��Ér³ð����Ð��ÁºØÔ�¦Z�}�Ér³ð���\�@/
�#�,Áº�ÉrÂÒì�r\�"f�<Hs� ú́§s�[þt#Q��

l� M:ë�Hs���. s�ü< °ú s� Óüt�̂�� ����� 5Åq$í
[þt�Ér "f�Ð %ò
�¾Ó�̀¦ p�5g ��|ÃÐs� 5Åq$í
 Õª@/
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�Ð ���t�
���H �¦̀�	כ ~½ÓK�
�l��̧ ô�Ç��. Õª�Q�� X<s�'� ���t��o_� 3lq&h��Ér ·ú¡"f ú́�ô�Ç1pws�

��6 x��\�>�Óüt�̂�������5Åq$í
�̀¦Õª@/�Ð���²ú�
�#�Óüt�̂_� �̧�ª�õ�y©��̧\�¦1lqwn�&h�Ü¼�Ð

&ñ
SX�
�>����d��r�v���H��\s�l�M:ë�H	כ �̀V,�w�l�ìøÍ·ú��¦o�7£§�ÉrX<s�'����t��o_�6£x6 x

áÔ�ÐÕªÏþ�\�&h�½+Ë
�t�3lw
���.

0A\�"f�è>hô�ÇZ�}s��=/BG���²ú��&³�©��̀¦[O�"î

�l�0AK���|ÃÐ_�'��1lx:£¤fç
\�@/K�[j

î�r��&ñ
s�jËµÄ»t���[O�(Force Constancy Hypothesis)s� 9,s���H��6 x�������©�#4�

_� �̧�ª��̀¦ ���d��
�l� 0A
�#� 8£¤���Ü¼�Ð ¹¡§f��s� 9 ]X�8ú¤½+É M: {9�&ñ
ô�Ç jËµ�̀¦ Ä»t�ô�Ç����H

�.�p�ô�Ç��[10]_¦̀�	כ s�\�¦ Halo-MicaX<s�'�\�&h�6 x
������|ÃÐ_�]X�8ú¤jËµs�{9�&ñ

�l�

M:ë�H\�Áº�Ér³ð������ Halo%ò
%i�\�"fU�·>�[þt#Q���¦�Ð��éß�éß�ô�ÇMica%ò
%i�\�"f��H·û 

>�[þt#Q��l�M:ë�H\�s��Qô�ÇZ�}s��=/BG�&³�©�s�Òqtl���H�
e���̀¦·ú�Ãºe����.ëß����¿º%ò	כ

%i�\�"f[þt#Qçß�U�·s�_�	�s���"é¶A�Z�}s�_�	�s��Ð��ß¼����� Halo-MicaX<s�'�\�"f

ü<°ú �Ér%i�����&³�©�s�µ1ÏÒqt
���H�.���s	כ

jËµ Ä»t� ��[O��Ér &ñ
���Óüto��<Æ z�́+«>�̀¦ :�x
�#� ��z�́��� �Ü¼�Ð	כ SX����÷&%3��¦ ��|ÃÐ_� î�r

1lx:£¤fç
�̀¦[O�"î

���H
���_�s��:rs�÷&%3���. Halo-MicaX<s�'���H"é¶A�_� �̧4Sqs�°ú��¦

e����Hy©��̧ü<³ð���_� �̧�ª��̀¦�=/BG\O�s�&ñ
SX�
�>���6 x��\�>����²ú�
���HDh�Ðî�rE$��8a�A

·ú��¦o�7£§s��9¹כ��<Ê�̀¦�Ð#�ÅÒ��Hô�Ç\V���¦½+ÉÃºe����.s�\�¦0A
�#��:r�7Hë�H\�"f��HjËµ

Ä»t�s��:r\�l�ìøÍô�Çt�+þA�Ð�©�·ú��¦o�7£§(Topography Compensation Algorithm)�̀¦

]jîß�ô�Ç��. s�Êê_� �:r �7Hë�H\�"f��H Halo-Mica X<s�'�\�"f_� y�� Óüt|9�_� �â
>�ü< °ú s�

���©�Óüt�̂_�Z�}s���y©��̧��/åL���y����
���HÂÒì�r�̀¦����o ½̈çß�(Varying Interval)���¦

³ð�&³ô�Ç��.

3 �©�\�"f��H ³ð��� �Ð�©� ·ú��¦o�7£§�̀¦ 
���_� ����o ½̈çß�\� @/
�#� ô�Ç ���ëß� ����̀¦ �FM��H

�â
Äº\�¦ ��&ñ

�#� ]jô�Ç�)a t�+þA �̧|	�õ� '��1lx\� @/
�#� [O�>�
�%i���. [O�>��)a l��:r ³ð���

�Ð�©� ·ú��¦o�7£§�Ér &ñ
���Óüto��<Æ&h� z�́+«>(Psychophysical Experiment)�̀¦ :�x
�#� �̀V,�

w� l�ìøÍ ·ú��¦o�7£§õ� q��§ ì�r$3�
�%i���. z�́+«> ���õ� ]jîß�
���H ·ú��¦o�7£§�Ér ³ð���_� y©��̧

ü< �̧�ª��̀¦�=/BG\O�s����²ú�
���Hy©�§4��<Êõ�>�íß�_� ò́Ö�¦$í
�̀¦�Ð%i���.s�z�́+«>�ÉróÁ�hË:E$�

�8a�As� ]j/BN
���H î�r1lx éß�"f(Kinesthetic Cue)ëß�_� %ò
�¾Ó�̀¦ ¶ú�(R�Ðl� 0A
�#� ��6 x��

\�>� ���²ú�÷&��H jËµ_� ß¼l���H ���
�t�ëß� jËµ_� ~½Ó�¾Ó�Ér ���
�t� ·ú§��H 8̈��â
Ü¼�Ð ½̈$í
÷&%3�

��.

4 �©�\�"f��H î�r1lx éß�"f ü@_� ���Ér éß�"f\�¦ ]j/BN
�l� 0AK� ³ð���_� ZO�����̀¦ �¦�9
�%i�
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�¦ Õª ���õ� 8£¤��� jËµ éß�"f�� ]j/BN÷&��H �¦̀�	כ SX����
�%i���. �̀V,�w� l�ìøÍ ·ú��¦o�7£§�Ér s�

�Qô�Ç 8̈��â
\�"f q�{9��'a&h���� t�+þA &ñ
�Ð\�¦ ���²ú�½+É ��0px$í
s� e��6£§�̀¦ µ1Ï|
�
�%i���. ³ð���

_�ZO����s�E$��8a�A÷&%3��̀¦M:_�t�+þA&ñ
�Ð���²ú�\�p�u���H%ò
�¾Óõ�l��>r·ú��¦o�7£§_�ë�H

]j&h��̀¦SX����
�l�0A
�#�&ñ
���Óüto��<Æ&h�z�́+«>�̀¦
�%i��¦���7£x
�%i���.

��6 x��\�>� Óüt�̂�� ����� 5Åq$í
�̀¦ �̀¦���Ð ���²ú�
�l� 0Aô�Ç 3lq&h�_� ³ð��� �Ð�©� ·ú��¦o�

7£§�̀¦��Ãº_�����o ½̈çß�õ����ª�ô�Ç�ÃÐ½̈~½Ód���̀¦t�"é¶
���HóÁ�hË:E$��8a�A~½ÓZO�Ü¼�ÐSX��©�


�l� 0A
�#� 5 �©�\�"f��H Õª\� ���Ér �̧��� õ�]j[þts� Áº%Á	���t�\�¦ ì�r$3�
��¦ s�\�¦ K����


�l�0Aô�Ç~½ÓZO�]jr�ô�Ç��. ¢̧ô�ÇSX��©��)a·ú��¦o�7£§s�"é¶A�_�3lq&h����&ñ
SX�ô�Ç&ñ
�Ð���²ú�

�̀¦
���Ht�\�@/ô�Ç#�ÂÒ\�¦z�́+«>�̀¦:�xK�¶ú�(R�Ð��¤��.



� 2¤ùÿ

���d�c�*́0כ 

jËµ Ä»t� s��:rs�êøÍ ��6 x���� ���©� ³ð���_� �̧�ª��̀¦ ���d��
�l� 0A
�#� 8£¤���Ü¼�Ð ¹¡§f��s�

 9 ����̀¦ Õª�̀¦ M: {9�&ñ
ô�Ç jËµ�̀¦ Ä»t�ô�Ç����H s��:rs���. [10]\�"f &ñ
���Óüto��<Æ&h� z�́+«>�̀¦

:�xK� 0.3 N/mm s��©�_� y©��̧\�¦ t���� ³ð���_� �â
Äº\� s� s��:r�Ér ú̧� [O�"î
s� ÷&%3���HX<

y©��̧�� 0.3 N/mmp�ëß�_�³ð�������â
Äº\���Hy©��̧���-Áº±ú���³ð���_��â
>���Ìº§Â	
�

>�³ð�&³s�÷&t�·ú§��"f��6 x����{9�&ñ
ô�Ç]X�8ú¤jËµ�̀¦Ä»t�
�l�jËµ[þtl�M:ë�Hs���.

�<H\����²ú�÷&��H¿º³ð���_�Z�}s�_�	�s���HjËµÄ»t�s��:r�̀¦��6 x
�#�Ãº�<Æ&h�Ü¼�Ð³ð

�&³½+ÉÃºe����.ÕªaË> 2.1��HÃºf��Ü¼�ÐZ�~#����¿º>h_����©�³ð��� P1, P2\�¦�Ð�����.y��³ð

���_� Z�}s�(��6 x��_� {9��©�\�"f��H U�·s�)\�¦ z»¡¤ ~½Ó�¾Ó\� @/K� h1, h2 ���¦ ³ð�&³
��¦ y��

³ð���_� y©��̧��H k1, k2 �Ð ³ðr�ô�Ç��. �:r �7Hë�H\�"f��H ��6 x��\�>� ����î�r #4�s� ��� #4��Ð

�� Z�}���¦ &ñ
_�ô�Ç��(ÕªaË> 2.1_� �â
Äº ∆h = h2 − h1 > 0). �̀V,�w� l�ìøÍ ·ú��¦o�7£§�̀¦

��6 xÙþ¡�̀¦M:óÁ�hË:���'��̀s�Û¼�©�u�����6 x��\�>� z»¡¤~½Ó�¾ÓÜ¼�Ð���²ú�
���HjËµ fz��H��

6£§õ�°ú ��.

fz = k(h− pz) (2.1)

#�l�"f pz ��H óÁ�hË: ���'��̀s�Û¼ �©�q�_� �ÃÐgË> =åQ(Probe Tip)_� z»¡¤\� @/ô�Ç 0Au�s�

��.ëß�����ÃÐgË>=åQs�³ð��� P1 _�îß�Aá¤\�0Au�
���� h = h1, k = k1 s��¦³ð��� P2_�îß�Aá¤

6
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Ü«ÍÏ� 2.1¿º#4�\�@/ô�ÇóÁ�hË:E$��8a�A�̀¦0A\�"f?/�9���:r �̧_þv.

\� 0Au�
���� h = h2, k = k2s���. jËµ Ä»t� ��[O�\� _�K� y�� ³ð���\�"f_� ]X�8ú¤ jËµs� °ú 

���¦��&ñ

����y��³ð���\�"f_��'a:�xU�·s�(Penetration Depth)��H��6£§õ�°ú s�³ð�&³½+É

Ãºe����.

d1 = h1 − pz1 =
fp

k1
, d2 = h2 − pz2 =

fp

k2
(2.2)

s� d��_� pzi��H �ÃÐgË> =åQs� ³ð��� Pi îß�\� e���̀¦ M:_� z»¡¤\�"f_� 0Au�s���. ��6 x����

P1\�"f P2�Ð ����̀¦ Õª�̀¦ M: óÁ�hË: �©�q��� ��6 x��\�>� ���²ú�÷&��H Z�}s�_� 	�s� pz��H 2.2

d���̀¦s�6 x
�#���6£§õ�°ú s�³ð�&³½+ÉÃºe����.

∆pz = pz2 − pz1 = h2 − h1 − fp(
1
k2
− 1

k1
) (2.3)

s�d���̀¦¿º>h_��½Ó�̀¦°ú���Hd��Ü¼�Ð��r�³ð�&³
������6£§_�d���̀¦%3���H��.

∆pz = ∆h + ∆hd . (2.4)

#�l�"f ∆hd��H��6£§õ�°ú s�³ð�&³�)a��.

∆hd = −fp

(
1
k2
− 1

k1

)
. (2.5)

d�� 2.4_�'Í	���P:�½Ó(∆h = h2 − h1)�Ér¿º³ð���s�°ú��¦e����H"é¶A�_�Z�}s�	�s�\�¦_�

p�
��¦¿º���P:�½Ó(∆hd)�Ér³ð���_�y©��̧��{9�&ñ

�t�·ú§�̀¦M:��6 x��\�>����²ú�÷&��HZ�}

s�\�¦ �=/BGr�v���H %i�½+É�̀¦ ô�Ç��. ��6£§�Ér y©��̧_� C�u�\� ���� ��6 x��\�>� ���²ú�
���H Z�}

s�	�s� ∆pz\�p�u���H%ò
�¾Ó�̀¦�Ð�����.

1. k1 = k2:∆hd = 0 ⇒ ∆pz = ∆h. @/ÂÒì�r_� óÁ�hË: E$��8a�A ·ú��¦o�7£§�Ér s�%�!3� y©�

�̧�� {9�&ñ
ô�Ç 8̈��â
�̀¦ ��&ñ

��¦ �¦îß�÷&%3���. s� �â
Äº_� �ÃÐgË> =åQ�Ér ���©� #4�s� ����� t�

+þA\� î̈
'��
�>�¹¡§f��s�>��)a��.
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2. k1 > k2:∆hd < 0 ⇒ ∆pz < ∆h. s� �â
Äº\���H "é¶A�_� Z�}s� 	�s��Ð�� ���²ú�÷&��H

Z�}s�_�	�s����8�����. Halo-MicaX<s�'���H P1s��Ð�� P2 �Ð��±ú��Ér 8̈��â
_��â
Äº\�

K�{©�ô�Ç��.:£¤y� |∆hd| > |∆h|s����Z�}�Ér³ð������ P2��±ú��Ér³ð������ P1�Ð��±ú�>����²ú�

�)a��.

3. k1 < k2:∆hd > 0 ⇒ ∆pz > ∆h.s��â
Äº\���H"é¶A�_�Z�}s�	�s��Ð���8ß¼>�Z�}

s�_�	�s������²ú��)a��.



� 3¤ùÿ

d�B�!�Ã�î|ÎHx��_��À�?ê\�¶*05�6�ç

8ú¤y���̀¦��6 x
�#����t�½+ÉÃºe����HÓüt�̂_�5Åq$í
&ñ
�Ð\�¦%3�l�0AK���|ÃÐs���6 x
���H�<H

_�¹¡§f��e���̀¦�ÃÐ½̈ õ�&ñ
(Exploratory Procedure)s����¦ô�Ç��[11]. \V\�¦[þt���Óüt�̂_�

�̧�ª��̀¦ ·ú�l� 0AK�"f��H �<HÜ¼�Ð y�������� Óüt�̂_� ü@FỲ����̀¦ ���� ¹¡§f��s��¦, ³ð���_� �̧

�ª�õ� F�|9��̀¦ Ö¼z�l� 0AK�"f��H ³ð���\� 8£¤���Ü¼�Ð ¹¡§f��s� 9 ����̀¦ �FM�¦, ³ð���_� y©��̧\�¦

·ú�l� 0AK�"f��H ³ð����̀¦ Ðüt!3����� b�%3����� 
����� :�¤:�¤ u��¦, Óüt�̂_� ���»¡¤$í
�̀¦ �Ðl�

0AK�"f��H�ª�Aá¤�̀¦ ú̧���Zþt%i�����Z�~��H�¦̀�	כ ú́�ô�Ç��.

�:r�©�\�"f]jîß�
���Ht�+þA�Ð�©�·ú��¦o�7£§(Topography Compensation Algorithm)�Ér


���_�����o ½̈çß�(1�©��ÃÐ�̧)\�@/K�ô�Ç���ëß�����̀¦�FM��H(One-time Stroking)�ÃÐ½̈ õ�

&ñ
\� @/K�"f Óüt�̂�� ����� t�+þAõ� 5Åq$í
�̀¦ �̀¦���Ð ��6 x��\�>� ���²ú�
���H �¦̀�	כ 3lq³ð�Ð

[O�>�÷&%3���. ��Ãº_� ����o ½̈çß�õ� ���ª�ô�Ç �ÃÐ½̈ õ�&ñ
\� @/ô�Ç ³ð��� �Ð�©� ·ú��¦o�7£§�Ér 5

�©�\�"f�è>hô�Ç��.

1]X�\�"f��Hl��:rt�+þA�Ð�©�·ú��¦o�7£§�̀¦Ä»�̧
���Hõ�&ñ
�̀¦[O�"î

��¦ 2]X�\�"f��H&ñ


���Óüto��<Æ&h� z�́+«>�̀¦ :�xK� t�+þA �Ð�©� ·ú��¦o�7£§õ� �̀V,�w� l�ìøÍ ·ú��¦o�7£§�̀¦ q��§
�#�

]jîß�
���H·ú��¦o�7£§_�$í
0px�̀¦ì�r$3�ô�Ç��.

9



1. e�Ôeµ5���� 10

V� 1â�
 e�Ôeµ5����

y©��̧�����
���H³ð���\�"fµ1ÏÒqt
���HZ�}s��=/BG�̀¦K����
�l�0A
�#�B�óÁ�hË:Ìqt���ÅÒl�

�����=/BG�)aZ�}s� ∆hd(d�� 2.5)\�¦]j��
���H~½ÓZO��̀¦��6 xô�Ç��.

r�çß�\�@/ô�ÇóÁ�hË:���'��̀s�Û¼�©�q�_��ÃÐgË>=åQ_�0Au���H∆p(t) = (px(t), py(t), pz(t))

�Ð ³ðr�
��¦, xyî̈
���\�"f_� 0Au� (x, y)\� @/
�#� Z�}s���H h(x, y), y©��̧��H k(x, y)s�

��. �ÃÐgË> =åQs� 0Au�
���H /BM_� Z�}s�ü< y©��̧��H çß�éß�y� h(t) = h(px(t), py(t)), k(t) =

k(px(t), py(t))�Ð ³ðr�ô�Ç��. �=/BG÷&��H Z�}s� ∆hd\�¦ �Ð�©�K� ÅÒ��H Z�}s�\�¦ ∆hc�� 
��¦

d�� 2.4\� ∆h@/��� ∆h + ∆hc\�¦ s�6 x
�#� ��6 x��\�>� ���²ú�½+É jËµ�̀¦ >�íß�
���� ��6£§_�

d��s� ½̈K������.

∆pz(n) = ∆h(n) + [∆hc(n) + ∆hd(n)] . (3.1)

t = n∆T\�"f ∆T��H óÁ�hË: Ìqt��� ÅÒl�s��¦ n�Ér n���P: óÁ�hË: Ìqt��� ÀÒáÔ\�¦ ��o�v���H

Ô�¦���5Åq r�çß� �����oÛ¼s���. s� d��\�"f �Ðs�1pws� B���� óÁ�hË: Ìqt����̀¦ ½+É M:\� ∆hc(n) =

−∆hd(n)_� �̧|	��̀¦ëß�7á¤
������6 x��\�>����²ú�÷&��HZ�}s�_�	�s� ∆pz��H"é¶A�_�Z�}s�

∆h_�	�s�ü<°ú >��)a��.

t�+þA�Ð�©�·ú��¦o�7£§_����©�×�æ¹כô�ÇÂÒì�r�Ér�=/BG�)aZ�}s�\�¦>�íß�
���HÂÒì�rs���.y©�

�̧�� {9�&ñ
ô�Ç ³ð���\�"f��H �=/BGs� \O�t�ëß� ÕªXO�t� ·ú§�Ér ³ð���\�"f��H �=/BGs� Òqtl� 9 s�

Z�}s�\�¦ ·ú�l� 0AK���� d�� 2.5\�"f �Ðs�1pws� ��6 x���� ��
���H ]X�8ú¤ jËµ�̀¦ ·ú����� ô�Ç��.

jËµG'p"f(Force Sensor)\�¦s�6 x
����&ñ
SX�
�>���6 x��_�]X�8ú¤jËµ�̀¦·ú�Ãºe��t�ëß�e��x�

~��Û¼(Impedance)��{9�_�óÁ�hË:n���s�Û¼����â
Äº%�!3�jËµ�̀¦y��t�
���H 8̈��â
s��½Ó�©�ÅÒ

#Qt���H���Ér��m�l�M:ë�H\��:r�7Hë�H\�"f��HjËµG'p"f@/���\���|ÃÐ_�î	כr1lx:£¤$í
(Human

Motor Characteristic)�̀¦s�6 x
�#�jËµ�̀¦\V�©�
�l��Ð
�%i���.

'Í	P:�Ð jËµ Ä»t� s��:r�̀¦ s�6 xô�Ç��. ��|ÃÐs� ³ð���\� ��� �FMl�\�¦ 
���H 1lxîß� {9�&ñ
ô�Ç ]X�

8ú¤jËµ�̀¦Ä»t�
�Ù¼�Ð��|ÃÐs�ÅÒ��HjËµõ�óÁ�hË:���'��̀s�Û¼�©�q�����|ÃÐ\�>�ÅÒ��HjËµ�Ér

°ú �̀¦ �¦����s	כ ��&ñ
ô�Ç��. s� ��&ñ
�̀¦ :�x
�#� E$��8a�A ·ú��¦o�7£§\�"f >�íß�ô�Ç °ú̀�כ¦ ��6 x

���� ��ô�Ç jËµÜ¼�Ð çß�ÅÒô�Ç��. ÑütP:�Ð ��|ÃÐ_� ¹¡§f��e�� @/%i�(Motion Bandwidth)_� :£¤

fç
�̀¦ s�6 xô�Ç��. óÁ�hË: Ìqt��� ÅÒl���H �Ð:�x 1 kHz &ñ
�̧�Ð ��|ÃÐ �<H_� ¹¡§f��e�� @/%i���� 10

Hzp�ëß��Ð���s̀�����ØÔl�M:ë�H\���6 x������
���H]X�8ú¤jËµ�Ér{9�ìøÍ&h����óÁ�hË:Ìqt���ÅÒ

l�(1 ms) ?/\� °ú���l� ���
�l� jËµ[þt����H �¦̀�	כ ·ú� Ãº e����. s� ¿º ��t� ��z�́�̀¦ s�6 x
�
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#�r�çß������oÛ¼ n{9�M:��6 x������
���HjËµ f̂p(n)�̀¦��6£§õ�°ú s�\V�©�½+ÉÃºe����.

f̂p(n) = fz(n− 1) . (3.2)

#�l�"f fz(n− 1)��Hs����Ìqt���\�"fóÁ�hË:E$��8a�A·ú��¦o�7£§s�>�íß�ô�Ç z»¡¤~½Ó�¾ÓÜ¼�Ð

_� jËµ_� ß¼l�s���. s� jËµ�̀¦ s�6 x
�#� ô�Ç ���_� óÁ�hË: Ìqt��� ÅÒl� ∆T 1lxîß� �=/BG÷&��H Z�}

s� hd(n)\�¦��6£§õ�°ú s�#QaË>½+ÉÃºe����.

