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³À »ÈÐ

�:r �7Hë�H�Ér >�8£x&h� Áº��� G'p"f W1àÔ0>ß¼\�"f_� ���5Åq #3�0A |9�_� %�o� ë�H]j\�¦ ��ê�r��. þj

��H Ä»q�3''�Û¼ 8̈��â
_� µ1Ï���õ� Áº��� W1àÔ�°3_� µ1Ï���\� jËµ{9�#Q G'p"f W1àÔ0>ß¼_� ½©�̧�� &�f��

\� ����, s�\�¦ >�8£x&h�Ü¼�Ð ½̈$í

���H ~½ÓZO�s� z�́6 x&h���� @/îß�Ü¼�Ð @/¿º÷&�¦ e����. s� ~½ÓZO��Ér

e�¦Ï?@ô�Ç(flat) ½̈$í
 ~½ÓZO�s� 1lx{9�ô�Ç 0px§4��̀¦ ����� G'p"f �©�u�[þt�Ð W1àÔ0>ß¼\�¦ ½̈$í

���H �õ���H	כ

@/q�÷&��H ~½ÓZO�Ü¼�Ð, "f!Q\� �8 ����î�r 8£x(7£¤, �©�0A8£x){9�Ãº2�¤ �8 	�H 0px§4��̀¦ ����� G'p"f �©�u�

\�¦ C�u�
���H ~½ÓZO�s���. �&³F���t� e�¦Ï?@ô�Ç G'p"f W1àÔ0>ß¼\�"f_� |9�_� %�o� ë�H]j��H ú́§s� ��

ÀÒ#Qt��¦ e����H ìøÍ���, >�8£x&h� G'p"f W1àÔ0>ß¼\� @/K�"f��H ���½̈�� p�f�̈ô�Ç �©�S!�s���. Áº��� G'p

"f W1àÔ0>ß¼_� ½̈$í
\� e��#Q"f ÅÒ¹כ
�>� �¦�9K��� ½+É q�6 x�Ér X<s�'�\�¦ ���5Åx
�l� 0AK� ¹כ��9

ô�Ç \��-t�ü< |9�_�\�¦ $��©�
�l� 0Aô�Ç Û¼�Ðo�t���. s� q�6 x[þt�Ér "f�Ð trade-off �'a>�\� e����.

�:r �7Hë�H\�"f��H ���$� >�8£x&h� G'p"f W1àÔ0>ß¼\�"f ��Ãº_� ���5Åq #3�0A |9�_�[þt�̀¦ ò́Ö�¦&h�Ü¼�Ð %�

o�
���H &h����&h� |9�_� %�o� ~½ÓZO��̀¦ ]jîß�ô�Ç��. s� ~½ÓZO��Ér l��:r&h�Ü¼�Ð��H Xiang et al._� query

merging l�Õüt�̀¦ ��6 x
�÷&, \��-t�ü< Û¼�Ðo�t�_� trade-off�̧ �¦�9ô�Ç��. 7£¤, 
�0A8£x\�"f��H �8

ú́§�Ér |9�_�[þt�̀¦ #î
½+Ë
�#� Û¼�Ðo�t� q�6 x�̀¦ ×�¦s��¦, �©�0A8£x\�"f��H �8 &h��Ér |9�_�[þt�̀¦ #î
½+Ë
�

#� false alarm�̀¦ ×�¦#�"f \��-t� q�6 x�̀¦ ×�¦�����. ��6£§Ü¼�Ð, Û¼�Ðo�t�ü< \��-t�_� q�6 x\� ÅÒ

#Q��� weight\� ����, G'p"f W1àÔ0>ß¼\�¦ ¿º 8£¤���\�"f �̧¿º þj&h��o
�#� ½̈$í

���H ~½ÓZO��̀¦ ]jr�

ô�Ç��. s� ~½ÓZO��Ér W1àÔ0>ß¼ 8̈��â
õ� 6£x6 x\� ���� ���Ér ×�æ¹�̧כ\�¦ ��t���H Bj�̧o� �Óõ¾|¹כ��9 X<s�

'� ���5Åx|¾Ó_� trade-off\�¦ systematic
�>� �̧&ñ

�#� þj�è q�6 x_� W1àÔ0>ß¼\�¦ ½̈$í
½+É Ãº e���̧

2�¤ ô�Ç��. ��t�}��Ü¼�Ð, z�́+«>�̀¦ :�xK� �:r �7Hë�H\�"f ]jr�
���H ~½ÓZO�s� z�́]j�Ð Û¼�Ðo�t�ü< \��-t�

\�¦ near-optimal
�>� �̧&ñ
½+É Ãº e��6£§�̀¦ �Ðs��¦, ì�r$3�&h�Ü¼�Ð ]jr�ô�Ç þj&h�_� Ãºu�ü< z�́+«>&h�Ü¼

�Ð ]jr�ô�Ç Ãºu�çß�\� 	�H 	�s��� \O�6£§�̀¦ �Ðe��Ü¼�Ð+� s��:r&h� �̧4Sq_� &ñ
SX��̧\�¦ �Ð�����. Õªo��¦,

l��>r_� ~½ÓZO�õ� q��§\�¦ :�xK�"f ]jîß�
���H ~½ÓZO�s� ��� 1.019 ∼ 2.666C�_� ]X�y���)a q�6 xÜ¼�Ð >�

8£x&h� G'p"f W1àÔ0>ß¼\�¦ ½̈$í
�<Ê�̀¦ �Ð�����.
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1 Introduction

(��ÉÓh�A 8̈��â
_� Ä»q�3''�Û¼�o\� ���� G'p"f W1àÔ0>ß¼\� @/ô�Ç �'ad��õ� ���½̈�� �Ö̧µ1Ïy� {9�#Q���¦ e����. G'p"f

W1àÔ0>ß¼ 8̈��â
\�"fG'p"f �̧×¼[þt�ÉrG'pdç
�)aX<s�'�\�¦Ãº|9�
���H"f!Q(<�Ê�Ér base station)ü<W1àÔ0>ß¼\�¦:�x

K�"f �������)a��[1].

s��Qô�Ç G'p"f W1àÔ0>ß¼\�¦ �Ö̧6 xô�Ç 6£x6 x_� @/³ð&h���� \V��H �:r�̧/_þv�̧1px_� 8̈��â
 �̧m�'�a�A, /BN�©�\�"f_�

Òqtíß� /BN&ñ
 ÆÒ&h�, �§:�x �©�S!� �̧m�'�a�A, �â
q� r�Û¼%7�\�"f_� gË>{9��� �ÃÐt� 1px�̀¦ [þt Ãº e����. :£¤y� þj��H\���H

Áº��� W1àÔ0>ß¼�� {9��©��o H�d\� ����, C�u�(deploy) q�6 x�̀¦ ×�¦s�l� 0A
�#� G'p"f �̧×¼[þt�̀¦ ad-hoc W1àÔ0>

ß¼ +þAI��Ð Áº���Ü¼�Ð ������
�#� "f!Q��t� X<s�'�\�¦ ���5Åx
���H Áº��� G'p"f W1àÔ0>ß¼\� @/ô�Ç ���½̈�� ú́§s� s�

ÀÒ#Qt��¦ e����. Áº��� G'p"f W1àÔ0>ß¼\�"f��H {9�ìøÍ&h�Ü¼�Ð ]jô�Ç�)a ��"é¶(e.g., battery 6 x|¾Ó,Û¼�Ðo�t� 6 x|¾Ó)

�̀¦ ����� °úכ øß� G'p"f[þt�̀¦ C�u�
��¦ s�\�¦ ��6 x
�#� þj@/ô�Ç �̧�½� l�çß�1lxîß� X<s�'�\�¦ Ãº|9�
���H �¦̀�	כ 3lq³ð

�Ð 
�l� M:ë�H\� ]jô�Ç�)a ��"é¶�̀¦ þj@/ô�Ç ò́Ö�¦&h�Ü¼�Ð �Ö̧6 x
�#� |9�_� %�o�\�¦ Ãº'��½+É Ãº e���̧2�¤ 
���H ��s	כ

×�æ¹כô�Ç ���½̈ s�Ã»s���.

þj��HG'p"fW1àÔ0>ß¼_�6£x6 x#3�0A�� �̧r��'ao�,���t�½̈&h� 8̈��â
 �̧m�'�a�A1pxÜ¼�ÐF�g#3�0A
�>�SX��©�H�d

\� ���� Áº��� G'p"f W1àÔ0>ß¼_� ½©�̧�� 7£x��
���H �â
�¾Ó�̀¦ �Ðs��¦ e����. ��r� ú́�K�, ��Ãº_� ��6 x��\� _�K�

��6 x|̈c 3lq&h�Ü¼�Ð F�g#3�0Aô�Ç %ò
%i�\� ��Ãº_� �̧×¼[þt�̀¦ C�u�
���H G'p"f W1àÔ0>ß¼[þts� �������¦ e����[14, 3].

\V\�¦ [þt#Q, NOVAC(Network for Observation of Volcanic and Atmospheric Change) Project[14]_� �â


Äº, 5>h @/µ¢¤\� e����H 15 �oíß�\� C�u��)a Áº��� G'p"f W1àÔ0>ß¼[þts� ��8£x(multi-tier) ½̈�̧�Ð "f�Ð ������÷&

#Q"f, globalô�Ç �oíß� �̧m�'�a�A ���½̈\�¦ t�"é¶
��¦ e����. ¢̧ ���Ér \V�Ð, EarthNet Online[3] �â
Äº, [j>�_�

±ú�}�ü< �̧ÀÓ_� s�1lx1pxõ� °ú �Ér ��� t�½̈&h���� �'a¹1Ï &ñ
�Ð\�¦ Áº��� G'p"f W1àÔ0>ß¼\�¦ :�xK�"f �̧Ü¼�¦, Ãº��;#�

"î
_� >h���õ� l��'a\� Ä»6 xô�Ç &ñ
�Ð�Ð+� ]j/BN
��¦ e����. s�ü< °ú s� ½©�̧�� 7£x@/H�d\� ����, r�Û¼%7�\�"f 1lx

r�(concurrent) Ãº'��÷&��H |9�_�_� >hÃºü< G'p"f X<s�'�_� �ª� %i�r� q�YV
�#� 7£x��
��¦ e����. ����"f, s��Q

ô�Ç large-sacle_� |9�_�ü< X<s�'�\�¦ ò́Ö�¦&h�Ü¼�Ð %�o�½+É Ãº e����H Áº��� G'p"f W1àÔ0>ß¼\�¦ #Qb�G>� 
���� $�q�

6 xÜ¼�Ð ½̈»¡¤½+É Ãº e���̀¦�� 
���H ���½̈�� Õª ×�æ¹$כí
�̀¦ �8K� °ú� �Ü¼�Ð	כ \V�©��)a��.
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�:r �7Hë�H\�"f��H G'p"f W1àÔ0>ß¼\�¦ ½̈$í

���H q�6 xÜ¼�Ð"f y�� G'p"f �̧×¼\�"f |9�_�\�¦ $��©�
�l� 0AK� �9�

¹ô�Çכ Û¼�Ðo�t�ü< Ãº|9��)a X<s�'�\�¦ "f!Q��t� �Ð?/l� 0AK� ¹ô�Çכ��9 \��-t�(7£¤, battery 6 x|¾Ó)\�¦ ×�æ¹כ
�>�

��ê�r��. s� ¿º��t� ¹�è��Hכ "f�Ð trade-off �'a>�\� e����. G'p"f W1àÔ0>ß¼\�¦ ½̈$í

���H ���©� naiveô�Ç ¿º ��t�

~½ÓZO�[17]��� 1) centralized approachü< 2) distributed approach\�¦ :�xK�"f s��Qô�Ç trade-off\�¦ [O�"î
ô�Ç��.���

$�,centralized approach��H G'p"f �̧×¼[þt�Ér Ãº|9�ô�Ç �̧��H X<s�'�\�¦ "f!Q�Ð ���5Åx
���H %i�½+Éëß� Ãº'��
��¦ "f

!Q�� |9�_�%�o�\�¦ Ãº'��
���H ~½ÓZO�s���. s� ~½ÓZO��Ér G'p"f �̧×¼\� |9�_�\�¦ $��©�½+É ��¹כ��9 \O�#Q Û¼�Ðo�t� q�

6 x�̀¦ ×�¦{9� Ãº e������H �©�&h�s� e��t�ëß� �̧��H X<s�'�\�¦ ���5ÅxK��� 
�l� M:ë�H\� \��-t� �èq��� ß¼����H éß�&h�

s� e����. ��6£§Ü¼�Ð, distributed approach��H G'p"f �̧×¼\� �̧��H |9�_�[þt�̀¦ $��©�
�#� |9�_� %�o�\�¦ Ãº'��
�

�¦ "f!Q�Ð��H ���õ�ëß��̀¦ ���5Åx
���H ~½ÓZO�s���(s� ~½ÓZO��Ér in-network |9�_� %�o��� Ô�¦o�l��̧ ô�Ç��). s� ~½ÓZO�

�Ér Ãº|9��)a X<s�'� ×�æ {9�ÂÒëß� "f!Q�Ð �Ð?/l� M:ë�H\� \��-t� �èq���H ×�¦{9� Ãº e��Ü¼�� |9�_�\�¦ $��©�
�l� 0A

K�"f Û¼�Ðo�t��� ú́§s� 
¹כ��9�����H éß�&h�s� e����.

s� ¿º��t�_� naiveô�Ç ~½ÓZO��Ér Û¼�Ðo�t�ü< \��-t� q�6 x 8£¤���\�"f �¦�9Ùþ¡�̀¦ M:, @/½©�̧_� Áº��� G'p"f

W1àÔ0>ß¼\�¦ ½̈$í

�l� 0AK� ��6 x÷&l�\���H �&³z�́&h���� #Q�9¹¡§s� e����. Centralized approach\�¦ ��6 xÙþ¡�̀¦

M:, "f!Q\� ����s� 0Au�ô�Ç G'p"f �̧×¼[þt�Ér "f!Q�ÐÂÒ'� YO��Q b��#Q��� �̧×¼[þts� ���5Åxô�Ç X<s�'�[þt��t� ¾º&h�


�#� ���5Åx
�Ù¼�Ð, �©�@/&h�Ü¼�Ð �8 ú́§�Ér X<s�'�\�¦ ���5Åxô�Ç��. s��Qô�Ç �&³�©��Ér :£¤y� G'p"f �̧×¼_� >hÃº�� 7£x

���� 7£x��½+ÉÃº2�¤ Õª �â
�¾Ós� /åL���y� &������. 7£¤, "f!Q\� ����î�r G'p"f �̧×¼[þt�Ér "f!Q�ÐÂÒ'� YO�o� b��#Q���

�̧×¼[þt�ÐÂÒ'����5Åx÷&#Q�:rX<s�'���t����5Åx
�l�0AK��8 ú́§�Ér\��-t�\�¦�è�̧
�>�÷&#Q/åL���y� burnout

÷&l� M:ë�H\� @/½©�̧_� G'p"f W1àÔ0>ß¼\�¦ ½̈$í

���HX< &h�½+Ë
�t� ·ú§��.ìøÍ���\� distributed approach��H |9�

_�_� >hÃº�� ú́§��t���� �&³z�́&h�Ü¼�Ð ��6 x½+É Ãº \O���.G'p"f�̧×¼��H �����s� ����� ]jô�Ç�)a ��"é¶õ� (��ÉÓh�A ��0>

�Ð ���K�, ��Ãº_� |9�_�\�¦ %�o�½+É Ãº \O���. 8∼128 Kbyte_� e�¦A�r� Bj�̧o�ü< 0.5∼8 Kbyte_� RAM�̀¦ ��

��� °úכøß� G'p"f �̧×¼��� Micamote[15]\�¦ \V�Ð [þt#Q �Ð��. ëß���� 64Kbyte_� e�¦A�r� Bj�̧o�\�"f 10%\�¦ s�	�

"é¶ #3�0A |9�_�[þt�̀¦ $��©� 
�l� 0AK� ��6 xô�Ç���¦ 
���. Õªo��¦, |9�_�\�¦ ½̈$í

���H y�� attribute_� value��

8byte_�z�́Ãºs��¦,|9�_�_� selection �̧|	��Ér constant1 op1 attribute op2 constant2�Ð³ð�&³�)a���¦��&ñ

�

��: attribute��H #Q�"� attribute_� s�2£§, constant1õ� constant2��H z�́Ãº °úכ[þt, Õªo��¦ op1õ� op2��H binary

comparison���íß���s���(����"f,|9�_� 1>h_�ß¼l���H&h�#Q�̧ 32 bytes��©�e��).Õª�Q���,��� 200>h_�|9�_�ëß�

s� Micamote 1>h\� $��©�|̈c Ãº e����. 7£¤, �̧��H G'p"f �̧×¼�� �̧��H |9�_�\�¦ $��©�½+É Ãº e���̀¦ ëß��pu Ø�æì�rô�Ç Bj

�̧o�\�¦ ��4R�� 
���HX< s���H �¦q�6 x�̀¦ �íA�
�Ù¼�Ð @/½©�̧ G'p"f W1àÔ0>ß¼\�¦ ½̈$í

���HX< &h�½+Ë
�t� ·ú§��.
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þj��H, s��Qô�Ç large-scale ë�H]j\�¦ K����
�l� 0AK� Áº��� G'p"f W1àÔ0>ß¼\�¦ >�8£x&h�Ü¼�Ð ½̈$í

���H ~½ÓZO�

s� z�́6 x&h���� @/îß�Ü¼�Ð @/¿º÷&�¦ e����. >�8£x&h� Áº��� G'p"f W1àÔ0>ß¼��H "f�Ð ���Ér Ãºï�r_� ��"é¶õ� (��ÉÓh�A

��0>\�¦ ����� G'p"f �̧×¼[þt_� ��8£x(multi-tier) ½̈�̧�Ð ½̈$í
�)a��[21]. "f!Q\� ��¾ú�>� 0Au�ô�Ç �̧×¼{9�Ãº2�¤

�8 YO�o� b��#Q��� �̧×¼�Ð�� �8 ú́§�Ér ��"é¶õ� (��ÉÓh�A ��0>\�¦ ��t� 9, s��Qô�Ç :£¤$í
s� $�$í
0px_� �̧×¼[þtëß�Ü¼

�Ð��H ½+É Ãº \O���H |9�_� %�o�\�¦ ��0px
�>� ô�Ç��. >�8£x&h� Áº��� G'p"f W1àÔ0>ß¼\�"f��H �8 ����Ér ��"é¶õ� (��ÉÓ

h�A ��0>\�¦ ����� �̧×¼[þts� �8 ú́§�Ér ��"é¶õ� (��ÉÓh�A ��0>\�¦ ����� �̧×¼\� F�)
&h�Ü¼�Ð(recursively) �������)a

��[18, 16, 21].����"f,"f!Q\� ���]X�ô�Ç �̧×¼[þt�Ér 
�0A8£xÜ¼�ÐÂÒ'� ¾º&h�÷&#Q ���5Åx�)a @/6 x|¾Ó_� X<s�'�\�¦ %�

o�½+É Ãº e���̧2�¤ [O�>�÷&#Q e����. Äºo���H s��Qô�Ç :£¤$í
s� 0A\�"f ���/åLô�Ç @/½©�̧ G'p"f W1àÔ0>ß¼\�"f |9�_�

%�o� ë�H]j\�¦ K����
���HX< &h�½+Ëô�Ç :£¤$í
s����¦ Òqty��ô�Ç��. Õª�Q��, �&³F���t���H e�¦Ï?@ô�Ç G'p"f W1àÔ0>ß¼(7£¤,

1lx{9�ô�Ç 0px§4��̀¦ ����� G'p"f �̧×¼[þt�Ð s�ÀÒ#Q��� G'p"f W1àÔ0>ß¼)\�"f_� |9�_� %�o� ���½̈�� ÅÒÀÓ\�¦ s�ÀÒ�¦

e���̀¦ ÷�r, >�8£x&h� G'p"f W1àÔ0>ß¼\�"f_� ���½̈��H Ø�æì�r
�t� ·ú§��.

