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@�ACB?D�EGFCHIAKJ5LNM�OQP	ERD�FTSUO�DWV�JXERJYO�BZA	[\LN]^E�[_EQB!F	A`B�acbdM7AKe9@�L?E�E0efVILgF	H!E�O�MXhQijFCH!EGE�k�L�E�MXA	[GE�B!FKl�]
EQBImnAoMpO�BI[_E�B?FIqYE-V�JXE#AKJTr+s5@RtKuYbdMvAwe�x0r+s5@RtKu5AKJyl5MpE�l�]?D�OR[\L!V?F^l0FoA	ORB?l�]?aRMXAKezORB_q5HIAKDXHcq�E
D�l�B{MXVNB|O�V!MclQLILN]	AKDWl0FoA	ORB�J}x1~TOR[\L3lQMXACB�a�qYA	FCH�FCHNEZFoM�l0e�A	F	A	ORB!l�]�e�AKJXF	MXA���V�F^E0e�D�OR[\L!V?FoA�Bja
EQBImnAoMpO�BI[_E�B?FUJ/i?a�A�M%eIJ1l�M�E#BNE�q�J/V3D%DWE0J�JpO�M%J/i���V!F3qYE�J/H!ORVN]KezM�EQl�]CA	�0EYF�H?E5SUl0D�F3FCHNlRF3F�H�EWhcl�MXE
S^VNBje�l�[�E�BNFUlQ]C]	h_e�ACSKSUEQM�EWB�F/x��(BN]oA���E+FCH3E+FoM�l0e�A	F	A	ORB!l�]�e�AoJpF	MXA���V3F^E�e_D�O�[GLIV?FoA	B?a�E�B!m�ACMpO�BN[_E�B!FwJ/i
l�a�MXAwe�E�B�m�A�M�O�B![GE�B?F�AKJ�e�h�BNl�[GA	F	AKDTl�B�e�V�BNLIM�E�e�AKD�F	l��I]�Efx

��� �I��� �_�������_�f�%���5�������X�� ��%�R¡v�X���

2−DAS
AKJ+FoH3E�JXE0D�O�B�e¢a�E�B!EQM�lRF	A	O�BZO�S

DAS
J/VIL?E�MWD�O�[GLIV3FKE�MUi3q#H?AKDpH£AKJ#lQB¤lRDWM�O�BIh�[¥O�S

¦ AKJXFoMXA��IV?F^E0ez§�@�~1¨�©�VNL3E�M%D�OR[\L!V?F^EQM+e�E0J7Aoa0B�E�e\��hªFCH�EY§�e�m�l�B�D�E�ec©�DpH?O�O�]!SvO�Md«(OR[\L!V?FoA�Bja
¬ [_l0afACB?a®­�s�@�~T¨^¯7°or-s�@�t^uRq�E��N±Xx�r+s5@�t^u_D�O�BjJ²AwJ/FwJ5ORS1³zDW]�VjJXF^E�M%J+q�A	F	HZl\FKOfFKl�]jO�S1uR´R´�B3O�e�ERJ/i
M�E0J²L3E�D�F	AomnEQ]Ch�]	O�D�lRFKERe�l0F�FCH3ETS^ACm�E-r(V3FwDpHYVNBIACm�E�M%J/A	F^A	E�J�x
µ l�DpHYB3O�eIE+DWO�B3J/AKJXFUJ�ORS7¶

· ¸ q5Oº¹�t^b+»Y�+¼IE�B3FoA�VI[_t^¨K¨^¨wJ
· s+F�]KEQl�JXFN¹-b-½G¾�s+¿
· s+F�]KEQl�JXF�l+uR´-b(½G]	OnD�lQ]�¨Kr µ e�AKJ/�G­	¨CB!FKERaRM�lRF^E0eYrdAoJ7� µ ]	ERD�F	M�O�B!AoDQJp¯
· s£¿ÀhnMXA`B�EQF�A`B?FUE�MXSUl�D�E-DXl�M%e
· s£Á�l0JpF µ F�H�E�M/B?EQF�A�B?F^EQMXSUl0DWE5­	O�B!t��IO�l�MWe�¯