∆ĥd(n) = −fz(n− 1)
(

1
k(n)

− 1
k(n− 1)

)
. (3.3)

��6 x��\�>� ���²ú�÷&��H Z�}s�_� 	�s�\�¦ "é¶A�_� ³ð��� Z�}s�_� 	�s�ü< °ú >� 
�l� 0Aô�Ç

�̧|	��Ér ∆hc(n) = −∆hd(n)s� 9s�d���̀¦s�6 x
�#� n���P:óÁ�hË:ÀÒáÔ\�"f��6 x��\�>�

���²ú�K���½+É�Ð�©��)aZ�}s� hc(n)�Ér��6£§õ�°ú s� ½̈ô�Ç��.

hc(n) = hc(n− 1) + ∆h(n) + ∆hc(n) . (3.4)

�Ð�©��)a Z�}s���H s����\� �Ð�©��)a Z�}s�\� "é¶A� ³ð���_� Z�}s� 	�s�ëß��pu�̀¦ �8K�ÅÒ�¦ f��

���_�óÁ�hË:Ìqt���ÅÒl�1lxîß��=/BG�)aZ�}s�\�¦�Ð�©�
�#� ½̈ô�Ç��.s�d���Ér hc(n)\�@/ô�Ç&h�

�od��s�Ù¼�Ð{9�ìøÍ�½Ó�̀¦ ½̈
������6£§õ�°ú ��.

hc(n) = h(n) +
n∑

i=1

∆hc(n) . (3.5)

B� óÁ�hË: Ìqt��� M:���� t = 1..n ��t� �8
���H õ�&ñ
�̀¦ x�
�l� 0A
�#� 0A d���Ér ��6£§õ�

°ú s���r�jþtÃºe����.

hc(n) = h(n) + Sh(n) . (3.6)

0Ad��_� Sh(n)��H¾º&h��Ð�©�Z�}s�s� 9��6£§õ�°ú s�³ð�&³�)a��.

Sh(n) = Sh(n− 1) + ∆hc(n) . (3.7)

Sh(n)�Ér 'Í	 ���P: óÁ�hË: Ìqt��� M:ÂÒ'� n ���P: Ìqt��� M:��t�_� �Ð�©� Z�}s�\�¦ �8ô�Ç °úכs�

��.s�d���̀¦��6 x
�����Ð�©��)aZ�}s�\�¦ ½̈
�l�0A
�#�B�óÁ�hË:ÅÒl�{©�¿º���_� »	!lrëß�


���� ÷&Ù¼�Ð d�� 3.5�̀¦ ���Ð æ¼��H ����Ð	כ ò́Ö�¦&h�s���. ��t�}��Ü¼�Ð n���P: Ìqt��� M: ��
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6 x��\�>� z»¡¤~½Ó�¾ÓÜ¼�Ð���²ú�½+ÉjËµ fz(n)�Ér�Ð�©��)aZ�}s�\�"f�ÃÐgË>=åQ_�0Au�\�¦�É��'a

:�xU�·s�(Penetration Depth)ü<y©��̧_�Y�LÜ¼�Ð>�íß�÷& 9��6£§_�d��Ü¼�Ð³ð�&³�)a��.

fz(n) = k(n) (hc(n)− pz(n)) . (3.8)

t��FK��t� ¶ú�(R�:r ·ú��¦o�7£§�̀¦ t�+þA �Ð�©� ·ú��¦o�7£§(Topography Compensation

Algorithm)s��� 
��¦ óÁ�hË: Ìqt��� r�\� ��6 x÷&��H d���̀¦ ���¹כ &ñ
o�
���� ��6£§_� [j éß�

>��Ð³ð�&³�)a��

(1)�×(�×TÒ»�âÀl�	�Ä©
�e�

∆hc(n) =





0 if k(n) = k(n− 1)

fz(n− 1)
(

1
k(n)

− 1
k(n− 1)

)
if k(n) 6= k(n− 1)

.

(2)�×(�×ÛÖS�âÀl�Ä©
�e�
Sh(n) = Sh(n− 1) + ∆hc(n) .

hc(n) = h(n) + Sh(n) .

(3)��£� ��UcN�¦�>I±ÓTÒ»×Ï�N�ñ5Ñ
�e�

fz(n) = k(n) (hc(n)− pz(n)) .

V� 2â�
 ��
��@:m�ÌfC�×(�×N±Ó�§h�¤æ̧�+Å]��æ 

·ú¡]X�\�"f]jîß�ô�Çt�+þA�Ð�©�·ú��¦o�7£§s����©�Óüt�̂_�����o ½̈çß�ÂÒì�r\�¦��6 x��\�>�

�=/BG \O�s� ���²ú�
���Ht�\�¦ ���7£x
�l� 0A
�#� &ñ
��� Óüto��<Æ&h� z�́+«>�̀¦ :�xK� l��>r_� �̀V,�

w� l�ìøÍ ·ú��¦o�7£§õ� q��§ ì�r$3�
�%i���. ��6 x��\�>� ÅÒ#Q��� e��Áº��H ��6 x�� ·ú¡\� ÅÒ#Q

��� ¿º >h_� ���©�_� #4�\� ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ Õª�Ér Êê ¢,aAá¤õ� �̧�ÉrAá¤ #4�×�æ #Q

Ö¼ #4�s� �©�@/&h�Ü¼�Ð Z�}�Ért�\�¦ @/²ú�
���H �.���s�%3	כ s�\� @/ô�Ç ���õ���H ��|ÃÐ_� ���t�&h�

���(Recognition) 	�"é¶\�"f Z�}s� ���d���̀¦ ]j@/�Ð 
���Ht�\� @/ô�Ç t�gË>�̀¦ ]j/BNô�Ç��. ���

t�&h� 	�"é¶s� ����� t�y��&h�(Perception) 	�"é¶\�"f ��|ÃÐ\�>� ���²ú�÷&��H Z�}s�\�¦ �Ðl� 0A


�#�z�́+«>×�æ\���H�ÃÐgË>=åQ_�0Au�&ñ
�Ð\�¦l�2�¤
�%i��¦s�\�¦���½ÓÜ¼�Ð��6 x��\�>����

²ú�
���H³ð���_� �̧�ª�õ�"é¶A�_��̧�)a³ð���_� �̧�ª�s�q�5pwô�Çt�\�¦¶ú�(R�Ð��¤��.
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(a) z�́+«>×�æ���x�z�́+«>��. (b) x�z�́+«>��\�>��Ðs���Hr�y��&h�&ñ
�Ð.

Ü«ÍÏ� 3.1z�́+«>_� 8̈��â
 ½̈$í
.

2.1 '�×ß��

z�́+«>_�[O�>�x9�ì�r$3��̀¦0Aô�Ç~½ÓZO�õ�l�ï�r\�@/
�#�[O�"î
ô�Ç��.

2.1.1 *�×j�

���©� 8̈��â
_�&ñ
�Ð\�¦��6 x��\�>����²ú�
���HóÁ�hË:���'��̀s�Û¼�©�q��ÐÕªaË> 3.1(a)\���

��èß� G'p"f�̂¦(Sensable) ��_� 
½�)3� áÔo�p�%3� 1.0A (PHANToM Premium 1.0A) �̧

4Sq�̀¦��6 x
�%i���.

2.1.2 q���
��@��

8úx 8"î
(S1–S8)_�x�z�́+«>��[þts��ÃÐ#�
�%i���. S2ü< S7�Ér#�$í
s��¦�� Qt���H �̧¿ºz��

$í
s�%3�Ü¼ 9 �̧¿º �̧�Ér�<Hú̧�s�%i�Ü¼ 9 z�́+«>�̀¦ 
���H 1lxîß� �̧¿º �̧�Ér�<H�̀¦ ��6 x
�%i���.

S1, S6, S8�ÉróÁ�hË:���'��̀s�Û¼�©�q�\�¦��ÅÒ��ÀÒ��H¼#�s�%3��¦, S5��H 10���&ñ
�̧ ��6 x

�̀¦K��:r�â
+«>s�e��%3�Ü¼ 9���Érx�z�́+«>�� (S2, S3, S4, S7)��Hs�z�́+«>\��ÃÐ��
�l����

��t� óÁ�hË: ���'��̀s�Û¼ �©�q�\�¦ ��6 xK� �:r &h�s� \O�%3����¦ @/²ú�
�%i���. x�z�́+«>��[þt_�

��s���H ëß� 20[jÂÒ'� ëß� 24[j��t� e��%3��¦ î̈
ç�H ���§î
�Ér ëß� 21.9[j%i���. �<Hs��� ¼1Ïõ�

�'aº���)a|9�8̈�s�e����H��|ÃÐ�Ér��Áº�̧\O�%3���.
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2.1.3 ��;³�

x�z�́+«>��[þt�Ér óÁ�hË: ���'��̀s�Û¼ �©�q�\�¦ :�x
�#� &ñ
���\� Z�~#���� ¿º î̈
���\� ����̀¦ �FM��H

��.s�M:,¿º î̈
����Ér"f�Ð���ÉrU�·s�ü<y©��̧\�¦°ú���HX<s�\�¦ÂÒ×¼XO�>�s�#QÅÒl�0A
�

#�K�_ç
�û¶�̧Äº(Hanning Windows)\�¦��6 x
���HX<s���H5Åq$í
_�°ú����Û¼�Qî�r����o�Ð

���
�#�µ1ÏÒqt½+ÉÃºe����HóÁ�hË:���'��̀s�Û¼�©�q��ÐÂÒ'�Ô�¦îß�&ñ
ô�ÇjËµs�E$��8a�A÷&t�·ú§

�̧2�¤ ô�Ç��. K�_ç
 �û¶�̧Äº��H ����� �<ÊÃº(Sine Function)\�¦ s�6 xô�Ç �<ÊÃºs� 9 s�\�¦ ��6 x


�#��ÃÐgË>=åQ_�0Au�\����Ér¿º³ð���_�U�·s�ü<y©��̧\�¦��6£§õ�°ú s�&ñ
_�ô�Ç��[10].

h(px) =





h1, if px < −W
2

1
2

[
(h2 − h1) sin

πpx

W
+ h1 + h2

]
, if − W

2 ≤ px ≤ w
2

h2, if px > W
2

. (3.9)

k(px) =





k1, if px < −W
2

1
2

[
(k2 − k1) sin

πpx

W
+ k1 + k2

]
, if − W

2 ≤ px ≤ w
2

k2, if px > W
2

. (3.10)

�:r z�́+«>\�"f ��6 x÷&��H �̧��H ³ð��� �̧4Sq\� @/
�#� îß�&ñ
�)a jËµ�̀¦ E$��8a�A
�l� 0A
�#�

¿º³ð����̀¦s�#QÅÒ��H³ð���_�Z�}s������
���H ÂÒì�r_�;�¤ W\�¦ 4 mm�Ð&ñ

�%i���. z�́+«>

�̀¦ 
���H 1lxîß� �©�
��Ð ¹¡§f��s���H �¦̀�	כ }���� xzî̈
���\�"fëß� ¹¡§f��e��s� ��0px
��̧2�¤ 
�%i�

��.óÁ�hË:E$��8a�A_�Ìqt���ÅÒl���H �̧��Hz�́+«>\�"f�½Ó�©� 1 kHz�Ð�¦&ñ
÷&%3���.z�́+«>�̀¦
�

��H1lxîß��<HÜ¼�Ð���²ú�~ÃÎ��H���FG\�@/ô�Ç���t�0px§4�ëß��̀¦�Ðl�0A
�#�³ð���_�Z�}s������


���H ÂÒì�r\�¦ �í�<Êô�Ç ���©�_� #4��Ér �o���Ü¼�Ð �Ð#�ÅÒt� ·ú§��H��. ÕªaË> 3.1(b)�Ér z�́+«>½+É

M:�Ðs���H�o���_� �̧_þv�̀¦����?/��HX<¢,aAá¤õ� �̧�ÉrAá¤\�e����H¿º>h_�0lqÒ�o~ÃÌÛ¼��H���

�FMl�_� r����õ� =åQ�̀¦ ·ú�o���H %i�½+É�̀¦ ô�Ç��. 
�ZþtÒ�o "é¶Þ�¦�̧�ª�_� Ì�o�̂��H óÁ�hË: �ÃÐgË> =åQ

_� 0Au�\�¦ ����?/ 9 x�z�́+«>��\�>� �<H_� /BNçß�&h���� 0Au� &ñ
�Ð\�¦ ]j/BNô�Ç��. ÕªaË>\� e��

��H ë�H½̈��H ��� �FMl��� =åQèß� Êê x�z�́+«>��_� @/²ú�s� É+½¹כ��9 M:ëß� �o���\� ����èß���. ¢̧

ô�Ç U�·s� &ñ
�Ð�� r�y��&h���� éß�"f�� ÷&��H �¦̀�	כ }��l� 0A
�#� f��y�� ÈÒ%ò
ZO�(Orthogonal

Projection)�̀¦��6 x
�#��o����̀¦E$��8a�A
�%i���.

2.1.4 ��
��@�¿�
>

y�� z�́+«> �̧|	�\� K�{©�
���H ���Ãº[þt_� °ú̀�כ¦ ³ð 3.1\�"f &ñ
o�
�%i���. ±ú��¦ éß�éß�ô�Ç ³ð���
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Ø̧ 3.1z�́+«>\���6 x�)a³ð��� �̧4Sq
k1 k2 h1 h2 ∆h ∆p̂z (mm)

³ð��� �̧4Sq (N/mm) (N/mm) (mm) (mm) (mm) fp=0.5 fp=1.0 fp=2.0 fp=3.0(N)
M1 0.6 0.3 -1.5 1.5 3.0 2.17 1.33 -0.33 -2.00
M2 0.9 0.3 -1.5 1.5 3.0 1.89 0.78 -1.44 -3.67
M3 0.9 0.6 -1.5 1.5 3.0 2.72 2.44 1.89 1.33

�̀¦ P1,Z�}�¦Áº�Ér³ð����̀¦ P2�Ð&ñ

�%i���. �̧��Hz�́+«> �̧|	�\�"f����o ½̈çß�_�Z�}s�	�s�

��H 3 mm�Ð �¦&ñ
÷&#Q e���¦, ¿º #4�s� °ú���H y©��̧_� �©�s� [j >h�� �>rF�
�#� "f�Ð ���Ér

³ð��� �̧4Sq(M1-M3)�̀¦���&ñ
ô�Ç��.³ð 3.1\���H �̀V,�w�l�ìøÍ·ú��¦o�7£§s���6 x�)a 8̈��â
\�

"f��6 x����³ð���\�@/
�#� 0.5–3.0 N_�]X�8ú¤jËµ�̀¦Ä»t�½+ÉM:\V�©�÷&��H��6 x��\�>�

���²ú�
���H Z�}s� 	�s� ∆p̂z�� >�íß�÷&#Q e����. s� jËµ_� #3�0A��H ���½̈ [10]\�"f x�z�́+«>��

[þts���ô�Ç]X�8ú¤jËµ_�#3�0A 0.87–2.23 N�̀¦�í�<Ê
��̧2�¤���&ñ
÷&%3���.

z�́+«>�Ér ³ð��� �̧4Sq[þts� °ú���H "f�Ð ���Ér y©��̧_� �©�s� "f�Ð ���Ér Ãºï�r_� Z�}s� �=/BG

�̀¦ ����?/�̧2�¤ [O�>� ÷&%3���. 1lx{9�ô�Ç y©��̧\�¦ t���� "f�Ð ���Ér Z�}s�_� ¿º ³ð���\� @/
�

#�����FMl�\�¦
�%i��̀¦M:��|ÃÐs����t�½+ÉÃºe����HZ�}s�_�	�s���H 0.67 mm [10]e���̀¦%i�

¿º
�#�³ð 3.1\�e����H ∆p̂z\�¦¶ú�(R�Ð��.ëß���� �̀V,�w�l�ìøÍ·ú��¦o�7£§s���6 x�)a 8̈��â
\�

"f��6 x����³ð��� �̧4Sq M3\�"f 0.5 N_�jËµÜ¼�Ð]X�8ú¤jËµ�̀¦Ä»t�
�%i������ 3.0 mm��

����� 2.72 mm��E$��8a�A |̈c�כs��¦e��>�°ú	כ 0.67 mm�Ð����Hß¼Ù¼�Ð��|ÃÐ�Ér¿º³ð���

_��©�@/&h����Z�}s�\�¦���t�½+É����s���.ëß����³ð	כ �̧4SqM1\�"f 2.0 N_�]X�8ú¤jËµ�̀¦Ä»t�


�%i������ -0.33 mm��E$��8a�A |̈c���s	��Ð�����l�M:ë�H\���|ÃÐ�ÉrZ�}sכs� 9e��>�°ú	כ

\�¦ ���t�
�t�3lw½+É �.���s	כ ëß���� ³ð��� �̧4Sq M2\�"f 3.0 N_� ]X�8ú¤jËµ�̀¦ Ä»t�
�%i������

-3.67 mm��E$��8a�A÷&#QZ�}�Ér³ð���s�±ú�>����t�|̈c�s���.����̂&h�Ü¼�Ð	כ ∆p̂z °ú̀�כ¦¶ú�

(R�Ð���M3��_��̧�)a³ð���_�Z�}s�\����©���¾ú�>�E$��8a�As� |̈c�,¦��s	כ M2��H���©��=

/BGs�d��½+É�.����e���̀¦·ú�Ãºe	כ

t�+þA �Ð�©� ·ú��¦o�7£§�Ér ³ð���_� y©��̧\�¦ ìøÍ%ò

�#� ³ð��� Z�}s�\�¦ �Ð�©�
�Ù¼�Ð �̧��H �̧

|	�\� @/
�#� "é¶A�_� Z�}s� 	�s�\�¦ ���²ú�½+É �Ü¼�Ð	כ l�@/÷& 9(∆pz = ∆h), s���H z�́+«>�̀¦


���H1lxîß��ÃÐgË>=åQ_�C�&h��̀¦l�2�¤K�¿º#QSX����s���0px
��̧2�¤
�%i���.
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2.1.5 ��
��@ë�>�ßj

1-çß���� 2-@/îß�y©�]j���×þ�~½ÓZO�(1-interval 2-alternative forced-choice paradigm)�̀¦

��6 x
�#�x�z�́+«>��_�"f�Ð���Ér¿º³ð���_�Z�}s�	�s�\�@/ô�Ç���t�0px§4��̀¦8£¤&ñ

�%i�

��.z�́+«>_�y��r��̧(Trial,�:r�7Hë�H\�"f��Hô�Ç���_�����FMl�\�K�{©��<Ê)M:\� P1�ÉrÁº���

0A�Ð¢,aAá¤(s��â
Äº P2��H �̧�ÉrAá¤) ¢̧��H �̧�ÉrAá¤(P2��H¢,aAá¤)\�C�u�÷&%3�Ü¼ 9�:rz�́+«>\�

"f��H s�\�¦ P1 → P2, P2 → P1Ü¼�Ð ³ðl�ô�Ç��. x�z�́+«>��[þt�Ér ·ú¡\� e����H ���©�_� #4��̀¦

¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ ô�Ç ��� �FM�¦ ¢,aAá¤õ� �̧�ÉrAá¤ #4�[þt ×�æ #QÖ¼ #4�s� �����õ� �8

����s� e����Ht�\�¦ v��Ð×¼\�¦ ��6 x
�#� @/²ú�
�%i���. y�� x�z�́+«>����H 
���_� �̧|	�\� @/


�#� 100���_�����FMl�\�¦
�%i���. �̀V,�w�l�ìøÍ·ú��¦o�7£§õ�t�+þA�Ð�©�·ú��¦o�7£§\�@/

K� y��y�� [j >h_� ³ð��� �̧4Sq�̀¦ E$��8a�A
�%i�Ü¼Ù¼�Ð 8úx 2 × 3 × 100 = 600 ���_� ��� �FMl�

\�¦ 
�%i���. x�z�́+«>��_� �<Æ_þv ò́õ�(Leaning Effect)\�¦ ×�¦s�l� 0A
�#� ��s���ÕªÏþ�-ç�H

+þA���2;&ñ
��y��+þA(Diagram Balanced Latin Square)�̀¦��6 x
�#� �̧|	�_�í�H"f\�¦&ñ



�%i���. z�́+«>s� ���'��÷&��H 1lxîß� x�z�́+«>��_� @/²ú�\� @/ô�Ç &ñ
²ú� #�ÂÒ��H ·ú��9ÅÒt� ·ú§��¤

��.