�:r �7Hë�H\�"f��H \��-t�ü< Û¼�Ðo�t�_� trade-off\� ÅÒ3lqK�"f ò́Ö�¦&h�Ü¼�Ð |9�_� %�o�\�¦ Ãº'��½+É Ãº e��

��H @/½©�̧ >�8£x&h� G'p"f W1àÔ0>ß¼\�¦ ½̈$í

���H ~½ÓZO��̀¦ ]jr�ô�Ç��. :£¤y�, �:r �7Hë�H\�"f��H ���5Åq #3�0A |9�_�\�¦

ÅÒ @/�©�Ü¼�Ð ô�Ç��. ú́§�Ér G'p"f W1àÔ0>ß¼ 6£x6 x\�"f, :£¤y� �̧m�'�a�A\�"f, #3�0A |9�_���H ×�æ¹כô�Ç |9�_� +þAI��Ð

��6 x÷&�¦ e��Ü¼ 9[10], |9�_� %�o� $í
0px�̀¦ �¾Ó�©�r�v�l� 0AK� �����oÛ¼\�¦ ��6 x
�#� ���õ� ���5Åx�̀¦ 0AK� ��u���H

hopÃº\�¦ ×�¦s�l� 0Aô�Ç ~½ÓZO�1px_� ���½̈�� �Ö̧µ1Ïy� Ãº'��÷&#Q M®o��[8]. �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO��Ér Ä»��ô�Ç

#3�0A\�¦ ��t���H |9�_�[þt�̀¦ #î
½+Ë
�#� >hÃº\�¦ ×�¦e��Ü¼�Ð+� \��-t� �èq�|¾Óõ� Û¼�Ðo�t� ��6 x|¾Ó_� trade-off\�¦

systematic
�>� �̧&ñ

���H l�ZO�\� l�ìøÍ�̀¦ é�H��. |9�_� ���õ�_� ×�æ4�¤ ���5ÅxÜ¼�Ð ���ô�Ç \��-t� �èq�\�¦ ~½Ót�
�

l� 0AK� |9�_�[þt�̀¦ #î
½+Ë
�#� %�o��<ÊÜ¼�Ð+� \��-t� �èq�|¾Ó�̀¦ ×�¦s���H ~½ÓZO��Ér s�p� l��>r���½̈[12, 22, 23]\�

"f ]jr��)a �� e��Ü¼��, s��Qô�Ç ���½̈[þt�Ér e�¦Ï?@ô�Ç G'p"f W1àÔ0>ß¼\� �í&h��̀¦ ¿º�¦ e��l� M:ë�H\� 8£x���� G'p"f

�̧×¼_� 0px§4�\� 	�1px�̀¦ ¿º��H >�8£x&h� G'p"f W1àÔ0>ß¼_� :£¤$í
�̀¦ �Ö̧6 x
�t� 3lwô�Ç��. ¢̧ô�Ç storage ��6 x|¾Ó�̀¦

�¦�9
�t� ·ú§��, trade-off\�¦ >á¤���Ð ìøÍ%ò

�t� 3lw
�%i���. ìøÍ���, �:r �7Hë�H\�"f��H "f!Q�ÐÂÒ'� 
�0A8£xÜ¼�Ð °ú�

Ãº2�¤ �8 ú́§�Ér |9�_�[þt�̀¦ #î
½+Ë
�#� $��©�
��¦ %�o�
���H &h����&h���� ~½ÓZO��̀¦ ��6 x
�#� >�8£x&h� G'p"f W1àÔ0>ß¼

_� :£¤$í
�̀¦ þj@/ô�Ç �Ö̧6 xô�Ç��. Õªo�
�#�, \��-t� �èq�|¾Óõ� storage ��6 x|¾Ó_� trade-off\�¦ optimizeô�Ç��.7£¤,

>hÃº�� ú́§�Ér 
�0A8£x_� G'p"f �̧×¼\�"f��H |9�_�[þt�̀¦ �8 ú́§s� #î
½+Ë
�#� |9�_� >hÃº\�¦ ×�¦e��Ü¼�Ð+� Û¼�Ðo�t�

_� ¦Ó�̀¾|¹כ��9 ×�¦s��¦, >hÃº�� ����Ér �©�0A �̧×¼\�"f��H |9�_�[þt�̀¦ �8 &h�>� #î
½+Ë
�#� ú́§�Ér |9�_�[þt�̀¦ $��©�
�

��H @/��� &ñ
SX��̧\�¦ Z�}#�"f ¾º&h��)a X<s�'�\�¦ �8 ú́§s� �9�'�a�A�<ÊÜ¼�Ð+� \��-t� �èq�|¾Ó�̀¦ ×�¦�����.
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���$�, �:r �7Hë�H\�"f��H &h����&h� |9�_� %�o� ~½ÓZO�_� �̧4Sqõ� ·ú��¦o�7£§�̀¦ ]jr�ô�Ç��. ]jîß�
���H &h����&h� |9�

_�%�o�~½ÓZO��Érß¼>� 1)|9�_�#î
½+Ë(query merging)õ� 2)|9�_����õ�_��9�'�a�A(result filtering)Ü¼�Ðs�ÀÒ#Q

�����. |9�_� #î
½+Ë_� ÅÒ¹כô�Ç ��s�n�#Q��H "f!Q�ÐÂÒ'� þj
�0A 8£xÜ¼�Ð �����"f &h����&h�Ü¼�Ð #î
½+Ë�̀¦ Ãº'��ô�Ç��

��H �.���s	כ ��r� ú́�K�, {9�§4��)a |9�_�[þt�̀¦ #î
½+Ë
�#� 2���P: 8£x\� 0Au�ô�Ç G'p"f �̧×¼\� $��©�|̈c |9�_�[þt�̀¦ ½̈

$í

��¦, ��r� s�[þt�̀¦ #î
½+Ë
�#� 3���P: 8£x\� 0Au�ô�Ç G'p"f �̧×¼\� $��©�|̈c |9�_�[þt�̀¦ ½̈$í

���H d��Ü¼�Ð 8£xZ>�

�ÐF�)
&h�Ü¼�Ð|9�_�#î
½+Ës�Ãº'���)a��.8£xZ>��Ð$��©�|̈c#î
½+Ë�)a|9�_�[þt_�|9�½+Ë�ÉrG'p"fW1àÔ0>ß¼_�y��8£x\�

0Au�ô�Ç �̧×¼[þt\�>� ���5Åx÷&#Q, ����̂&h�Ü¼�Ð��H %i� >�8£x |9�_� ½̈�̧(inverted hierarchical query structure)\�¦

Òqt$í

�>� �)a��.

%i� >�8£x |9�_� ½̈�̧(inverted hierarchical query structure)��H |9�_�[þt_� #3�0A\�¦ $��©�ô�Ç ��	�"é¶ Ò�o���

�̀¦ YU6\�Z>��Ð ì�r½+É(partition)
�#� G'p"f W1àÔ0>ß¼_� þj
�0A8£x �̧×¼[þt�Ér Ò�o���_� ÀÒàÔ �̧×¼\�¦, "f!Q��H Ò�o

���_� þj
�0A YU6\��̀¦ $��©�
���H ½̈�̧�Ð �:r �7Hë�H\�"f Dh�Ðs� ]jîß�
���H ½̈�̧s���.s���H >�8£x&h� G'p"f W1àÔ

0>ß¼�� {9�ìøÍ&h���� àÔo� +þAI�_� Ò�o��� ½̈�̧\�"fü<��H ìøÍ@/�Ð �©�0A 8£x_� G'p"f �̧×¼�� �8 ��[jô�Ç &ñ
�Ð\�¦ ��

t��¦ e���¦, 
�0A8£xÜ¼�Ð °ú�Ãº2�¤ abstract�)a &ñ
�Ð\�¦ ��t��¦ e������H :£¤fç
\� �ÃÌîß�ô�Ç X<s�'� ½̈�̧s���. |9�_�

���õ�_� �9�'�a�A\�"f��H 
�0A8£xÜ¼�ÐÂÒ'� �©�0A8£xÜ¼�Ð X<s�'�\�¦ ���5Åx
����"f, �8 &ñ
SX�ô�Ç ���õ�\�¦ %3���H ~½ÓZO�

Ü¼�Ð |9�_� %�o�\�¦ &h����&h�Ü¼�Ð Ãº'��ô�Ç��. s�M:, y�� 8£x\�"f_� |9�_� ���õ�\�¦ ¹1Ô��?/l� 0AK�"f %i� >�8£x |9�_�

½̈�̧\�¦ ��6 x�<ÊÜ¼�Ð+�, ��u� ��	�"é¶ Ò�o����̀¦ ÀÒàÔ�Ð ÂÒ'� 
�0A YU6\���t� ô�Ç��� ���Ò�o
���H ��õ	כ 1lx{9�ô�Ç ò́

õ�\�¦ %3�6£§Ü¼�Ð+�, �Ð�� ò́Ö�¦&h�Ü¼�Ð |9�_� %�o�\�¦ Ãº'��½+É Ãº e���̧2�¤ ô�Ç��.

��6£§Ü¼�Ð, Û¼�Ðo�t�ü< \��-t�\� y��y��\� ÅÒ#Q��� weight\� ���� ¿º q�6 x çß�_� trade-off\�¦ system-

atic
�>� �̧&ñ

�#� >�8£x&h� G'p"f W1àÔ0>ß¼\�¦ optimal
�>� ½̈$í

���H ~½ÓZO��̀¦ ]jr�ô�Ç��. Û¼�Ðo�t�ü< \��-

t� q�6 x_� ×�æ¹$כí
�Ér 6£x6 xõ� 8̈��â
\� ���� ²ú���|9� Ãº e��Ü¼Ù¼�Ð, �:r �7Hë�H\�"f��H W1àÔ0>ß¼_� ½̈$í
 q�6 x�̀¦

Û¼�Ðo�t� q�6 xõ� \��-t� q�6 x_� weighted sum +þAI��Ð ³ð�&³
��¦ s�\�¦ þj&h��oô�Ç��.þj&h��o parameter�Ð

"f >�8£x&h� G'p"f W1àÔ0>ß¼_� y�� 8£x\�"f |9�_�[þt�̀¦ #QÖ¼ &ñ
�̧ #î
½+ËK��� 
���Ht�\�¦ ���&ñ
ô�Ç��.

��t�}��Ü¼�Ð, z�́+«>�̀¦ :�xK�"f �:r �7Hë�H\�"f ]jr�
���H ~½ÓZO�s� q�6 x���\�"f ò́Ö�¦&h���� >�8£x&h� G'p"f W1àÔ

0>ß¼\�¦ ½̈$í

���HX< Ä»6 x�<Ê�̀¦ �Ð�����. ���$�, �:r �7Hë�H\�"f ì�r$3�&h�Ü¼�Ð ]jr�ô�Ç þj&h�_� Ãºu��� z�́+«>&h�Ü¼�Ð

½̈ô�Ç Ãºu�ü< 	�H 	�s��� \O�6£§�̀¦ �Ð�����. Õªo��¦, l��>r e�¦Ï?@ô�Ç G'p"f W1àÔ0>ß¼\�"f_� |9�_� %�o� ~½ÓZO�õ�_�

q��§\�¦ :�xK� �:r �7Hë�H\�"f ]jr�
���H ~½ÓZO�s� 8úx q�6 x(weighted sum)���\�"f ÄºÃº�<Ê�̀¦ �Ð�����.
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�:r �7Hë�H_� ½̈$í
�Ér ��6£§õ� °ú ��. ���$�, ]j 2�©�\�"f��H �'aº�����½̈[þt�̀¦ çß�|ÄÌy� ]jr�ô�Ç��. ]j 3�©�\�"f��H

>�8£x&h� Áº��� G'p"f W1àÔ0>ß¼\�"f_� &h����&h� |9�_� %�o� ~½ÓZO�_� �̧4Sqõ� ·ú��¦o�7£§�̀¦ ]jr�ô�Ç��. ]j 4�©�\�"f

��H Û¼�Ðo�t�ü< \��-t� q�6 x_� trade-off\�¦ �¦�9
�#� >�8£x&h� G'p"f W1àÔ0>ß¼\�¦ ò́Ö�¦&h�Ü¼�Ð ½̈$í

���H ~½Ó

ZO��̀¦ ì�r$3�&h�Ü¼�Ð ]jr�ô�Ç��. ]j 5�©�\�"f��H z�́+«>�̀¦ :�x
�#� �:r �7Hë�H\�"f ]jr�
���H ~½ÓZO�_� ÄºÃº$í
�̀¦ �Ð���

��. ��t�}��Ü¼�Ð, ]j 6�©�\�"f ����:r�̀¦ ]jr�ô�Ç��.

2 Related Work

�:r �©�\�"f��H �'aº�����½̈�Ð"f G'p"f W1àÔ0>ß¼\�"f_� ���5Åq #3�0A |9�_� %�o�\� �'aô�Ç l��>r ���½̈ü< >�8£x&h� Áº���

G'p"f W1àÔ0>ß¼_� �&³S!�\� @/K�"f [O�"î
ô�Ç��.

2.1 �¤d"� O3çÃ3Aæ«Uc"��+ ¥o>¢4́ �7��D ��
�+ %�h�

G'p"f W1àÔ0>ß¼\�"f_� |9�_� %�o� ���½̈��H ß¼>� r�Û¼%7�\�"f ô�Ç���\� éß� 
���_� |9�_�ëß��̀¦ %�o�
���H éß�{9� |9�

_� %�o�ü< #��Q>h_� |9�_�[þt�̀¦ 1lxr�\� %�o�
���H YO�w�e�¦(multiple) |9�_� %�o��Ð ��Ðüt Ãº e����.

í5���
 ¥o>¢4́ �7��D ��
�+ %�h�

Li et al. [8]_� ���½̈\�"f��H data-centric storage[17]\�¦ G'p"f W1àÔ0>ß¼\� &h�6 x
�#� éß�{9�_� ���5Åq #3�0A |9�_�

\�¦ %�o�
���H ~½ÓZO��̀¦ ]jîß�
�%i���. Data-centric storage\�¦ s�6 xô�Ç |9�_� %�o� ~½ÓZO��Ér Ãº|9��)a X<s�'�\�¦ °úכ

\� ����"f &ñ
K���� G'p"f �̧×¼�Ð �Ð?/�¦, |9�_� %�o�r� Õª ���õ�\�¦ ����� G'p"f �̧×¼[þt�Ðëß� |9�_�\�¦ ���²ú�
�#�

%�o�
���H~½ÓZO�s���.]jîß�
���H~½ÓZO�\�"f��H$��©��)aX<s�'�°úכ[þt_�#3�0A�����]X�
���H �̧×¼[þt�ÉrÓüto�&h�Ü¼�Ð

�̧ ���]X�
��̧2�¤ order-preserving hash\�¦ ��6 x
�#� X<s�'�\�¦ ì�rC��<ÊÜ¼�Ð+�, |9�_�ü< ���õ�\�¦ ���²ú�
�l� 0A

K���5g��
���H �̧×¼_� hopÃº\�¦þj�è�o
�#�|9�_�%�o�q�6 x�̀¦×�¦%i���. Madden et el. [10]�Ér data-centric

approachü<��H ��ØÔ>�, y��y��_� �̧×¼�� �����s� G'pdç
ô�Ç X<s�'�\�¦ $��©�
���H 8̈��â
�̀¦ �¦�9
�%i���. s� ~½ÓZO��Ér

X<s�'� °úכ[þt_� #3�0A\�¦ l�ìøÍÜ¼�Ð R-treeü< Ä»��ô�Ç Ò�o������ SRTree\�¦ Òqt$í

���H ~½ÓZO��̀¦ ]jîß�
�%i���. ¢̧ô�Ç

G'p"f �̧×¼_� \��-t� �èq�|¾Ó�̀¦ ×�¦s�l� 0AK�, predicate�̀¦ reordering
���H ~½ÓZO��̀¦ ]jîß�
�%i���. 
�t�ëß�, s�

�Qô�Ç ���½̈[þt�Ér 
���_� G'p"f W1àÔ0>ß¼\�"f 
���_� |9�_�ëß��̀¦ %�o�
���H �¦̀�	כ ��&ñ
�<ÊÜ¼�Ð+� �̧Zþt±ú�õ� °ú 

s� ú́§�Ér ��6 x��[þts� 1lxr�\� G'p"f W1àÔ0>ß¼\� |9�_�\�¦ 1px2�¤
��¦ Õª ���õ�\�¦ %3���H 8̈��â
\���H ÂÒ&h�½+Ë
�����H

éß�&h�s� e����.
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Þ�
p��̈· ¥o>¢4́ �7��D ��
�+ %�h�

Ratnasamy et al. [17]_� ���½̈\�"f��H G'p"f W1àÔ0>ß¼\�"f_� YO�w�e�¦ |9�_� %�o�\�¦ 0Aô�Ç ���©� l��:rs� ÷&

��H ¿º��t� ~½ÓZO��̀¦ ]jîß�
�%i���. ¿º��t� ~½ÓZO��Ér y��y�� "f!Q\�"f |9�_�\�¦ %�o�
���H ~½ÓZO�(7£¤, centralized

approach)õ� G'p"f �̧×¼\�"f |9�_�\�¦ %�o�
���H ~½ÓZO�(7£¤, distributed approach)s���. �����_� ~½ÓZO�\�"f��H,

|9�_�[þts�"f!Q\�$��©�÷&#Qe���¦,G'p"f �̧×¼\�"fG'pdç
�)a �̧��HX<s�'�[þts�|9�_�%�o�\�¦0AK�"f!Q��t����

5Åx�)a��. s� ~½ÓZO��Ér |9�_�_� %ò
%i� ����̂\�¦ unionô�Ç %ò
%i�s� ����̂ data space\� ��H��½+É M:ëß� ò́õ�&h�s� 9, Õª

XO�t� ·ú§�̀¦ M:��H "f!Q�Ð Ô�¦�9¹כ�ô�Ç X<s�'�\�¦ �Ð?/��H overhead�� µ1ÏÒqtô�Ç��. 7£¤, s� ~½ÓZO��Ér G'p"f �̧×¼\�"f

��H |9�_�\�¦ $��©�
�t� ·ú§l� M:ë�H\� y�� �̧×¼_� Bj�̧o� Ó�Ér¾|¹כ��9 ×�¦{9� Ãº e��Ü¼�� �̧��H X<s�'�\�¦ "f!Q�Ð ���

5ÅxK��� 
�l� M:ë�H\� \��-t� �èq�|¾Ós� ß¼����H éß�&h�s� e����. Êê��_� ~½ÓZO�\�"f��H, �̧��H |9�_�[þts� G'p"f�̧

×¼�Ð ���5Åx÷&#Q $��©�÷&�¦, G'p"f X<s�'���H �̧×¼Z>��Ð %�o�÷&#Q ���õ�ëß�s� "f!Q�Ð ���5Åx�)a��. s� ~½ÓZO��Ér ���

��_� ~½ÓZO�\�"fü< °ú �Ér ë�H]j��H x�½+É Ãº e��t�ëß�, $��©�K��� ½+É |9�_�[þt_� >hÃº�� ú́§�Ér �â
Äº Bj�̧o� ÂÒ7á¤Ü¼

�Ð ���
�#� s�\�¦ �� $��©�½+É Ãº \O���H �â
Äº�� µ1ÏÒqt½+É Ãº e������H éß�&h�s� e����. 7£¤, s� ~½ÓZO��Ér |9�_�_� �̧|	�\�

ú́���H X<s�'�ëß��̀¦ "f!Q�Ð �ÐÍÇrÜ¼�Ð+� \��-t� �èq�|¾Ó�̀¦ ×�¦{9� Ãº e��Ü¼�� ��Ãº_� |9�_�\�¦ %�o�
�l� 0AK�"f

Û¼�Ðo�t� �Ós¾|¹כ��9 &��������H éß�&h�s� e����. Äºo���H s��Qô�Ç ¿º ��t� l��:r&h���� |9�_� %�o� ~½ÓZO�Ü¼�Ð ÂÒ'�

G'p"f �̧×¼_� ÅÒ¹כô�Ç ¿º ��"é¶��� Bj�̧o�ü< \��-t� ��s�\� trade-off�� e��6£§�̀¦ �'a¹1Ï ½+É Ãº e����.