ÕªaË> 3.1(b)\�"f¢,aAá¤\�0Au�ô�Ç0lqÒ�o~ÃÌÛ¼\�¦óÁ�hË:���'��̀s�Û¼�ÃÐgË>=åQÜ¼�Ð]X�8ú¤
�

���À1Ïçß�Ò�oÜ¼�Ð���
� 9z�́+«>_�ô�Çr��̧�� r����÷& 9��6 x��_�&ñ
���\�Ãºf��Ü¼�Ð�)a¿º

>h_� #4�s� Òqt$í
�)a��. ��6 x����H ¢,aAá¤\�"fÂÒ'� �̧�ÉrAá¤Ü¼�Ð ��� �FMl�\�¦ ���'��
� 9 �̧�Ér

Aá¤0lqÒ�o~ÃÌÛ¼\�]X�8ú¤
���Hí�Hçß�À1Ïçß�Ò�oÜ¼�Ð÷& 9r��̧��=åQ��>�÷&�¦�ÃÐgË>=åQ�Ér��6 x

��_�@/²ú�s�e���̀¦M:��t�0lqÒ�o~ÃÌÛ¼\�]X�8ú¤ô�Çt�&h�\��¦&ñ
�)a��. �̧�ÉrAá¤~ÃÌÛ¼\�"f]X�

8ú¤�̀¦ b����¢,aAá¤õ� �̧�ÉrAá¤~ÃÌÛ¼�� �̧¿º0lqÒ�oÜ¼�Ð���
� 9 “#QÖ¼Aá¤³ð���s��8Z�}>�Ö¼

��t���H��? ¢,aAá¤[1], �̧�ÉrAá¤[2]” s�����H ë�H½̈�� ä¼ 9 ��6 x��_� @/²ú��̀¦ l���o�>� ÷&�¦

��6 x���� v��Ð×¼�Ð @/²ú��̀¦ {9�§4�
���� z�́+«>�Ér %�6£§_� �©�I��Ð �íl��o�)a��. ���©�_� #4�

\�����̀¦�FM��H1lxîß��ÃÐgË>=åQ_�0Au�ü<E$��8a�A·ú��¦o�7£§\�_�
�#�>�íß��)ajËµ�̀¦��{9�\�

l�2�¤
�%i���.x�z�́+«>��[þt�Érô ¥º��õ�&ñ
�̀¦]jü@ô�Ç �̧��Hz�́+«>�̀¦¢-a«Ñ
���HX< î̈
ç�H 1r�çß�

&ñ
�̧\�¦ �è�̧
�%i���. ô ¥º�� õ�&ñ
�Ér z�́+«>\� �̧��H �̧|	��̀¦ 3���m�� 
���H �Ü¼�Ð	כ ���'��÷&%3�

��. x�z�́+«>��[þt�Ér �Ð:�x ô�Ç ���_� [j���Ü¼�Ð &h�6£x�̀¦ 
�%i�Ü¼ 9 {9�ÂÒ x�z�́+«>��_� �\̈½¹כ

����þj@/[j���_�[j����̀¦ô ¥º��
�%i���.
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2.1.6 ��
��@&P��7�

x�z�́+«>��_� y�� �̧|	�\�"f_� ìøÍ6£x�̀¦ s�6 x
�#� ���y���̧ t�Ãº(Sensitivity Index) d′\�¦

>�íß�
�%i���. ���y���̧ t�Ãº��H ½̈ì�r
���H 0px§4�_� &ñ
�̧\�¦ ����?/��H '���̧s� 9, ìøÍ6£x �=

/BG(Response Bias)\� @/K� 1lqwn�&h���� :£¤$í
�̀¦ °ú��¦ e��#Q z�́+«> ���õ�_� ���ø@$í
s� Z�}��

[12]. �:r z�́+«> 8̈��â
\� @/K� d′�� 1�Ð�� 	�H �ª�Ãºs���� x�z�́+«>����H P2\�¦ P1�Ð�� Z�}��

�¦ óøÍéß�Ùþ¡6£§�̀¦, 0\� ����Äº��� P1õ� P2_� �©�@/&h���� Z�}s� 	�s�\�¦ ½̈ì�r
�t� 3lwÙþ¡6£§�̀¦,

-1�Ð������Ér6£§Ãºs���� P2�� P1�Ð��±ú����¦óøÍéß�Ùþ¡6£§�̀¦_�p�ô�Ç��.

x�z�́+«>��\�>� z�́]j�Ð ���²ú�÷&��H Z�}s�\�¦ ·ú����Ðl� 0A
�#� ����̀¦ �FM��H 1lxîß� �ÃÐgË> =åQ

_�0Au�\�¦l�2�¤
�%i���.ô�Çr��̧\�@/
�#�³ð���_�Z�}s������
���HÂÒì�r_�×�æd���̀¦l�ï�r

Ü¼�Ð ����o ½̈çß�s� r����÷&l� ���_� 8 mm ½̈çß�(px(n) ∈ [−10mm,−2mm])\�"f ¢,aAá¤

³ð���\�"f_� pz(n)[þt_� °ú̀�כ¦ î̈
ç�H
��¦, ����o ½̈çß�s� =åQèß� Êê_� 8 mm ½̈çß�(px(n) ∈
[2mm, 10mm])\�"f �̧�ÉrAá¤³ð���\�"f_� pz(n)[þt_�°ú̀�כ¦ î̈
ç�Hô�ÇÊês�[þt_�	�s�\�¦ ½̈


�#� ��6 x��\�>� ���²ú�÷&��H ³ð���_� Z�}s� 	�s�\�¦ >�íß�
�%i���. s�XO�>� ½̈ô�Ç y�� r��̧\�

"f_� Z�}s� 	�s�[þt�̀¦ î̈
ç�H
�#� 
���_� z�́+«> �̧|	�\� @/ô�Ç Z�}s� 	�s�\�¦ ½̈
�%i���. s�

ü<°ú s�x�z�́+«>��\�>����²ú��)a î̈
ç�HZ�}s�	�s� ∆pz\�¦Z�}s�	�s� ½̈ì�r\�@/ô�Ç���y���̧

d′ü<q��§
�#�s�[þt_��'a>�\�@/
�#�ì�r$3�
�%i���.

x�z�́+«>��\�>� ���²ú��)a jËµ�Ér ³ð���_� Z�}s��� ���
���H ÂÒì�r_� ×�æd���̀¦ l�ï�rÜ¼�Ð ýaÄº

�Ð 100 mm ½̈çß�,8úx 200 mm ½̈çß�\�@/
�#� î̈
ç�H�̀¦ ½̈
��¦,0A_�Z�}s�ü<°ú �Ér~½Ód��

Ü¼�Ð
���_�z�́+«> �̧|	�\�@/ô�Ç î̈
ç�HjËµ�̀¦ ½̈
�%i���.

2.2 Úr
ø�

z�́+«>���õ���HÕªaË> 3.2\�}��@/ÕªA�áÔ�Ð¹כ���÷&#Q³ð�&³÷&%3���.ÕªaË> 3.2(a)–3.2(a)��H

y�� z�́+«> �̧|	�
�\� @/ô�Ç x�z�́+«>��[þt_� ���y���̧ t�Ãº\�¦ ³ð�&³ô�Ç��. ÕªaË> 3.2(d)��H �̧��H

z�́+«>��[þt_� �D¥1lx '��§>=(Confusion Matrix)�̀¦ ½+Ëíß�
�#� >�íß�ô�Ç z�́+«> �̧|	�Z>� ���y���̧

t�Ãºs���.y��ÕªaË>\�"f¢,a¼#�\�e����H��«Ñ��H�:r�7Hë�H\�"f]jîß�ô�Çt�+þA�Ð�©�·ú��¦o�7£§

s� &h�6 x�)a 8̈��â
\�"f_� ���y���̧ t�Ãºs��¦ �̧�Ér¼#�\� e����H ��«Ñ��H �̀V,�w� l�ìøÍ ·ú��¦o�

7£§s� &h�6 x÷&%3��̀¦ M:_� ���õ� ��«Ñs���. x�z�́+«>���� P1 → P2ü< P2 → P1\�¦ ¢-a#4�
�

>� ½̈ì�rô�Ç �â
Äº\���H d′_� °úכs� ∞ ���X< s�\�¦ }��@/ ÕªA�áÔ\�"f��H 5 °úכÜ¼�Ð ³ð�&³
�%i�

�¦ ½̈ì�r�̀¦
�÷&"f�Ð¢-a���y�ìøÍ@/�ÐÖ¼����â
Äº��H −∞s� 9 -5°úכÜ¼�Ð³ð�&³
�%i���.
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(a) ³ð��� �̧4SqM1.
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(b) ³ð��� �̧4SqM2.
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(c) ³ð��� �̧4SqM3.
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(d) �̧��Hx�z�́+«>��\�@/ô�Ç î̈
ç�H

Ü«ÍÏ� 3.2z�́+«>\�"f8£¤&ñ
�)a���y���̧ t�Ãºd′

�̧��H �̧|	�
�\�"f ]jîß�ô�Ç t�+þA �Ð�©� ·ú��¦o�7£§s� �½Ó�©� 1�Ð�� 	�H �ª�Ãº\�¦ ����ÍÇr�̀¦

ÕªaË> 3.2\�"f "î
Ñþ�y� ����z�¤��. s���H x�z�́+«>��[þts� P1õ� P2 ³ð��� ��s�_� y©��̧ 	�s�

\��©��'a\O�s�Z�}�¦Áº�Ér³ð��� P2\�¦±ú��¦éß�éß�ô�Ç³ð��� P1 �Ð���½Ó�©�Z�}>����t�
�%i�6£§

�̀¦_�p�ô�Ç��.ìøÍ��� �̀V,�w�l�ìøÍ·ú��¦o�7£§�Ér �̧|	�\��������Ér���õ�\�¦����?/��H���ø@

&h�s�t�3lwô�Ç:£¤$í
�̀¦�Ð%i���.:£¤y�³ð��� �̧4SqM1õ�M2\�"f �̀V,�w�l�ìøÍ·ú��¦o�7£§_�

�â
Äº ���y���̧ t�Ãº d′�� 1�Ð�� ����Ér 6£§Ãº�Ð ������ ��6 x����H ³ð��� P2�� P1�Ð�� ±ú���

�¦ ���t�
���H �¦̀�	כ SX����½+É Ãº e����. s��Qô�Ç ���õ���H ³ð 3.1\�"f \V�©�ô�Ç ∆p̂zõ� {9��'a�)a

��. ³ð��� �̧4Sq M3_� �â
Äº l��>r ·ú��¦o�7£§õ� ]jîß�ô�Ç ·ú��¦o�7£§Ü¼�Ð E$��8a�A �)a �â
Äº_�

d′�� �̧¿º 1�Ð�� 	�H �ª�Ãº\�¦ ����?/#Q ���©� Óüt�̂_� 5Åq$í
�̀¦ ú̧� ���t�
���H �Ü¼�Ð	כ SX����
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(a) t�+þA�Ð�©�·ú��¦o�7£§, P1 → P2.
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(b) �̀V,�w�l�ìøÍ·ú��¦o�7£§, P1 → P2.
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(c) t�+þA�Ð�©�·ú��¦o�7£§, P2 → P1.
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(d) �̀V,�w�l�ìøÍ·ú��¦o�7£§P2 → P1.

Ü«ÍÏ� 3.3��|ÃÐ_��<H\����²ú��)a�ÃÐgË>=åQ_�C�&h�õ�>�íß��)ajËµ

÷&%3���.
�t�ëß�t�+þA�Ð�©�·ú��¦o�7£§\�@/ô�Ç d′�� �̀V,�w�l�ìøÍ·ú��¦o�7£§\�@/ô�Ç d′ �Ð

���½Ó�©�ß¼����°ú >���ü<]jîß�ô�Ç·ú��¦o�7£§s��Ð��y©�§4�
�����H�
��p_¦̀�	כ�%i���.

����FMl�\�¦
���H1lxîß�l�2�¤ô�ÇóÁ�hË:���'��̀s�Û¼�©�u�_��ÃÐgË>=åQ_�C�&h�õ�·ú��¦o�7£§

\� _�K� >�íß��)a jËµ�̀¦ ÕªaË> 3.3\�"f �̂¦ Ãº e����. �̀V,�w� l�ìøÍ ·ú��¦o�7£§_� �â
Äº(ÕªaË>

3.3(a), 3.3(c)) �ÃÐgË> =åQ_� C�&h��Ér ���©� ³ð���_� Z�}s�\�¦ �=/BG
���H �&³�©��̀¦ �Ð%i�Ü¼�� t�

+þA �Ð�©� ·ú��¦o�7£§(ÕªaË> 3.3(c) 3.3(d))�Ér �ÃÐgË> =åQ_� C�&h�õ� ���©� ³ð���_� Z�}s��� î̈
'��


�>� ����z�¤��. ÕªaË> 3.3(a)ü< 3.3(b)��H S1 ��6 x���� M1 ³ð��� �̧4Sqs� P1 → P2{9� M:

¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð����̀¦Õª�Ér��«Ñ\�¦�Ð#�ï�r��.y��ÕªaË>_��À»ÂÒì�r\�"f��êøÍÒ�oz�́

����Ér���©�³ð���_�&ñ
_��)aZ�}s�s��¦À1Ïçß�Ò�o������Ér�ÃÐgË>=åQ_�C�&h�s� 90lqÒ�o&h�����Ér

t�+þA�Ð�©�·ú��¦o�7£§\�_�K��Ð�©��)a³ð���_�Z�}s�\�¦�����·p��.y��ÕªaË>_���A�ÂÒì�r�Ér
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Ø̧ 3.2��6 x��\�>����²ú��)ajËµõ�¿º³ð���_�Z�}s�	�s� ∆pz

P1 → P2 P2 → P1

³ð��� �̧4Sq ·ú��¦o�7£§ jËµ (N) ∆pz (mm) jËµ (N) ∆pz (mm)
M1 ³ð����Ð�©� 2.77 2.06 1.75 -1.51

�̀V,�w�l�ìøÍ 2.10 -0.73 2.67 1.45
M2 ³ð����Ð�©� 2.68 1.61 1.82 -1.32

�̀V,�w�l�ìøÍ 2.88 -0.80 3.17 0.95
M3 ³ð����Ð�©� 2.61 2.00 1.79 -1.85

�̀V,�w�l�ìøÍ 2.67 0.97 2.16 -1.26

·ú��¦o�7£§\�_�K�>�íß��)ajËµ�̀¦�Ð�����.ÕªaË> 3.3(a)\�"f �̂¦Ãºe��1pws�³ð����Ð�©�·ú��¦

o�7£§�Ér �ÃÐgË> =åQ_� C�&h�s� ���©� ³ð���_� Z�}s�ü< î̈
'��
��̧2�¤ E$��8a�A
�#� ��6 x��\�>�

�̀¦���Ér &ñ
�Ð\�¦ ]j/BN
�%i���. Õª�Q�� ÕªaË> 3.3(b)_� �̀V,�w� l�ìøÍ ·ú��¦o�7£§�Ér �ÃÐgË> =åQ

_� C�&h�s� ���©� Óüt�̂_� Z�}s�ü< ìøÍ@/�� ÷&�̧2�¤ E$��8a�A
�#� ��6 x��\�>� �=/BG�)a &ñ
�Ð

\�¦ ]j/BN
�%i���. ÕªaË> 3.3(c)õ� 3.3(d)��H x�z�́+«>���� P2 → P1 8̈��â
\�"f ¢,aAá¤\�"f �̧

�ÉrAá¤Ü¼�Ð ����̀¦ Õª%3��̀¦ M:_� ��«Ñs� 9 P1 → P2��� �â
Äºü< q�5pwô�Ç ���õ�\�¦ SX����½+É Ãº

e����.

³ð 3.2�Ér 2.1.6õ�\�"f[O�"î
ô�Ç~½ÓZO�Ü¼�Ð î̈
ç�HjËµõ� î̈
ç�H���²ú�Z�}s�\�¦ ½̈ô�ÇÊêy�� �̧

|	�\� @/
�#� x�z�́+«>��[þt_� î̈
ç�H jËµõ� î̈
ç�H ���²ú� Z�}s�\�¦ ��r� î̈
ç�H ô�Ç ���õ�\�¦ &ñ
o�


�%i���. P1 → P2 ��� �â
Äº\���H ∆h�� 3.0 mms��¦ P2 → P1��� �â
Äº\���H ∆h�� -3.0

mms���. �̀V,�w�l�ìøÍ·ú��¦o�7£§s�E$��8a�A�)a 8̈��â
\�"f �̧|	�M1õ�M2_��â
Äº ∆h��

3.0 mm{9�M:6£§Ãº\�¦, -3.0 mm{9�M:�ª�Ãº\�¦l�2�¤
�#�_��̧�)aZ�}s�	�s�ü<ìøÍ@/÷&��H

���õ�\�¦ �Ð%i���. t�+þA �Ð�©� ·ú��¦o�7£§_� �â
Äº\���H 3.0 mm{9� M: �ª�Ãº, -3.0 mm{9� M:

6£§Ãº����ü<���©� �̧4Sqõ�{9��'a�)a&ñ
�Ð\�¦���²ú�
�%i�6£§�̀¦·ú�Ãºe����. �̧|	� M3_��â
Äº

¿º·ú��¦o�7£§ �̧¿º���©� �̧4Sq_�5Åq$í
õ�{9��'a�)aZ�}s�����o\�¦�Ð%i�t�ëß�t�+þA�Ð�©�·ú��¦

o�7£§s�"é¶A�_��̧�)aZ�}s���� ± 3.0 mm\������°?��.

³ð\� ����èß� x�z�́+«>��\�>� ���²ú��)a jËµõ� Z�}s� 	�s���H t�y��&h���� 	�"é¶_� ���FGs� 9,

s�\�¦ ���t�
�#� ����èß� ���õ��� d′s�Ù¼�Ð ³ð 3.2õ� ÕªaË> 3.2\� ����èß� ���õ�_� �©� ñ�'a

º��$í
�Ér��{©�
���.s� �̧��H���õ���HjËµÄ»t�s��:r\�l�ìøÍ
�#�\V�©�ô�Ç���õ�(³ð 3.1)ü<{9�

u�
�#�jËµÄ»t�s��:r_���{©�$í
�̀¦F�{9�7£xô�Ç��.
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t�+þA�Ð�©�·ú��¦o�7£§_��â
Äºy�� �̧|	�\�"f ± 3.0 mm\�p�u�t�3lw
�%i���.t�+þA�Ð�©�

·ú��¦o�7£§s� 0Au� &ñ
�Ð\�¦ {9�§4�Ü¼�Ð ~ÃÎ�� jËµ�̀¦ Ø�¦§4�Ü¼�Ð 
���H e��x�~��Û¼ ��{9�_� óÁ�hË:

���'��̀s�Û¼�©�u�\�¦3lq&h�Ü¼�Ð>hµ1Ï�)a·ú��¦o�7£§s�Ù¼�Ð&ñ
SX�ô�Ç0Au�]j#Q\�¦
�t�3lw
�

l�M:ë�Hs���.Õª�Q��s���H³ð����Ð�©�·ú��¦o�7£§���̂_�ë�H]j��l��Ð����He��x�~��Û¼��

{9�_�óÁ�hË:���'��̀s�Û¼�©�u�_�ô�Ç>��Ð�Ð����ô�Ç��.z�́]j�Ð°ú �Éry©��̧ü<"f�Ð���ÉrZ�}

s�\�¦°ú���H³ð���\�@/
�#�����FMl�z�́+«>�̀¦
��¦ î̈
ç�HZ�}s�	�s�\�¦ ½̈K��Ð���̧���©�Óüt

�̂_� "é¶A� Z�}s��Ð�� ����Ér °úכs� ����z�¤��. s���H ��|ÃÐs� ���©�_� #4�\� �<H�̀¦ Õª�̀¦ M: ³ð

���_� �̧�ª��̀¦���Ð������t�3lw
��¦�<H÷�rëß���m���¼1Ï����̂��¹¡§f��#���
�Ù¼�Ð��|ÃÐ

_�¼1Ïî�r1lx\�@/ô�Ç%i��<Æs�%ò
�¾Ó�̀¦p��2;�.��Ü¼�ÐÛ�¦s��)a	כ



� 4¤ùÿ

�­�Ýä?êq@è�Ôä�Ùÿ����f£­d�B�!�Ã�î|ÎHx��_��À�

·ú¡�©�\�"f��H����o ½̈çß�ÂÒì�r\�"fjËµ_�~½Ó�¾Ós���H%�_�³ð���õ�1lx{9�ô�Ç�â
Äº\�¦�¦¹1Ï
�

%i���HX<s���H�ÃÐgË>=åQ_�¹¡§f��e��s�]j/BN
���Hî�r1lxéß�"f(Kinesthetic Cue)ëß�_� ò́õ�\�¦

�Ðl�0Aô�Ç�
9�s�%3���.�:r�©�\�"f��HjËµ_�~½Ó�¾Ó�̀¦���©�³ð���_�t�+þA�̀¦�¦	כ�#�����or�

~�́M:l��>r_� �̀V,�w�l�ìøÍ·ú��¦o�7£§s�°ú���Hë�H]j&h��̀¦t�&h�
��¦t�+þA�Ð�©�·ú��¦o�7£§

õ� q��§ ì�r$3�ô�Ç��. ¢̧ô�Ç t�+þA_� ZO����\� ���Ér jËµ_� ~½Ó�¾Ó ����o�� ³ð���_� Z�}s� 	�s�\�¦

���d��
���HX<#Q�"�%ò
�¾Ó�̀¦p�u���Ht�\�¦z�́+«>�̀¦:�xK�·ú����:r��.

�:r�7Hë�H\�"f���©�³ð����Ér���r�&h� �̧4Sq(Implicit Model)�Ð&ñ
_�÷&%3�Ü¼ 9l�Ö�¦l�\�

l�ìøÍ
�#�³ð���]X�8ú¤&h��̀¦¹1Ô��H~½ÓZO��̀¦��6 x
�%i��� [13].

³ð���_� ZO�����̀¦ �¦�9ô�Ç t�+þA �Ð�©� ·ú��¦o�7£§�̀¦ &ñ
o�
�l� 0A
�#� ��6£§_� Y>���t� ³ð

�&³�̀¦ &ñ
_�ô�Ç��. HIP��H óÁ�hË: ���'��̀s�Û¼ &h�(Haptic Interface Point), SCP��H ³ð���

]X�8ú¤ &h�(Surface Contact Point), CSP��H t�+þA �Ð�©� ·ú��¦o�7£§\� _�K� �Ð�©��)a ³ð���

&h�(Compensated Surface Point)�̀¦_�p�
� 9 HIP (n) = HIP (x(n), y(n), z(n)),

SCP (n) = SCP (x(n), y(n), z(n)), CSP (n) = CSP (x(n), y(n), z(n))s���.ÕªaË> 4.1��H

����o ½̈çß�\�@/
�#�����̀¦Õª%3��̀¦M:y��&h�_�0Au�\�@/ô�Çô�Ç\V\�¦�����·p��.
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Ü«ÍÏ� 4.1 HIPü< SCPü< CSP.

(1)�×(�×TÒ»�âÀl�Ä©
�e�

∆hc(n) =





0 if k(n) = k(n− 1)

fz(n− 1)
(

1
k(n)

− 1
k(n− 1)

)
if k(n) 6= k(n− 1)

.

(2)�×(�×ÛÖS�Dn�Ä©
�e�
Sh(n) = Sh(n− 1) + ∆hc(n) .

CSP (n) = SCP (n) + Sh(n)
−−−−−−−−−−−−−−→
SCP (n)−HIP (n)
‖SCP (n)−HIP (n)‖ . (4.1)

(3)��£� ��UcN�¦�>I±ÓTÒ»×Ï�N�ñ5Ñ
�e�

f(n) = k(n) (CSP (n)−HIP (n)) . (4.2)

Z�}s�\�¦ �Ð�©�
���H ~½Ó�¾Ós� ³ð���_� ZO���� ~½Ó�¾Ós� ����� s�Ä»��H ³ð���_� ZO���� ~½Ó�¾ÓÜ¼

�Ð�Ð�©�½+É�â
Äº�Ð�©�÷&��H0Au�_�C�&h�s� �̧x9�ô�ÇÂÒì�rõ�1pu$í
1pu$í
ô�ÇÂÒì�rs��'a:�x 7�

'�(Penetration Vector,
−−−−−−−−−−−−−−→
SCP (n)−HIP (n))_� ~½Ó�¾ÓÜ¼�Ð ½+É M:�Ð�� Õª &ñ
�̧�� d��K�

4RÔ�¦���5Åq&h����0A	���E$��8a�A|̈cÃºe��l�M:ë�Hs���.

V� 1â�
 Ø̧¢�>ß��¤n>��d�Hÿb��+ÆZ�/�×

3�©�\�"f��Hî�r1lxéß�"fëß�s�]j/BN÷&%3��̀¦M:_���|ÃÐ_����t�0px§4��̀¦ì�r$3�
�l�0A
�#�jËµ

_� ~½Ó�¾Ós� �¦&ñ
÷&�¦ jËµ_� [jl�ëß� ���
���H 8̈��â
�̀¦ �'a¹1Ï
�%i���. Õª�Q�� t�+þA_� ZO����\�

���� jËµ_� ~½Ó�¾Ós� ��7
��H ��Ér	כ �&³z�́\�"f��H �����&h�s��¦ �9����&h���� �&³�©�s�Ù¼�Ð �:r ]X�



1. Ø̧¢�>ß��¤n>��d�Hÿb��+ÆZ�/�× 24

(a) �̀V,�w�l�ìøÍ·ú��¦o�7£§ (b) t�+þA�Ð�©�·ú��¦o�7£§

Ü«ÍÏ� 4.2³ð���_�Z�}s������
���HÂÒì�r��H%�\�"fE$��8a�A÷&��HjËµ_�~½Ó�¾Ó

\�"f��H s��Qô�Ç y��y�� éß�"f�� ��|ÃÐs� óÁ�hË:&h� �â
>�\�¦ ���t�
���HX< p�u���H %ò
�¾Ó�̀¦ ¶ú�(R

�:r��.

���$� y©��̧�� {9�&ñ
ô�Ç 8̈��â
\�"f ��|ÃÐ_� �<Hs� ¹¡§f��s���H ~½Ó�¾Óõ� �<H\� ���²ú�÷&��H jËµ_�

~½Ó�¾Ó_� �'a>�\�¦ ¶ú�(R�Ð��. 3 �©�_� ÕªaË> 2.1\�"f ³ð���_� y©��̧�� {9�&ñ

����¦ ��&ñ

����

��|ÃÐs� ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ ÕªÜ¼��� ��|ÃÐ �<H_� 0Au���H ��|ÃÐ\�>� ����î�r ~½Ó�¾Ó

Ü¼�Ðs�1lx½+É�
������s���.s�M:³ð���_�Z�}s	כ���HÂÒì�r\�"f_�jËµ_�~½Ó�¾Ó�Ér x»¡¤\�@/


�#�ÈÒ%ò
r�v���� �̧�ÉrAá¤\�"f¢,aAá¤�̀¦�¾Ó
�>�÷&��HX<,s���H��|ÃÐ�<H_�î�r1lx~½Ó�¾Óõ�ìøÍ

@/��÷&Ù¼�Ð¹¡§f��e���̀¦~½ÓK�
���H%i�½+É�̀¦
��¦,�â
����/åLô�Ç�â
Äº�<Hõ�Ø�æ[�t
�#��<H_�

¹¡§f��e���̀¦ "3�ÆÒ>� ô�Ç��. ��|ÃÐs� �̧�ÉrAá¤\�"f ¢,aAá¤Ü¼�Ð ����̀¦ ÕªÜ¼��� ��|ÃÐ �<H_� 0Au���H

��|ÃÐ\�>����~½Ó�¾ÓÜ¼�Ðs�1lx
��¦,jËµ_�~½Ó�¾Ó�Ér��|ÃÐ�<H_�î�r1lx~½Ó�¾Óõ�°ú ��¹¡§f��e���̀¦

��5Åq
���H%i�½+É�̀¦ô�Ç��.

ÕªaË> 4.2��H {9�&ñ
ô�Ç y©��̧\�¦ °ú���H ¿º î̈
���\� @/K� {9�&ñ
ô�Ç jËµÜ¼�Ð ����̀¦ Õª%3��̀¦ M:_�

�ÃÐgË> =åQ_� 0Au�, jËµ_� ~½Ó�¾Ó, ³ð���_� ZO�����̀¦ r�ÓýtYUs����(Simulation)ô�Ç ���õ�\�¦ ����

�·p��. ��êøÍ z�́����Ér ���©� ³ð��� �̧4Sqs��¦ s� ���_� ��A�Aá¤�Ér Óüt�̂_� ?/ÂÒs���. À1Ïçß� &h�

����Ér�ÃÐgË>=åQ_�C�&h�s��¦��êøÍz�́���õ�À1Ïçß�&h����s�\�e����H0lqÒ�o_���Ö¼��êøÍz�́����Ér

E$��8a�A ÷&��H jËµ_� ~½Ó�¾Ós���. ³ð��� �̧4Sq_� 0A\� e����H 
�ZþtÒ�o ����H z�́����Ér ³ð���_� ZO�

����̀¦ �����·p��. r�ÓýtYUs���� 8̈��â
�Ér óÁ�hË:&h� �â
>�_� ;�¤s� 4 mm, Z�}s��� 1 mm %i��¦,

¢,aAá¤s� 0.7, �̧�ÉrAá¤s� 0.4 N/mm_� y©��̧\�¦ °ú���H ³ð��� ½̈$í
s�%3���. r�ÓýtYUs�����̀¦ 
�

��H1lxîß���|ÃÐ_�jËµ�Ér 1.5 NÜ¼�Ð{9�&ñ

����¦��&ñ

�%i���.
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ÕªaË> 4.2(a)�Ér �̀V,�w�l�ìøÍ·ú��¦o�7£§�̀¦��6 x
�#�>�íß�ô�Ç���õ�\�¦�Ð#�ï�r��.³ð���_�

Z�}s���H ·ú¡ �©�\�"f ¶ú�(R�:r ��ü< °ú s� %i����s� ÷&%3��¦, jËµ_� ~½Ó�¾Ó�Ér ³ð���_� ZO����õ� {9�

�'a÷&%3���. s��Qô�Ç 8̈��â
\�"f ��|ÃÐs� ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ ÕªÜ¼��� �<H_� 0Au���H

?/�9����HX<³ð���Ü¼�ÐÂÒ'���6 x��\�>����²ú�÷&��HjËµ�Ér¹¡§f��e���̀¦~½ÓK�ô�Ç��. ¢̧ô�Ç �̧�Ér

Aá¤\�"f ¢,aAá¤Ü¼�Ð ����̀¦ ÕªÜ¼��� �<H_� 0Au���H �̀¦������HX< jËµ_� ~½Ó�¾Ó�Ér ¹¡§f��e���̀¦ �̧ü<

��5Åq�̀¦ r������. jËµ_� ~½Ó�¾Ó�Ér ³ð���_� �̧�ª�õ� {9��'a÷&l� M:ë�H\� ��6 x��\�>� �̀¦���Ér &ñ


�Ð\�¦]j/BN
�t�ëß��<H_�¹¡§f��e���Ér³ð���_� �̧�ª�õ�ìøÍ@/÷&l�M:ë�H\�&ñ
�Ð\�¦�=/BGr�v���H

�.���s	כ s���H ·ú¡\�"f ÕªaË> 2.1�̀¦ [þt#Q [O�"î
ô�Ç ³ð���_� y©��̧�� {9�&ñ
ô�Ç ���©� 8̈��â
s���,

¢̧��H�&³z�́\�"f�̧{9�#Q��t�·ú§��H�&³�©�s���.

s�ü<°ú �Ér�<H_�¹¡§f��e��õ�(î�r1lxéß�"f)�<H\����²ú�÷&��HjËµ_�~½Ó�¾Ó(8£¤���jËµéß�"f)_�q�

{9��'a$í
�Ér��6 x�������©� 8̈��â
�̀¦���t�
���H�
E�B��̧ ñ¦̀�	כ�>�ëß�[þtÃºe����. ¢̧ô�Ç��

6 x������
���H]X�8ú¤jËµs�B�r��̧����°ú t�·ú§Ü¼Ù¼�ÐjËµs����½+ÉM:��H%i�����&³�©�s�{9�

#Q��t�·ú§��¿ºéß�"f��{9��'a|̈c��s��¦,jËµs�G'p	כâ
Äº\���H¿ºéß�"f��q�{9��'a÷&l�M:ë�H

\� ��6 x����H r��̧ M:���� ���Ér &ñ
�Ð\�¦ ���²ú�~ÃÎ�̀¦ Ãº e������H éß�&h�s� e����. �8¹¡¤s� ��

|ÃÐ������
���H]X�8ú¤jËµ ¢̧ô�Ç°ú t�·ú§l�M:ë�H\����²DG��|ÃÐ����,��|ÃÐs�r��̧
���Hr�l�

���� °ú �Ér ³ð���_� �̧�ª��̀¦ ��ØÔ>� ���t�½+É Ãº e����H �.���s	כ s���H óÁ�hË: E$��8a�As� t��ª�

K���½+É¹כ�èe��s�"î
Ñþ�
���.

�:r�7Hë�H\�"f]jîß�
���Ht�+þA�Ð�©�·ú��¦o�7£§�Ér �̀V,�w�l�ìøÍ·ú��¦o�7£§õ�²ú�o�³ð���_�

�̧�ª��̀¦���©�_�³ð��� �̧�ª�õ�{9��'a÷&>�E$��8a�A
�Ù¼�Ðr�ÓýtYUs�������õ�ÕªaË> 4.2(b)s�

��M®oÜ¼ 9,³ð���s�{9�&ñ
ô�Ç�â
Äºü<°ú s�{9��'a�)a¿ºéß�"f\�¦]j/BN½+É�.����e���̀¦·ú�Ãºe	כ

V� 2â�
 ��
��@: Ø̧¢�>ß��¤n>��d�Hÿb��+ÆZ�/�×

�:r ]X�\�"f_� z�́+«>�Ér ¿º ��t�_� 	�s�&h��̀¦ ¶ú�(R �:r��. 'Í	P:, ³ð���_� ZO���� ~½Ó�¾ÓÜ¼�Ð jËµ

�̀¦����o
�#�8£¤���jËµéß�"f��]j/BN�)a 8̈��â
õ�jËµs��¦&ñ
�)a 8̈��â
\�"f°ú �Ér·ú��¦o�7£§s�

��6 x÷&%3��̀¦ M:_� 	�s�\�¦ q��§
�#� ³ð��� ZO���� E$��8a�A_� ò́õ�\�¦ ì�r$3�ô�Ç��. ÑütP:�Ð ³ð

���_�ZO����~½Ó�¾Ós��¦�9�)a �̀V,�w�l�ìøÍ·ú��¦o�7£§s�E$��8a�A÷&%3��̀¦M:·ú¡]X�\�"ft�&h�

ô�Çéß�"f[þt_�q�{9��'a$í
s�Z�}s�	�s����t�\�p�u���H%ò
�¾Ó�̀¦·ú����:r��.
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2.1 '�×ß��

z�́+«>~½ÓZO��Ér 3.2]X�\�"fü<q�5pw
� 9/BN:�x�)aÂÒì�r\�@/K�"f��Hçß�|ÄÌy�[O�"î
ô�Ç��.

2.1.1 ��£� *�×j�

3.2 ]X�õ� °ú s� G'p"f�̂¦(Sensable) ��_� 
½�)3� áÔo�p�%3� 1.0A (PHANToM Premium

1.0A) �̧4Sq�̀¦��6 x
�%i���.

2.1.2 q���
��@��

8úx 7"î
_�x�z�́+«>��(S1–S7)���ÃÐ#�
�%i���. S1–S6�Érz��$í
s��¦ S7ëß�#�$í
s�%3���. S1–

S3��HóÁ�hË:�©�u�\�¦B�Äº��ÅÒ��6 x
���Hx�z�́+«>��%i��¦,�� Qt���|ÃÐ�ÉróÁ�hË:�©�u�\�¦%�

6£§ ��6 xK� �Ð��H ��|ÃÐ[þts�%3���. S1�Ér �ª��<Hú̧�s�%i��¦, S3õ� S7�Ér ¢,a�<Hú̧�s�%i�Ü¼ 9 ��

�Ér ��|ÃÐ[þt�Ér �̧¿º �̧�Ér�<Hú̧�s�%3�Ü¼ 9 z�́+«>�̀¦ 
���H 1lxîß� �̧¿º �̧�Ér�<H�̀¦ ��6 x
�%i���.

��s���H 20[jÂÒ'� 25[j\�ì�r�í
�%i�Ü¼ 9 î̈
ç�H 22.7[j%i���.

2.1.3 ��
��@�¿�
>

³ð���_� ZO���� ~½Ó�¾ÓÜ¼�Ð jËµ_� ~½Ó�¾Ó�̀¦ ����or�v���H ��s	כ ��6 x���� ³ð���_� Z�}s��� ���
�

��H ÂÒì�r\�¦ ���d��
���HX< �̧¹¡§s� ÷&��Ht�\�¦ �Ðl� 0A
�#� î�r1lx éß�"f\�¦ þj�è�o
���H z�́+«>

�̧|	��̀¦[O�&ñ

�%i���. 3.2]X�\�"f��He��>�°úכ(' 0.66 mm) [10]�Ð���s̀���	�H 3 mm\�¦��

6 x
�%i��¦³ð���_�ZO�����̀¦E$��8a�A
�t�·ú§�Ér 8̈��â
\�"f�̧t�+þA�Ð�©�·ú��¦o�7£§s�x�z�́+«>

��\�>� ³ð���_� Z�}s��� ���
���H ÂÒì�r�̀¦ �̀¦���Ð ���t�
��̧2�¤ Ø�æì�rô�Ç î�r1lx éß�"f\�¦ ]j/BN

ô�Ç����H��z�́�̀¦SX����
�%i���.����"f³ð���_�Z�}s�	�s�\�¦��|ÃÐs����t�½+ÉÃºe����He��>�

°úכ ��H%�_� °ú̀�כ¦ ��6 x�<ÊÜ¼�Ð+� î�r1lx éß�"f_� ]j/BN�̀¦ þj�è�o
�%i���. ³ð 4.1�Ér e��>�°úכ

��H%�_�Z�}s�\�¦���&ñ

�#��¦�Ér³ð��� �̧4Sq�̀¦�Ð�����.s�M:·ú¡�©�\�"fü<��ðøÍ��t��Ð³ð

��� P1s�éß�éß�
��¦±ú��Ér³ð���s��¦, P2��ÁºØÔ�¦Z�}�Ér³ð���Ü¼�Ð&ñ
_�
�%i���.

y��³ð���_�Z�}s������
���HÂÒì�r\�¦��6£§_� 4��t�~½ÓZO�Ü¼�ÐE$��8a�A
�%i���.>�íß�
���H

jËµ_� ~½Ó�¾Ós� {9�&ñ
ô�Ç �̀V,�w� l�ìøÍ ·ú��¦o�7£§(P), ZO�����̀¦ �¦�9ô�Ç �̀V,�w� l�ìøÍ ·ú��¦o�

7£§(P+N),>�íß�
���HjËµ_�~½Ó�¾Ós�{9�&ñ
ô�Çt�+þA�Ð�©�·ú��¦o�7£§(T),ZO�����̀¦�¦�9ô�Ç³ð���

�Ð�©�·ú��¦o�7£§(T+N)s�z�́+«>\���6 x�)a 8̈��â
s���.����"fz�́+«> �̧|	��Ér8úx 3× 4 = 12

(³ð��� �̧4Sq ×E$��8a�A~½ÓZO�)s���.
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Ø̧ 4.1z�́+«>\���6 x�)a³ð��� �̧4Sq.
³ð��� �̧4Sq k1(N/mm) k2 (N/mm) ∆h (mm)

M1 0.7 0.4 0.6
M2 0.7 0.4 0.8
M3 0.7 0.4 1.0

2.1.4 ��
��@ë�>�ßj

s�z�́+«> %i�r� 1-çß���� 2-@/îß�y©�]j���×þ�>h¥Æ�(1-interval 2-alternative forced-choice

paradigm)�̀¦ ��6 x
�#� x�z�́+«>��_� "f�Ð ���Ér ¿º ³ð���_� Z�}s� 	�s�\� @/ô�Ç ���y��

�̧(Sensitivity)\�¦8£¤&ñ

�%i���.z�́+«>_�y��r��̧ M: P1�ÉrÁº���0A�Ð¢,aAá¤(s��â
Äº P2��H

�̧�ÉrAá¤) ¢̧��H �̧�ÉrAá¤(P2��H ¢,aAá¤)\� C�u�÷&%3�Ü¼ 9 �:r �7Hë�H\�"f��H s�\�¦ P1 → P2,

P2 → P1Ü¼�Ð ³ðl�ô�Ç��. x�z�́+«>��[þt�Ér ·ú¡\� e����H ���©�_� #4��̀¦ ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼

�Ð����̀¦ô�Ç����FM�¦¢,aAá¤õ� �̧�ÉrAá¤#4�[þt×�æ#QÖ¼#4�s������õ��8����s�e����Ht�\�¦v�

�Ð×¼\�¦ ��6 x
�#� @/²ú�
�%i���. y�� x�z�́+«>����H 
���_� �̧|	�\� @/
�#� 100 ���_� ��� �FM

l�\�¦
�%i���.z�́+«> �̧|	�s�8úx 12>hs�Ù¼�Ð 1200���_�����FMl�\�¦
�%i���.


���_� �̧|	��̀¦ ¢-a«Ñ
���HX< ÂúªÜ¼��� 5 ì�r U�́��� 15 ì�r &ñ
�̧ ����9 î̈
ç�H 10 ì�r&ñ
�̧ ���

§4���. �̧|	�s�=åQèß�Êê 5ì�r_�Êëd��r�çß�Êê\����Ér �̧|	��̀¦z�́'��
�%i���.y��x�z�́+«>����H


�ÀÒ\� 6 >h_� �̧|	�m�� s�d�¦\� ��5g z�́+«>\� �ÃÐ#�
�%i���. z�́+«>
�l�\� ·ú¡"f ô ¥º�� õ�&ñ


�̀¦ ��'¬IÜ¼ 9 ~½ÓZO��Ér t�èß� �©�\�"fü< 1lx{9�
���. z�́+«>s� ���'��÷&��H 1lxîß� x�z�́+«>��_� @/

²ú�\�@/ô�Ç&ñ
²ú�#�ÂÒ��H·ú��9ÅÒt�·ú§��¤��.

2.1.5 ��
��@&P��7�

y�� x�z�́+«>��ü< y�� �̧|	�\� @/
�#� ���y���̧ t�Ãº(Sensitivity Index) d′\�¦ >�íß�
�%i���.

¢̧ô�Ç x�z�́+«>��\�>� z�́]j�Ð ���²ú�÷&��H Z�}s�\�¦ ·ú����Ðl� 0A
�#� ����̀¦ �FM��H 1lxîß� �ÃÐgË>

=åQ_� 0Au�\�¦ l�2�¤ô�Ç ��«Ñ\�¦ s�6 x
�%i���. x�z�́+«>��[þts� y�� �̧|	�\�"f ����̀¦ Õª%3��̀¦ M:

�ÃÐgË>=åQ_�Z�}s�	�s�_� î̈
ç�H�Ér 3.2]X�\�"fü<°ú �Ér~½ÓZO�Ü¼�Ð>�íß�
�%i���.
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M1 M2 M3
−5

−4

−3

−2

−1

0

1

2

3

4

5

Surface Model

d’

(c) T

M1 M2 M3
−5

−4

−3

−2

−1

0

1

2

3

4

5

Surface Model

d’

(d) T+N

Ü«ÍÏ� 4.3y�� �̧|	�\�@/ô�Ç���y���̧ t�Ãº d′
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P P+N T T+N
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Haptic Rendering Method

d’

M1
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Ü«ÍÏ� 4.4y�� �̧|	�\�@/ô�Ç î̈
ç�H���y���̧ t�Ãº d′.

Ø̧ 4.2��6 x��\�>����²ú��)aZ�}s�	�s�
∆pz(mm)

³ð��� P1 → P2 P2 → P1

�̧4Sq P P+N T T+N P P+N T T+N
M1 -0.71 -0.52 0.20 0.17 0.54 0.54 -0.43 -0.38
M2 -1.03 -0.44 0.31 0.49 0.99 0.71 -0.48 -0.52
M3 -0.67 -0.21 0.35 0.59 0.74 0.51 -0.62 -0.54

2.2 Úr
ø�

ÕªaË> 4.3��Hy��x�z�́+«>��_����y���̧ t�Ãº d′\�¦�Ð#�ï�r��.y��ÂÒì�rÕªaË> 4.3(a)–4.3(d)��H

y�� E$��8a�A ~½ÓZO�\� @/
�#� x�z�́+«>��[þt_� ���y���̧ t�Ãº\�¦ ½̈ì�r
�#� �����·p��. ���y���̧

t�Ãº��∞s���� 5.0, -∞s���� -5.0Ü¼�Ð ú̧�������?/%3���.y��E$��8a�A~½ÓZO�\�@/
�#�x�

z�́+«>��[þt_� î̈
ç�H ���y���̧ t�Ãº��H ÕªaË> 4.4\� ����?/%3���. s�M: ���y���̧ t�Ãº��H �D¥1lx

'��§>=�̀¦ �̧|	�Z>��Ð �̧��Hz�́+«>��[þt_�ìøÍ6£x�̀¦½+Ëô�Ç��6£§\� ½̈
���H~½ÓZO��̀¦s�6 x
�%i���.

��6 x��\�>� ���²ú��)a Z�}s� 	�s� ∆pz��H y�� z�́+«> �̧|	�\� @/
�#� P1 → P2{9� M:ü<

P2 → P1{9� M:�Ð ��*'#Q ³ð 4.2\� &ñ
o�
�%i���. P2�� �8 Z�}�Ér ³ð���e���̀¦ �©�l�½+É M:,

P1 → P2 {9�M:Z�}s�	�s� ∆h��H 0�Ð��ß¼��.����"f³ð_�ýa8£¤\�����èß���6 x��\�>�

���²ú��)a Z�}s� 	�s� ∆pz�� 0�Ð�� 	�H ��Ér	כ ���©� ³ð���_� &ñ
�Ð�� �̀¦���Ð ���²ú�÷&#Q �ÃÐgË>

=åQs� �̀¦��çß� �¦̀�	כ _�p�
��¦ 6£§Ãº��� ��Ér	כ ���©� ³ð���_� t�+þA �̧�ª�õ� ²ú�o� ?/�9çß� �	כ

�̀¦_�p�ô�Ç��. P2 → P1{9�M:_�Z�}s�	�s� ∆h��H 0�Ð�����Ü¼Ù¼�Ð,³ð_�Äº8£¤\�����èß�
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∆pz��6£§Ãº����â
Äº��H³ð���_� �̧�ª�õ�{9��'a÷&>�¹¡§f����������s��¦�ª�Ãº	כâ
Äº��H�=/BG�)a

&ñ
�Ð�� ���²ú��)a �.���s	כ �̀V,�w� l�ìøÍ ·ú��¦o�7£§_� �â
Äº �̧��H �̧|	�\�"f t�+þA_� �̧�ª�õ�

ìøÍ@/_�°úכs���M®ot�ëß�t�+þA�Ð�©�·ú��¦o�7£§�Ér �̀¦���Ér°úכs���M®o6£§�̀¦SX����½+ÉÃºe����.

³ð���_�ZO�����̀¦�¦�9
�#� �̀V,�w�l�ìøÍ·ú��¦o�7£§Ü¼�ÐE$��8a�Aô�Ç�â
Äº(ÕªaË> 4.3(a))_�

���y���̧ t�Ãº��H �̧��H x�z�́+«>���� �̧��H �̧|	�\�"f 	�H 6£§Ãº°úכ ¢̧��H 0\� ����î�r °ú̀�כ¦ l�

2�¤
�%i���. 	�H 6£§Ãº°úכ�Ér x�z�́+«>���� ³ð���s� Z�}��t���H �â
Äºü< ±ú���t���H �â
Äº\�¦ ½̈ì�r

�̀¦
�t�ëß�Z�}��t���H�â
Äº\���H±ú���������¦Ö¼z��¦±ú���t���H�â
Äº�'pZ�}��������¦Ö¼z�

��H �¦̀�	כ _�p�ô�Ç��. ¢̧, 0\� ����î�r °úכ�Ér ��6 x���� ¿º �â
Äº_� Z�}s� 	�s�\�¦ ���t�
�t�

3lwô�Ç����H��Qô�Ç���p�ô�Ç��.s_¦̀�	כâ
�¾Ó�ÉrÕªaË> 4.4\�"f�̧"î
Ñþ�y�����èß���.³ð 4.2\�

s� �̧|	�\� K�{©�
���H ���²ú�÷&��H Z�}s� ∆pz\�¦ �Ð��� ���©� ³ð���_� Z�}s� 	�s� ∆hü< ìøÍ@/

÷&��HÂÒ ñ\�¦��t���H�SX����½+ÉÃºe��Ü¼ 9s���H���y���̧¦̀�	כ t�Ãº��6£§Ãº�Ð����èß���õ	כ

�'a>���e����.