�Ð�� þj��H\���H s��Qô�Ç l��:r&h���� ~½ÓZO���� centralized approachü< distributed approach\�¦ �Ð¢-a
��¦

�� 
���H ���½̈�� e��%3���. :£¤y�, s� ~½ÓZO�[þt�Ér #��Q >h_� |9�_�[þt çß�\� |9�_� �̧|	�s� ���u���H %ò
%i�[þts� e���̀¦

�â
Äº ���gË> %ò
%i�\� @/ô�Ç |9�_� %�o�\�¦ /BNÄ»
���H ~½ÓZO�s���. s� ~½ÓZO�[þt�Ér ���$� ��6 x��\� _�K� ÅÒ#Q��� |9�_�

[þt ×�æ\� |9�_� %ò
%i�s� ���u���H �¦þt�̀]	כ d��Z>�
��¦, s��Qô�Ç |9�_�[þt�̀¦ F����$í
(rewriting)�<ÊÜ¼�Ð+�, ×�æ4�¤ %�o�

ü< ×�æ4�¤ X<s�'� ���5Åx�̀¦ ]j��
�%i���.s��Qô�Ç ~½ÓZO�[þt�Ér ß¼>� ì�r½+É(partitioning) ~½ÓZO�õ� #î
½+Ë(merging) ~½Ó

ZO�Ü¼�Ð ½̈ì�r½+É Ãº e����.

ì�r½+É~½ÓZO�\�"f��H"f!Q��y��y��_�|9�_�%ò
%i�[þt�̀¦���u���HÂÒì�rõ�ÕªXO�t�·ú§��HÂÒì�rÜ¼�Ðì�r½+Éô�Ç��.Õª

o��¦, ì�r½+É�)a %ò
%i�[þtõ� "é¶ |9�_�\�¦ �<Êa� G'p"f �̧×¼�Ð ���5Åx
�#� $��©�ô�Ç��. |9�_� %�o���H y�� ì�r½+É�)a %ò
%i�\�

@/K� Ãº'��÷&�¦, |9�_� ���õ���H "f!Q�� G'p"f �̧×¼\�"f #î
½+Ë�)a��. Trigoni et al. [20] amd Yu et al. [24]�Ér G'p

"f �̧×¼_� 0Au�&ñ
�Ð\� @/ô�Ç #3�0A |9�_�\�¦ %�o�
�l� 0AK� s� ~½ÓZO��̀¦ ��6 x
�%i���. s� ~½ÓZO��Ér y�� ��w����Z>�

�Ð %�o��)a ���õ�[þt�̀¦ #î
½+Ë
���� "é¶ |9�_�_� %�o� ���õ�ü< 1lx{9�
�#�, false positive�� µ1ÏÒqt
�t� ·ú§��H����H �©�

&h�s� e����. Õª�Q��, ���u���H �̧|	�s� ú́§�Ér �â
Äº :£¤&ñ
 G'p"f �̧×¼\� $��©�K��� 
���H ��w����_� Ãº�� 7£x��
�>�
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÷&#Q ¹ô�Çכ��9 Û¼�Ðo�t��� &�|9� Ãº e������H éß�&h�s� e����.

#î
½+Ë ~½ÓZO�\�"f��H "f!Q�� ���u���H %ò
%i�s� e����H |9�_�[þt�̀¦ 
���_� |9�_� %ò
%i�Ü¼�Ð #î
½+Ëô�Ç��. Õªo��¦,

#î
½+Ë�)a |9�_�\�¦ G'p"f �̧×¼�Ð ���5Åx
�#� $��©�ô�Ç��. |9�_� %�o���H ���$� #î
½+Ë�)a |9�_�[þt\� @/K�"f Ãº'��÷&�¦

��r� s��ÐÂÒ'� "é¶ |9�_�_� ���õ��Ð ”F�½̈$í
”÷&��H õ�&ñ
�̀¦ ���2;��. s� ~½ÓZO��Ér G'p"f �̧×¼\� $��©�|̈c |9�_� >h

Ãº\�¦ ×�¦e��Ü¼�Ð+�, ��Ãº_� |9�_�\�¦ 1lxr�\� %�o�½+É Ãº e������H �©�&h��̀¦ �������. Õª�Q��, |9�_�[þt�̀¦ #î
½+Ë�<ÊÜ¼

�Ð+�, false alarms� µ1ÏÒqt
���H ë�H]j�� e����. Miuller and Alonso[12]��H #3�0A |9�_�_� predicate[þt�̀¦ q��§
�

#�, �̧��H |9�_�[þt\�"f /BN:�xÜ¼�Ð ��t���H predicate[þt�̀¦ ÆÒØ�¦
��¦, /BN:�x_� predicate[þtëß��̀¦ |9�_� �̧|	�Ü¼�Ð

��t���H éß� 
���_� |9�_�\�¦ ½̈$í

���H ~½ÓZO��̀¦ ]jîß�
�%i���. s� ~½ÓZO�\�"f �̧��H |9�_�[þts� /BN:�xÜ¼�Ð ��t���H

predicates� \O���H �â
Äº, |9�_� �̧|	�s� \O���H éß�{9� |9�_�\�¦ Òqt$í
ô�Ç��. ����"f, s���� �â
Äº\���H false alarms�

ú́§s� µ1ÏÒqt
���H ë�H]j�� e����. Xiang et al. [22, 23]�Ér ���u���H |9�_� %ò
%i�[þt�̀¦ &h�7£x&h�(incremental)Ü¼�Ð #î


½+Ë
��¦, #î
½+Ë ���õ��Ð Òqt$í
�)a |9�_�[þt�̀¦ "é¶ |9�_�[þt @/��� %�o�
���H ~½ÓZO��̀¦ ]jîß�
�%i���. #�l�"f, &h�7£x&h� #î


½+Ë�Ér |9�_�[þt�̀¦ #î
½+Ë
�%i��̀¦ M: µ1ÏÒqt
���H false alarm[þt�̀¦ ���5Åx
�l� 0Aô�Ç q�6 xs� #î
½+Ë
�t� ·ú§��¤�̀¦ M:_�

y��y��_� |9�_�_� ���u���H ÂÒì�r_� ���õ�\�¦ ×�æ4�¤ ���5Åx
�l� 0Aô�Ç q�6 x�Ð�� ß¼t� ·ú§�̀¦ M:��t� Ãº'���)a��. Xiang

et al._� |9�_� %�o� ~½ÓZO��Ér centralized ~½ÓZO�ü< distributed ~½ÓZO�_� �©�&h��̀¦ 1lxr�\� 2[ô�Ç hybrid ~½ÓZO�Ü¼�Ð

"f (7£¤, Bj�̧o� �Óõ¾|¹כ��9 X<s�'� ���5Åx|¾Ó�̀¦ ×�¦s���H ~½ÓZO�) _�p��� e��t�ëß�, �̧��H G'p"f �̧×¼[þt_� 0px§4�s� 1lx

{9�ô�Ç “e�¦Ï?@ô�Ç” G'p"f W1àÔ0>ß¼\�¦ @/�©�Ü¼�Ð 
��¦, �̧��H G'p"f �̧×¼[þts� 1lx{9�
�>� #î
½+Ë�)a |9�_� |9�½+Ë�̀¦ $�

�©��<ÊÜ¼�Ð+�>�8£x&h�G'p"f W1àÔ0>ß¼_� :£¤fç
�̀¦ �Ö̧6 x
�t� 3lw
���H éß�&h�s�e����. �:r �7Hë�H�Ér Xiang et al._�~½Ó

ZO�õ� ��ðøÍ��t��Ð #î
½+Ë ~½ÓZO��̀¦ ��6 x
�t�ëß�, s�\�¦ �Ð�� µ1Ï���r�&�"f >�8£x&h� G'p"f W1àÔ0>ß¼\�"f y�� G'p"f

�̧×¼_� 0px§4�\� ����"f |9�_� #î
½+Ë_� &ñ
�̧\�¦ �̧]X��<ÊÜ¼�Ð+� Bj�̧o� �Óõ¾|¹כ��9 X<s�'� ���5Åx|¾Ó_� �\̈½¹כ ��

�� G'p"f W1àÔ0>ß¼\�¦ ½̈$í
½+É Ãº e������H �©�&h�s� e����. 7£¤, s� ~½ÓZO��Ér Bj�̧o� �Óõ¾|¹כ��9 X<s�'� ���5Åx|¾Ó_�

trade-off\�¦ systematic
�>� �̧&ñ

���H ~½ÓZO��̀¦ ]j/BN½+É Ãº e������H �©�&h��̀¦ �������.

2.2 N�¥� �\� ÈÁ¤n> �¤d"� O3çÃ3Aæ«

G'p"f W1àÔ0>ß¼_� ½©�̧�� &�f��\� ���� �̧��H G'p"f �̧×¼�� 1lx{9�ô�Ç 0px§4��̀¦ ��t���H e�¦Ï?@ô�Ç ½̈�̧\�"f �\¹כ��9

���� y�� >�8£x\� "f�Ð ���Ér 0px§4��̀¦ ����� G'p"f �̧×¼[þt�̀¦ C�u�
���H >�8£x&h� ½̈�̧�� z�́]j 6£x6 x\�"f ú́§s� ��

6 x÷&�¦ e����[21].
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s��Qô�Ç >�8£x&h� Áº��� G'p"f W1àÔ0>ß¼_� @/³ð&h���� \V�Ð��H COSMOS[18]\�"f ���/åLô�Ç G'p"f W1àÔ0>ß¼

��� PASTA(Power Aware Sensing, Tracking and Analysis)ü< SOHAN[4]�̀¦ [þt Ãº e����. PASTA��H &h�_�

¹¡§f��e���̀¦ y��r�
�l� 0Aô�Ç ç�H�� 6£x6 x\�"f ��6 x÷&��H G'p"f W1àÔ0>ß¼�Ð "f!Qü< 20#�>h_� éß�ú́� G'p"f �̧×¼[þt

�̀¦ Óü�#Q"f �'ao�
���H 400#�>h_� ×�æçß� 8£x �̧×¼[þt�Ð ½̈$í
�)a��. SOHAN�Ér �̧�Ð ���©���o�\� C�u��)a G'p"f

�̧×¼[þt�̀¦ ��6 x
�#� �§:�x|¾Ó�̀¦ 8£¤&ñ

���H �§:�x �̂7£x �̧m�'�a�A 6£x6 x\� ��6 x÷&��H G'p"f W1àÔ0>ß¼�Ð, "f!Qü<

200#�>h_� éß�ú́� G'p"f �̧×¼[þt�̀¦ Óü�#Q"f �'ao�
���H 50#�>h_� ×�æçß� 8£x �̧×¼[þt�Ð ½̈$í
�)a��.

s��Qô�Ç >�8£x&h� G'p"f W1àÔ0>ß¼ ½̈�̧��H 6£x6 x_� ½©�̧ü< ��̈½¹כ &�f��\� ���� ·ú¡Ü¼�Ð &h�&h� �8 �Ö̧µ1Ïy�

�Ö̧6 x|̈c �Ü¼�Ð	כ �Ð�����. Õª�Q��, ��f����t� y�� 8£x Z>��Ð G'p"f �̧×¼�� "f�Ð ���Ér 0px§4��̀¦ ���������H :£¤$í
�̀¦

�Ö̧6 x
�#� YO�w�e�¦ |9�_� %�o�\�¦ Ãº'��
���H ��\	כ @/ô�Ç �:r���&h���� ���½̈�� s�ÀÒ#Qt�t� ·ú§�¦ e����. Srivastava

et al. [19]�Ér >�8£x&h� G'p"f W1àÔ0>ß¼\�"f |9�_� %�o�\�¦ Ãº'��½+É M: y�� |9�_� ���íß�[þt�̀¦ #Qb�G>�, #Q�"� �̧×¼\�

"f Ãº'��½+Ét�\� @/ô�Ç ���½̈\�¦ 
�%i���. Õª�Q��, s� ���½̈��H ÅÒ�Ð éß�{9� |9�_� %�o�\� @/K�"f ��ÀÒ�¦ e��l� M:

ë�H\� YO�w�e�¦ |9�_� %�o�\� &h�6 x
�l� #Q�9î�r &h�s� e����. �:r ���½̈\�"f��H >�8£x&h� G'p"f W1àÔ0>ß¼_� :£¤fç
(7£¤,

"f�Ð ���Ér ��"é¶õ� (��ÉÓh�A ��0>\�¦ ����� G'p"f �̧×¼[þt�Ð ½̈$í
�)a ��8£x ½̈�̧[21])�̀¦ �Ö̧6 x
�#� YO�w�e�¦ |9�_�

%�o�\�¦ ò́Ö�¦&h�Ü¼�Ð Ãº'��
���H ~½ÓZO��̀¦ ]jîß�ô�Ç��.

l��� >�8£x&h� Áº��� G'p"f W1àÔ0>ß¼\�"f_� ���½̈�Ð��H ��6£§õ� °ú �Ér ��þts]	כ e����. Áº��� G'p"f W1àÔ0>ß¼

6£x6 x[þts� &h�	�&h�Ü¼�Ð ���ª�K� f��\� ����, 4�¤ú̧�ô�Ç ���íß�õ� @/|¾Ó_� X<s�'�\�¦ %�o�
��¦�� 
���H ��̈½¹כ &�t�

�¦ e����. �Ðîß� y��r��� �§:�x �̂7£x �̧m�'�a�A�̀¦ 0AK� @/|¾Ó_� X<s�'�\�¦ %�o�
���H G'p"f W1àÔ0>ß¼[þts� Õª @/

³ð&h���� \Vs���[18]. s���� G'p"f W1àÔ0>ß¼\�"f��H 
�Bj���� [O�u��)a G'p"f �̧×¼[þts� s�p�t� X<s�'�\�¦ ���5Åx

ô�Ç��. s���� s�p�t� X<s�'���H {9�ìøÍ&h�Ü¼�Ð ß¼l��� &�"f �̧��H X<s�'�\�¦ "f!Q�Ð ���5Åx
���H ��Ér	כ &h�½+Ë
�t�

·ú§l� M:ë�H\�, W1àÔ0>ß¼�©�\�"f X<s�'�\�¦ ���5Åx
���H ×�æ\� s�p�t� %�o�\�¦ Ãº'��
���H ���½̈�� ���'��÷&�¦ e����.

¢̧ 4�¤ú̧�ô�Ç ���íß��̀¦ Ãº'��
���H G'p"f W1àÔ0>ß¼_� \V�Ð��H G'p"f �̧×¼[þt\� @/ô�Ç "f�Ð ���Ér ��6 x��_� ]X���H�̀¦

��6 x��_� �Ý¶ô�Ç\� @/ô�Ç &ñ
�Ð\�¦ ��t��¦ �̧&ñ

���H G'p"f W1àÔ0>ß¼[16]\�¦ [þt Ãº e����. s���� G'p"f W1àÔ0>ß¼\�

"f��H >hZ>� ��6 x��\�¦ d��Z>�
�l� 0AK� v�(key)&ñ
�Ð\�¦ Òqt$í

���H õ�&ñ
\�"f 4�¤ú̧�ô�Ç ���íß��̀¦ ¹�Ðכ��9 ô�Ç��. ��

��"f, °úכ���¦ ±ú��Ér 0px§4�_� G'p"f �̧×¼[þtëß�Ü¼�Ð��H s��Qô�Ç %�o�\�¦ Ãº'��
�l� #Q�90>, �èÃº_� �¦$í
0px G'p"f

�̧×¼[þt\�"f v� &ñ
�Ð\�¦ Òqt$í

���H ~½Ód��Ü¼�Ð >�8£x&h� G'p"f W1àÔ0>ß¼\�¦ �Ö̧6 x
���H ���½̈�� ���'��÷&�¦ e����.
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3 N�¥� �\� �¤d"� O3çÃ3Aæ«Uc"� �\�ë�>�\� %�h�

�:r �©�\�"f��H �:r�7Hë�H\�"f]jr�
���H >�8£x&h�(7£¤, ��8£x ½̈�̧_�)G'p"fW1àÔ0>ß¼\�"f_�|9�_� %�o�~½ÓZO���� &h�

���&h� %�o� ~½ÓZO�_� �̧4Sqõ� ·ú��¦o�7£§�̀¦ ]jr�ô�Ç��.

3.1 Overview

&h����&h� |9�_� %�o�\�"f��H >hÃº��H ú́§t�ëß� �8 ����Ér 0px§4��̀¦ ����� 
�0A8£x_� �̧×¼�� |9�_� %�o�_� {9�ÂÒëß��̀¦

Ãº'��
��¦, >hÃº��H &h�t�ëß� �8 	�H 0px§4��̀¦ ����� �©�0A 8£x_� �̧×¼\�"f 
�0A 8£x\�"f 
�t� 3lwô�Ç %�o�\�¦ Ãº'���<Ê

Ü¼�Ð+� ����̂&h���� %�o� q�6 x�̀¦ systematic
�>� �̧&ñ
ô�Ç��.

Example 1 (N�¥� �\� ÈÁ¤n> �¤d"� O3çÃ3Aæ«Uc"� �\�ë�>�\� %�h��+ Ud) ÕªaË> 1(a)��H >�8£x&h� Áº��� G'p"f W1àÔ

0>ß¼_� \Vs���. þj
�0A 8£x\� Õüw����H ���©� ú́§t�ëß� $í
0px�Ér ���©� ±ú��Ér low-capability G'p"f �̧×¼[þts� e��

�¦ s��þt�Ér]	כ �Ð�� $í
0pxs� Z�}�Ér high-capability G'p"f �̧×¼ü< ������÷&#Q e����. s�M:, "f!Q\�¦ ]jü@ô�Ç �̧��H

G'p"f �̧×¼[þt\�"f ÅÒl�&h�Ü¼�Ð X<s�'�\�¦ G'pdç

� 9, G'pdç
 X<s�'���H �©�0A 8£x_� �̧×¼�Ð relay\�¦ :�xK�"f "f

!Q(base station)��t� ���5Åx�)a��. "f!Q��H þj7áx&h�Ü¼�Ð |9�_� %�o� ���õ�\�¦ ��6 x��\�>� ���²ú�
���H %i�½+É�̀¦ ô�Ç

��.ÕªaË> 1(b)��Hy��8£x_�G'p"f �̧×¼[þts�$��©�
���H|9�_�|9�½+Ë�̀¦�Ð#�ï�r��.s�ÕªaË>\�"f��y��+þA_�%ò
%i�[þt�Ér

#3�0A |9�_�[þt�̀¦ ³ð�&³ô�Ç �,¦��s	כ boundary ��y��+þA�Ér |9�_�\�"f ��6 x÷&��H E�àÔo�ÂÓàÔ[þt�Ð &ñ
_��)a domain

space(7£¤, data space)\�¦ �����·p��. ÕªaË>\�"f "f!Q��H ��6 x���� 1px2�¤ô�Ç "é¶ |9�_� 6>h\�¦ �̧¿º Õª@/�Ð $��©�


��¦ e���¦, ¿º���P: 8£x_� G'p"f �̧×¼[þt(7£¤, high-capability G'p"f �̧×¼[þt)�Ér "é¶ |9�_�\�¦ 2>hm�� #î
½+Ë
�#� 3>h

_�|9�_�ëß��̀¦$��©�ô�Ç��.þj
�0A8£x_�G'p"f �̧×¼[þt(7£¤, low-capabilityG'p"f �̧×¼[þt)�Érs�\�¦��r�#î
½+Ë
�#�

2>h_� |9�_�ëß��̀¦ $��©�ô�Ç��. |9�_� %�o�r�\���H þj
�0A 8£x_� G'p"f �̧×¼\�"f G'pdç
�)a X<s�'���H $��©��)a 2>h_�

|9�_�[þt�̀¦ %�o�
�#� �̧|	�\� ú́���H X<s�'� ëß��̀¦ �©�0A 8£xÜ¼�Ð ���5Åxô�Ç��. �©�0A 8£x_� G'p"f �̧×¼\�"f��H �����

s� G'pdç
ô�Ç X<s�'�ü< 
�0A 8£x_� G'p"f �̧×¼[þt\�"f ���5Åx÷&#Q �:r X<s�'�\� @/K�"f �����s� $��©�
��¦ e����H

|9�_�ëß��̀¦ %�o�
�#� �̧|	�\� ú́���H X<s�'�ëß��̀¦ �©�0A 8£x(7£¤, "f!Q)Ü¼�Ð ���5Åxô�Ç��. s�M:, �©�0A 8£x_� G'p"f �̧

×¼��H 
�0A 8£x_� G'p"f �̧×¼�Ð�� fine granulality�Ð |9�_�\�¦ ��t��¦ e��l� M:ë�H\� 
�0A 8£x\�"f�Ð�� ���5Åx\�

e��#Q"f false alarm�̀¦ ×�¦#� \��-t� �èq�\�¦ ×�¦{9� Ãº e����. "f!Q��H s�XO�>� þj7áx&h�Ü¼�Ð ���5Åx÷&#Q �:r G'p"f

X<s�'�\� @/K� "é¶ |9�_�\�¦ %�o�
��¦ þj7áx ���õ�\�¦ ��6 x��[þt\�>� [�t�9ï�r��.
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(a) 3-tier 계층적 센서 네트워크 (b) 각 tier에서 노드들이 저장하는
merged query 집합
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(서버)
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Low-capability
센서 노드들
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(서버)
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(a) 3-tier 계층적 센서 네트워크 (b) 각 tier에서 노드들이 저장하는
merged query 집합

ÕªaË> 1. >�8£x&h� Áº��� G'p"f W1àÔ0>ß¼ü< &h����&h� %�o�_� \V.

ÕªaË> 1(b)�ÐÂÒ'� �:r �7Hë�H\�"f ��6 x
���H |9�_� $��©� ~½ÓZO�s� {9�ìøÍ&h���� àÔo� ½̈�̧��� ��	�"é¶ Ò�o���_�

%i�(inverted) ½̈�̧\�¦ 2[
��¦ e��6£§�̀¦ ·ú� Ãº e����. 7£¤, ��	�"é¶ Ò�o���\�"f��H àÔo�_� éß�ú́� �̧×¼\� object\�¦

$��©�
��¦ �©�0A �̧×¼�Ð °ú�Ãº2�¤ s�\�¦ Óü�#Q"f abstract
���H �õ���H	כ ìøÍ@/�Ð ]jîß�
���H |9�_� $��©� ½̈�̧��H ÀÒ

àÔ(7£¤, "f!Q)�� ����̂ object\�¦ $��©�
��¦ 
�0A �̧×¼�Ð °ú�Ãº2�¤ s�\�¦ Óü�#Q"f abstract
��¦ e����. �:r �7Hë�H\�

"f��H s��Qô�Ç upside-down :£¤$í
\� l�ìøÍ
�#�, ]jîß�
���H ½̈�̧\�¦ %i� >�8£x |9�_� ½̈�̧(inverted hierarchical

query structure)���¦ ÂÒ�Ér��.

&h����&h� %�o���H %i� >�8£x |9�_� ½̈�̧\�¦ Òqt$í

�l� 0AK�"f >�8£x&h� G'p"f W1àÔ0>ß¼_� y�� 8£xZ>��Ð $��©�½+É

|9�_� |9�½+Ë�̀¦ Òqt$í

���H |9�_� #î
½+Ë õ�&ñ
õ� s�XO�>� Òqt$í
�)a ½̈�̧\�¦ ��6 x
�#� G'pdç
 ���õ�\�¦ %�o�
�#� "f!Q

��t� ���5Åx
���H |9�_� %�o�_� ¿º õ�&ñ
Ü¼�Ð s�ÀÒ#Q�����. |9�_� #î
½+Ë�Ér C�u�(batch)���\O�Ü¼�Ð off-lineÜ¼�Ð Ãº

'��÷& 9, |9�_� %�o���H X<s�'��� Òqt$í
|̈c M:���� on-lineÜ¼�Ð Ãº'�� �)a��. ¢̧ô�Ç, |9�_�[þt�Ér ”&h����&h�”Ü¼�Ð #î


½+Ë÷&#Q þj
�0A8£x_� �̧×¼��t� ���²ú�÷&�¦, G'pdç
�)a X<s�'���H Õª %i�~½Ó�¾ÓÜ¼�Ð ”&h����&h�”Ü¼�Ð �9�'�a�A÷&#Q "f

!Q��t� ���²ú��)a��. |9�_� #î
½+Ë õ�&ñ
\�"f��H ���$� |9�_�[þt_� minimum bounding rectangle(MBR)�̀¦ ½̈
��¦

s�\�¦ #î
½+Ë�)a |9�_��Ð ³ð�&³ô�Ç��.s�M:, ×�æ¹כô�Ç ��Ér	כ |9�_�[þt�̀¦ þj7áx&h�Ü¼�Ð Y>�>h_� MBR�Ð #î
½+Ë
�#� ³ð�&³

½+É t�\�¦ &ñ

���H �,Ü¼�Ð	כ s�M: &ñ
K���� >hÃº�� \��-t� �èq�|¾Óü< Û¼�Ðo�t� ��6 x|¾Óçß�_� trade-off\� %ò
�¾Ó�̀¦

p��2;��. 7£¤, ú́§�Ér |9�_�[þt�̀¦ #î
½+Ë½+ÉÃº2�¤, G'p"f �̧×¼�� |9�_�\�¦ $��©�
�l� 0AK� ��6 x
���H Û¼�Ðo�t���H ×�¦{9�

Ãº e��Ü¼�� false alarms� µ1ÏÒqt
�#� \��-t� �èq�|¾Ó�Ér &������. �:r �©�\�"f��H Äº��� |9�_�[þt�̀¦ Y>�>h�Ð #î
½+Ë½+É

t� p�o� &ñ
K�4R e�����¦ ��&ñ

��¦ �̧4Sqõ� ·ú��¦o�7£§�̀¦ ]jr�ô�Ç��. Õªo��¦ ]j 4�©�\�"f ÅÒ#Q��� q�6 x �̧4Sq\�

����"f #î
½+Ë &ñ
�̧\�¦ #Qb�G>� &ñ
K��� optimals� ÷&��Ht� ì�r$3�&h�Ü¼�Ð ]jr�ô�Ç��.
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|9�_� %�o� õ�&ñ
\�"f��H "f!Q\�¦ ]jü@ô�Ç �̧��H G'p"f �̧×¼[þt�Ér �����s� G'pdç
ô�Ç X<s�'�ü< 
�0A 8£x_� �̧

×¼[þt�ÐÂÒ'� ~ÃÎ�Ér X<s�'��� $��©�
��¦ e����H #î
½+Ë�)a |9�_�_� �̧|	�\� ëß�7á¤÷&��� s�\�¦ �©�0A8£x_� �̧×¼�Ð ���5Åx

ô�Ç��. �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO�\�"f��H �©�0A8£x_� �̧×¼�Ð °ú�Ãº2�¤ �Ð�� ú́§�Ér Ãº_� (7£¤, fine granularity)

|9�_�\�¦ $��©�
�l� M:ë�H\�, |9�_� ���õ�_� &ñ
SX��̧�� &h�&h� �8 Z�}��4R"f |9�_� ���õ��� &h����&h�Ü¼�Ð %3�#Q�������H

:£¤fç
�̀¦ �������.

3.2 ��
�+ %�h� �¿D�f

���$�, �:r �7Hë�H\�"f ��ÀÒ��H >�8£x&h� G'p"f W1àÔ0>ß¼\� @/K�"f ��[jy� [O�"î

��¦ s�\�¦ &ñ
+þA&h�Ü¼�Ð &ñ
_�ô�Ç

��. Äºo��� ��&ñ
ô�Ç G'p"f W1àÔ0>ß¼_� ½̈�̧��H ��6£§õ� °ú ��. �̧��H G'p"f �̧×¼[þt�Ér "f!Q\�¦ ÀÒàÔ�Ð 
���H àÔ

o�+þAI��Ð ������÷&#Q e��Ü¼ 9, °ú �Ér depth\� 0Au�ô�Ç G'p"f �̧×¼[þtz�o� 
���_� 8£x�̀¦ s�ê�r��. àÔo�_� þj
�0A

8£x\� 0Au�ô�Ç G'p"f �̧×¼[þt÷�rëß� ��m��� ×�æçß� 8£x_� G'p"f �̧×¼[þt�̧ �̧¿º X<s�'�\�¦ G'pdç

��¦, y��y�� G'pdç
�)a

X<s�����H Áº��� W1àÔ0>ß¼\�¦ :�xK�"f �©�0A 8£x_� G'p"f �̧×¼�Ð ���5Åx÷&��H ~½Ód��Ü¼�Ð "f!Q��t� ���²ú��)a��. 1lx{9�

8£x_� G'p"f �̧×¼[þt�Ér 1lx{9�ô�Ç 0px§4��̀¦ �������. 7£¤, 1lx{9�ô�Ç Bj�̧o� 6 x|¾Óõ� battery 6 x|¾Ó�̀¦ �������.Õªo��¦,

"f!Q\� ����î�r 8£x_� �̧×¼{9�Ãº2�¤ �8 	�H 0px§4�, 7£¤ �8 	�H battery 6 x|¾Óõ� Bj�̧o� 6 x|¾Ó�̀¦ �������.  »	·¡­#�"f,

1lx{9�ô�Ç 8£x\� 0Au�ô�Ç �̧��H �̧×¼[þt�Ér �̧¿º °ú �Ér |9�_� |9�½+Ë�̀¦ $��©�ô�Ç��. �:r �7Hë�H\�"f��H >�8£x&h� G'p"f W1àÔ

0>ß¼\�¦ &ñ
_� 1õ� °ú s� &ñ
+þA&h�Ü¼�Ð &ñ
_�ô�Ç��.

Definition 1 (N�¥� �\� �¤d"� O3çÃ3Aæ«) >�8£x&h� G'p"f W1àÔ0>ß¼��H Z�}s��� h��� àÔo� T = (V,E)�Ð ³ð�&³�)a

��. #�l�\�"f, V��H ÀÒàÔ�� "f!Q��� W1àÔ0>ß¼�©�\� 0Au�ô�Ç G'p"f �̧×¼[þtõ� "f!Q_� |9�½+Ës� 9, E��H G'p"f �̧

×¼ü< Õª G'p"f �̧×¼_� ÂÒ�̧ G'p"f �̧×¼(<�Ê�Ér "f!Q)çß�_� Áº��� �������̀¦ ³ð�&³
���H \�t�(edge)[þt_� |9�½+Ës���.

àÔo� T_� y�� ith 8£x (1 ≤ i ≤ h)_� �̧×¼\�¦ nodei���¦ 
��¦, nodei_� Û¼�Ðo�t� 6 x|¾Óõ� \��-t� 6 x|¾Ó�̀¦ y��

y�� siõ� eis����¦ Ùþ¡�̀¦ M:, >�8£x&h� G'p"f W1àÔ0>ß¼��H sj < skü< ej < ek��� �'a>�\�¦ ëß�7á¤ô�Ç��(1 ≤ j < k ≤

h).

�:r �7Hë�H\�"f��H s��Qô�Ç >�8£x&h� G'p"f W1àÔ0>ß¼\�"f_� |9�_� +þAI��Ð #3�0A |9�_�\�¦ ��ê�r��. |9�_�_� E�

àÔo�ÂÓàÔ[þt(7£¤, |9�_�\� "î
r��)a E�àÔo�ÂÓàÔ[þt)�̀¦ »¡¤Ü¼�Ð 
���H ��	�"é¶ data space\�¦ ��&ñ
Ùþ¡�̀¦ M:, |9�_�

��H s� ��	�"é¶ data space�©�_� hyper rectangle %ò
%i�Ü¼�Ð ³ð�&³�)a��. #3�0A |9�_�_� &ñ
+þA&h���� &ñ
_���H Lim et

al.[9]_� #3�0A |9�_� &ñ
_�\�¦ ���Ér��.
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&h����&h� |9�_� %�o�_� 'Í	���P: éß�>���� ��
�+ ÄZ�TÒ¼�Ér #î
½+Ë½+É |9�_�[þt�̀¦ �̧¿º Ñüt�Q����H MBR�̀¦ ¹1Ô��H ~½Ó

ZO�Ü¼�Ð Ãº'���)a��. s�M:, |9�_� #î
½+Ë�̀¦ &h����&h�Ü¼�Ð Ãº'��ô�Ç����H _�p���H 
�0A 8£xÜ¼�Ð °ú�Ãº2�¤ &h�&h� �8 ú́§�Ér

|9�_�[þt�̀¦#î
½+Ëô�Ç����H��0
,�p�ô�Ç��.����"f_¦̀�	כA8£x{9�Ãº2�¤|9�_�%ò
%i�_�ß¼l���H&�t���HìøÍ���,$��©�÷&��H

|9�_�_� >hÃº��H ����������. s�M:, �©�0A8£x �̧×¼_� |9�_�\�¦ #î
½+Ë
�#� 
���_� MBR�Ð ³ð�&³ô�Ç |9�_�\�¦ merged

query�� 
��¦, ith 8£x_� y�� �̧×¼\� $��©�|̈c merged query[þt_� |9�½+Ë�̀¦ Qi�� ô�Ç��. Õª�Q���, 8£xZ>� merged

query[þt_� |9�½+Ë�Ér ÕªaË> 2\�"fü< °ú s� %i� >�8£x |9�_� ½̈�̧�Ð ³ð�&³�)a��. s� ÕªaË>\�"f �o¶ú�³ð��H |9�_�[þts�

#î
½+Ë÷&��H í�H"f\�¦ �����,Ü¼�Ð	כ �o¶ú�³ð_� ¡óo�\� 0Au�ô�Ç |9�_�[þts� ��6£§ 8£x_� �o¶ú�³ð  Qo�\� 0Au�ô�Ç |9�_�

\�¦ Òqt$í

�l� 0AK� #î
½+Ë�)a����H �¦̀�	כ >pwô�Ç��. ÕªaË>_� \V\�"f, 18£x_� |9�_� q1,1�Ér q1,2, q1,3ü< �<Êa� #î
½+Ë÷&

#Q 28£x_� |9�_� q2,1s� �)a��.

q1,1 q1,2 q1,3 q1,4 q1,5 q1,6 q1,7
q2,1 q2,2 q2,3(=q1,6) q2,4(=q1,7)
q3,1(=q2,1) q3,2 q3,3(=q2,4)

QQQQ1 1 1 1 ::::
QQQQ2 2 2 2 ::::
QQQQ3 3 3 3 ::::

1111
2222
3333

TierTierTierTier QueryQueryQueryQuerySetSetSetSet q1,1 q1,2 q1,3 q1,4 q1,5 q1,6 q1,7
q2,1 q2,2 q2,3(=q1,6) q2,4(=q1,7)
q3,1(=q2,1) q3,2 q3,3(=q2,4)

QQQQ1 1 1 1 ::::
QQQQ2 2 2 2 ::::
QQQQ3 3 3 3 ::::

1111
2222
3333

TierTierTierTier QueryQueryQueryQuerySetSetSetSet

ÕªaË> 2. &h����&h� |9�_� #î
½+Ë_� \V.

|9�_� #î
½+Ë�Ér |9�_� |9�½+Ë ����̂\�¦ "f�Ð disjointô�Ç |9�_� |9�½+Ë[þt�Ð ��w����Ùþ¡�̀¦ M:, ��w�����)a |9�_� |9�½+Ë

y��y���̀¦ #î
½+Ë
���H �Ü¼�Ð�̧	כ ³ð�&³|̈c Ãº e����. ÕªaË> 3�Ér ÕªaË> 2\� e����H 7>h_� |9�_�\�¦ ³ð�&³
��¦ e����. \V\�¦

[þt#Q, ÕªaË> 2_� |9�_� q2,1��H ÕªaË> 3_� Q2\�"f ��w�����)a |9�_� |9�½+Ë {q1,1, q1,2, q1,3} \� @/6£x�)a��. s��Qô�Ç

��w�����Ér 
�0A8£xÜ¼�Ð °ú�Ãº2�¤ �8 coarserK������.

X<s�'� element(7£¤, �̧×¼�� G'pdç
ô�Ç °úכ)��H |9�_�_� E�àÔo�ÂÓàÔ[þt\� _�K� &ñ
_�÷&��H ��	�"é¶ data

space�©�\�"f &h�(point)Ü¼�Ð ³ð�&³�)a��.
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Tier         Query SetTier         Query SetTier         Query SetTier         Query Set1 Q1 :       {{q1,1},{q1,2},{q1,3},{q1,4},{q1,5},{q1,6},{q1,7}}2 Q2 :       {{q1,1,q1,2,q1,3},{q1,4,q1,5},{q1,6},{q1,7}}3 Q3 :       {{q1,1,q1,2,q1,3},{q1,4,q1,5,q1,6},{q1,7}}
Tier         Query SetTier         Query SetTier         Query SetTier         Query Set1 Q1 :       {{q1,1},{q1,2},{q1,3},{q1,4},{q1,5},{q1,6},{q1,7}}2 Q2 :       {{q1,1,q1,2,q1,3},{q1,4,q1,5},{q1,6},{q1,7}}3 Q3 :       {{q1,1,q1,2,q1,3},{q1,4,q1,5,q1,6},{q1,7}}

ÕªaË> 3. &h����&h� ��w���� #î
½+Ë_� \V.

Definition 2 (PLl�'a element) G'p"f �̧×¼�� |9�_�\� l�Õüt�)a d>h_� E�àÔo�ÂÓàÔ[þt a1, a2, ..., ad_� °úכ

[þt�ÐÂÒ'� X<s�'� element\�¦ Òqt$í
ô�Ç���¦ ��&ñ

���. Õª�Q���, y��y��_� X<s�'� element��H E�àÔo�ÂÓàÔ[þt a1,

a2, ..., ad\� @/6£x
���H d>h 	�"é¶ »¡¤[þt_� Cartesian product�Ð &ñ
_�÷&��H d-	�"é¶ /BNçß�\�"f &h�Ü¼�Ð ³ð�&³�)a

��.

��
�+ %�h���H ÅÒ#Q��� |9�_�\� @/K�"f X<s�'� point�� |9�_�%ò
%i�?/\� �í�<Ê÷&��Ht�\�¦ óøÍéß�ô�Ç��. 7£¤,

point�Ð ³ð�&³�)a X<s�'� °úכs� %ò
%i�Ü¼�Ð ³ð�&³�)a |9�_� %ò
%i�\� 5Åq
���Ht�\�¦ óøÍéß�ô�Ç��. &h����&h� X<s�'� �9�'�

a�A�Ér %i� >�8£x |9�_� ½̈�̧\� ���� þj
�0A 8£x_� �̧×¼�ÐÂÒ'� þj�©�0A 8£x_� �̧×¼("f!Q)�Ð X<s�'�\�¦ ���5Åx
����

"f, #3�0A |9�_�_� predicate�̀¦ î̈
��(evaluation)ô�Ç ���õ�\� ���� X<s�'� element\�¦ �9�'�a�A
���H %�o� ~½ÓZO�

s���.

ÕªaË> 4��H %�o� ~½ÓZO�_� \V\�¦ �Ð#� ï�r��. s� ÕªaË>\�"f �o¶ú�³ð��H X<s�'�_� âì2£§�̀¦ �����·p��. �o¶ú�

³ð_� ¡óo�\� 0Au�ô�Ç |9�_�_� predicate�̀¦ X<s�'� element(v)�� ëß�7á¤½+É M:, Õª X<s�'� element��H �o¶ú�³ð

_�  Qo��� ��o�v���H �©�0A8£x_� |9�_�\�>� ���5Åx�)a��. ÕªaË>_� \V\�"f��H "f!Q\� $��©��)a |9�_� q1,1s� X<s�'�

element v\�¦ |9�_� ���õ��Ð 
�>� �)a��.

��6£§ �©�\�"f��H s��Qô�Ç �̧4Sq�̀¦ ��6 x
�#� &h����&h�Ü¼�Ð |9�_�\�¦ %�o�
���H ·ú��¦o�7£§[þt\� @/K�"f [O�"î


ô�Ç��.

3.3 ��
�+ ÄZ�TÒ¼ ��� ��
�+ %�h� N±Ó�§h�¤æ̧

�\�ë�>�\� ��
�+ ÄZ�TÒ¼ N±Ó�§h�¤æ̧

&h����&h� |9�_� #î
½+Ë ·ú��¦o�7£§�Ér y�� ith 8£x\� $��©�½+É ß¼l� Ci_� merged query |9�½+Ë Qi\�¦ Òqt$í
ô�Ç��. s�M:,

�:r ·ú��¦o�7£§_� 3lq³ð��H G'p"f �̧×¼_� ]jô�Ç�)a Bj�̧o� 6 x|¾Ó�̀¦ �¦�9
�#�, |9�_� %�o� q�6 xs� þj�è�� ÷&�̧2�¤
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q1,1 q1,2 q1,3 q1,4 q1,5 q1,6 q1,7
q2,1 q2,2 q2,3 q2,4
q3,1 q3,2 q3,3

QQQQ1 1 1 1 ::::
QQQQ2 2 2 2 ::::
QQQQ3 3 3 3 ::::

1111
2222
3333

TierTierTierTier QueryQueryQueryQuerySetSetSetSet

v = (5,9)

q1,1 q1,2 q1,3 q1,4 q1,5 q1,6 q1,7
q2,1 q2,2 q2,3 q2,4
q3,1 q3,2 q3,3

QQQQ1 1 1 1 ::::
QQQQ2 2 2 2 ::::
QQQQ3 3 3 3 ::::

1111
2222
3333

TierTierTierTier QueryQueryQueryQuerySetSetSetSet

v = (5,9)
ÕªaË> 4. &h����&h� |9�_� %�o�_� \V.