³ð���_� ZO����s� E$��8a�A�)a 8̈��â
\�"f �̀V,�w� l�ìøÍ ·ú��¦o�7£§�̀¦ ��6 xô�Ç �â
Äº (ÕªaË>

4.3(b))\���H x�z�́+«>��\� ���� ���õ��� 	�H 	�s�\�¦ �Ð%i���. :£¤y� x�z�́+«>�� S4ü< S6ëß�

s� �̧��H³ð���_�Z�}s������
���HÂÒì�r\�@/K�"fZ�}�Ér�ª�Ãº°úכ_����y���̧ t�Ãº\�¦����?/

#Q "é¶A� ³ð���_� Z�}s� ����o\�¦ ���t�
�%i��¦ z�́+«>�� S2ü< S5ëß�s� �½Ó�©� 	�H 6£§Ãº_� ���y��

�̧ t�Ãº\�¦l�2�¤
�#�"é¶A�³ð���_�Z�}s�	�s�ü<ìøÍ@/�Ð���t�
���H�Ü¼�ÐSX�����)a��.³ð	כ

4.2\�"fs� �̧|	�\�K�{©�
���H ∆pz_�°úכs��½Ó�©�³ð���_�Z�}s�	�s�ü<ìøÍ@/s���.Õª!3�\�

�̧Ô�¦½̈
��¦x�z�́+«>�� S4ü< S6�ÉrZ�}s�	�s�\�¦ �̀¦���Ð���t�
�%i���HX<s���HjËµ_�~½Ó�¾Ó

����o�� ���²ú�
���H 8£¤��� jËµ éß�"f\� �8 _��>rô�Ç �Ü¼�Ð	כ �̂¦ Ãº e����. S2ü< S5��H �ÃÐgË> =åQ

_� C�&h�s� ]j/BN
���H î�r1lx éß�"f\� �8 _��>rô�Ç �Ü¼�Ð	כ Û�¦s��)a��. �:r �©�_� 1 ]X�\�"f ���

/åL
�%i�1pws�³ð���_�ZO����\����ÉrjËµ_�����o��H���©�_�³ð���s������&ñ
�Ðü<{9��'a�)a&ñ


�Ð\�¦ ]j/BN
�t�ëß� �ÃÐgË> =åQ_� C�&h��Ér �=/BG�)a &ñ
�Ð\�¦ ]j/BN
�#� x�z�́+«>���� �̀¦���Ér ���

t�\�¦
���H�
�ÓK½~¦̀�	כ�l�M:ë�H\�x�z�́+«>��\������8 ú̧�Ö¼��t���Héß�"f\�_��>rô�Ç���

õ��ÐÛ�¦s��)a��. ¢̧ô�Ç³ð��� �̧4SqM1\�"fM3�Ð°ú�Ãº2�¤³ð���_�Z�}s������
���HÂÒì�r_�

Z�}s��� &�t�l� M:ë�H\� ���y���̧ t�Ãº�� �©�5px½+É �Ü¼�Ð	כ l�@/÷&��HX< q�
�#�, x�z�́+«>��

S1, S3, S7_� �â
Äº s�ü< �©��'a \O�s� ���y���̧ t�Ãº�� �ª�Ãºü< 6£§Ãº\�¦ ���°ú��� l�2�¤Ùþ¡��.

s� ¢̧ô�Ç ·ú¡\�"f ���/åL
�%i�1pws� °ú �Ér ��6 x���� 
��8���̧ jËµ_� [jl�\� ���� ³ð���Ü¼�Ð

ÂÒ'� ]j/BN ~ÃÎ��H ¿º éß�"f�� {9��'a�)a &ñ
�Ð\�¦ ]j/BN½+É Ãº�̧ e���¦ ��u�́ Ãº�̧ e��l� M:ë�H\�
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����èß��&³�©�Ü¼�Ð�Ð�����.

³ð���_�ZO����s�E$��8a�A÷&t�·ú§�Ér 8̈��â
\�"ft�+þA�Ð�©�·ú��¦o�7£§\�_�K�jËµs�>�íß�

÷&%3��̀¦M:(ÕªaË> 4.3(c)), �̧��H d′���ª�Ãºs����� 0\�����î�r�SX����½+ÉÃºe����.����o¦̀�	כ

½̈çß�_�Z�}s�	�s����̂��î�r1lxéß�"fëß�Ü¼�Ð���t�½+ÉÃºe����He��>�°úכ\�����î�r°úכ[þts�

l�M:ë�H\�M2_�{9�ÂÒx�z�́+«>��ü<M3\�¦]jü@
��¦\V�©�@/�ÐZ�}�Ér���y���̧ t�Ãº\�¦�Ð

s�t���H 3lw
�%i�Ü¼ 9 s���H ÕªaË> 4.4\�"f�̧ SX����½+É Ãº e����. ³ð��� �̧4Sq M1\� @/ô�Ç x�

z�́+«>��_� î̈
ç�H���y���̧ t�Ãº_�&ñ
SX�ô�ÇÃºu���H 0.3526s��¦³ð��� �̧4SqM3��H 1.2509s�

��.���y���̧ t�Ãº d′�� 1��������<»+�Érx�z�́	כ 75%_�SX�Ò�¦�Ð&ñ
²ú��̀¦ ú́�ð�r����H�s�Ù¼�Ð	כ

³ð���_�Z�}s������
���HÂÒì�rM1�Érx�z�́+«>��[þts� ú̧� ½̈ì�r
�t�3lwô�Ç���¦K�$3�½+ÉÃºe��

��. ³ð 4.2\� ����èß� ∆pz��H ���©� ³ð���_� Z�}s� &ñ
�Ðü< {9��'a÷&t�ëß� ����Ér 	�s�\�¦ ����

?/ ��6 x���� ���t�
�l�\���H Ø�æì�r
�t� 3lwô�Ç ���FG�̀¦ ���²ú�Ùþ¡����H ��z�́�̀¦ SX����½+É Ãº e��

��.

³ð���_�ZO����s�E$��8a�A�)a 8̈��â
\�"ft�+þA�Ð�©�·ú��¦o�7£§�̀¦��6 x
�%i��̀¦M:(T+N,Õª

aË> 4.3(d))_� ���y���̧ t�Ãº��H �̧��H x�z�́+«>��ü< �̧��H 8̈��â
\� @/
�#� 	�H �ª�Ãº°ú̀�כ¦ l�2�¤


�%i���. <Éªp��Ðî�r ��z�́�Ér ³ð 4.2\�"f SX����½+É Ãº e��1pws� �̧|	� T{9� M:ü< T+N{9� M:_�

∆pz °úכs�	�H	�s�����t�·ú§�¦ �̧y��9 T+N{9�M:]X�@/°úכs�����Ér�â
Äº��e��6£§\��̧Ô�¦

½̈
��¦ T+N���y���̧ t�Ãº��B�Äº	�H	�s��ÐZ�}����H�&÷�s���.s���H��6 x��\�>����²ú	כ

��Hî�r1lxéß�"f��q�5pw½+ÉM:jËµ_�~½Ó�¾Ós����
���Hy��y��éß�"f��³ð���_�Z�}s������
�#�]j

/BN�)a8£¤���jËµéß�"f��óÁ�hË:&h��â
>�\�¦���t�
���HX<	�H �̧¹¡§�̀¦ï�r����H��z�́�̀¦�Ð#�ï�r��.

³ð 4.2\�����èß� ∆pz��H �̧4Sq�)a³ð���_�Z�}s�	�s��Ð������̂&h�Ü¼�Ð����Ér°ú̀�כ¦�Ð%i�

��HX<s���H 3.2]X�\�"fs�p�[O�"î

�%i�1pws�³ð����Ð�©�·ú��¦o�7£§õ�óÁ�hË:���'��̀s�Û¼�©�

u��� �ÃÐgË> =åQ_� 0Au�\�¦ ]j#Q
���H ��s	כ ��m��� jËµ�̀¦ ]j#Q
�l� M:ë�Hs���. ¢̧ô�Ç e��>�

°ú0.66)כ mm)�Ér ��6 x��\�>� ���²ú�÷&��H Z�}s�_� 	�s� ∆pz\� @/ô�Ç °úכs� ��m��� ���©�_�

¿º³ð���_�Z�}s�	�s� ∆h����
�_e��\�ÅÒ	כ�l���êøÍ��.



� 5¤ùÿ

�­�Ýä�Ã�î|·��Ã t̀äf£­Nùý=�=.çÑä°�B�l5æ

t�+þA�Ð�©�·ú��¦o�7£§�Ér��6 x��\�>����©�Óüt�̂�� �����y©��̧ü<t�+þA_� �̧�ª��̀¦�=/BG\O�

s�1lxr�\����²ú�
�l�0A
�#�³ð���_�Z�}s�&ñ
�Ð\�¦Ãº&ñ

�#�jËµ�̀¦>�íß�ô�Ç��.s����óÁ�hË:

Ìqt���r�çß� nõ�s����Ìqt���r�çß� n− 11lxîß���|ÃÐ\�>����²ú�|̈cZ�}s�	�s� ∆pz(d�� 2.4)\�¦

jËµÄ»t�s��:r�̀¦s�6 x
�#�>�íß�ô�ÇÊês�°úכs�"é¶A�_�Z�}s�	�s� ∆h�Ð�����Ü¼���&�t�

�̧2�¤,ìøÍ@/�Ðß¼��������t��̧2�¤"é¶A�_�Z�}s�\�¦����or������(d�� 3.1). ·ú¡�©�[þt_�z�́+«>\�

"fs��Qô�Ç~½ÓZO�s�Z�}s�	�s�\�¦ �̀¦���Ð���²ú�ô�Ç����H�
s�7£x"î	כ÷&%3���.

·ú¡"f]jîß�ô�Ç·ú��¦o�7£§s�
���_�����o ½̈çß�õ�ô�Ç�������̀¦�FM��H�ÃÐ½̈õ�&ñ
(Exploratory

Procedure)\� @/K� [O�>�÷&%3������, �:r �©�\�"f �è>h
���H ·ú��¦o�7£§�Ér ��Ãº_� ����o ½̈

çß�õ� ���ª�ô�Ç �ÃÐ½̈ õ�&ñ
�̀¦ t�"é¶
�#� �Ð�� {9�ìøÍ&h���� 8̈��â
\�"f_� E$��8a�A�̀¦ 3lq³ð�Ð ô�Ç

��.s��Qô�Ç³ð����Ð�©�·ú��¦o�7£§_�SX��©��Ér��6£§õ�°ú �Ér �̧���õ�]j\�¦°ú���H��.

• ��Ãº_�����o ½̈çß�_�t�"é¶→ �̧	�¾º&h�

• ���ª�ô�Ç�ÃÐ½̈ õ�&ñ
_�t�"é¶→q�{9��'a&h����Z�}s�&ñ
�Ð���²ú�

s���� �©�\�"f��H l��:r ³ð��� �Ð�©� ·ú��¦o�7£§s� {9�ìøÍ&h���� 8̈��â
\�"f ��6 x|̈c M: µ1ÏÒqt
�

��H ë�H]j\� @/ô�Ç �©�S!��̀¦ ¶ú�(R�Ð�¦ s�\� @/ô�Ç "é¶����̀¦ ì�r$3� x9� K���� ~½ÓZO��̀¦ ]jr�ô�Ç��.
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(a) P1 → P2.
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(b) P2 → P1.

Ü«ÍÏ� 5.1¿º³ð���_��â
>�\�"fM�g4�¤
� 9����̀¦�FM��H�â
Äº

¢̧ô�Ç ]jr�ô�Ç ~½ÓZO�s� ��{©�$í
�̀¦ %3�l� 0Aô�Ç z�́+«>�̀¦ Ãº'��
��¦, SX��©��)a ·ú��¦o�7£§_� $í
0px

�̀¦���7£x
�l�0Aô�Çz�́+«>\�@/ô�Ç���õ�\�¦y��y���Ð�¦ô�Ç��.

V� 1â�
 m�ÌfC�+��È*�×

�:r]X�\�"f��H�©� ñ���6 x�̀¦
���H���©�_�³ð���s�
���_�����o ½̈çß�s��������Ãº_�����o

½̈çß��̀¦ °ú���H t�+þA�̀¦ @/�©�Ü¼�Ð ô�Ç��. s��Qô�Ç 8̈��â
�Ér ����̀¦ Õª�̀¦ M: r�çß�s� t�z��\� ��

��y©��̧,Z�}s�,�-q�,;�¤s����ª�ô�Ç ½̈çß��̀¦�â
+«>
���H�¦̀�	כ ú́�
���HX<,s�\�·ú¡"f$í
|9�s�

°ú �Ér��Ãº_�����o ½̈çß��̀¦�â
+«>
���H�̀�
��í&h��̀¦¿º#Q[O�"î\	כ¦r����ô�Ç��.s���H
���_�

����o ½̈çß��̀¦M�g4�¤
�#�����̀¦�FM��Hë�H]jü<1lx{9�
���.

±ú��¦éß�éß�ô�Ç¢,aAá¤³ð���õ�Z�}�¦Áº�Ér �̧�ÉrAá¤³ð���Ü¼�Ð ½̈$í
�)a���©�Óüt�̂\� @/
�#�

¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ Õª�Ér +' ]X�8ú¤�̀¦ K�]j
�t� ·ú§�¦ ��r� �̧�ÉrAá¤\�"f ¢,aAá¤Ü¼

�Ð ����̀¦ �FM��H �¦̀�	כ Òqty��K� �Ð��. s� M: ��6 x��\�>� ���²ú�÷&#Q�� 
���H ¢,aAá¤ ³ð���_� Z�}

s���H��6 x����³ð���\�]X�8ú¤�̀¦r����Ùþ¡�̀¦M:_�Z�}s�ü<°ú ����ô�Ç��.Õª�Q��t�+þA�Ð�©�

·ú��¦o�7£§�̀¦��6 x
�#�¿º³ð���_��â
>�ÂÒì�r\�"fs��Qô�ÇM�g4�¤����FMl�ìøÍ4�¤Ùþ¡�̀¦M:Z�}

s���"é¶A�@/�Ð÷&[�t�� �̧t�·ú§��H����H��z�́�̀¦µ1Ï|
�
�%i���.


���_� ����o ½̈çß�\� @/
�#� M�g4�¤ ����FMl�\�¦ ìøÍ4�¤Ùþ¡�̀¦ M: µ1ÏÒqt
���H ë�H]j\�¦ ÕªaË>

5.1\�"f �Ð�����. k1�Ér 0.9 N/mms��¦ k2��H 0.3 N/mm, ∆h��H 3 mm�Ð P2�� Z�}Ü¼ 9

����o ½̈çß�_� �-q� W��H 4 mm%i���. ÕªaË> �©�éß�ÕªA�áÔ_� ��êøÍ z�́����Ér ���©�_� ³ð���s�
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�¦À1Ïçß�������Ér�ÃÐgË>=åQ_�0Au�s� 90lqÒ�o&h�����Ér��6 x��\�>����²ú�÷&��HZ�}s�s���.Õª

aË>
�éß�ÕªA�áÔ��Ht�+þA�Ð�©�·ú��¦o�7£§s��Ð�©�
���HZ�}s� ∆hc\�¦����?/��HX<, 4 mm\�

@/
�#�����̀¦�FMl�M:ë�H\�r�çß�_� ½̈çß�s�Âúª����u�e��Ò�Û¼(Impulse)��� ñ�����3!�%	כ

����z�¤��.ÕªaË> 5.2(a)\�"f��H�Ð�©�
���HZ�}s�_�ô�Ç�©��̀¦SX�@/
�#�³ð�&³
� 9e��Ò�Û¼���

 ñ�� ����� �¦̀�	כ �Ð�����. ÕªaË> 5.1(a)�Ér �̧�ÉrAá¤_� ³ð���s� ¢,aAá¤_� ³ð��� �Ð�� Z�}�Ér �â


Äº(P1 → P2)_�óÁ�hË:�â
>�\�"f����̀¦ìøÍ4�¤K�"f�FM��H�â
Äº³ð���_�Z�}s���H"é¶A�@/�Ð÷&

[�t����t�·ú§�¦ìøÍ4�¤S��Ãº����[þv|̈cÃº2�¤³ð���_�Z�}s���>�5Åq �̀¦������H�SX����½+É¦̀�	כ

Ãºe����.

ÕªaË> 5.1(b)��H¢,aAá¤s� �̧�ÉrAá¤�Ð��Z�}�Ér�â
Äº(P2 → P1)_���«Ñ\�¦����?/��HX<���©�

³ð���_�Z�}s���Ä»t�÷&��H�
�3��Ðs�t�ëß!�%	כ���_�M�g4�¤éß�0A�Ð��¾º#QÕª��s�_����

�o\�¦ �Ð��� ³ð���s� �̀¦����l��̧ 
��¦ ?/�9��l��̧ 
���H �¦̀�	כ �̂¦ Ãº e����. z�́]j�Ð s��Q

ô�Ç³ð���_�C�u�\�@/
�#�����FMl�\�¦>�5Åq
�%i��̀¦M:³ð���s�>�5Åq �̀¦������H�â
Äº�̧e��

��HìøÍ�������̀¦�FM��H~½ÓZO�\�����>�5Åq?/�9����H�â
Äº�̧�'a¹1Ï½+ÉÃºe��%3���.

s��Qô�Ç ë�H]j�� µ1ÏÒqt
���H s�Ä»��H t�+þA �Ð�©� ·ú��¦o�7£§s� ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð °ú�

M:�Ð�©�K�ÅÒ��HZ�}s�ü< �̧�ÉrAá¤\�"f¢,aAá¤Ü¼�Ð°ú�M:�Ð�©�K�ÅÒ��HZ�}s���	�s�����l�

M:ë�Hs���. ¿º ³ð���s� P1s� ¢,aAá¤, P2�� �̧�ÉrAá¤\� C�u�K� e�����¦��&ñ

���. ëß���� ¢,aAá¤

\�"f �̧�ÉrAá¤Ü¼�Ð°ú�M:�Ð�©�÷&#Q �̀¦������H³ð���_�Z�}s� ∆hcP1→P2�� �̧�ÉrAá¤\�"f¢,a

Aá¤Ü¼�Ð °ú� M: �Ð�©�÷&#Q ?/�9����H ³ð���_� Z�}s� ∆hcP1←P2�Ð�� ß¼�����(|∆hcP1→P2 | >

|∆hcP1←P2 |) ³ð����Ér ���õ�&h�Ü¼�Ð ¿º Z�}s�_� 	�s�ëß��pu �̀¦����>� ÷& 9 ìøÍ4�¤|̈c Ãº2�¤ ³ð
����Ér �̀¦��çß���. ëß���� ìøÍ@/_� �â
Äº(|∆hcP1→P2 | < |∆hcP1←P2 |)����� ³ð����Ér >�5Åq ?/�9
��>��)a��. ÕªaË> 5.2��H ÕªaË> 5.1(a)_� 1600 ms–2200 ms_� ½̈çß�\�"f_��Ð�©�
���H Z�}

s� ∆hcü< ��6 x��\�>� ���²ú�÷&��H jËµ\� @/ô�Ç ÕªaË>Ü¼�Ð �Ð�©� ÷&��H Z�}s�ü< jËµ �̧¿º\�>�

"f q�@/g�A$í
�̀¦ SX����½+É Ãº e����. �:r �7Hë�H\�"f��H s��Qô�Ç q�@/g�AÜ¼�Ð ���
�#� µ1ÏÒqt
���H

Z�}s�_�	�s�\�¦t�+þA�Ð�©�·ú��¦o�7£§\�"f_� �̧	��Ð&ñ
_�
��¦ Pl�Ér¢,aAá¤³ð��� Pr�Ér �̧

�ÉrAá¤³ð���Ü¼�Ð³ð�&³½+ÉM:��6£§õ�°ú s�&ñ
_��)a��.

error = |∆hc,Pl→Pr | − |∆hc,Pl←Pr | (5.1)

s�ü< °ú �Ér �̧	��� µ1ÏÒqt
���H s�Ä»��H ��|ÃÐ_� �<Hõ� ¼1Ïs� ����̀¦ Õª�̀¦ M: ���©�_� #4�_�

Z�}s� ����o\�¦ ��ØÔ>� ������t� 3lw
�l� M:ë�Hs���. P1 → P2��� Ãºf��Ü¼�Ð [j0>��� #4�\�
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(a) ô�Ç�©�_� ∆hc.
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(b) ô�Ç�©�_���6 x��\�>����²ú�÷&��HjËµ

Ü«ÍÏ� 5.2 �̧	�¾º&h�_�"é¶���

@/
�#�����̀¦�FM��H�â
Äº\�¦Òqty��K��Ð��.¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð¼1Ï�̀¦¹¡§f��{9�M:³ð���s�

��|ÃÐ\�>� °ú���l� ����0>t���� ��|ÃÐ_� �<H�Ér ����̀¦ Õª#Q�̧~�� Z�}s�\�  QÁºØÔ�¦ e��l� M:

ë�H\� �'a:�x U�·s��� &�t�>� ÷&#Q í�Hçß�&h�Ü¼�Ð 	�H jËµs� µ1ÏÒqtô�Ç��. �̧�ÉrAá¤\�"f ¢,aAá¤Ü¼�Ð

¹¡§f��s���H�â
Äº\���H³ð���s���|ÃÐÜ¼�ÐÂÒ'�°ú���l�YO�#Qt��¦��|ÃÐ_��<H�Ér%i�r�Õª#Q�̧

~��Z�}s�\� QÁºØÔ�¦e��l�M:ë�H\��'a:�xU�·s��������t��¦í�Hçß�&h�Ü¼�Ð����ÉrjËµs�µ1ÏÒqt


�>��)a��.s��Qô�Ç�&³�©��ÉrÕªaË> 5.2(b)\�"fSX����½+ÉÃºe����.s��Qô�ÇjËµ_�q�@/g�A�Érd��

3.3\� ��6 x÷&#Q ÕªaË> 5.2(a)\�"f �Ðs���H ∆hc_� q�@/g�AÜ¼�Ð ������÷&�¦ d�� 5.1\� _�K�

�̧	���H error > 0s��)a��.

¢̧ô�ÇF�p�e����H��z�́�ÉrÕªaË> 5.1(a)õ�ÕªaË> 5.1(b)\�"f�Ðs�1pws�éß�t�¿º³ð���_�C�

u�\�¦ ��Ë̈%3��̀¦ ÷�r���X< µ1ÏÒqt
���H �̧	�_� �ª��©�s� ��ØÔ����H &h�s���. s���H ��|ÃÐs� Ãºf��

Ü¼�Ð[j0>���#4�\�@/
�#�¼1Ï�̀¦Ãºî̈
~½Ó�¾ÓÜ¼�Ð3lu_�×�æd��ÂÒì�r\�"f��¾ú Aá¤Ü¼�Ð¹¡§f��{9�

M:ü<3lu_���¾ú Aá¤\�"f×�æd��Ü¼�Ð¹¡§f��{9�M:����ØÔl�M:ë�Hs���.���r��:r�7Hë�H�̀¦Z�~�¦

)�/BN\�#4�s�e�����¦Òqty��
��¦¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð �̧�ÉrAá¤\�"f¢,aAá¤Ü¼�Ð����̀¦Õª#Q

�Ð��. îß�Aá¤\�"f ��¾ú Aá¤Ü¼�Ð �<Hs� ¹¡§f��{9� M: 3luÜ¼�ÐÂÒ'� ���çß� YO�#Qt���H ¹¡§f��e��s� ¼#�


�����H��s���.¿º³ð���s	כ�¦Ö¼��́Ãºe���̀¦̀�	כ P1 → P2�ÐC�u�÷&%3��̀¦M: �̧�Ér�<HÜ¼�Ð

¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð����̀¦�FM>�÷&���³ð��� P2(��|ÃÐ\�>�����î�r³ð���)\�"f��|ÃÐ_��<H

�Ér��|ÃÐÜ¼�ÐÂÒ'�YO�#Qt�>�÷&Ù¼�Ð�'a:�xU�·s���&�4R�©�@/&h�Ü¼�Ð	�HjËµs�E$��8a�A�)a

��. ëß���� �̧�ÉrAá¤\�"f ¢,aAá¤Ü¼�Ð ¹¡§f��s���� ³ð��� P1(��|ÃÐ\�>� ��� ³ð���)\�"f ��|ÃÐ_� �<H
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(a) ��|ÃÐ\�>����²ú�÷&��H³ð���_�0Au�. (b) ³ð����Ð�©�s�=åQèß�Êê_� �̀���������©�³ð���

Ü«ÍÏ� 5.3³ð���_��Ð�©�\����Ér���©�³ð���_�Z�}s�

�Ér��|ÃÐ\�>�����î�rAá¤Ü¼�Ðs�1lx
�Ù¼�Ð�'a:�xU�·s���·û ���©�@/&h�Ü¼�Ð����ÉrjËµs�E$�

�8a�A |̈c��s���.s��&³�©�%i�r	כ error > 0��� �̧	�\�¦µ1ÏÒqtr������.

��|ÃÐ_� �<Hs� ���©�_� #4�_� Z�}s�\�¦ F�À1Ïo� ������t� 3lwK�"f Òqtl���H jËµ_� q�@/g�Aõ�

��|ÃÐ_��<Hs�ýaÄº�Ð¹¡§f��{9�M:_�J����s�²ú���"fÒqtl���HjËµ_�q�@/g�A�Ér1lxr�\�{9�#Q

��>��)a��.ÕªaË> 5.1(a)_� P2 → P1\�"f��H¿ºq�@/g�A �̧¿º 0�Ð��	�H �̧	�\�¦µ1ÏÒqtr�v�

�¦¿º �̧	���½+Ë5g4R�8	�H �̧	���µ1ÏÒqtô�Ç��.Õª�Q�� P2 → P1����â
Äº��H'Í	���P:�&³�©�

\�_�
�#� error < 0��� �̧	���Òqtl��¦¿º���P:�&³�©�\�_�K� error > 0��� �̧	���Òqtl�

Ù¼�Ð ¿º �̧	�çß�\� �©��W�� {9�#Q�� ÕªaË> 5.1(b)ü< °ú s� ³ð���_� Z�}s��� a%v�Ér ;�¤Ü¼�Ð �̧

ØÔl��̧ 
��¦?/o�l��̧ 
���H���Q������̀¦Õª�̀¦M:_�jËµ_�����o,����FMl�~½Ód�s���.Õª	כ

1px\�����¿º�&³�©�çß�\�µ1ÏÒqt
���H �̧	�_��©�@/&h����ß¼l���²ú���4R³ð���s�>�5Åq �̀¦��

��l��̧ 
��¦?/�9����H�&³�©�s�µ1ÏÒqt
�l��̧ô�Ç��.

s�ü<°ú s���Ãº_�t�+þA\�@/
�#�����̀¦Õª�̀¦M: �̧	���¾º&h�s�÷&��H�&³�©��Ér��Ãº_�

½̈çß�[þts� °ú �Ér $í
|9��̀¦ °ú��̀¦ M: ÷�rëß� ��m���, ��Ãº_� ½̈çß�[þts� "f�Ð ���Ér $í
|9��̀¦ °ú�

�̀¦M:\��̧ �̧	���¾º&h�÷&��H&ñ
�̧_�	�s�����\�¦÷�r���/BN:�x&h�����&³�©�s���.

V� 2â�
 ¿ÇÔÄ©ø�Ça��+��È*�×

Óüt�̂��°ú���H5Åq$í
[þt�̀¦·ú�l�0A
�#���|ÃÐs��½Ó�©�����̀¦�FM��H��_�Ér��m���.Óüt�̂	כ �̧�ª�

�̀¦·ú�l�0AK�"f����̀¦�FMl��̧ 
��¦,³ð����̀¦b�%3���Ðüt!3���
�����:�¤:�¤5g"fy©��̧\�¦Ö¼

z�l��̧ 
��¦, �ª�=åQ�̀¦ ú̧��� Zþto�l��̧ 
��¦ ×�¦s�l��̧ 
�#� ���»¡¤$í
�̀¦ �Ðl��̧ ô�Ç��. s�

XO�>���|ÃÐs�Óüt�̂_�5Åq$í
�̀¦·ú�l�0A
�#�Óüt�̂\�¦��ÀÒ��H'��0A\�¦óÁ�hË:\�"f��H�ÃÐ½̈ õ�
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&ñ
(Exploratory Procedure)s����¦³ð�&³ô�Ç��.
���_�����o ½̈çß��̀¦°ú���H���©�³ð���\�

@/
�#�����̀¦�FM��H�̈½õ�:�¤:�¤u���H�ÃÐ	כ õ�&ñ
s�#î
'��÷&��H�â
Äº\�µ1ÏÒqt
���Hë�H]j\�¦Õª

aË> 5.3\�¦�Ð 9¶ú�(R�Ð��.

ÕªaË> 5.3(a)�Ér¿º>h_�"f�Ð���Éry©��̧ü<Z�}s�\�¦°ú���H���©�³ð���\�����̀¦Õª�̀¦M:��

�©� ³ð��� �̧4Sq(��êøÍ z�́���), �ÃÐgË> =åQ_� C�&h�(À1Ïçß� &h����), Õªo��¦ ��|ÃÐ\�>� ���²ú�÷&��H �Ð

�©��)a Z�}s�(0lqÒ�o �����)\�¦ �Ðs� 9 ��êøÍÒ�o z�́���_� ��A�Aá¤s� ���©� ³ð���_� ?/ÂÒs���. s�

ÕªaË>�Ér ¢,aAá¤ ³ð���_� y©��̧ 0.7 N/mm, �̧�ÉrAá¤�Ér 0.4 N/mms��¦ ¿º ³ð���_� Z�}s�	�s�

��H 3 mm, ¿º ³ð���_� �â
>� ÂÒì�r_� �-q���H 4 mm��� 8̈��â
\�"f ��|ÃÐ_� ]X�8ú¤ jËµs� 2.0

NÜ¼�Ð {9�&ñ

����¦ ��&ñ

��¦ r�ÓýtYUs�����̀¦ :�xK� %3��Ér ���õ�s���. #�l�"f ��|ÃÐs� ]X�

8ú¤�̀¦ Ä»t�
��¦ e����H 1lxîß��Ér jËµ Ä»t� s��:r\� _�K� >�íß�÷&#Q ¾º&h��)a �Ð�©� Z�}s� Sh(d��

3.7)�� "é¶A�_� ³ð��� Z�}s�\� �8K�4R"f ��|ÃÐ�Ér "é¶A�_� ³ð���s� ����� 0lqÒ�o �����Ü¼�Ð ³ð

�&³�)aZ�}s��̀¦Ö¼z�>��)a��.Õª�Q��#�l�"fÅÒ_�½+É��Ér"é¶A�³ð���s�0lqÒ�o�����Ü¼�Ð³ð	כ

�&³�)a³ð���Ü¼�Ð���
�>�÷&��H��\�s���m�����H&h�s���.7£¤0lqÒ�o�����Ü¼�Ð³ð�&³�)a0Au	כ

³ð���s�Òqt$í
÷&��H�
s���m���.t�+þA�Ð�©�·ú��¦o�7£§�Ér��|ÃÐ_�jËµ�̀¦s�6 x	כ�#�B�óÁ�hË:

Ìqt���ÀÒáÔ����Z�}s�\�¦�Ð�©�
���H&h�6£x&h����:£¤$í
�̀¦t�m� 9��|ÃÐ������|ÃÐs�r��̧
���H

r�l�����]X�8ú¤jËµ�Ér��ØÔl�M:ë�H\�]X�@/�¦&ñ
|̈cÃº\O���.

ÕªaË> 5.3(b)�Ér"é¶A����©�³ð���_�0Au�(�rÒ�o&h����)ü<����̀¦�FM��Hõ�&ñ
s�=åQèß�Êê_���

�©� ³ð��� �̧4Sq(��êøÍ z�́���)�̀¦ �Ð#�ï�r��. {9�ìøÍ&h���� 8̈��â
\�"f��H HIP�� "é¶A� ³ð���_� ü@

ÂÒ\�e���̀¦M:��H SCP\�¦ ½̈
�t�·ú§l�M:ë�H\�]X�8ú¤s�K�]j÷&��H�â
Äº��r�]X�8ú¤�̀¦
�l�

0AK�"f��H HIP�� "é¶A� ���©� ³ð���_� ?/ÂÒ\� 0Au�K��� ô�Ç��. s� M: ëß���� Sh�� 0s� ��

m���� d�� 4.1\� _�K� �Ð�©��)a 0Au� CSP\�¦ ½̈
�>� ÷&�¦, d�� 4.2\� _�K� °ú���l� 	�H jËµ�̀¦

E$��8a�A 
�>� ÷&#Q Ô�¦îß�&ñ
ô�Ç �©�I��� |̈c Ãº e����. ����"f Sh�� ]X�8ú¤s� K�]j|̈c M: 0Ü¼

�Ð �íl��o�)a���¦ ��&ñ

���. ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ �FM��H õ�&ñ
s� =åQèß� Êê ³ð���\�

"f�<H�̀¦L,p��6£§ �̧�ÉrAá¤³ð���\���r�]X�8ú¤
���H�â
Äº\�³ð���\�"f�<H�̀¦b�%3��̀¦M:_�0A

u�(��êøÍz�́���)ü<��r�]X�8ú¤Ùþ¡�̀¦M:_�0Au�(�rÒ�oz�́���)����ØÔ>�÷&Ù¼�Ð°ú �Ér³ð���_�

Z�}s�\�¦��ØÔ>����²ú�
���Hë�H]j��µ1ÏÒqt
�>��)a��.

ëß�����Ð�©��)aZ�}s� Sh��]X�8ú¤s�K�]j÷&�8���̧ Ä»t���÷&�¦ HIP�����©�³ð���_�ü@

ÂÒ\��>rF�
��8���̧ SCP\�¦ ½̈½+ÉÃºe�����¦��&ñ

���.Õª�Q���0A_�ë�H]j��HK����s��)a

��. Õª�Q�� ¢,aAá¤\�"f �̧�ÉrAá¤Ü¼�Ð ����̀¦ �FM��H õ�&ñ
s� =åQèß� Êê ³ð���\�"f �<H�̀¦ b�#Q ¢,a
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Aá¤³ð���\�]X�8ú¤�̀¦
�����Ð�©��)aZ�}s���Ä»t�÷&l�M:ë�H\���êøÍz�́���_�0Au�\�"f��r�

]X�8ú¤�̀¦
�>�÷&��HX<����̀¦Õª�̀¦M:��H�rÒ�o&h����s�0Au�ô�Ç"é¶A�_�Z�}s�\�"fr�����̀¦
�

%i�Ü¼Ù¼�Ð °ú �Ér ³ð����̀¦ ��6 x��\�>� ��ØÔ>� ���²ú�
���H ë�H]j�� µ1ÏÒqtô�Ç��. s� �â
Äº �Ð�©�

�)a Z�}s��� Ä»t�÷&���� &h�&h� "é¶A�_� Z�}s��Ð 4�¤"é¶s� �)a����� ë�H]j��H K����÷&��HX< ��[j

ô�Ç?/6 x�Ér 3\�"f[O�"î
ô�Ç��.

V� 3â�
 �âÀl�¡�́xjS'�×ß��

·ú¡\�"f¶ú�(R�:r ë�H]j[þts�µ1ÏÒqt
���H��H�:r&h����"é¶����Ér���©�_�³ð���s�°ú���HZ�}s�ü<�Ð

�©��)a ³ð���_� Z�}s��� ��ØÔl� M:ë�Hs���. s�\�¦ 0A
�#� �<Hs� ¹¡§f��e��\� @/ô�Ç y��t� K��©�

�̧(Sensing Resolution)���©�@/&h�Ü¼�Ð±ú�����H��z�́�̀¦s�6 x
�#���|ÃÐs����t�
�t�3lw


���H#3�0A?/\�"f�Ð�©��)a³ð����̀¦"é¶A�_�Z�}s��Ð÷&[�to���H~½ÓZO��̀¦s�6 xô�Ç��.d���Ér��

6£§õ�°ú ��.

Sh(n) =





0 if |Sh(n− 1)| < |slope · dxy|
Sh(n− 1)− slope · dxy if Sh > 0
Sh(n− 1) + slope · dxy if Sh < 0

. (5.2)

0Ad��_� Sh(n)�Ér 3.7\�"f�è>hô�Ç¾º&h��Ð�©�Z�}s�s��¦ slope��H"é¶A�_�Z�}s��Ð4�¤"é¶


�l� 0Aô�Ç l�Ö�¦l��Ð �½Ó�©� �ª�Ãº��� °úכÜ¼�Ð &ñ
_��)a��. dxy��H xy î̈
���\�"f ¹¡§f����� �ÃÐgË>

=åQ_� s�1lx ��o��Ð %i�r� �½Ó�©� �ª�Ãºs���. ô�Ç óÁ�hË: ÅÒl� 1lxîß� xy î̈
���\�"f ¹¡§f����� ��o�

\�l�Ö�¦l�\�¦Y�LK�ÅÒ���K�{©�óÁ�hË:ÀÒáÔ\�"f4�¤"é¶½+ÉZ�}s������̧ 9s�\�¦¾º&h��Ð�©�Z�}

s�\�"f ]j��ô�Ç Êê ��6 x��\�>� ���²ú�
���H �.���s	כ s� õ�&ñ
�Ér B� óÁ�hË: Ìqt��� ÅÒl� M:��

��{9�#Q����H�
�_«Ü¼�Ðô�Ç���_�óÁ�hË:ÅÒl�ëß�\����Ð4�¤"é¶÷&t�·ú§6£§\�Ä	כ���.

s� d��s� t�+þA �Ð�©� ·ú��¦o�7£§\� &h�6 x÷&��� ��6 x��\�>� ���²ú�K���½+É Z�}s� 	�s��Ð��

����Ér 	�s��� ���²ú��)a��. ëß���� ¿º ³ð���_� �â
>� ÂÒì�r_� Z�}s��� Ø�æì�ry� ß¼����� 	�H �©��'a

\O���xt�ëß� e��>�°úכ\� ����î�r Z�}s�\�¦ ����� ³ð���\� @/K�"f��H ��6 x���� Z�}s� 	�s�\�¦ ]j

@/�Ð���t�
�t�3lw
��̧2�¤~½ÓK�½+ÉÃºe����.Õª�Q��s�����©�\�"fZ�}s�	�s�������8���̧

³ð���_�ZO����~½Ó�¾ÓÜ¼�ÐjËµ_�~½Ó�¾Ós���7
#Q8£¤���jËµéß�"f��]j/BN÷&�����6 x����Z�}s�

	�s�\�¦���t�
���HX<Áºo���\O�6£§s�SX����÷&%3�l�M:ë�H\�ë�H]j��÷&t�·ú§��H��.

��6£§�Érd�� 5.2_�Z�}s�4�¤"é¶õ�&ñ
s�&h�6 x�)a³ð����Ð�©�·ú��¦o�7£§s���.
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(1)�×(�×TÒ»�âÀl�Ä©
�e�

∆hc(n) =





0 if k(n) = k(n− 1)

fz(n− 1)
(

1
k(n)

− 1
k(n− 1)

)
if k(n) 6= k(n− 1)

.

(2)�×(�×ÛÖS�Dn�Ä©
�e�
Sh(n) = Sh(n− 1) + ∆hc(n) .

CSP (n) = SCP (n) + Sh(n)
−−−−−−−−−−−−−−→
SCP (n)−HIP (n)
‖SCP (n)−HIP (n)‖ .

(3)e�	�·e��\�£� 

Sh(n) =





0 if |Sh(n− 1)| < |slope · dxy|
Sh(n− 1)− slope · dxy if Sh > 0
Sh(n− 1) + slope · dxy if Sh < 0

.

(4)��£� ��UcN�¦�>I±ÓTÒ»×Ï�N�ñ5Ñ
�e�

f(n) = k(n) (CSP (n)−HIP (n)) .

0A\�"f�Ð1pws��Ð�©��)a³ð����̀¦4�¤"é¶½+ÉZ�}s���H slope\�_�K����&ñ
÷& 9s����\�s�\�

@/ô�Ç e��>�°ú̀�כ¦ ¹1Ô�Ér ���½̈�� \O�%3���. ����"f ���ø@&h���� e��>�°ú̀�כ¦ ¹1Ôl� 0A
�#� &ñ
���Óüt

o��<Æz�́+«>�̀¦z�́'��
�%i���.

V� 4â�
 ��
��@:e�	�·e�Uc7�ø5�â�
7�ÑÏ�N�G±ê¥�́Ça�

�:r]X�\�"f��H��|ÃÐs�³ð���\�����̀¦Õª�̀¦M:Ö¼��́Ãºe����H slope_�]X�@/e��>�°úכ(Absolute

Threshold)�̀¦ ·ú���?/l�0Aô�Ç&ñ
���Óüto��<Æz�́+«>\�@/ô�Ç~½ÓZO�x9����õ�\�¦�Ð�¦ô�Ç��. ¹1Ô

���·pe��>�°úכ�Érd�� 5.2\�&h�6 x÷&#Q³ð����Ð�©�·ú��¦o�7£§s�°ú���Hë�H]j&h��̀¦�FG4�¤
�l�0A

K���6 x�)a��.

4.1 '�×ß��

�:rz�́+«>�Érs�����©�[þt_�z�́+«>õ�q��§
�#����èq�5pwô�Ç 8̈��â
s�t�ëß�z�́+«> [O�>�ü<ì�r$3�

s���ØÔÙ¼�Ð��[jy�[O�"î
ô�Ç��.
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Ü«ÍÏ� 5.4z�́+«>×�æ���x�z�́+«>��.

4.1.1 *�×j�

���©� 8̈��â
_�&ñ
�Ð\�¦��6 x��\�>����²ú�
���HóÁ�hË:���'��̀s�Û¼�©�q��ÐÕªaË> 5.4\�����

èß� G'p"f�̂¦(Sensable) ��_� 
½�)3� áÔo�p�%3� 1.0A (PHANToM Premium 1.0A) �̧4Sq

�̀¦��6 x
�%i���.

4.1.2 q���
��@��

8úx 10"î
_� x�z�́+«>��(S1–S10)�� �ÃÐ#�
�%i���. S1–S5��H #�$í
s��¦ �� Qt� S6–S10��H

z��$í
s�%3���. x�z�́+«>�� ×�æ S3��H ¢,a�<Hú̧�s�s��¦ ���Ér x�z�́+«>����H �̧¿º �̧�Ér�<Hú̧�s�%3�

Ü¼ 9z�́+«>�̀¦
���H1lxîß� �̧¿º �̧�Ér�<H�̀¦��6 x
�%i��¦�<Hs���¼1Ïõ��'aº���)a|9�#î
s� �̧¿º

\O����¦ @/²ú�
�%i���. z�́+«>\� �ÃÐ#�
�l� ���\� óÁ�hË: ���'��̀s�Û¼ �©�u�\�¦ ��ÀÒ#Q �:r �â
+«>

s� e����H x�z�́+«>����H S1, S3, S5, S7 s�%3���HX<, s�×�æ S5\�¦ ]jü@
���� 3.2 ]X�s��� 4.2

]X�_� z�́+«> ×�æ 
���\� �ÃÐ#�
�#� ô�Ç ���m�� ��6 xô�Ç &h�s� e����. s�[þt�̀¦ ]jü@ô�Ç �� Qt� x�

z�́+«>����H �̧¿º �:r z�́+«>\�"f óÁ�hË: �©�u�\�¦ %�6£§ ��6 xK��Ð��¤��. x�z�́+«>��_� ���§î
�Ér ëß�

20[jÂÒ'�ëß� 25[j��t�ì�r�í÷&#Qe��%3�Ü¼ 9 î̈
ç�H 21.9[j%i���.

4.1.3 ��;³�

x�z�́+«>��[þt�Ér ç�H{9�ô�Ç y©��̧ü< Z�}s�\�¦ °ú���H Ãºf��Ü¼�Ð [j0>��� ���©� ³ð����̀¦ ��ÅÒ
��¦

óÁ�hË: �©�u�\�¦ s�6 x
�#� ����̀¦ Õª%3���. z�́+«>�̀¦ 
���H 1lxîß� ýaÄº_� ¹¡§f��e��s� ��0px
�%i��¦

�©�
��Ð ¹¡§f��s���H �¦̀�	כ }���� xzî̈
���\�"fëß� ¹¡§f��e��s� ��0px
��̧2�¤ 
�%i���. óÁ�hË: E$��8
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(a) ����̀¦�FM��H �̧×�æ_��o���. (b) 
���_�r��̧��=åQèß�Êê_��o���.

Ü«ÍÏ� 5.5z�́+«>���'���o���.

a�A_�Ìqt���ÅÒl���H �̧��Hz�́+«>\�"f�½Ó�©� 1 kHz�Ð�¦&ñ
÷&%3���.

ÕªaË> 5.5�Érz�́+«>½+ÉM:�Ðs���H�o���_� �̧_þv�̀¦����?/��HX<¢,aAá¤õ� �̧�ÉrAá¤\�e����H¿º

>h_�0lqÒ�o~ÃÌÛ¼��H����FMl�_�r����õ�=åQ�̀¦·ú�o���H%i�½+É�̀¦ô�Ç��.��êøÍÒ�o"é¶Þ�¦�̧�ª�_�Ì�o

�̂��HóÁ�hË:�ÃÐgË>=åQ_�0Au�\�¦����?/ 9x�z�́+«>��\�>��<H_�/BNçß�&h����0Au�&ñ
�Ð\�¦]j

/BNô�Ç��.¿º>h_�0lqÒ�o~ÃÌÛ¼��s�\�e����H��êøÍ~ÃÌÛ¼��H����̀¦Õª�̀¦M:����¢,aAá¤\�"f �̧

�ÉrAá¤Ü¼�Ð ¹¡§f��s�>� ÷&��HX< x�z�́+«>����H s� ��êøÍ ~ÃÌÛ¼\�¦ ���� ����̀¦ �FM�̧2�¤ [O�>�÷&%3�

��. s� z�́+«>�Ér [j ���_� ��� �FMl��� 
���_� r��̧(Trial)�Ð çß�ÅÒ÷&��HX< s� M: Y>� ���P:_�

����FMl�\�¦ ����?/��H t�\�¦ �o���\� Õüw��(1 ∼ 3)�Ð ³ðr�
�%i���. ÕªaË>\� e����H ë�H½̈��H 
�

��_�r��̧��=åQèß�Êêx�z�́+«>��_�@/²ú�s��9¹כ�½+ÉM:�o���\�����èß���.