���H Ci>h_� merged query\�¦ Òqt$í

���H �.���s	כ :£¤&ñ
 merged query_� |9�½+Ë Qi\� @/K�"f |9�_� %�o� q�

6 xs� \O����� |̈ct�\�¦ \V8£¤
�l���H B�Äº #Q§>���. s���H |9�_� %�o� q�6 x\� ��Äºh�A 1px_� W1àÔ0>ß¼\� _��>r&h�

��� ¹�è[þtכ ÷�rëß� ��m���, |9�_�_� ì�r�í, X<s�'�_� ì�r�í 1px_� ·ú��9t�t� ·ú§�Ér �¹�è[þtsכ �'a#�
�l� M:ë�Hs���.

�:r �7Hë�H\�"f��H X<s�'� �9�'�a�A õ�&ñ
\�"f ¹ô�Çכ��9 X<s�'� ���5Åx�ª��̀¦ '���̧�Ð 
�#� s�\�¦ éß�í�H�oô�Ç Xiang et

al.[22]\�"f_� �̧4Sq�̀¦l��:rÜ¼�Ð
�#�Bj�̧o� ��6 x|¾Ó�̀¦�¦�9
��̧2�¤s�\�¦SX��©�ô�Ç��. Xiang et al.s�]jîß�ô�Ç

�̧4Sq\�"f��H #î
½+Ë÷&��H ¿º>h_� |9�_� çß�\� "f�Ð ���u���H %ò
%i���� ���gË> %ò
%i�(overlap region)_� ß¼l�ü< MBR

�Ð Óü�%3��̀¦ M: false alarm�̀¦ µ1ÏÒqtr�v���H %ò
%i���� º¡¤�Ér %ò
%i�(dead region)_� ß¼l�\�¦ >�íß�Ü¼�Ð ½̈
��¦, ���

gË>%ò
%i�(O)õ� º¡¤�Ér%ò
%i�(D)_� 	�s�, 7£¤ O-D\�¦ q�6 xÜ¼�Ð 
�#�, s�\�¦ þj@/�� ÷&�̧2�¤ 
���H ~½Ó�¾ÓÜ¼�Ð #î
½+Ë

�̀¦ Ãº'��ô�Ç��. s���H ���²DG /BN:�x÷&��H %ò
%i�s� ú́§�Ér |9�_�\�¦ |9�_�[þtz�o� #î
½+Ë
���H �Ü¼�Ð"f	כ X<s�'� ���5Åx�ª��̀¦

×�¦s���HX< e��#Q"f ½+Ëo�&h���� '���̧s���.

]jîß�
���H ·ú��¦o�7£§�Ér s��Qô�Ç '���̧\�¦ l�ìøÍÜ¼�Ð greedy
�>� #î
½+Ë�̀¦ Ãº'��ô�Ç��. C�u� %�o�r�, #î
½+Ë

�)a |9�_�[þtõ� #î
½+Ë÷&t� ·ú§��H |9�_�[þt �̧¿º\� @/K�"f, "f�Ð ���Ér 2>h_� |9�_� qi ü< qj ×�æ\�, O(qi, qj) −

D(qi, qj)_� °úכs� ���©� 	�H |9�_�[þt�̀¦ ���$� #î
½+Ëô�Ç��. Xiang et al.[22]s� ]jîß�ô�Ç &ñ
Õþ�\�"f O(qi, qj) −

D(qi, qj) ≥ 0\�¦ ëß�7á¤
���H |9�_�_� �©�[þtëß� �¦�9ô�Ç &h�ëß� ]jü@
��¦, ]jîß�ô�Ç &ñ
Õþ��Ér Xiang et al.[22]_� &ñ
Õþ�

õ� 1lx{9�
���. ]jîß�
���H &ñ
Õþ�\�"f threshold °úכ��� 0\�¦ ��6 x
�t� ·ú§��H s�Ä»��H |9�_�\�¦ $��©�
�l� 0AK� ��6 x

÷&��H G'p"f �̧×¼_� Bj�̧o� 6 x|¾Ó�̀¦ �¦�9
�l� 0A�<Ês���. 7£¤, merged query[þt_� �ª�s� &�"f G'p"f �̧×¼_� Bj
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�̧o�\� �̧¿º $��©�½+É Ãº \O���H �â
Äºü< Ø�æì�rô�Ç Bj�̧o��� e����H@/�̧ |9�_�\�¦ #î
½+Ë
�#� $��©��<ÊÜ¼�Ð+� Ô�¦�9¹כ�

ô�Ç X<s�'�\�¦ ���5Åx
���H �â
Äº�� µ1ÏÒqt½+É Ãº e��l� M:ë�Hs���. �����_� �â
Äº, ]jîß�
���H ~½ÓZO�\�"f��H |9�_� %�o�

q�6 x�̀¦�<HK��Ð���"f,z����e����H|9�_�[þt×�æ\�Y>�Y>��̀¦y©�]j�Ð#î
½+Ëô�Ç��.Õªo��¦,Êê��_��â
Äº,Bj�̧o� ��6 x

|¾Ó q�6 x�̀¦ �<HK��Ð���"f, �8 ú́§�Ér |9�_�\�¦ �̧×¼\� $��©��Ð2�¤ 
�#� X<s�'� ���5Åx�ª��̀¦ ×�¦�����. Õª�Q��, Xiang

et al.[22]s� ]jîß�ô�Ç ~½ÓZO�\�"f��H s��Qô�Ç Bj�̧o� ]j����̧|	��̀¦ �¦�9
�t� ·ú§��H��.Algorithm Progressive Query MergingProgressive Query MergingProgressive Query MergingProgressive Query MergingInput:Input:Input:Input: (1) Q={q1, q2,…, qn}: 병합할 질의들의 집합(2) h:    센서 네트워크의 height  (3) K={k1, k2, …, kh}: 센서 노드에 저장될 층 별 merged query 개수의 집합 /* k1 ≥ k2 ≥ … ≥ kh 이고, k1=n */Output:Output:Output:Output: {Q’2, …, Q’h}: 2층부터 h층까지의 merged query들의 집합Algorithm:Algorithm:Algorithm:Algorithm:Begin1. For tier t = 2 to h begin2.    Qt’ = Qt-1’ /* Q’1 = Q */3.    repeat4.       i=0,1,…,|Qt’| and j=0,1,…,|Qt’| (j < i)에 대해 O(qi,qj) – D(qi,qj)가 최대인질의의 쌍 qi와 qj를 찾는다; qi와 qj를 Qt’에서 제거한 뒤에 병합한다;       5.        Merged query를 Q’t.에 삽입한다.6.     until (|Q’t| ≤ kt)7. end8.  Return {Q’2, …, Q’h}End
ÕªaË> 5. &h����&h� |9�_� #î
½+Ë ·ú��¦o�7£§.

ÕªaË> 5��H progressive query merging ·ú��¦o�7£§�̀¦ �Ð#� ï�r��. s� ·ú��¦o�7£§�Ér "é¶ |9�_� |9�½+Ë Q, ½̈$í


½+É >�8£x&h� G'p"f W1àÔ0>ß¼_� height h, y�� 8£x Z>��Ð �̧×¼\� $��©�½+É merged query_� >hÃº_� |9�½+Ë K\�¦ {9�§4�

Ü¼�Ð ~ÃÎ��"f y�� 8£xZ>��Ð �̧×¼\� $��©�½+É merged query_� |9�½+Ë[þt�̀¦ Òqt$í
ô�Ç��.|9�_� #î
½+Ë õ�&ñ
(line 3∼6)\�

"f��H �̧��H |9�_� �©�\� @/K�, overlap region(O)õ� dead region(D)_� 	�s�, 7£¤ O−D\�¦ >�íß�
��¦, s� °úכs�

þj@/�� ÷&��H |9�_� �©��̀¦ ¹1Ô�� #î
½+Ëô�Ç��. s� õ�&ñ
�Ér y�� tth 8£x\� @/K�"f merged query |9�½+Ë_� ß¼l��� kt��

|̈c M:��t� ìøÍ4�¤ Ãº'���)a��. þj7áx&h�Ü¼�Ð ���õ�\�¦ o����ô�Ç��(line 8).
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�\�ë�>�\� ��
�+ %�h� N±Ó�§h�¤æ̧

|9�_� %�o� õ�&ñ
�Ér �̧×¼\�"f G'pdç
ô�Ç X<s�'�ü< 
�0A 8£x_� �̧×¼[þt�ÐÂÒ'� ���5Åx÷&#Q �:r X<s�'��ÐÂÒ'�

(merge�)a) query[þt�̀¦ëß�7á¤
���H��0©��#�
þtëß��̀¦�9�'�a�A]	כA8£x_� �̧×¼�Ð��r����5Åx
���H%i�½+É�̀¦Ãº'��ô�Ç��.

ÕªaË> 6�Ér &h����&h� |9�_� %�o� ·ú��¦o�7£§�̀¦ �����·p��.]jîß�
���H &h����&h� |9�_� %�o� ·ú��¦o�7£§�Ér y�� X<s�'� x9�

|9�_� Z>��Ð Ãº'���)a��. ����"f, |9�_� %�o� r�çß�_� �'a&h�\�"f �:r����� ���è q�ò́Ö�¦&h�{9� Ãº e����. Õª�Q�� |9�

_� %�o� r�çß��Ér �:r �7Hë�H\�"f ��ÀÒ��H ÅÒ¹כô�Ç q�6 x��� energy x9� storage q�6 xõ���H independentô�Ç q�6 xs�

Ù¼�Ð, r�çß�&h���� 8£¤���\�"f |9�_�\�¦ ò́Ö�¦&h�Ü¼�Ð %�o�
���H ·ú��¦o�7£§�Ér #�l�"f ��ÀÒt� ·ú§��H��.Algorithm Progressive Query ProcessingProgressive Query ProcessingProgressive Query ProcessingProgressive Query ProcessingInput:Input:Input:Input: (1) Qt ={q1, q2,…, qm}:   t번째 tier에 위치한 임의의 sensor node s에 저장된set of merged queries(2) Dt ={d1, d2,…, dn}:   sensor node s가 생성한 data(3) Rt+1={r1, r2, …, ro}: sensor node s가 (t+1)번째 tier의 child sensor node들로부터질의 처리 결과로서 수신한 dataOutput:Output:Output:Output: Rt={r’1, …, r’k}: sensor node s가 질의 처리한 결과로, (t-1)번째 tier에 위치한 parent sensor node로 전송할 data (Rt ⊆ (Dt ∪ Rt+1))Algorithm:Algorithm:Algorithm:Algorithm:Begin1.  D = Dt ∪ Rt+12.  For each data element ei in D begin3.    For each query qj in Qt begin4.      if ei 의 value가 qj의 query region에 속하면 begin5.        Insert ei into Rt. 6.        break                /* line 3의 loop를 탈출함 */7.      end  8. end9.  end 10. Return RtEnd
ÕªaË> 6. &h����&h� |9�_� %�o� ·ú��¦o�7£§.

&h����&h� |9�_� %�o� ·ú��¦o�7£§\�"f tth 8£x_� G'p"f �̧×¼��H �����s� G'pdç
ô�Ç X<s�'���� Dt ÷�rëß� ��m��� ��

���_� ���Ð 
�0A8£x, 7£¤ (t + 1)th 8£x_� |9�_� %�o� ���õ���� Rt+1�̀¦ {9�§4�Ü¼�Ð ~ÃÎ�� |9�_� %�o�_� @/�©�s� ÷&��H

X<s�'��Ð �����H��(line 1). Õªo��¦, |9�_� #î
½+Ë ·ú��¦o�7£§_� ���õ��Ð Òqt$í
�)a merged query |9�½+Ë Qtü< q��§


�#� ���õ��Ð ���̀¦ Ãº e����H {9�§4�ëß��̀¦ ���×þ�
��¦(line 2∼9), Õª ���õ�\�¦ Rt�Ð 
�#� �©�0A 8£x, 7£¤ (t− 1)th 8£x

\� e����H �����_� ÂÒ�̧ �̧×¼\�>� ���²ú�ô�Ç��. s��Qô�Ç õ�&ñ
�Ér þj
�0A 8£x_� G'p"f �̧×¼�Ð ÂÒ'� þj�©�0A_� "f!Q
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��t� F�)
&h�Ü¼�Ð Ãº'��÷&�¦ s�\�¦ :�xK�"f þj7áx&h�Ü¼�Ð |9�_� ���õ�\�¦ %3��̀¦ Ãº e����.

�:r �©�\�"f��H y��y��_� 8£x_� G'p"f �̧×¼[þts� Y>�>h_� merged query\�¦ $��©�K��� 
���Ht� s�p� ·ú��¦ e����

�¦ ��&ñ

��¦ ·ú��¦o�7£§�̀¦ ]jr�
�%i���. ��6£§ �©�\�"f��H 6£x6 xõ� ��6 x��\� _�K� ÅÒ#Q��� #��Q parameter[þt

\� ����"f þj���_� merged query >hÃº\�¦ ½̈
���H þj&h��o ~½ÓZO��̀¦ ]jr�ô�Ç��.

4 Analysis

�:r �©�\�"f��H >�8£x&h� G'p"f W1àÔ0>ß¼\�¦ [O�>�
�l� 0AK� y�� 8£x\�"f $��©�½+É merged query_� optimal >hÃº\�¦

ì�r$3�&h�Ü¼�Ð ½̈
���H ~½ÓZO��̀¦ ]jr�ô�Ç��. ���$� 4.1]X�\�"f��H q�6 x �̧4Sq�̀¦ ]jr�
��¦ 4.2]X�\�"f��H s�\�¦ þj&h�

�o
���H ~½ÓZO��̀¦ ]jr�ô�Ç��.

4.1 Cost model

�:r �7Hë�H\�"f��H |9�_�\�¦ $��©�
�l� 0AK�"f ¹ô�Çכ��9 Û¼�Ðo�t� q�6 xõ� ���õ�\�¦ ���5Åx
�l� 0AK�"f ¹ô�Çכ��9 \��-

t� q�6 x_� weighted sum�̀¦ q�6 x �̧4Sq�Ð ��6 xô�Ç��. s�M:, Û¼�Ðo�t� q�6 xÜ¼�Ð��H �̧��H G'p"f �̧×¼[þt_� Bj

�̧o� ��6 x|¾Ó_� 8úx½+Ë�̀¦, Õªo��¦ \��-t� q�6 xÜ¼�Ð��H |9�_� %�o�r� µ1ÏÒqt
���H X<s�'� ���5Åx|¾Ó_� 8úx½+Ë�̀¦ ��6 x

ô�Ç��.1

d�� 1��H q�6 x �̧4Sq�̀¦ ³ð�&³ô�Ç �<ÊÃº��� weightd sum�̀¦ �����·p��.

weighted sum = α · 8úx X<s�'� ���5Åx|¾Ó + 8úx Bj�̧o� ��6 x|¾Ó (1)

where α = ��6 x��\� _�K� ÅÒ#Q��� scale factor

s� Ãºd��\�"f α��H \��-t� �èq�|¾Óõ� Û¼�Ðo�t� ��6 x|¾Ó_� ×�æ¹�̧כ\�¦ &ñ

���H weight °úכÜ¼�Ð ��6 x���� #QÖ¼

q�6 x�̀¦ �8 ×�æ¹כ
�>� �Ð��H ��\� ���� ���Ér °úכs� ÅÒ#Q�����. 7£¤, \��-t�_� �èq��� �8 ×�æ¹כô�Ç 8̈��â
\�"f��H α

°úכÜ¼�Ð 	�H °úכs� ÅÒ#Qt��¦, Û¼�Ðo�t�_� ��6 xs� �8 ×�æ¹כô�Ç 8̈��â
\�"f��H �©�@/&h�Ü¼�Ð ����Ér °úכs� ÅÒ#Q�����.

�:r �7Hë�H\�"f��H \��-t� �èq�|¾Óõ� Û¼�Ðo�t� ��6 x|¾Ó_� trade-off\�¦ 0AK�, ¿º q�6 x[þt_� ×�æ¹�̧כ\�¦ 1lx1px
�>�


���H α °ú̀�כ¦ &ñ

�#� s�\�¦ l�ï�r α�� ÂÒØÔ�¦, α0�Ð ³ðr�ô�Ç��. α0��H "f�Ð ���Ér scale�̀¦ ��6 x
���H ¿º q�6 x

çß�\� ç�H+þA�̀¦ ú́�ÆÒ��H °úכÜ¼�Ð"f s�\�¦ l�ï�rÜ¼�Ð 
�#� 6£x6 x\� ú́���H &h�½+Ëô�Ç α °ú̀�כ¦ &ñ

���HX< guidelineÜ¼�Ð
1�:r �7Hë�H\�"f��H X<s�'� ���5Åx|¾Ó_� 8úx½+Ëõ� Bj�̧o� ��6 x|¾Ó_� 8úx½+ËÜ¼�Ð byte éß�0A�Ð 8̈�íß��)a °ú̀�כ¦ ��6 xô�Ç��.
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��6 xô�Ç��. d�� 2��H α0_� &ñ
_�\�¦ �����·p��.

α0 =
8úx Bj�̧o� ��6 x|¾Ó_� þj@/°úכ

8úx X<s�'� ���5Åx|¾Ó_� þj@/°úכ
(2)

d�� 2\�"f, 8úx X<s�'� ���5Åx|¾Ó_� þj@/°úכ�Ér "é¶ |9�_�\�¦ �̧¿º #î
½+Ë
�#� 
���_� |9�_�ëß��̀¦ �̧��H G'p"f �̧×¼[þt

\� $��©�ô�Ç �â
Äº, |9�_� %�o�r� µ1ÏÒqt
���H X<s�'� ���5Åx|¾Ó_� 8úx ½+Ë�̀¦ �����·p��. 8úx Bj�̧o� ��6 x|¾Ó_� þj@/°úכ

�Ér ÅÒ#Q��� |9�_�\�¦ Õª@/�Ð �̧��H G'p"f �̧×¼[þt\� $��©�
�l� 0AK�"f ¹ô�Çכ��9 Bj�̧o� ��6 x|¾Ó_� 8úx ½+Ë�̀¦ ����

�·p��. 7£¤, α0��H worst case_� Bj�̧o� ��6 x|¾Ó�̀¦ worst case_� X<s�'� ���5Åx|¾ÓÜ¼�Ð ��è�H °úכs� �)a��.

d�� 1\�"f, 8úx Bj�̧o� ��6 x|¾Ó�Ér 8£xZ>��Ð G'p"f �̧×¼[þt\� $��©�÷&��H |9�_�[þt_� 6 x|¾Ó\� _�K� ���&ñ
÷& 9,

8úx X<s�'� ���5Åx|¾Ó�Ér s�\� ���� 8£xZ>��Ð ���5Åx÷&��H X<s�'�_� 6 x|¾Ó\� _�K� ���&ñ
�)a��. �:r �7Hë�H\�"f��H ���$�

8£xZ>��Ð G'p"f �̧×¼[þt\� $��©�÷&��H |9�_�[þt_� 6 x|¾Ó�̀¦ formulate
�l� 0AK� merging rate\�¦ &ñ
_�
��¦ s�\�¦

weighted sum�̀¦ þj&h��o½+É target ����p�'��Ð ��6 xô�Ç��. Merging rate��H >�8£x&h� G'p"f W1àÔ0>ß¼\�"f "f

�Ð ���]X�ô�Ç 8£x_� �̧×¼çß�_� Bj�̧o� ��6 x|¾Ó_� q�\�¦ ����?/ 9, Ãºd�� 3õ� °ú s� &ñ
_��)a��.

merging rate =
ith 8£x\� 0Au�ô�Ç G'p"f �̧×¼\� $��©��)a |9�_�_� >hÃº

(i− 1)th 8£x\� 0Au�ô�Ç G'p"f �̧×¼\� $��©��)a |9�_�_� >hÃº

where 2 ≤ i ≤ h (h = G'p"f W1àÔ0>ß¼_� height)

"f!Q��H 18£x\� 0Au�
� 9, �̧��H |9�_�[þt�̀¦ $��©�
��¦ e��6£§ (3)

&ñ
_�\� ��ØÔ��� merging rate��H "f!Q\� $��©��)a |9�_�[þts� 8£xZ>��Ð #î
½+Ë÷&��H &ñ
�̧\�¦ ����?/ 9, 0\�"f 1��

s�_� °ú̀�כ¦ �������. s�M:, °úכs� 0\� ����Äº��� 
�0A 8£xÜ¼�Ð �����"f �8 ú́§�Ér >hÃº_� |9�_�[þt�̀¦ #î
½+Ë�<Ê�̀¦ _�

p�ô�Ç��. 7£¤, merging rate °úכ\� ����"f y�� 8£x_� G'p"f �̧×¼\�"f $��©�K��� ½+É |9�_�_� >hÃº�� &ñ
K������. \V

\�¦ [þt#Q, merging rate�� 0 s���� ]jîß�
���H ~½ÓZO��Ér naive ~½ÓZO�×�æ centralized apporach\� K�{©�
�>� ÷&�¦

1s���� distributed approach\� K�{©�
�>� �)a��.