4.1.4 ��
��@�¿�
>

³ð 5.1��H z�́+«> �̧|	�\� ���� "f�Ð ���Ér ����� °úכ[þt�̀¦ �Ð�����. ³ð���_� ¢,aAá¤\�"f �̧�Ér

Aá¤Ü¼�Ð ���
���H �â
��_� ~½Ó�¾Ó\� ���� 0A→��A� ¢̧��H ��A�→0A�Ð ½̈ì�r
�%i��¦, y©��̧��H

0.9, 0.3 N/mm�ÐB�Äºéß�éß�ô�Ç³ð���õ�B�ÄºÁº�Ér³ð����̀¦��6 x
�%i���.³ð���_��â
����

���
���H ½̈çß�_��-q���q��§&h�V,��Ér�â
Äº(100 mm)ü<a%v�Ér�â
Äº(20 mm)\�¦��6 x
�%i�

�¦,�<H_�s�1lx5Åq�̧\�¦���Ér�â
Äº(100 mm/s)ü<Ö¼�2;�â
Äº(20 mm/s)�Ð��¾º#Qz�́+«>_�

�̧|	��̀¦ ½̈$í

�%i���.
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Ø̧ 5.1z�́+«>\���6 x�)a �̧|	�.
z�́+«> �̧|	� �â
��_�~½Ó�¾Ó y©��̧ (N/mm) �-q� (mm) 5Åq�̧ (mm/s)

C1 ��A�→0A 0.9 100 100
C2 20
C3 20 100
C4 20
C5 0.3 100 100
C6 20
C7 20 100
C8 20
C9 0A→��A� 0.9 100 100
C10 20
C11 20 100
C12 20
C13 0.3 100 100
C14 20
C15 20 100
C16 20

�â
��_� ~½Ó�¾Ó�̀¦ �¦�9ô�Ç s�Ä»��H Õª ~½Ó�¾Ó\� ���� ��|ÃÐs� ���t�
���H e��>�°úכ\� 	�s���

e���̀¦Ãºe��l�M:ë�Hs���.³ð���_��â
>����s�"î
SX�
�>�E$��8a�A÷&��H�â
Äºü<������â
Äºe��

>�°úכ\� p�u���H %ò
�¾Ó�̀¦ ¶ú�(R�Ðl� 0A
�#� ³ð���_� y©��̧\�¦ �̧]X�
�%i���. ³ð���_� ����o��

�̧A� {9�#Q����H �â
Äºü< Âúª>� {9�#Q����H �â
Äº ¢̧ô�Ç e��>�°úכ\� %ò
�¾Ó�̀¦ p��2;���¦ \V�©�
�

#�����̀¦�FM��H�-q�\�¦V,��Ér�â
Äºü<a%v�Ér�â
Äº�Ð ½̈ì�r
�%i���.d�� 5.2\�"f �̂¦Ãºe��1pws�

�â
��°úכõ�éß�0Ar�çß�1lxîß��<H_�s�1lx��o� dxy��Y�LK����°úכëß��puZ�}s�4�¤"é¶\�s�6 x÷&l�

M:ë�H\��<H_�5Åq�̧�����Ér�â
Äºü<Ö¼�2;�â
Äº�Ð ½̈ì�r
�#�]j#Q
��̧2�¤
�%i���.

4.1.5 ��
��@ë�>�ßj

l�Ö�¦l�_� ]X�@/ e��>�°úכ(Absolute Threshold)�̀¦ 8£¤&ñ

�l� 0A
�#� 3 çß���� y©�]j ���×þ�:

1-\O� 3-��î�r_� &h�6£x&h���� >�éß� ~½ÓZO�(3 Interval Forced Choice One-up Three-down

Adaptive Staircase Procedure)\�¦��6 x
�%i��� [14]. s�~½ÓZO��Érl��>r_�e��>�°ú¹1¦̀�כÔ

��H~½ÓZO�[þtõ�q��§
�#�B�Äº ò́Ö�¦&h�s�����H î̈
��\�¦~ÃÎ�¦e����.

3çß����y©�]j���×þ�(3 Interval Force Choice)�Ér[j���_�çß����×�æô�Ç���ëß����FGs�ÅÒ
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Ü«ÍÏ� 5.6z�́+«>\�ÅÒ#Q����â
��\����Ér�ÃÐgË>=åQ_��â
�Ð.

#Qt� 9x�z�́+«>����Hs�×�æ
���\�¦���×þ�K���ëß�ô�Ç����H���p�ô�Ç��.�:rz�́+«>_�ô�Çr_¦̀�	כ

�̧(Trial)�� 3���_�����FMl��Ðs�ÀÒ#Q���s�Ä»��Hs�M:ë�Hs� 9[j���×�æ¿º����Ér�â
����

\O���H(slope = 0)³ð���s���6 x��\�>����²ú�÷&�¦�� Qt�ô�Ç����Ér�â
����e����H(slope 6= 0)

³ð���s� ���²ú��)a��. ÕªaË> 5.6_� 'Í	 ���P: ÕªaË>s� �â
���� \O���H �â
Äº�Ð 
���_� r��̧\�"f

¿º ��� x�z�́+«>��\�>� ���²ú�÷& 9 ¿º ���P: �â
Äº��H �â
���� ?/�9����H �â
Äº, [j ���P: �â
Äº

��H�â
���� �̀¦���̧��H�â
Äº�Ð
���_�r��̧\�"fÑüt×�æô�Ç�â
Äº��E$��8a�A÷&%3���.�â
����

e����H ³ð���s� ��������H 	�YV��H Áº���0A�Ð ���&ñ
÷&%3���. ³ð���\� �â
���� �>rF�ô�Ç����H �	כ

�Ér d�� 5.2\�"f slope 6= 0��� �¦̀�	כ _�p�
���H �,s� 9	כ ³ð��� ���̂�� l�Ö�¦#�4R e������H �	כ

s���_��\�ÅÒ_�
���.

1-\O� 3-��î�rs�êøÍ 
���_� r��̧ M: x�z�́+«>���� ���FGs� Y>� ���P:\� e��%3���Ht�\�¦ ú́�ÆÒ

t� 3lw
���� ��6£§ r��̧ M: ���FG_� [jl��� 1 dB ß¼l�ëß��pu &�t��¦, ���5ÅqÜ¼�Ð 3 ����̀¦ ú́�

ÆÒ��� ��6£§ r��̧ M: ���FG_� [jl��� 1 dB ëß��pu �����t���H �¦̀�	כ _�p�ô�Ç��. s���H ��6 x��

�����FG�̀¦ ú̧� ¹1Ôt�3lw
����G'p���FG�̀¦ÅÒ#Q�Ð�� ú̧� ¹1Ô>�
��¦, ú̧� ¹1ÔÜ¼������ô�Ç���FG�̀¦

ÅÒ#Q ú̧�3lw¹1Ô>��<ÊÜ¼�Ð+�ÅÒ#Q������FGs�e��>�°úכ��H%�\�Ãº§4�
��̧2�¤
�l�0Aô�Ç��s	כ

��. s� M: [j ����̀¦ ���5ÅqÜ¼�Ð ú́�ÆÒ#Q�� 
���H ��Ér	כ ��s��ïBjàÔaË: �<ÊÃº(Psychometric

Function)_� 79.4%\�K�{©�
���H°ú¹1¦̀�כÔl�0A�<Ês��� [15]. z�́+«>s�=åQ����H �̧|	��Ér��

�FG [jl�_� %i����(Reversal)s� 12 ��� µ1ÏÒqt
���H �.���s	כ #�l�"f %i����s�êøÍ ���FGs� [jt�

�������K�t�����,���K�t�����[jt���H�â
Äº�Ð&ñ
_��)a��.

x�z�́+«>����H
���_�r��̧ M: [j���_���� �FMl�\�¦
� 9
���_�r��̧��=åQèß�ÊêY>����

P:����FMl�M:�â
����Ö¼��&����Ht�\�¦v��Ð×¼\�¦:�x
�#�{9�§4�
�%i���.����̀¦�FMl�0AK�"f
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Ü«ÍÏ� 5.7 C1 �̧|	�\�"f S6\�>����²ú�ô�Ç���FG_�����o

��H�o���¢,aAá¤\�e����H0lqÒ�o~ÃÌÛ¼ü<]X�8ú¤
�#�r�����̀¦·ú�o��¦���©�_�#4�õ�]X�8ú¤
�%i���.

v��Ð×¼_� Û¼�̀s�Û¼��(Space Bar)�� Õüw��J�×¼_� ‘.’�̀¦ ¾ºØÔ��� ��êøÍ ~ÃÌÛ¼�� s�1lx
� 9

x�z�́+«>����H��êøÍ~ÃÌÛ¼_�5Åq�̧\� ú́�ÆÒ#Q�<Hs��������̧2�¤
�%i���.����̀¦Õª�ÉrÊê �̧�Ér

Aá¤0lqÒ�o~ÃÌÛ¼ü<]X�8ú¤
����
���_�����FMl���¢-a«Ñ÷&��HX<ëß����x�z�́+«>��������̀¦�FM��H

5Åq�̧�� ��êøÍ ~ÃÌÛ¼_� 5Åq�̧\� q�
�#� �-Áº Ö¼o����� ���Ér �â
Äº��H \Vü@%�o�\�¦ 
�%i�Ü¼

 9�o���\���H��r�����̀¦ÕªÜ¼����Hë�H½̈�� ³ðr�÷&�¦x�z�́+«>����H����̀¦��r��FM>�÷&%3�

��.


���_�z�́+«> �̧|	�{©� 5–15ì�rs��è%3&÷¹כ�Ü¼ 9 16>h_� �̧|	�s�%3�Ü¼Ù¼�Ðô�Ç"î
_�x�

z�́+«>����H ��f�Ë\� ��¾º#Q 
�ÀÒ\� 5–6 >h_� �̧|	��̀¦ ���'��
�%i���. :£¤y� 'Í	 ±ú�_� �â
Äº\�

��H��êøÍÒ�o~ÃÌÛ¼\�¦��������H������³
�æ×�9|�\	כð���_�Z�}s�����o\�¦ ú̧�Ö¼z�t�3lw
���H

�â
Äº�� µ1ÏÒqt
�t� ·ú§�̧2�¤ 
�l� 0AK� ³ð���_� �-q� Wü< ]j#Q
���H 5Åq�̧ V_� �̧½+ËÜ¼�Ð

s�ÀÒ#Q��� 4��t��â
Äº\�@/
�#� 20ì�r&ñ
�̧ô ¥º��
���Hr�çß��̀¦��&����.

4.1.6 ��
��@&P��7�

ÕªaË> 5.7�Ér C1 �̧|	�\�"f S6 x�z�́+«>��_� ���FG\� @/ô�Ç ìøÍ6£xõ� Õª\� ���Ér ���FG [j

l�(Stimulus Intensity)_� ����o\�¦ �����·p��. e��>�°úכ�Ér ÕªaË>\� ����èß� 12 >h_� %i�

���&h��̀¦ 6 >h_� �©�Ü¼�Ð Óü�#Q y��y��_� î̈
ç�H�̀¦ ½̈
��¦ s� 6>h_� ÆÒ&ñ
°úכ[þt�̀¦ ��r� î̈


ç�H
�#� 
���_� �̧|	�\� @/ô�Ç e��>�°ú̀�כ¦ >�íß�
�%i���. s� M: ��6 xô�Ç î̈
ç�H�Ér �̧¿º l�
�

î̈
ç�H(Geometric Mean)s���. s�ü< °ú �Ér ~½Ód��Ü¼�Ð �̧��H z�́+«>��(S1–S10)ü< �̧��H �̧
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Ü«ÍÏ� 5.88£¤&ñ
ô�Çe��>�°úכ

|	�(C1–C16)\�@/
�#�'��
�#�y���â
Äº_�e��>�°ú̀�כ¦ ½̈
�%i���.

�:rz�́+«>_�3lq&h��Ér���ª�ô�Ç 8̈��â
\�"f����̀¦Õª�̀¦M:��|ÃÐs����t�
���Hl�Ö�¦l�_�e��>�

°úכ_� þj$�u�\�¦ ¹1Ô�� t�+þA �Ð�©� ·ú��¦o�7£§\� &h�6 x
���H �.���s	כ z�́+«> �̧|	��̀¦ ���&ñ
f±	��H

�¹�è���l�Ö�¦l�~½Ó�¾Ó,³ð���_�y©��̧,����̀¦�FM��Hכ-q�,����̀¦�FM��H5Åq�̧1pxs�e��>�°úכõ�#Q

*�ô�Ç�©��'a�'a>�\�¦°ú�Ü¼ 9Ä»_�ô�Çt������t���H�:rz�́+«>\�"f�'ad���̀¦°ú���H@/�©�s���_��

�̀¦µ1ßy� 9s�\�@/ô�Ç���½̈��H	�Êê_�õ�]j�Ðz��|����.

4.2 Úr
ø�

ÕªaË> 5.6�Éry�� �̧|	�\�@/ô�Çx�z�́+«>��[þt_�e��>�°úכ_� î̈
ç�H°ú̀�כ¦�����·p��.³ð 5.2��Hs�

î̈
ç�H°úכõ� x�z�́+«>��[þt_� e��>�°úכ ×�æ þj$�°úכõ� þj�¦°ú̀�כ¦ l�2�¤
�%i���. C1s� ���©� ����Ér

e��>�°ú̀�כ¦ l�2�¤
�%i��¦ s� M:_� î̈
ç�H e��>�°úכ�Ér 0.09Ü¼ 9 ���©� ���y��ô�Ç x�z�́+«>���� l�

2�¤ô�Ç°úכ�Ér 0.05%i���. 6]X�\�"fs�¿º°úכs�&h�6 x÷&%3��̀¦M:_�t�+þA�Ð�©�·ú��¦o�7£§_�$í


0px�̀¦q��§
�%i���.

V� 5â�
 ��È*�×ÛÖSm�ÌfC�×(�×N±Ó�§h�¤æ̧

Z�}s�4�¤"é¶õ�&ñ
s� �̀¦���Ð1lx���
�>�÷&������©�Óüt�̂�������"é¶A�_�Z�}s�\�@/K�����̀¦

�FM����]X�8ú¤Ùþ¡��b�%3���\�¦ìøÍ4�¤
�>�÷&Ù¼�Ð 2]X�\�"ft�&h�
�%i�~��³ð���_��ÃÐ��õ�&ñ


\�����°ú �Ér³ð����̀¦��ØÔ>�E$��8a�A
���Hë�H]j��K�����)a��.Óüt�:r�Ð�©�s�{9�#Qèß�f��Êê

]X�8ú¤�̀¦ K�]j
�#� B�Äº ����î�r ��o�_� ³ð���\� ��r� ]X�8ú¤ô�Ç����� "é¶A�_� Z�}s��Ð Ø�æì�r
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Ø̧ 5.2 �̧|	�\����Ér î̈
ç�He��>�°úכ
C1 C2 C3 C4 C5 C6 C7 C8

Mean 0.09 0.11 0.14 0.17 0.15 0.16 0.18 0.19
Min 0.05 0.05 0.08 0.07 0.10 0.08 0.10 0.12
Max 0.15 0.21 0.21 0.34 0.28 0.26 0.31 0.31

C9 C10 C11 C12 C13 C14 C15 C16
Mean 0.11 0.11 0.15 0.17 0.13 0.13 0.24 0.25
Min 0.07 0.07 0.08 0.05 0.06 0.08 0.11 0.10
Max 0.15 0.16 0.26 0.35 0.21 0.18 0.41 0.42
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(a) P1 → P2.
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(b) P2 → P1.

Ü«ÍÏ� 5.9SX��©��)a~½ÓZO�Ü¼�Ð¿º³ð���_��â
>�\�"fM�g4�¤
� 9����̀¦�FM��H�â
Äº

y�4�¤"é¶÷&t�3lw
���xt�ëß�]X�8ú¤�̀¦K�]jô�Ç/BMõ�]X�8ú¤�̀¦��r�r����ô�Ç/BMs�B�Äº����î�r

��o�\�e��l�M:ë�H\�Z�}s�	�s���ß¼t�·ú§�Ér���s������Û¼XO���.ëß����"é¶A�_�Z�}s��Ð	כ

�Ð4�¤"é¶s��)a�����s���H/BI]X�8ú¤K�]jr��Ð�©�³ð���Z�}s�\�¦ 0Ü¼�Ðëß�×¼��H�õ�°ú ���:r	כ

�©�_� 2 ]X�\�"f s�p� t�&h�ô�Ç ë�H]j�� µ1ÏÒqt
�>� ÷&�¦ ����"f ��6 x����H °ú����Û¼�Qî�r Z�}

s�	�s��Ð���
�#�ÂÒ�����Û¼�Qî�r&ñ
�Ð\�¦~ÃÎ>��)a��.

ÕªaË> 5.1\�"f ��6 x
�%i�~�� ³ð���[þt(k1 = 0.9, k2 = 0.3, ∆h=3 mm, W= 4 mm)�̀¦

Z�}s� 4�¤"é¶s� &h�6 x�)a ³ð��� �Ð�©� ·ú��¦o�7£§(slope=0.05)Ü¼�Ð E$��8a�A
�#� M�g4�¤ ����FMl�

\�¦ìøÍ4�¤
�%i��̀¦M:�Ð�©��)a³ð���Z�}s�ü<�ÃÐgË>=åQ_�C�&h��̀¦ÕªaË> 5.9\�"f�Ð�����.s�M:

0.09�� ����� 0.05\�¦ ��6 xô�Ç s�Ä»��H éß�0A r�çß�{©� 4�¤"é¶÷&��H Z�}s��� ����8���̧ ë�H]j��

K����÷&��Ht�\�@/ô�Ç#�ÂÒ\�¦¶ú���l�0AK�"fs���.��êøÍz�́����Ér���©�³ð���_�Z�}s�,À1Ïçß�
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������Ér �ÃÐgË> =åQ_� 0Au�, 0lqÒ�o &h�����Ér �Ð�©��)a ³ð��� Z�}s�_� ����o\�¦ ����?/��HX<, �Ð�©�

�)a³ð���Z�}s�\�¦¶ú�(R�Ð��� �̀¦��y�¤����?/�9�̧����?/�9y�¤���� �̀¦��6�§Ü¼�Ð+�"é¶A�_�

Z�}s��Ð ÷&[�t������H �¦̀�	כ �'a¹1Ï½+É Ãº e����. ÕªaË>_� ��A� J�V,��Ér B� óÁ�hË: Ìqt��� ÅÒl� M:

_� �Ð�©�½+É Z�}s� 	�s�\�¦ ����?/��HX<, ÕªaË> 5.1\�"fü< ²ú�o� y©��̧ü< Z�}s��� ���
���H ½̈

çß�s� ��m��8���̧ Z�}s�_� �Ð�©�s� s�ÀÒ#Qt���H �¦̀�	כ ·ú� Ãº e����. s���H Z�}s� 4�¤"é¶s� &h�

6 xs� ÷&%3�l� M:ë�Hs� 9, ����o ½̈çß�\� @/
�#� M�g4�¤ ����FMl��Ð ���
�#� �̧	��� µ1ÏÒqt
�%i�

�8���̧óÁ�hË:Ìqt���ÅÒl�1lxîß�>�5Åq"é¶A�_�Z�}s��Ð4�¤"é¶�̀¦
�#� �̧	���¾º&h�÷&t�·ú§�̧

2�¤ô�Ç��.����"f 1]X�\�"ft�&h�
�%i�~�� �̧	� ¾º&h�Ü¼�Ð���ô�Ç³ð���Z�}s�_�t�5Åq&h����7£x

����y���è�&³�©�s�������t�·ú§>��)a��. ¢̧ô�ÇÃº&ñ
÷&l����_�t�+þA�Ð�©�·ú��¦o�7£§�Ér³ð

���_� ½̈$í
s���\�¦M:(P1 → P2, P2 → P1) �̧	�¾º&h��ª��©�s�"f�Ð��ØÔ>�������>�
�

%i�Ü¼�� SX��©��)a ·ú��¦o�7£§�Ér ³ð���_� ½̈$í
õ� �©��'a\O�s� �̧	� ¾º&h� �&³�©�s� �̧¿º ������

t�·ú§��H�.���SX����½+ÉÃºe��%3¦̀�	כ

V� 6â�
 ��
��@:��È*�×ÛÖSm�ÌfC�×(�×N±Ó�§h�¤æ̧�+Å]��æ 

�:r]X�\�"f��HZ�}s�4�¤"é¶õ�&ñ
s�&h�6 x�)at�+þA�Ð�©�·ú��¦o�7£§s���6 x��\�>�³ð���_�Z�}

s� 	�s�\�¦ �̀¦���Ð ���²ú�
���Ht�\�¦ ���7£x
�l� 0Aô�Ç z�́+«>�̀¦ �è>hô�Ç��. SX��©��)a ~½ÓZO�s� �̧

	� ¾º&h� �&³�©��̀¦ K����Ùþ¡�� 
��8���̧ ��6 x��\�>� ���²ú�
���H Z�}s� &ñ
�Ð\� %ò
�¾Ó�̀¦ p�5g

��6 x����Z�}s�	�s�\�¦���t�
���H�ÓK����)a�����³ð����Ð�©�·ú��¦o�7£§_�"é¶A�3lq½~�\	כ

&h�\�"f#Á	#Q��l�M:ë�Hs���.�:rz�́+«>\�"f��H¿º>h_�"f�Ð���Éry©��̧ü<Z�}s�\�¦°ú���H³ð

���\�@/
�#�SX��©��)at�+þA�Ð�©�·ú��¦o�7£§s���|ÃÐ_�Z�}s�	�s����t�\�#Q�"�%ò
�¾Ó�̀¦p�

u���Ht�\�¦·ú����:r��.

6.1 '�×ß��

��6 xô�Ç �©�q�, z�́+«> ���'�� x9� ì�r$3� ~½ÓZO��Ér 3 �©�, 4 �©�_� z�́+«>õ� 1lx{9�
���. ·ú¡�©�õ� 1lx{9�

ô�ÇÂÒì�r_�[O�"î
�ÉrÒqt|ÄÌô�Ç��.

6.1.1 q���
��@��

8úx 6"î
_�x�z�́+«>��(S1–S6)���ÃÐ#�
�%i���. S1–S4�Érz��$í
s��¦ S5–S6�Ér#�$í
s�%3���.