��6£§Ü¼�Ð,8£xZ>��Ð���5Åx÷&��HX<s�'�_��ª��̀¦ formulate
�l�0AK�, cover����H>h¥Æ��̀¦&ñ
_�ô�Ç��. Cover��H

|9�_� %ò
%i�[þt�̀¦ unionô�Ç %ò
%i�s� data space�©�\�"f 	�t�
���H ß¼l�_� q�Ö�¦�Ð &ñ
_�ô�Ç��. X<s�'� ���5Åx|¾Ó_�

&ñ
SX�ô�Ç °ú̀�כ¦ ½̈
�l� 0AK�"f��H, y�� >�8£xZ>��Ð #î
½+Ë�)a |9�_�[þt_� selectivityü< #î
½+ËÜ¼�Ð ���K�"f Òqt$í
÷&��H

º¡¤�Ér %ò
%i�_� ß¼l� 1px_� &ñ
�Ð�� 
¹כ��9���. Õª�Q��, s��Qô�Ç &ñ
�Ð��H X<s�'�ü< |9�_�_� ì�r�í 1px 6£x6 x 8̈��â
\�

ú́§�Ér %ò
�¾Ó�̀¦ ~ÃÎl� M:ë�H\� W1àÔ0>ß¼ [O�>� r�&h�\� s�\� @/ô�Ç &ñ
SX�ô�Ç °úכ[þt�̀¦ ½̈
�l���H #Q§>���. ����"f, �:r

�7Hë�H\�"f��H cover\�¦ approximate
�>� �̧4Sqa�A
�#���6 xô�Ç��.&ñ
_� 3�Ér|9�_�|9�½+Ë Q_� cover\�¦�����·p��.
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Definition 3 (��
�+ ���TÒ¼ Q�+ cover)

Query set Q = { q1, q2, · · · , qn } \� @/K�

cover(Q) =
|⋃qi ∈ Q(Φ(qi))|

|Φ(D)|
where D = data space, Φ(qi) = |9�_� qi _� %ò
%i�,

|Φ(qi)| = |9�_� qi _� %ò
%i�ß¼l�

|9�_�[þts� data space�©�\� uniform
�>� ì�r�í÷&#Q e�����¦ ��&ñ

��¦, #�l�"f n�Ér merged query_� >h

Ãº, s��H |9�_�_� î̈
ç�H selectivity, c��H |9�_�_� cover�� 
�%i��̀¦ M:, Ãºd�� 4_� cover(n)�Ér cover_� approxima-

tion�̀¦ �����·p��.

cover(n) =





−a · n + b (n < c
s )

c (n ≥ c
s )

where a = s · 1 − c

c − s
, b = 1 + a (4)

cover(n)�Ér ��6£§õ� °ú �Ér :£¤fç
�̀¦ �������. (1) n=1{9� M:, cover(n)_� °úכ�Ér 1s���.(2) n_� °úכs� 7£x���<Ê\�

cover(n)_� °úכ�Ér linear
�>� y���è
�����, n ≥ Q_� cover
Q_� î̈
ç�H selectivity

s����, cover(n)�Ér "é¶ |9�_� |9�½+Ë Q_�

coverü< 1lx{9�ô�Ç °ú̀�כ¦ �������.

s��Qô�Ç :£¤fç
[þt�Ér query[þts� z�́]j�Ð #î
½+Ë÷&#Q �����"f ����?/��H cover_� ����o\�¦ �'a¹1Ïô�Ç ��\	כ l�ìøÍ

ô�Ç �.���s	כ :£¤fç
(1)�Ér MBR�̀¦ l�ìøÍÜ¼�Ðô�Ç |9�_� #î
½+Ë ~½ÓZO�Ü¼�ÐÂÒ'� l����ô�Ç��. Merged query_� |9�_� %ò


%i��Ér merge |̈c |9�_� %ò
%i�[þt�̀¦ �í�<Ê
���H MBR�Ð ³ð�&³÷&Ù¼�Ð, merged query_� |9�_� %ò
%i� ß¼l���H merge

|̈c |9�_� %ò
%i�[þt�̀¦ unionô�Ç %ò
%i�_� ß¼l��Ð�� �½Ó�©� ß¼���� °ú ��. �:r �7Hë�H\�"f��H |9�_� /BNçß�\� uniform
�

>� ì�r�í
���H ��Ãº_� |9�_�\�¦ %�o�
���H 8̈��â
�̀¦ ��&ñ

�Ù¼�Ð, "é¶ |9�_�[þt �̧¿º\�¦ 1>h_� merged query�Ð #î


½+Ë
�%i��̀¦ M:, Õª merged query_� cover��H 1s� ÷&��H �Ü¼�Ð	כ ��&ñ

�%i���. :£¤fç
 (2)��H |9�_� #î
½+Ës� ���'��H�d

\� ����, |9�_�[þtçß�_� ���gË> %ò
%i�_� ß¼l���H y���è
���H �&³�©�Ü¼�ÐÂÒ'� l����ô�Ç��. |9�_� #î
½+Ë\�"f��H ���gË> %ò


%i�_� ß¼l��� 	�H |9�_�[þt�̀¦ ���$� #î
½+Ë
�Ù¼�Ð, |9�_� #î
½+Ës� ���'��H�d\� ���� |9�_�[þtçß�\� ���gË> %ò
%i�_� ß¼l�

��Hy���è
�>��)a��.���gË>%ò
%i�_�ß¼l�������Ér|9�_�\�¦#î
½+Ë
���H�
�H|9�_�\�¦#î	�s	כ½+Ë½+ÉM:�Ð��,���õ��ÐÒqt

$í
÷&��H merged query_� |9�_� %ò
%i� ß¼l��� �8 &�t�Ù¼�Ð, ���õ��Ð Òqt$í
÷&��H merged query[þt_� >hÃº�� y��
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�è
���� merged query[þt_� cover��H 7£x��
�>� �)a��. cover �̧4Sq\�"f��H |9�_��� #QÖ¼ &ñ
�̧ #î
½+Ë÷&���, ���gË>

%ò
%i�s� �>rF�
�t� ·ú§��H merged query[þtëß� z��>� ÷&��H �Ü¼�Ð	כ ��&ñ

�%i���. Õªo��¦, s��Qô�Ç �â
Äº_� merged

query >hÃº\�¦ query_� cover
query_� î̈
ç�H selectivity

( "f�Ð %ò
%i�s� ���u�t� ·ú§��H |9�_�[þtëß�Ü¼�Ð data space_� %ò
%i��̀¦

¢-a���
�>� G�Ö�¦ Ãº e����H |9�_�[þt_� s��:r&h���� >hÃº)�Ð &ñ

�%i���.

��6£§]X�\�"f��H cover �̧4Sqõ� merging rate\�¦��6 xK�"f �̧4Sqa�A�)a weighted sum_�°úכs�þj�è��÷&�̧

2�¤ 
���H merging rate°úכ��� optimal merging rate\�¦ ½̈
���H ~½ÓZO��̀¦ ]jr�ô�Ç��.

4.2 i¦�\��ª '�×ß��

�:r ]X�\�"f��H ���$� 4.1]X�\�"f [O�"î
ô�Ç merging rate x9� cover �̧4Sq�̀¦ s�6 x
�#� weighted sum Ãºd���̀¦ ³ð

�&³ô�Ç��(�©�[jô�Ç ���>h õ�&ñ
�Ér appendix A\�¦ �ÃÐ�¦). Õªo��¦, weighted sum�̀¦ þj�è�Ð 
���H optimal merg-

ing rate\�¦ ì�r$3�&h�Ü¼�Ð ½̈ô�Ç��. ³ð 1�Ér �:r ]X�\�"f ��6 x
���H ÅÒ¹כ notation�̀¦ &ñ
o�ô�Ç �.���s	כ �:r ]X�\�"f

��H Ãºd���̀¦ éß�í�H�o
�l� 0AK� y�� node�� |9�_� %�o�r� 1>h_� sensor dataëß��̀¦ Òqt$í
ô�Ç���¦ ��&ñ
ô�Ç��.

³ð 1. ����p�'�\� @/6£x
���H notation

����i�'a Notation

"é¶ |9�_�_� >hÃº NQ

"é¶ |9�_�_� cover c

"é¶ |9�_�_� î̈
ç�H selectivity s

Data element_� ß¼l� d

Merging rate x

Sensor network_� height h

Sensor network_� fanout f

Ãºd�� 5��HÃºd�� 4_� cover �̧4Sqõ� merging rate\�¦s�6 x
�#�8úxX<s�'����5Åx|¾Ó�̀¦ formulateô�Ç�.���s	כ

total transmission =
h∑

i=2

(d · f i−1 ·
i∑

j=2

(−a · xj−1 · NQ + b))

where a =
s · (1 − c)

c − s
, b = 1 + a (5)
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Ãºd�� 6�Ér 8úx Bj�̧o� ��6 x|¾Ó_� Ãºd���̀¦ formulateô�Ç �.���s	כ

total storage =
h∑

i=2

( 2 · d · f i−1 · NQ · xi−1) (6)

Ãºd�� 5ü< Ãºd�� 6\� _�K�, weighted sum�Ér ��6£§õ� °ú ��.

weighted sum = α · total transimission · total storage

= α · d ·
h∑

i=2

(f i−1 · [
i∑

j=2

(−a · xj−1 · NQ + b))

+ 2 · NQ · xi−1 ])

where a =
s · (1 − c)

c − s
, b = 1 + a (7)

�:r �7Hë�H\�"f��H optimal merging rate\�¦ ½̈
�l� 0AK�"f ���$� weighted sum�̀¦ p�ì�rô�Ç +'\�, p�ì�r ���

õ� Ãºd��Ü¼�Ð ÂÒ'� ��H[þt�̀¦ ½̈ô�Ç��. Õªo��¦, ½̈K���� ��H[þt y��y���̀¦ weighted sum Ãºd��\� @/{9�
�#� Ãºd���̀¦

evaluationô�Ç ���õ��� þj�è�� ÷&�̧2�¤ ëß�×¼��H ��H, 7£¤ optimal merging rate\�¦ ½̈ô�Ç��. s�\�¦ 0AK� �:r �7Hë�H\�

"f��H Ãº�<Æ tool��� maple[11]�̀¦ ��6 x
�%i���.

5 Å]��æ Ë̂���

�:r ]X�\�"f��H z�́+«>�̀¦ :�xK�"f ]jîß�
���H ~½ÓZO�_� ÄºÃº$í
�̀¦ �Ð�����. ]j 5.1]X�\�"f��H $í
0px î̈
��\�¦ Ãº'��
���H

X< ��6 xô�Ç z�́+«> X<s��� x9� |9�_�, Õªo��¦ z�́+«> 8̈��â
�̀¦ �è>hô�Ç��. ��6£§Ü¼�Ð, ]j 5.2]X�\�"f��H z�́+«> ���õ�\�¦

]jr�ô�Ç��.
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5.1 ��
��@ PLl��� ��� ��
��@ ».É¿R�

�:r �7Hë�H\�"f��H 2��t� 7áxÀÓ_� z�́+«>�̀¦ Ãº'��ô�Ç��. z�́+«> 1\�"f��H ����p�'�[þt_� °ú̀�כ¦ ²ú�o�
� 9 ]jîß�ô�Ç q�6 x

�̧4Sq_� &ñ
SX��̧\�¦ �Ð�����. Õªo��¦, z�́+«> 2\�"f��H ]jîß�
���H |9�_� %�o� ~½ÓZO�s� l��>r ~½ÓZO�\� q�K� |9�_� %�

o�\�¦ 0Aô�Ç 8úx cost, 7£¤ weighted sum 8£¤���\�"f �8 ÄºÃºô�Ç $í
0px�̀¦ ��f���̀¦ �Ð�����. z�́+«> 1õ� 2\�"f /BN:�xÜ¼

�Ð ��6 xô�Ç ����p�'�[þt�Ér X<s�'� ���5Åx|¾Óõ� Bj�̧o� ��6 x|¾Óçß�_� weight°úכ��� α, "é¶ |9�_�_� cover, "é¶ |9�_�

_� selectivity, "é¶ |9�_�_� 	�"é¶, G'p"f W1àÔ0>ß¼_� height x9� fanoutÜ¼�Ð 8úx 6>hs���.

z�́+«>���õ�\�¦0AK�,�:r�7Hë�H\�"f��H optimal merging rateü< weighted sum�̀¦ measure�Ð��6 xô�Ç��.z�́

+«> 1\�"f��H z�́+«> X<s�'� x9� ì�r$3��̀¦ :�xK� ½̈ô�Ç optimal merging rateü< weighted sum�̀¦ q��§
�#� ì�r$3�

&h� ~½ÓZO�Ü¼�Ð ½̈ô�Ç optimal °úכs� z�́+«> X<s�'��ÐÂÒ'� ½̈ô�Ç optimal °úכõ� 	�H 	�s��� \O�6£§�̀¦ �Ð�����. Õªo�

�¦, z�́+«> 2\�"f��H �:r �7Hë�H\�"f ]jîß�
���H |9�_� ~½ÓZO���� progressive approachü< Xiang et al.[22]s� ]jîß�ô�Ç

|9�_� %�o� ~½ÓZO���� iterative approach_� weighted sum�̀¦ q��§
�#�, @/ÂÒì�r_� parameter °úכ[þt\� @/K�, ]j

îß�
���H ~½ÓZO�s� l��>r ~½ÓZO��Ð�� �8 ����Ér weighted sum�̀¦ ��f���̀¦ �Ð�����.

z�́+«> 1õ�z�́+«> 2��H1lx{9�ô�ÇX<s�'�ü<|9�_�[þt�̀¦��6 x
�#�Ãº'���)a��.z�́+«>\�"f��6 xô�ÇX<s�'�ü<|9�_�

��H uniformì�r�í\�¦��ØÔ�̧2�¤ random
�>�Òqt$í
ô�Ç syntacticX<s�'�ü<|9�_�s���.#�l�"f ”unform”
�����H

��Ér	כ |9�_�(<�Ê�Ér X<s�'� element)�� |9�_� space(<�Ê�Ér data space) �©�\�"f #Qn�\� 0Au�½+É t��� random
�

>� &ñ
K��������H �¦̀�	כ _�p�ô�Ç��. z�́+«>\�"f ��6 xô�Ç |9�_�[þt�Ér 2��t� "f�Ð ���Ér ~½ÓZO�Ü¼�Ð Òqt$í

�%i���. 7£¤,

"é¶ |9�_�_� >hÃº\�¦ �̧&ñ

���H ~½ÓZO��̀¦ l��:rÜ¼�Ð 
�÷&, "é¶ |9�_�_� cover\�¦ ²ú�o�ô�Ç z�́+«>\�"f ��6 x½+É |9�_�[þt

�̀¦ Òqt$í

�l� 0AK�, "é¶ |9�_� cover\�¦ �̧&ñ

���H ~½ÓZO��̧ ��6 x
�%i���.#�l�"f "é¶ |9�_�_� >hÃº\�¦ �̧&ñ

���H ~½Ó

ZO��Ér Òqt$í
�)a |9�_� >hÃº�� {9�§4� ����p�'���� |9�_� >hÃºü< {9�u�½+É M:��t� |9�_�[þt�̀¦ Òqt$í

���H ~½ÓZO�s���.

Õªo��¦, "é¶ |9�_�_� cover\�¦ �̧&ñ

���H ~½ÓZO��Ér Òqt$í
�)a |9�_�[þt_� cover�� {9�§4� ����p�'���� coverü< {9�u�½+É

M:��t� |9�_�[þt�̀¦ Òqt$í

���H ~½ÓZO�s���. s�ü< °ú s� 2��t� "f�Ð ���Ér ~½ÓZO��̀¦ ��6 x
�#� |9�_�[þt�̀¦ Òqt$í
ô�Ç s�

Ä»��H, "é¶ |9�_� >hÃºü< "é¶ |9�_�_� cover�� "f�Ð _��>r$í
 — uniform ì�r�í\�¦ ��ØÔ��H |9�_�[þt_� |9�½+Ë\�"f "é¶

|9�_�_� selectivity�� �¦&ñ
�)a �â
Äº, |9�_� >hÃº�� 7£x��
���� cover�̧ 7£x���<Ê — �̀¦ ��t�l� M:ë�H\�, |9�_� >h

Ãºü< cover\�¦ 1lxr�\� �̧&ñ
K�"f��H uniformô�Ç ì�r�í_� |9�_� |9�½+Ë�̀¦ Òqt$í
½+É Ãº \O�l� M:ë�Hs���. �:r �7Hë�H\�"f

��H "é¶ |9�_�_� cover\�¦ ²ú�o�ô�Ç z�́+«>\�"fëß� |9�_�_� cover\�¦ �̧&ñ

���H ~½ÓZO�Ü¼�Ð Òqt$í
�)a |9�_�[þt�̀¦ ��6 x
�

%i�Ü¼ 9, �� Qt� ����p�'�[þt_� °ú̀�כ¦ ²ú�o�ô�Ç z�́+«>\�"f��H |9�_� >hÃº\�¦ �̧&ñ

���H ~½ÓZO�Ü¼�Ð Òqt$í
�)a |9�_�[þt
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�̀¦ ��6 x
�%i���. |9�_�(MBR)Òqt$í
_� �â
Äº, X<s�'� /BNçß��©�\�"f random
�>� ���×þ�ô�Ç &h��̀¦ |9�_� %ò
%i�_� ýa

�©�&h�Ü¼�Ð 
�#�, Õª &h��̀¦ l�ï�rÜ¼�Ð y�� 	�"é¶»¡¤\� @/ô�Ç width�� °ú �Ér |9�_�[þt�̀¦ Òqt$í

�%i���. X<s�'�_� �â


Äº, X<s�'�\�¦ ½̈$í

���H y��y��_� E�àÔo�ÂÓàÔ�� Õª E�àÔo�ÂÓàÔ_� domain\� 5Åq
���H °ú̀�כ¦ random
�>� ��

t��̧2�¤ Òqt$í

�%i���. Õªo��¦, Òqt$í
�)a X<s�'� element_� >hÃº�� {9�§4� ����p�'���� X<s�'�_� >hÃº\� �̧²ú�


���� X<s�'� Òqt$í
�̀¦ ¢-a«Ñ
�%i���.

z�́+«>�Ér Pentium 4 2GHz, 1Giga byte_� RAM�̀¦ ����� Linux-Redhat r�Û¼%7�\�"f Ãº'��
�%i���. �:r �7H

ë�H\�"f��HG'p"fW1àÔ0>ß¼ü<�'aº���)aX<s�'�Z�s�Û¼ì�r��_����½̈[þt\�"fü<°ú s�r�ÓýtYUs�'�áÔ�ÐÕªÏþ��̀¦��

6 x
�#� z�́+«>�̀¦ Ãº'��ô�Ç��. s���H z�́+«>�̀¦ 0AK�"f @/½©�̧_� G'p"f W1àÔ�°3�̀¦ z�́]j�Ð ½̈»¡¤
��¦ �\¹כ��9 ����

configuration�̀¦ Ãº&ñ

�l��� B�Äº #Q§>�l� M:ë�Hs���. z�́+«>\�"f ú́§s� ��6 x÷&��H @/³ð&h���� G'p"f W1àÔ�°3 r�

ÓýtYUs�'��Ð TOSSIM(TinyOS SIMulator)[7]õ� ns-2[13]1px�̀¦ [þt Ãº e����. Õª�Q��, s��Qô�Ç l��>r r�ÓýtYUs�

'�[þt�Ér��Ãº_����5Åq#3�0A|9�_�[þt(e.g., 15>hs��©�)�̀¦1lxr�%�o�
���H 8̈��â
�̀¦]j/BN
�t�·ú§l�M:ë�H\�[22]�:r

�7Hë�H\�"fü< °ú s� @/|¾Ó_� |9�_�\�¦ @/�©�Ü¼�Ð 
���H z�́+«>\�"f ��6 x
�l�\���H ÂÒ&h�½+Ë
���. ����"f, �:r �7Hë�H\�

"f��H ÅÒ¹כô�Ç ����p�'�[þt�̀¦ ×�æd��Ü¼�Ð >�8£x&h� G'p"f W1àÔ0>ß¼ 8̈��â
�̀¦ éß�í�H�o
��¦, s��Qô�Ç 8̈��â
\�"f |9�_�

%�o� q�6 x�̀¦ >�íß�½+É Ãº e����H r�ÓýtYUs�'�\�¦ f��]X� ½̈�&³
�#� z�́+«>�̀¦ Ãº'��
�%i���.

z�́+«>\� ��6 xô�Ç ����p�'�[þt�Ér ³ð 2ü< °ú ��. �:r �7Hë�H\�"f��H z�́+«> ���õ�[þtçß�_� q��§\�¦ 0AK�, ³ð 3_� 6 x

#Q[þt�̀¦ &ñ
_�
�#� ��6 xô�Ç��.