S1�ÉróÁ�hË:�©�u�\�¦B�Äº��ÅÒ��6 x
���Hx�z�́+«>��%i��¦, S5��Hs����z�́+«>\��ÃÐ��
�#���
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Ø̧ 5.3z�́+«>\���6 x�)a³ð��� �̧4Sq.
�̧|	� slope W

C1 0.05 2
C2 0.05 4
C3 0.10 2
C4 0.10 4

6 xK��:r �â
+«>s� e��%3�Ü¼ 9 �� Qt� ��|ÃÐ�Ér óÁ�hË: �©�u�\�¦ %�6£§ ��6 xK� �Ð��H ��|ÃÐ[þts�%3�

��. S2�Ér�ª��<Hú̧�s�%i��¦���Ér��|ÃÐ[þt�Ér �̧¿º �̧�Ér�<Hú̧�s�%3�Ü¼ 9z�́+«>�̀¦
���H1lxîß� �̧

¿º �̧�Ér�<H�̀¦��6 x
�%i���.��s���H 18[jÂÒ'� 25[j\�ì�r�í
�%i�Ü¼ 9 î̈
ç�H 22.3[j%i���.

6.1.2 ��
��@�¿�
>

³ð 5.3�Ér z�́+«>\� ��6 x�)a �̧|	��̀¦ �����·p��. slope��H t�+þA �Ð�©� ·ú��¦o�7£§_� Z�}s� 4�¤"é¶

\� ��6 xô�Ç l�Ö�¦l� °ú̀�כ¦ _�p�
��¦ W��H ¿º ³ð��� �â
>�_� �-q�\�¦ �����·p��. ¿º ³ð���_�

Z�}s�	�s� ∆h = h2−h1��Hy��y�� 0.6, 0.8, 1.0 mm_�[j�â
Äº�Ð0A_� �̧|	� 4>h\�@/
�

#� y��y�� &h�6 x÷&%3���. ¿º ³ð���_� y©��̧��H P1s� 0.7 N/mm, P2�� 0.4 N/mm %i�Ü¼ 9 �̧

��H �̧|	�\�"f³ð���_�ZO����s�E$��8a�A÷&%3���.

�:rz�́+«>\�"f��6 x�)a³ð��� �̧4Sq_�Z�}s���H��|ÃÐs����t�½+ÉÃºe����HZ�}s�	�s�_�e��>�

°úכõ�q�5pwô�Ç°úכs� 9 4.2]X�\�"fZO����s�E$��8a�A÷&���Ø�æì�ry����t�½+ÉÃºe������H����:r�̀¦

%3��Ér °úכs�l��̧ 
���. :£¤y� �̧|	� C2ü< C4_� 8̈��â
�Ér 4.2 ]X�\�"f ��6 xô�Ç ³ð��� �̧4Sqõ�

1lx{9�
�>�[O�&ñ

�#�(W=4)Z�}s�4�¤"é¶s�&h�6 x�)at�+þA�Ð�©�·ú��¦o�7£§Ü¼�ÐE$��8a�A
�%i�

�̀¦M:ü<ÕªXO�t�·ú§�̀¦M:_����y���̧ t�Ãº d′\�¦q��§�<ÊÜ¼�Ð+�Z�}s�4�¤"é¶s���|ÃÐ_�Z�}s�

½̈ì�r0px§4�\�p�u���H%ò
�¾Ó�̀¦ì�r$3�
�%i���.

Z�}s�4�¤"é¶\���6 xô�Çl�Ö�¦l�°úכ�Ér slope = 0.05ü< slope = 0.10�̀¦��6 x
�%i���HX<l�

Ö�¦l� 0.10�Ér 5.4]X�\�"f8£¤&ñ
ô�Ç �̧|	�Z>� î̈
ç�He��>�°úכ×�æþj$�°ú(0.09)כ�Ð�� �̧�FK	�H°úכ

s��¦,l�Ö�¦l� 0.05��Hx�z�́+«>��[þt_�e��>�°úכ×�æþj$�°úכs���(³ð 5.2�ÃÐ�̧).y��l�Ö�¦l�°úכ

s�&h�6 x�)a 8̈��â
\�"f¢,aAá¤õ� �̧�ÉrAá¤³ð���\�"f_��ÃÐgË>=åQ_�Z�}s�	�s�\�¦(3.2]X��ÃÐ�̧)

½̈
��¦q��§�<ÊÜ¼�Ð+�l�Ö�¦l�°úכs���6 x��\�>����²ú�
���HZ�}s�	�s�\�p�u���H%ò
�¾Ó�̀¦

·ú��� �Ð��¤��. ¢̧ô�Ç s�XO�>� ½̈ô�Ç Z�}s� 	�s��� ��6 x��_� Z�}s� 	�s� ���t�\� #Q*�ô�Ç %ò
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(a) slope = 0.05, w = 4mm
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(b) slope = 0.05, w = 2mm
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(c) slope = 0.1, w = 4mm
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(d) slope = 0.1, w = 2mm

Ü«ÍÏ� 5.10 �̧|	�\����Érx�z�́+«>��_����y���̧ t�Ãº d′

�¾Ó�̀¦p�u���Ht�\�¦���y���̧ t�Ãº d′õ�q��§�<ÊÜ¼�Ð+�ì�r$3�
�%i���.

6.2 Úr
ø�

ÕªaË> 5.10�Ér y�� �̧|	�\� @/
�#� 8£¤&ñ
�)a x�z�́+«>��_� ���y���̧ t�Ãº d′\�¦ �Ðs��¦ ÕªaË>

5.11��H y�� x�z�́+«>��_� �D¥1lx '��§>=�̀¦ �̧¿º ½+Ëíß�
�#� ½̈ô�Ç ���y���̧ t�Ãº\�¦ �����·p��.

d′_� °úכs� 1�̀¦ �Å�Ü¼��� ¿º ���FG_� 	�s�\�¦ ½̈ì�rô�Ç���¦ ·ú��94R e����HX< @/ÂÒì�r_� d′��

2\�¦�Å�%3�����H��z�́�ÉrÅÒ3lq½+Éëß�
���.ÕªaË> 5.11\�"f C2�̀¦]jü@ô�Ç �̧��H �̧|	�\�"fZ�}

s��� &�|9� Ãº2�¤ î̈
ç�H ���y���̧ t�Ãº�� Z�}��t���H �ª��©��̀¦ �Ð%i�t�ëß� d′s� 0>z�� ß¼l� M:

ë�H\� s�[þt_� 	�s��� _�p�
���H ����H Áºr�½+Éëß� 
���. l�Ö�¦l�_� °úכs� e��>�°úכ ��H%�{9�

M:(C1, C2)ü<e��>�°úכ�Ð���s̀�������Ér°ú9}כ�M:(C3, C4)��6 x����Z�}s�	�s�\�¦ ½̈ì�r
�
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C1 C2 C3 C4
−5

−4

−3

−2

−1

0

1

2

3

4

5

Condition

d’

0.6 mm
0.8 mm
1.0 mm

Ü«ÍÏ� 5.11y�� �̧|	�\�@/ô�Ç î̈
ç�H���y���̧ t�Ãº d′.

Ø̧ 5.4Z�}s�4�¤"é¶#�ÂÒ\����Ér���y���̧ t�Ãº
∆h(mm) slope = 0 slope = 0.05 slope = 0.1

0.6 2.24 2.76 2.19
0.8 2.19 3.10 3.09
1.0 2.59 3.57 3.81

��H 0px§4��Ér 	�H 	�s�\�¦ �Ðs�t� ·ú§��¤��. ³ð���_� Z�}s��� ���
���H ÂÒì�r_� �-q��� 2 mm{9�

M:(C2, C4) B�Äº Âúª�Ér ½̈çß�\�"f y©��̧ü< Z�}s�_� ����o�� {9�#Qz�¤6£§\��̧ Ô�¦½̈
��¦ 4

mm{9�M:(C1, C3)ü<q��§Ùþ¡�̀¦M: d′ °úכs�q�5pw
�%i�Ü¼ 9%i�r� ú̧� ½̈ì�r
���H���Ü¼�Ð	כ

��z�¤��.

�̧|	� C1õ� C3_�³ð��� �̧4Sq�Ér 4.2]X�_�z�́+«>\�"f��6 xô�Ç³ð��� �̧4Sqõ�1lx{9�
�Ù¼�Ð

Z�}s� 4�¤"é¶s� &h�6 x÷&l� ���_� t�+þA �Ð�©� ·ú��¦o�7£§õ� &h�6 x�)a Êê_� ·ú��¦o�7£§�̀¦ q��§½+É

Ãºe����HX<,s�\�@/ô�Ç���y���̧ t�Ãº\�¦³ð 5.4\�"fq��§
�%i���.q�2�¤Z�}s�4�¤"é¶s�&h�6 x

÷&%3��̀¦M:(slope = 0)ü<÷&t�·ú§��¤�̀¦M:(slope 6= 0)_��ÃÐ#�ô�Çx�z�́+«>��[þts���ØÔt�ëß�

�̧¿º Z�}s� 	�s�\�¦ B�Äº ú̧� ½̈ì�r
���H �Ü¼�Ð	כ ������ Z�}s� 4�¤"é¶ ~½ÓZO�s� t�+þA �Ð�©� ·ú�

�¦o�7£§\�&h�6 x÷&�8���̧ ��6 x��\�>� �̀¦���Ér&ñ
�Ð\�¦]j/BN
���H�.����SX����½+ÉÃºe¦̀�	כ

³ð 5.5��H y�� �̧|	�\�"f ��6 x��\�>� ���²ú��)a Z�}s� 	�s�\�¦ �����·p��. ¢,aAá¤�Ér ³ð���s�

P1 → P2�Ð C�u�÷&#Q �̀¦������H �â
Äº_� Z�}s� 	�s�\�¦, �̧�ÉrAá¤�Ér P2 → P1Ü¼�Ð C�u�÷&

#Q?/�9����H�â
Äº_�Z�}s�	�s�\�¦�����·p��. �̧��H �̧|	�\�"fZ�}s���ìøÍ���s�÷&��H�â
Äº
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Ø̧ 5.5��6 x��\�>����²ú��)aZ�}s�	�s�
∆pz(mm)

Edge P1 → P2 P2 → P1

∆h C1 C2 C3 C4 C1 C2 C3 C4
0.6 0.22 0.54 0.04 0.30 -0.30 -0.25 -0.08 -0.08
0.8 0.79 0.72 0.24 0.68 -0.32 -0.32 -0.14 -0.11
1.0 1.00 0.79 0.59 0.92 -0.51 -0.49 -0.26 -0.24

\O�s�³ð��� �̧4Sq_�&ñ
�Ð\�¦{9��'a÷&>����²ú�
���H�.����SX����½+ÉÃºe¦̀�	כ C1õ� C2��H C3ü<

C4{9�M:�Ð��z�́]j �̧4Sq_�	�s�\�����î�r°úכ[þts���M®o��.s���H slope_�°úכs��8���l�

M:ë�H\�Z�}s�4�¤"é¶s���;��;y�÷&#Q�Ð�©��)a0Au���Ä»t�÷&��Hr�çß�s�U�́l�M:ë�Hs���.Õª

�Q��s��Qô�Ç	�s�\��̧Ô�¦½̈
��¦ C3ü< C4_��â
Äº\�x�z�́+«>��[þt_����y���̧ t�Ãº\�¦�Ð

��� C1s��� C2_� ���y���̧ t�Ãºü< 	�H 	�s� \O�s� Z�}�Ér °ú̀�כ¦ °ú���H �¦̀�	כ SX����½+É Ãº e����.

s���z�́�̀¦:�x
�#���ÅÒ����Ér³ð���_�Z�}s�	�s������²ú�÷&��H 8̈��â
\�"f³ð���_�ZO����s�

E$��8a�A÷&��H�
��s�\�¦���t	�s�Z�}s	כ���HX<	�H �̧¹¡§s��)a����H��z�́�̀¦��r�SX����½+ÉÃº

e����.



� 6¤ùÿ

d�B�!�Ã�î|ÎHx��_��À�?ê�����

ç�H{9�
�t� ·ú§�Ér y©��̧\�¦ °ú���H ³ð���\�"f t�+þA �Ð�©� ·ú��¦o�7£§�̀¦ ��6 x
���� ��6 x����H "é¶

A�_����©�³ð���s�������Ð�©��)a0Au�\��>rF�
���H³ð���õ��©� ñ���6 x�̀¦
�>��)a��.�Ð�©�

�)a ³ð���_� 0Au�(Compensated Surface Point, CSP)��H d�� 4.1\�"f �̂¦ Ãº e��1pws� ³ð

��� ]X�8ú¤ &h�(Surface Contact Point, SCP)�̀¦ ·ú����� ½̈½+É Ãº e��Ü¼ 9 ³ð��� ]X�8ú¤ &h��Ér

óÁ�hË: ���'��̀s�Û¼&h�(Haptic Interface Point, HIP)s����©�Óüt�̂_�?/ÂÒ\��>rF�K���

½̈½+ÉÃºe����.����"ft�+þA�Ð�©�·ú��¦o�7£§_�Ø�æ[�t�ÃÐt�(Collision Detection)��Hs�[j

&h�_��©�@/&h����0Au�\�¦ �̧¿º�¦�9K���ô�Ç��.

ÕªaË> 6.1�Ér HIP, SCP, CSP_���0pxô�Ç �̧��H�©�@/&h����0Au�\�¦�����·p��.s�M:�Ð�©�

�)a ³ð���_� Z�}s���H d�� 4.1\�"f �Ðs�1pws� B� óÁ�hË: Ìqt��� ÅÒl� M:���� &h�6£x&h�Ü¼�Ð ²ú���

t���H0Au�s�l�M:ë�H\��½Ó�©�&ñ
K�4Re����H°úכs���_���̀¦�©�l�
���.

[O�"î
�©�_� ¼#�_�\�¦ 0A
�#� CSP\� e����H ³ð���_� ?/ÂÒ\�¦ CSP_� ��A����¦ &ñ
_�
��¦

ü@ÂÒ\�¦ CSP_�0A���¦&ñ
_�½+ÉM:, t�+þA�Ð�©�·ú��¦o�7£§s�E$��8a�A÷&��H 8̈��â
\�"fØ�æ[�t

s�{9�#Qèß��â
Äº��H HIP�� CSP_���A�\��>rF�½+ÉM:s� 9�â
Äº (1),(2),(3)s�s�\�K�{©�

ô�Ç��. �â
Äº (1)õ� (2)��H HIP�� ���©� ³ð���_� ?/ÂÒ\� e������H �̧|	��̀¦ ëß�7á¤
�#� CSP\�¦

½̈½+É Ãº e��t�ëß� �â
Äº(3)�Ér ���©� �̧4Sq_� ü@ÂÒ\� �>rF�
�l� M:ë�H\� SCP\�¦ ½̈½+É Ãº \O�

�¦ ����"f CSP\�¦ ½̈½+É Ãº \O�>� �)a��. s� ë�H]j\�¦ K����
�l� 0A
�#� s����hË:_� 0Au����

52
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Ü«ÍÏ� 6.1Ø�æ[�t�ÃÐt�r��¦�9K���
���H �̧��H�©�S!�

HIP (n − 1)õ� HIP (n)\�¦ e±	��H  7�'�(Vector)ü< ���©� ³ð���s� ]X�8ú¤
���H &h��̀¦ ‘e��r�&h�

SCP’ SCPtmp�Ð&ñ
_�
��¦ CSP\�¦��6£§õ�°ú s� ½̈ô�ÇÊêd�� 4.2\�¦s�6 x
�#���6 x��\�

>����²ú�½+ÉjËµ�̀¦>�íß�ô�Ç��.

CSP (n) = SCP (n) + Sh(n)
−−−−−−−−−−−−−−−−→
HIP (n)− SCPtmp(n)
‖HIP (n)− SCPtmp(n)‖ . (6.1)

�â
Äº (4),(5),(6)�Ér HIP�� CSP_� 0A\� �>rF�
�#� ]X�8ú¤s� {9�#Q��t� ·ú§�̀¦ M:_� [j

&h�_� 0Au�\�¦ �Ð�����. (5)ü< (6)_� �â
Äº HIP��H ���©� ³ð���_� ü@ÂÒ\� �>rF�
�l� M:ë�H\�

SCPü< CSP\�¦ ½̈
�t�·ú§�¦jËµ�̀¦E$��8a�A
�t�·ú§��H��.Õª�Q�� (4)_��â
Äº\���H HIP��

���©�³ð���_�?/ÂÒ\�e��l�M:ë�H\� SCP\�¦ ½̈
��¦d�� 4.1õ�d�� 4.2\�_�K�jËµ�̀¦E$��8a�A


�>��)a��.s�M:_� HIPü< CSP_��©�@/&h����0Au�\�_�K�jËµ_�~½Ó�¾Ós�Óüt�̂_�ü@ÂÒ\�

"f?/ÂÒ�Ð�¾Ó
�>�÷&#Q³ð���Ü¼�ÐÂÒ'�µ1ÚÜ¼�Ðx9�#Q?/��HjËµs������îß�Ü¼�Ð{©�l���HjËµ

s� E$��8a�A �)a��. s� ë�H]j��H q��§&h� K����
�l� /'î�rX<, HIP�� ���©� Óüt�̂_� ?/ÂÒ\� �>r

F�
��8���̧ HIP�� CSP_�0A\�e����H�â
Äº\���HjËµ�̀¦E$��8a�A
�t�·ú§Ü¼����)a��.

��6£§�ÉrÕªaË> 6.1\�����èß�y���â
Äº\�¦ ½̈ì�r
��¦Õª�â
Äº\�K�{©�
���HjËµ�̀¦E$��8a�A
�

��H·ú��¦o�7£§s���.
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Ø̧ 6.1t�+þA�Ð�©�·ú��¦o�7£§.
if HIP (n) is outside of a virtual model

if
−−−−−−−−−−−−−−−−−→
HIP (n)−HIP (n− 1) collides with the virtual model
get SCPtmp(n) using HIP (n). (Eqn. 3.3)
get Sh(n). (Eqn. 3.7)
restore height. (Eqn. 5.2)
get CSP (Eqn. 6.1)
if Sh < 0

force = ~0 // case (5)
else

if ‖−−−−−−−−−−−−−−−−→CSP (n)− SCPtmp(n)‖ > ‖−−−−−−−−−−−−−−−−→HIP (n)− SCPtmp(n)‖
generate force (Eqn. 4.2) // case (3)

else
force = ~0 // case (6)

else
force = ~0 // case (5), (6)

else
get SCPtmp(n) using HIP (n). (Eqn. 3.3)
get Sh(n). (Eqn. 3.7)
restore height. (Eqn. 5.2)
get CSP (Eqn. 4.1)
if
−−−−−−−−−−−−−−→
CSP (n)−HIP (n) · −−−−−−−−−−−−−−→SCP (n)−HIP (n) < 0
force = ~0 // case (4)

else
generate force (Eqn. 4.2) // case (1), (2)



� 7¤ùÿ

l5æ *́0

t��FK��t� ³ð���_� y©��̧�� ç�H{9�
�t� ·ú§�Ér 8̈��â
\�"f ���©� Óüt�̂_� ³ð��� �̧�ª��̀¦ ��6 x��

\�>� �̀¦���Ð ���²ú�
�l� 0A
�#� jËµÄ»t� s��:r\� l�ìøÍô�Ç t�+þA �Ð�©� ·ú��¦o�7£§�̀¦ �è>h
�

�¦z�́+«>�̀¦:�xK����7£x
�%i���.³ð����Ð�©�·ú��¦o�7£§�Ér>�íß�s�B�Äº ò́Ö�¦&h�s��¦#QÖ¼ 8̈�

�â
õ� �̧|	�\�"f�̧ ���©� ³ð���s� ����� 5Åq$í
�̀¦ ��6 x��\�>� �̀¦���Ð ���²ú�
���H :£¤fç
�̀¦ °ú�

�¦ e����. :£¤y� t�+þA_� ZO����s� ³ð�&³�)a 8̈��â
\�"f l��>r ·ú��¦o�7£§�Ér ��6 x��\� ����, ��

6 x���� r��̧ô�Ç r�l�\� ���� °ú �Ér ³ð����̀¦ ��ØÔ>� ���²ú�
���H ë�H]j&h��̀¦ �Ð%i�t�ëß� t�+þA

�Ð�©�·ú��¦o�7£§�Érs�\�Áº�'a
�>�{9��'a÷&>� �̀¦���Ér&ñ
�Ð\�¦]j/BN
�%i���.

t�+þA�Ð�©�·ú��¦o�7£§s��Ð�©�
���HZ�}s������©�Óüt�̂�� �����Z�}s�ü<	�s�������H�	כ

s�"é¶���s�÷&#Q°ú �Ér³ð����̀¦�ÃÐ��õ�&ñ
\�������ØÔ>�E$��8a�A
���Hë�H]jü<³ð���_�Z�}

s��� ���
���H ÂÒì�r\� @/ô�Ç �̧	��� ¾º&h�÷&��H ë�H]j�� µ1ÏÒqt
�%i���. s�\�¦ K����
�l� 0AK�

��|ÃÐ_�l�Ö�¦l�\�@/ô�Çe��>�°ú̀�כ¦z�́+«>�̀¦:�xK�¹1Ô��?/�¦Õª°ú̀�כ¦s�6 x
�#�Z�}s�\�¦4�¤

"é¶
���H õ�&ñ
�̀¦ t�+þA �Ð�©� ·ú��¦o�7£§\� ÆÒ��
�%i���. SX��©��)a ·ú��¦o�7£§s� ���©� Óüt�̂��

�����5Åq$í
�̀¦{9��'a÷&>����²ú�
���Ht�\�¦&ñ
���Óüto��<Æ&h�z�́+«>�̀¦:�x
�#�ì�r$3�
�%i��¦Õª���

õ���ÅÒ����ÉrZ�}s�	�s�\�¦�����¿º³ð���\�@/K�"f�̧ ��6 x���� �̀¦���Ð���t�
��̧2�¤&ñ


�Ð\�¦���²ú��<Ês����7£x÷&%3���.

]jîß�ô�Ç ·ú��¦o�7£§�Ér ���©� Óüt�̂�� ����� �Ð�©��)a ³ð���õ� �©� ñ ���6 x
��̧2�¤ �¦îß�s� ÷&

55



56
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 ���h��4Éº�gÕlé��a�×V���.



Curriculum Vitae

Name : Jaeyoung Cheon

Education

2001.3–2005.2 : B.S. in+ä��¹ûiu,>	ð���ÈÑ«»,)ç�#Ò	MÎ360�ÈÑz�

2005.3–2007.2 : M.S. in b9	��-��²¼'_ð���ÈÑ«» (-��²¼'_ð���ÈÑ ���ç¡g̀@F�B b9	ð��),
�Ô��Øð��Üï60�ÈÑz�

Thesis Title :
��� �dכ  c�*́0Qq \�l̂vf£­ a�JÇÊÎPæ �î|�¬�Þ2 d�Ztä �­�Ýä?ê �¬�ï|

Qq 71f£­ èû��âãÞK(Haptizing a Surface Height Change
with Varying Stiffness Based on Force Constancy)
Advisor: Prof. L|�ûB'Ö<



Publications

1. ömÓ=�+hÙ,�ûÔ²º�é,$�Ö�_Ùún
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