5.2 ��
��@ Úr
ø�

��
��@ 1:

�:r ]X�\�"f��H ���$�, ì�r$3�&h� ~½ÓZO�õ� z�́+«>Ü¼�Ð ½̈ô�Ç optimal merging rate\�¦ q��§�<ÊÜ¼�Ð+� ]j 4.2]X�\�"f_�

]jîß�ô�Ç q�6 x �̧4Sq_� &ñ
SX��̧\�¦ �Ð�����.

ÕªaË> 7�Ér weighted sum\�"f α_� °ú̀�כ¦ ����or���� �â
Äº\� z�́+«>õ� ì�r$3��̀¦ :�xK� ½̈ô�Ç optimal merg-

ing rate °ú̀�כ¦ q��§ô�Ç �.���s	כ Opt Merging Rate Ratio��H 0.905 ∼ 2.619 s���. \Vü@&h�Ü¼�Ð α °úכs� α0
10{9�

M:, Opt Merging Rate Ratio��H 2.619�Ð,z�́+«>�̀¦:�xK� ½̈ô�Ç optimal°úכs�ì�r$3��̀¦:�xK� ½̈ô�Ç°úכ�Ð����� 2C�

ß¼��.Õª�Q��,���Ér α°úכ[þt\�@/K�"f��H Opt Merging Rate Ratio�� 0.905 ∼ 1.000�Ð, Opt Merging Rate E

ü< Opt Merging Rate Sçß�_� q��� 1\� ��H��ô�Ç��. Õªo��¦, Opt Weighted Sum Ratio_� °úכ�Ér 0.929 ∼ 1�Ð
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³ð 2. z�́+«>�̀¦ 0Aô�Ç ����p�'�_� ���¹כ

PPPPPPPPPPPPPPP
����i�'a

��
�+�»jÅ]�'�×ß��
��
�+ 5�ÊÁ��· controlø5� '�×ß�� ��
�+ cover��· controlø5� '�×ß��

G'p"f W1àÔ0>ß¼_� height 3, 4, 5 4

G'p"f W1àÔ0>ß¼_� fanout 2, 4, 8, 16 8

X<s�'� ���5Åx|¾Óõ� Bj�̧o�

��6 x|¾Ó çß�_� weight value α

α0
100 , α0

10 , α0, α0 · 10, α0 · 100 α0

"é¶ |9�_�_� î̈
ç�H selectivity 0.00001, 0.0001, 0.001 0.0001

"é¶ |9�_�_� 	�"é¶ 1, 2, 3 2

"é¶ |9�_� >hÃº 1046∗ 101, 1046, 52685

"é¶ |9�_�_� cover Selectivity_�

����o

0.01, 0.10, 0.64 0.01, 0.10, 0.99

	�"é¶_� ����o 0.1, 0.1, 0.1

∗ |9�_�_� >hÃº��H “|9�_� cover\�¦ control
���H ~½ÓZO�”Ü¼�Ð Òqt$í
�)a |9�_�[þt_� >hÃº[þt ×�æ\� ×�æçß�°ú(1046,7£¤)כÜ¼�Ð &ñ
�<Ê

³ð 3. z�́+«>�̀¦ 0Aô�Ç 6 x#Q_� ���¹כ

£� #a Ça��+

Opt Merging Rate E z�́+«> X<s�'��ÐÂÒ'� ½̈ô�Ç optimal merging rate

Opt Merging Rate S ì�r$3�&h�Ü¼�Ð ½̈ô�Ç optimal merging rate

Opt Merging Rate Ratio
Opt Merging Rate E
Opt Merging Rate S

Opt Weighted Sum Ratio
z�́+«> X<s�'�\�"f Opt Merging Rate E &h�\�"f_� weighted sum
z�́+«> X<s�'�\�"f Opt Merging Rate S &h�\�"f_� weighted sum

Weighted Sum Gain
Xiang ~½ÓZO�_� weighted sum

z�́+«> X<s�'�\�"f Opt Merging Rate S &h�\�"f_� weighted sum

optimal\�"f z�́+«> x9� ì�r$3��̀¦ :�xK� ½̈ô�Ç weighted sums� Ä»��ô�Ç °úכ[þt�̀¦ �������. z�́+«> ���õ�\�"f �Ð��H

��ü< °ú s�, α °úכ_� 7£x����H 8úx X<s�'� ���5Åx|¾Ó_� cost\� @/ô�Ç weight�� 8úx Bj�̧o� ��6 x|¾Ó_� cost\� @/ô�Ç

weight�Ð�� �©�@/&h�Ü¼�Ð &�t��̧2�¤ 
���H ò́õ�\�¦ {9�Ü¼v�Ù¼�Ð, weight�� 	�H 8úx X<s�'� ���5Åx|¾Ó_� cost\�¦ y��

�èr�v���H ~½Ó�¾ÓÜ¼�Ð — optimal merging rate�� 1\� ��H��
��̧2�¤ — optimals� ���&ñ
�)a��.
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ÕªaË> 7. α °ú̀�כ¦ ²ú�o�
�%i��̀¦ M:, optimal merging rate

ÕªaË> 8�Ér weighted sum\�"f "é¶ |9�_�_� cover\�¦ ����or���� �â
Äº\� z�́+«>õ� ì�r$3��̀¦ :�xK� ½̈ô�Ç optimal

merging rate °ú̀�כ¦ q��§ô�Ç �.���s	כ Opt Merging Rate Ratio��H 0.00092 ∼ 1.008 s���. \Vü@&h�Ü¼�Ð "é¶ |9�

_�_� cover�� 0.99����â
Äº Opt Merging Rate Ratio��H 0.00092�Ð,ì�r$3��̀¦:�xK� ½̈ô�Ç optimal°úכs�z�́+«>�̀¦

:�xK� ½̈ô�Ç °úכ�Ð�� B�Äº ß¼��. Õª�Q�� ���Ér cover°úכ[þt\� @/K�"f��H 0.985 ∼ 1.008�Ð Opt Merging Rate E

ü< Opt Merging Rate Sçß�_� q��� 1\� ��H��ô�Ç��. Õªo��¦, Opt Weighted Sum Ratio_� °úכ�Ér 0.995 ∼ 1�Ð

optimal\�"f z�́+«> x9� ì�r$3��̀¦ :�xK� ½̈ô�Ç weighted sums� Ä»��ô�Ç °úכ[þt�̀¦ �������. "é¶ |9�_�_� cover�� 7£x��


�>� ÷&���, 8úx X<s�'� ���5Åx|¾Ó_� þj@/ x9� þj�è°úכçß�_� 	�s��� ×�¦#Q, X<s�'� ���5Åx|¾Ós� Bj�̧o� ��6 x|¾Ó\� q�

K� ����̂ q�6 xs� p�u���H %ò
�¾Ós� ×�¦#Q[þt>� �)a��. ����"f, optimal�Ér 8úx Bj�̧o� ��6 x|¾Ó_� cost\�¦ ×�¦s���H ~½Ó

�¾ÓÜ¼�Ð — optimal merging rate�� 0\� ��H��
��̧2�¤ — optimals� ���&ñ
�)a��.

ÕªaË> 9��H "é¶ |9�_�_� î̈
ç�H selectivity°ú̀�כ¦ ����or���� �â
Äº\� z�́+«>õ� ì�r$3��̀¦ :�xK� ½̈ô�Ç optimal merg-

ing rate°ú̀�כ¦q��§ô�Ç�.���s	כ Opt Merging Rate Ratio��H 0.958∼ 1.183s��¦, Opt Weighted Sum Ratio_�

°úכ�Ér 0.983 ∼ 1s���. Selectivity_� 7£x����H cover_� 7£x��ü< x9�]X�ô�Ç �'a>�\�¦ �������. 7£¤, z�́+«>\�"fü< °ú s�

|9�_� >hÃº�� �¦&ñ
�)a �©�I�\�"f selectivity�� 7£x��
����, "é¶ |9�_�_� cover %i�r� 7£x��ô�Ç��. ����"f, cover��

7£x��
���H z�́+«>_� ���õ�\�"fü< °ú s� selectivity�� 7£x��
����, 8úx Bj�̧o� ��6 x|¾Ó_� cost\�¦ ×�¦s���H ~½Ó�¾Ó —

optimal merging rate�� 0\� ��H��
���H ~½Ó�¾Ó — Ü¼�Ð optimals� ���&ñ
�)a��.
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ÕªaË> 8. "é¶ |9�_�_� cover\�¦ ²ú�o�
�%i��̀¦ M:, optimal merging rate
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ÕªaË> 9. "é¶ |9�_�_� î̈
ç�H selectivity\�¦ ²ú�o�
�%i��̀¦ M:, optimal merging rate

ÕªaË> 10�Ér G'p"f W1àÔ0>ß¼_� height\�¦ ����or���� �â
Äº\� z�́+«>õ� ì�r$3��̀¦ :�xK� ½̈ô�Ç optimal merg-

ing rate°ú̀�כ¦q��§ô�Ç�.���s	כ Opt Merging Rate Ratio��H 0.993∼ 1.088s��¦, Opt Weighted Sum Ratio_�

°úכ�Ér 0.993 ∼ 1 s���. W1àÔ0>ß¼_� height_� 7£x��
�>� ÷&��� X<s�'� ���5Åx|¾Ó_� cost�� Bj�̧o� ��6 x|¾Ó_�

cost\� q�K� �8 À1Ïo� 7£x��
�>� ÷&Ù¼�Ð, 8úx X<s�'� ���5Åx|¾Ó_� cost\�¦ y���èr�v���H ~½Ó�¾Ó — optimal merg-

ing rate�� 1\� ��H��
���H ~½Ó�¾Ó — Ü¼�Ð optimals� ���&ñ
�)a��. s���H G'p"f W1àÔ0>ß¼\�"f X<s�'��� 8£xZ>��Ð

¾º&h�÷&#Q ���5Åx÷&��H :£¤$í
Ü¼�ÐÂÒ'� l����ô�Ç��. G'p"f W1àÔ0>ß¼_� fanoutõ� "é¶ |9�_�_� 	�"é¶�̀¦ ²ú�o�ô�Ç z�́+«>

���õ���H appendix B\�¦ �ÃÐ�¦
�l� ��êøÍ��.
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ÕªaË> 10. G'p"f W1àÔ0>ß¼_� height ²ú�o�
�%i��̀¦ M:, optimal merging rate

0A_�z�́+«> ���õ�\�"f �̂¦Ãºe��1pws� Opt Merging Rate Eü< Opt Merging Rate Sçß�_�q�\�¦����?/��H

Opt Merging Rate Ratio��H 0.00092 ∼ 2.619�Ð ���è 	�s�\�¦ �Ð%i���. Õª�Q��, °úכs� 	�H 	�s�\�¦ �Ðs���H �â


Äº��H α_� °úכs� α0
10õ� "é¶ |9�_�_� cover°úכs� 0.99��� �â
Äº�Ð ²DGô�Ç�)a��. �8Äºl� Opt Weighted Sum Ratio_�

°úכ�Ér �̧��H parameter[þt_� ��� #3�0A\� @/K� 0.929 ∼ 1 �Ð, 1\� ��H��
���H °ú̀�כ¦ ��&����. ���õ�&h�Ü¼�Ð �:r �7Hë�H

_� ì�r$3�&h� �̧4Sqs� &ñ
SX�$í
�̀¦ ��f���̀¦ ·ú� Ãº e����. ����"f, �:r �7Hë�H_� �� Qt� z�́+«>\�"f��H ì�r$3�&h� ~½ÓZO�Ü¼�Ð

½̈ô�Ç optimal merging rate\�¦ ��6 x
�#� z�́+«>�̀¦ Ãº'��ô�Ç��.

��
��@ 2:

�:r ]X�\�"f��H total cost 8£¤���\�"f ]jîß�ô�Ç ~½ÓZO�_� ÄºÃº$í
�̀¦ �Ð#� ÅÒl� 0AK�, progressive approachü< iter-

ative approach[22]_� weighted sum�̀¦ q��§ô�Ç��. Iterative approach\�"f_� weighted sum�Ér progressive

approach\�"f α0\�¦ ½̈ô�Ç +', s�\�¦ l�ï�r α�Ð 
�#� [α · Iterative approach\�"f_� 8úx X<s�'� ���5Åx|¾Ó + It-

erative approach\�"f_� 8úx Bj�̧o� ��6 x|¾Ó]Ü¼�ÐÂÒ'� ½̈
�%i���.

ÕªaË> 11�Ér α°ú̀�כ¦����or�����â
Äº\�¿º~½ÓZO�_� weighted sum�̀¦q��§ô�Ç���õ�s���. Weighted Sum Gain�Ér

0.989 ∼ 84.995�Ð, \Vü@&h�Ü¼�Ð α_� °úכs� α0 · 10��� �â
Äº\�ëß�, Weighted Sum Gain_� °úכs� 0.989�Ð op-

timal\�"f progressive approach_� weighted sums� iterative approach_� weighted sum�Ð����H�è
�>�	�H

°ú̀�כ¦ �������. s�Ä»��H, �7Hë�H\�"f ]jîß�ô�Ç cover �̧4Sqs� z�́]j 8̈��â
_� approximations���"f z�́]j costü< î̈


���)a costçß�\� �̧	��� e���̀¦ Ãº e��l� M:ë�Hs���. Õª�Q��, ���Ér α°úכ[þt\� @/K�"f��H Weighted Sum Gains�
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1.004 ∼ 84.995Ü¼�Ð, progressive approach_� weighted sums� iterative approach_� weighted sum�Ð��

����Ér °ú̀�כ¦ �������. z�́+«> ���õ��ÐÂÒ'�, memory ��6 x|¾Ó�̀¦ significantô�Ç q�6 xÜ¼�Ð �¦�9
���H �â
Äº, Xiang et

al.[22] ~½ÓZO�\� @/q�K� ]jîß�ô�Ç ~½ÓZO�_� $í
0px �¾Ó�©�s� ß¼ 9, X<s�'� ���5Åx|¾Ó�̀¦ significantô�Ç cost�Ð �¦�9ô�Ç �â


Äº\��̧, ]jîß�ô�Ç ~½ÓZO�s� Xiang et al. ~½ÓZO�õ� competitiveô�Ç ���õ�\�¦ �Ðe���̀¦ ·ú� Ãº e����.
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ÕªaË> 11. α °ú̀�כ¦ ²ú�o�
�%i��̀¦ M:, progressive approachü< iterative approach_� weighted sum.

ÕªaË> 12��H "é¶ |9�_�_� cover\�¦ ����or���� �â
Äº\� ¿º ~½ÓZO�_� weighted sum�̀¦ q��§ô�Ç ���õ�s���.

Weighted Sum Gain�Ér 1.019 ∼ 2.498_� #3�0A\�¦ �������. z�́+«> ���õ��ÐÂÒ'� Xiang et al.s� ]jîß�ô�Ç ~½ÓZO�\�

q�K� �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO�s� cover_� ��� #3�0A\� @/K� �8 ���Ér $í
0px�̀¦ ����ÍÇr�̀¦ ·ú�Ãº e����. ¢̧ô�Ç

cover�� 7£x��
����, Xiang et al.s� ]jîß�ô�Ç ~½ÓZO�\� q�K� ]jîß�
���H ~½ÓZO�s� ��t���H $í
0px �¾Ó�©� &ñ
�̧�� y���è


���H �¦̀�	כ ·ú�Ãº e����. s���H cover�� &�"f 1\� ��H��
���H °ú̀�כ¦ ��t���H �â
Äº, |9�_� #î
½+Ë�̀¦ :�xK� %3��̀¦ Ãº e��

��H X<s�'� ���5Åx|¾Ó �'a&h�\�"f_� s�1pqs� þj@/�� ÷&l� M:ë�Hs���. s��Qô�Ç �â
Äº, �:r �7Hë�H\�"f ]jîß�ô�Ç ~½ÓZO�s�

�� Xiang et al.s� ]jîß�ô�Ç ~½ÓZO� �̧¿º "é¶ |9�_�[þt�̀¦ 1>h_� merged query�Ð #î
½+Ë
�>� ÷&Ù¼�Ð, ¿º ~½ÓZO�_� 8úx

X<s�'� ���5Åx�ª�õ� 8úx memory ��6 x�ª�s� �̧¿º Ä»��ô�Ç °ú̀�כ¦ ��t�>� ÷&#Q, ¿º ~½ÓZO�_� weighted sum[þt %i�r�

Ä»��ô�Ç °úכ[þt�̀¦ ��t�>� �)a��. ����"f, �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO��Ér "é¶ |9�_�_� cover�� �8 ����Ér °ú̀�כ¦ ��

|9�Ãº2�¤ ÄºÃºô�Ç $í
0px�̀¦ �����·p��.

ÕªaË> 13�Ér"é¶|9�_�_� î̈
ç�H selectivity\�¦����or�����â
Äº, progressive approachü< iterative approach_�

weighted sum�̀¦ q��§ô�Ç ���õ�s���. Weighted Sum Gain�Ér 1.262 ∼ 2.666_� #3�0A\�¦ �������. z�́+«> ���õ��Ð

ÂÒ'� Xiang et al.s� ]jîß�ô�Ç ~½ÓZO�\� q�K� �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO�s� selectivity_� ��� #3�0A\� @/K� �8
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ÕªaË> 12: "é¶ |9�_�_� cover\�¦ ²ú�o�
�%i��̀¦ M:, progressive approachü< iterative approach_� weighted sum.

���Ér $í
0px�̀¦ ����ÍÇr�̀¦ ·ú�Ãº e����. ¢̧ô�Ç selectivity�� 7£x��
����, ]jîß�
���H ~½ÓZO�_� $í
0px �¾Ó�©� &ñ
�̧�� y��

�è
���H �¦̀�	כ ·ú�Ãº e����. z�́+«> X<s�'�ü< ì�r$3��̀¦ :�xK� %3��Ér optimal merging rate\�¦ q��§ô�Ç z�́+«>\�"f s�

p� ���/åLô�Ç ��ü< °ú s�, "é¶ |9�_�_� selectivity�� 7£x��
����, "é¶ |9�_�_� cover %i�r� 7£x��
�>� �)a��. ����"f,

selectivity�� 7£x���<Ê\� ����, ]jîß�
���H ~½ÓZO�_� $í
0px �¾Ó�©� &ñ
�̧�� y���è
���H s�Ä»��H, "é¶ |9�_� cover_� 7£x

��\� l����ô�Ç��. ����"f, cover_� ����o\� ���� ]jîß�ô�Ç ~½ÓZO�õ� Xiang et al. ~½ÓZO�_� weighted sum�̀¦ q��§

ô�Ç z�́+«>_� ���õ��ÐÂÒ'� selectivity_� ����o\� ���Ér ���õ�\�¦ \V8£¤½+É Ãº e����. ���õ�&h�Ü¼�Ð, selectivity�� 7£x��


����, ]jîß�
���H ~½ÓZO�õ� Xiang et al.~½ÓZO�_� 8úx X<s�'� ���5Åx|¾Ó x9� 8úx memory ��6 x|¾Ós� y��y�� Ä»��ô�Ç °ú̀�כ¦

��t�>� ÷&#Q ¿º ~½ÓZO�_� weighted sum %i�r� Ä»��ô�Ç °ú̀�כ¦ ��t�>� �)a��. ����"f, �:r �7Hë�H\�"f ]jîß�
���H ~½Ó

ZO��Ér "é¶ |9�_�_� selectivity�� �8 ����Ér °ú̀�כ¦ ��|9�Ãº2�¤ ÄºÃºô�Ç $í
0px�̀¦ �����·p��.

ÕªaË> 14��H G'p"f W1àÔ0>ß¼_� height\�¦ ����or���� �â
Äº, progressive approachü< iterative approach_�

weighted sum�̀¦ q��§ô�Ç ���õ�s���. Weighted Sum Gain�Ér 1.973 ∼ 2.220_� #3�0A\�¦ �������. z�́+«> ���õ��Ð

ÂÒ'� Xiang et al.s� ]jîß�ô�Ç ~½ÓZO�\� q�K� �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO�s� height_� ��� #3�0A\� @/K� �8 ��

�Ér $í
0px�̀¦ ����ÍÇr�̀¦ ·ú�Ãº e����. ¢̧ô�Ç, height�� 7£x��
����, ]jîß�
���H ~½ÓZO�_� $í
0px �¾Ó�©� &ñ
�̧�� 7£x��
�

��H �¦̀�	כ ·ú�Ãº e����. s�Ä»��H G'p"f W1àÔ0>ß¼_� height�� 7£x���<Ê\� ����, iterative approach_� 8úx Bj�̧o�

��6 x|¾Ós� progressive approach_� 8úx Bj�̧o� ��6 x|¾Ó\� q�K� 	�H ;�¤Ü¼�Ð 7£x��
�l� M:ë�Hs���. 7£¤, iterative

approach��H 1lx{9�ô�Ç merged query set�̀¦ �̧��H G'p"f �̧×¼\� ×�æ4�¤ $��©�
���H ìøÍ���, progressive approach��H

merging rate\� ���� 
�0A tier�Ð °ú�Ãº2�¤ �8 ����Ér >hÃº_� merged query[þt�̀¦ $��©�ô�Ç��. ����"f, �:r �7Hë�H
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ÕªaË> 13: "é¶ |9�_�_� î̈
ç�H selectivity\�¦ ²ú�o�
�%i��̀¦ M:, progressive approachü< iterative approach_�

weighted sum.

\�"f ]jîß�
���H ~½ÓZO��Ér sensor network_� height�� �8 	�H °ú̀�כ¦ ��|9�Ãº2�¤ ÄºÃºô�Ç $í
0px�̀¦ �����·p��. G'p"f

W1àÔ0>ß¼_� fanoutõ� "é¶ |9�_�_� 	�"é¶�̀¦ ²ú�o�ô�Ç z�́+«> ���õ���H appendix B\�¦ �ÃÐ�¦
�l� ��êøÍ��.
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ÕªaË> 14: G'p"f W1àÔ0>ß¼_� height ²ú�o�
�%i��̀¦ M:, progressive approachü< iterative approach_�

weighted sum.


���¹כ����, α°ú²¦̀�כú�o�ô�Çz�́+«>\�"f��H iterative approach_� weighted sum°úכs�]jîß�
���H~½ÓZO���� pro-

gressive approach_� weighted sum°úכs� 0.989 ∼ 84.995C��Ð α°úכs� α0 · 10��� �â
Äº\�¦ ]jü@ô�Ç ����p�'�

°úכ[þt\� @/K�, ]jîß�
���H ~½ÓZO�_� weighted sum°úכs� �8 �����. Õªo��¦, α�� ����� ���Ér ����p�'�[þt, 7£¤ "é¶ |9�
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_�_� cover, "é¶ |9�_�_� î̈
ç�H selectivity, "é¶ |9�_�_� 	�"é¶, sensor network_� height x9� fanout_� °ú̀�כ¦ ²ú�o�

ô�Ç z�́+«>[þt\�"f��H progressive approach_� weighted sum°úכs� iterative approach_� weighted sum°úכ\� q�

K� 1.019 ∼ 2.666C� ����Ér °ú̀�כ¦ �������. s�\�¦ :�xK�"f �:r �7Hë�H\�"f ]jîß�ô�Ç ~½ÓZO�s� Xiang et al.[22]s� ]j

îß�ô�Ç ~½ÓZO�\� q�K� q�6 x 8£¤���\�"f �8 ���Ér $í
0px�̀¦ ����ÍÇr�̀¦ ·ú� Ãº e����.

6 Úr
Òeµ

�:r �7Hë�H\�"f��H >�8£x&h� G'p"f W1àÔ0>ß¼\�"f ���5Åq #3�0A |9�_�[þt�̀¦ %�o�
���H Dh�Ðî�r |9�_� %�o� ~½ÓZO���� &h����

&h� %�o�\�¦ ]jr�
�%i���. �:r �7Hë�H_� /BN��³�̀¦ 
���¹כ���� ��6£§õ� °ú ��.

'Í	P:, �:r �7Hë�H\�"f��H energyü< storage_� trade-off\�¦ �¦�9
���H &h����&h� %�o�_� �̧4Sq�̀¦ ]jr�
�%i���.

&h����&h� %�o� �̧4Sq_� �©�&h��Ér "f!Q\� ���]X�ô�Ç �©�0A >�8£xÜ¼�Ð °ú�Ãº2�¤ high capability_� G'p"f �̧×¼[þt�̀¦ C�

u�
���H >�8£x&h� G'p"f W1àÔ0>ß¼_� :£¤$í
�̀¦ �Ö̧6 xô�Ç �.���s	כ 7£¤, �©�0A >�8£x{9�Ãº2�¤ �8 ú́§�Ér >hÃº_� |9�_�\�¦ $�

�©��<ÊÜ¼�Ð+�, �̧×¼_� memory\�¦ þj@/ô�Ç �Ö̧6 x½+É Ãº e����H �©�&h��̀¦ �������. ¢̧ô�Ç �©�0A8£x\� q�K� �©�@/&h�Ü¼�Ð

>hÃº�� ú́§�Ér 
�0A8£x_� G'p"f �̧×¼[þts� |9�_�\�¦ $��©�
�l� 0AK� ¹�Ðכ��9 
���H Û¼�Ðo�t� q�6 x�̀¦ ×�¦e��Ü¼�Ð+�,

W1àÔ0>ß¼\�¦ ½̈$í

���H ����̂ q�6 x�̀¦ ×�¦s���H �©�&h��̀¦ �������. �:r �7Hë�H\�"f��H ]jîß�ô�Ç �̧4Sq�̀¦ 0Aô�Ç |9�_� #î


½+Ë x9� |9�_� %�o� ·ú��¦o�7£§�̀¦ ]jr�
�%i���.

ÑütP:,]jîß�ô�Ç �̧4Sq�̀¦l�ìøÍÜ¼�Ð��6 x��\�_�K�ÅÒ#Q��� weight\�����8úxq�6 x,7£¤ energyü< storage_�

weighted sum�̀¦ þj&h��o 
���H ~½Óîß��̀¦ ]jr�
�%i���. Õªo��¦, 8úx q�6 xs� þj�è�� ÷&��H >�8£x&h� G'p"f W1àÔ0>

ß¼\�¦ systematic
�>� ½̈$í

���H ~½ÓZO��̀¦ ]jr�
�%i���.

!Ó	P:, extensiveô�Çz�́+«>�̀¦:�xK�]jr�ô�Ç~½ÓZO�_�ÄºÃº$í
�̀¦���7£x
�%i���.]jîß�ô�Çq�6 x �̧4Sq_�&ñ
SX��̧\�¦

���7£xô�Ç z�́+«>_� ���õ���H q�6 x �̧4Sq�̀¦ s�6 x
�#� ì�r$3�&h�Ü¼�Ð ½̈ô�Ç optimal q�6 x\� @/K� z�́]j X<s�'� x9� |9�

_�\�¦ s�6 x
�#� ½̈ô�Ç optimal q�6 x_� q��� 0.929 ∼ 1e���̀¦ �Ð%i���. ���õ��ÐÂÒ'� ]jîß�ô�Ç �̧4Sq�̀¦ s�6 x
����

8úx q�6 xs� near-optimal��� W1àÔ0>ß¼\�¦ ½̈$í
½+É Ãº e��6£§�̀¦ ·ú� Ãº e����. ¢̧, ]jîß�ô�Ç |9�_� %�o� ~½ÓZO�_� ÄºÃº

$í
�̀¦ ���7£xô�Ç z�́+«>_� ���õ���H ]jîß�ô�Ç ~½ÓZO�s� Xiang et al.[22]\�"f ]jr�ô�Ç ~½ÓZO�\� q�K� þj�è 1.019C�, þj@/

2.666C�_� $í
0px �¾Ó�©�s� e��6£§�̀¦ �Ð%i���. �8Äºl�, W1àÔ0>ß¼_� height�� fanouts� 7£x��
����, ]jîß�
���H ~½ÓZO�

s� Xiang et al.\�"f ]jr�ô�Ç ~½ÓZO�\� q�K� �8 ���Ér $í
0px�̀¦ �Ð�����. ����"f, ]jîß�
���H ~½ÓZO�s� large-scale_�

W1àÔ0>ß¼\� &h�½+Ë�<Ê�̀¦ ·ú� Ãº e����.

32



s��Qô�Ç ���õ�[þt�̀¦ :�xK� ]jîß�ô�Ç ~½ÓZO�s� energyü< storage_� trade-off\�¦ �¦�9
�#� ��Ãº_� |9�_�[þt�̀¦

ò́Ö�¦&h�Ü¼�Ð %�o�
��̧2�¤ large-scale_� >�8£x&h� G'p"f W1àÔ0>ß¼\�¦ ½̈$í
½+É Ãº e����H Dh�Ðî�r framework\�¦ ]j

/BN�<Ê�̀¦ ·ú� Ãº e����. �¾ÓÊê ���½̈�Ð X<s�'�ü< |9�_�_� ���ª�ô�Ç ì�r�í x9� |9�_�_� ���ª�ô�Ç ��{9�(e.g., aggregate

query)[þt�̀¦ �¦�9
�#�, �̧4Sqõ� |9�_� %�o� ~½ÓZO��̀¦ >h���
���H ���½̈\�¦ Ãº'��½+É \V&ñ
s���.
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ÉÙ��́ A ¥@ PLl�'a ¦�>¢4 %�× ��� ¥@ Rc�¿h� ��£� %�×Uc 7�ø5� ÊÁÐÏ��+ ¦�>5�

¥@ PLl�'a ¦�>¢4 %�× ÊÁÐÏ��+ ¦�>5�

8úx X<s�'� ���5Åx|¾Ó, total transmission�Ér y�� >�8£xZ>��Ð �̧×¼[þts� Òqt$í
ô�Ç |9�_� ���õ��� �©�0A >�8£x_� �̧×¼[þt

�̀¦ :�xK� relay÷&#Q "f!Q��t� ���5Åx|̈c M: µ1ÏÒqt
���H X<s�'� ���5Åx|¾Ó[þt�̀¦ ½+Ëíß�ô�Ç °úכÜ¼�Ð, Ãºd�� 8õ� °ú s� ³ð

�&³�)a��.

total transmission =
h∑

i=2

(di ·
i∑

j=2

(cj))
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where cj = jth 8£x\� 0Au�ô�Ç G'p"f �̧×¼\� $��©��)a merged query[þt_� cover

di = ith 8£x\� 0Au�ô�Ç �̧��H G'p"f �̧×¼[þts� Òqt$í
ô�Ç G'p"f X<s�'�_� �ª� (8)

Ãºd�� 8\�"f cj��H Ãºd�� 4_� cover �̧4Sq_� &ñ
_�ü< merging rate_� &ñ
_�\�¦ s�6 x
�#� ��A�_� Ãºd��9ü< °ú s�

³ð�&³�)a��.

cj = cover(NQ · xj−1) (9)

1st 8£x��� server��H NQ>h_� |9�_�\�¦ $��©�
��¦, e��_�#Q sensor node��H Õª node_� ÂÒ�̧8£x\� 0Au�ô�Ç node\�

$��©��)a merged query >hÃº\� x\�¦ Y�Lô�Ç >hÃºëß��pu_� |9�_�[þts� $��©�ô�Ç��. ����"f, jth���P: 8£x\� 0Au�ô�Ç �̧

×¼��H NQ · xj−1>h_� query[þt�̀¦ $��©�ô�Ç��.

��6£§Ü¼�Ð, |9�_� %�o�M:���� y�� node��H data element\�¦ 1>hm�� ëß� Òqt$í

���H �Ü¼�Ð	כ ��&ñ

�%i�Ü¼Ù¼�Ð, di��H

��A�_� Ãºd�� 10õ� °ú s� ³ð�&³�)a��.

di = (ith 8£x\� 0Au�ô�Ç sensor node_� >hÃº) · (data element_� ß¼l�)

= f i−1 · d (10)

����"f, 8úx X<s�'� ���5Åx|¾Ó_� Ãºd���̀¦ ���>h
���� ��A�ü< °ú ��.

total transmission =
h∑

i=2

(di ·
i∑

j=2

(cj))

=
h∑

i=2

(d · f i−1 ·
i∑

j=2

(cj))

=
h∑

i=2

(d · f i−1 ·
i∑

j=2

(cover(NQ · xj−1)))

=
h∑

i=2

(d · f i−1 ·
i∑

j=2

(−a · xj−1 · NQ + b))

where a =
s · (1 − c)

c − s
, b = 1 + a (11)
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¥@ Rc�¿h� ��£� %�×Uc 7�ø5� ÊÁÐÏ��+ ¦�>5�

8úx Bj�̧o� ��6 x|¾Ó, total storage��H y�� >�8£x_� �̧×¼[þt\� merged query[þt�̀¦ $��©�
�l� 0AK� ¹�Ðכ��9 
���H

memory �ª��̀¦ ½+Ëíß�ô�Ç °úכÜ¼�Ð Ãºd�� 12ü< °ú s� ³ð�&³|̈c Ãº e����.

total storage =
h∑

i=2

(mi)

where mi = ith 8£x\� 0Au�ô�Ç �̧��H sensor node\� $��©��)a merged query[þt_� �ª� (12)

Ãºd�� 12\�"fÃºd�� 9\�_�K� ith���P:8£x\�0Au�ô�Çe��_�_� �̧×¼\�$��©�÷&��Hmerged query>hÃº��HNQ · xi−1�Ð

³ð�&³|̈c Ãº e��Ü¼Ù¼�Ð, mi��H Ãºd�� 13Ü¼�Ð ³ð�&³|̈c Ãº e����.

mi = (ith 8£x\� 0Au�ô�Ç �̧��H sensor node[þt\� $��©�÷&��H merged query>hÃº_� 8úx½+Ë)

· (|9�_� 1>h\�¦ $��©�
�l� 0AK� ¹ô�Çכ��9 memory�ª�)

= NQ · xi−1 · 2 · d (13)

���õ�&h�Ü¼�Ð 8úx Bj�̧o� ��6 x|¾Ó_� Ãºd���̀¦ ���>h
���� ��A�ü< °ú ��.

total storage =
h∑

i=2

(mi)

=
h∑

i=2

(f i−1 · NQ · xi−1 · 2 · d)

=
h∑

i=2

( 2 · d · f i−1 · NQ · xi−1) (14)

ÉÙ��́ B �¤d"� O3çÃ3Aæ«�+ fanoutø� xjS ��
�+�+ 	�xjS£�· £o>�ªk�í�> ��
��@

�+ Úr
ø�

ÕªaË> 15��HG'p"fW1àÔ0>ß¼_� fanout�̀¦����or�����â
Äº,z�́+«>õ�ì�r$3��̀¦:�xK� ½̈ô�Ç optimal merging rate°ú̀�כ¦

q��§ô�Ç�.���s	כ Opt Merging Rate Ratio��H 0.941 ∼ 1s��¦, Opt Weighted Sum Ratio_�°úכ�Ér 0.994 ∼ 1

s���.
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ÕªaË> 15. G'p"f W1àÔ0>ß¼_� fanout\�¦ ²ú�o�
�%i��̀¦ M:, optimal merging rate

ÕªaË> 16�Ér|9�_�_�	�"é¶�̀¦����or�����â
Äº,z�́+«>õ�ì�r$3��̀¦:�xK� ½̈ô�Ç optimal merging rate°ú̀�כ¦q��§

ô�Ç �.���s	כ Opt Merging Rate Ratio��H 0.971 ∼ 1.044 s��¦, Opt Weighted Sum Ratio_� °úכ�Ér 0.997 ∼ 1

s���.
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ÕªaË> 16. "é¶ |9�_�_� 	�"é¶�̀¦ ²ú�o�
�%i��̀¦ M:, optimal merging rate

ÕªaË> 15_� z�́+«> ���õ�ü< ÕªaË> 16_� z�́+«> ���õ���H z�́+«>õ� ì�r$3��̀¦ :�xK� ½̈ô�Ç optimal merging rateçß�

_� q�ü< optimal��� &h�\�"f_� weighted sumçß�_� q��� �̧¿º 1\� ��H���<Ê�̀¦ �Ð#� ÅÒ�¦ e����. ����"f, G'p"f

W1àÔ0>ß¼_� fanout�̀¦ ����or���� �â
Äºü< "é¶ |9�_�_� 	�"é¶�̀¦ ����or���� �â
Äº, ]jîß�ô�Ç q�6 x �̧4Sq�Ð ÂÒ'� %3�

�Ér q�6 xs� Z�}�Ér &ñ
SX��̧�Ð z�́]j q�6 x�̀¦ ìøÍ%ò
½+É Ãº e��6£§�̀¦ ·ú� Ãº e����.
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ÕªaË> 17�Ér G'p"f W1àÔ0>ß¼_� fanout�̀¦ ����or���� �â
Äº, �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO���� progressive

approachü< Xiang et al.[22]s� ]jîß�ô�Ç ~½ÓZO���� iterative approach_� weighted sum�̀¦ q��§ô�Ç ���õ�s���.

Weighted sum gain�Ér 2.103 ∼ 2.159s���.
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ÕªaË> 17: G'p"f W1àÔ0>ß¼_� fanout�̀¦ ²ú�o�
�%i��̀¦ M:, progressive approachü< iterative approach_�

weighted sum.

ÕªaË> 18�Ér "é¶ |9�_�_� 	�"é¶�̀¦ ����or���� �â
Äº, �:r �7Hë�H\�"f ]jîß�
���H ~½ÓZO���� progressive approachü<

Xiang et al.[22]s�]jîß�ô�Ç~½ÓZO���� iterative approach_� weighted sum�̀¦q��§ô�Ç���õ�s���. Weighted sum gain�Ér

1.842 ∼ 2.157s���.
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ÕªaË> 18. "é¶ |9�_�_� 	�"é¶�̀¦ ²ú�o�
�%i��̀¦ M:, progressive approachü< iterative approach_� weighted sum.
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ÕªaË> 17_� z�́+«> ���õ�ü< ÕªaË> 18_� z�́+«> ���õ���H �̧¿º progressive approach�� iterative approach�Ð

�� ����Ér weighted sum°ú̀�כ¦ ��f���̀¦ �Ð#� ÅÒ�¦ e����. ����"f G'p"f W1àÔ0>ß¼_� fanout�̀¦ ����or���� �â
Äºü<

"é¶ |9�_�_� 	�"é¶�̀¦ ����or���� �â
Äº, �:r �7Hë�H\�"f ]jîß�ô�Ç |9�_� %�o� ~½ÓZO�s� Xinag et al.s� ]jîß�ô�Ç |9�_� %�

o� ~½ÓZO�\� q�K� 8úx q�6 x8£¤���\�"f ÄºÃº�<Ê�̀¦ ·ú�Ãº e����.
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