¸ H3E\S^A	mnEcDp]	V�JXF^E�M%J�l�M�E_D�O�BIB?E�D�F^E�e9q5AKF	H;FCH!E_r-V!FKDpHg�-BNAomnEQM%J/A	Fohg¨	B!FKE�M/B3EQF1½3lRDX�n�IO�B?E�x ¸ H?E
B?O�e�E0J�qYA	F	H!A`BÂlÀ]KO�D�l�]�DW]CV�JpFKE�M_l�MXE£A`B?FUE�M%D�O�B�B?E�D�F^E�eÃF	HIMpO�Vja�H*lZ¿zhnMXACB?E�FKt^u�´R´R´cBNE�FKqYO�Mv��i
qYHIAKDXH\AKJ!V3JXE0e�l0J�FCH?EyHNA�a�H?tUJ/L3EQE0eÄA�B?F^EQM�D�O�BNBNE0DWFoAKO�BNi�[zlQL!L?EReYACB!FKO#V�JXE�M7tUJ/L?l�DWE�xQ¨CB_lReNe�A	F	A	ORBIi
Á�l�JpF µ F�H?EQM/B?EQF�AKJ�V�JpE�e\l�J!Åº@ÆB?EQF^qYO�MX�z­�S^AC]�E-FoM�l�B3J/L?O�MpF^¯/xn°�r#s�@�tKuRqYE��!±/x
¿ch�MXA`B?E�FÇAKJÈ�!l0JXERe O�B L!l�Dp��E�F^twJXq�A	FwDpHNA`B�a F^E}DpHNB!O�]^O�afh�iÉq5HNEQM�EÊF�HNEËL?lRDX�NEQFvJÌl�M7E
qYORMX[GH!OR]	E�toM%O�V?FUE�e*FoH!MpO�V3aRH2lÍB3EQFKqYORMX��i+A�B3DW]CV�e�A�B3a;JXq5AKFUDWHNA�B?aÃE�]	EQ[zE�B3FUJGl�B�e�B?EQFUq5ORMX�
ACB3FKE�MXSUl�DWE¤D�l�M�e?JÍ­CÎ�¨^~T¯vx µ l�DpH{Î�¨^~�LIM�O�m�AKe�E0JÏS^]�E�k�A��I]	EÀL!M7Ona�M�l�[G[Gl}��A	]CA	F	hÃSwO�MªeIE�J/AKafBNA�Bja
D�O�[G[GVIBNAKD�lRF	A	ORB_JXORS^M�FKqYl�M�E�x
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3��
�UG����B�MVEWXW�Y#Z[Y�\^]D_a`[`bW5c#d5YO_a`[`
egfihajDk%l `[m�\�]DWXn�\!o�d5n2]�pSWMq:mEn@qSdB\^Wg]�pS_U]�dXY�Wgdao�]FpEWgrK_XZ[YQn,WU\^WU_an l p#_Xn,WU_�\�o�dUn esfih�jDk Z=\utMn^Z=c
v dwr'qEmE]FZ[Y�x)yMzOZF]�p{\�m l p{_|r?Z=cEcB`FWU}N_~n,WX�N][pSWL_aZ[r�Z�\#]Dd�Z�Y�]DWUx5n,_5]DWL_�}�Z=c
W���_an�ZFWX]D��dao
rH_ l p:Z�YEW�\�W�o=o@W l ]�Z[��W�`F���BZ�Y l `Fm�cBZ�Y-xT\�mEqSWXn l dwrKqAmE]=W~n�\��)\^]Dd5n,_�xBW7\��S\^]DW�r�\��AcA_a]=_7n,W5\^damAn l W�\�_XY�c
\�qEW l ZF_X`Ac
W~��Z l W�\!\�m l pK_w\!\ l ZFW�Y�]�Z[o=Z l Z[Y�\�]Fn^mArQW�YS]�\�_~Y�c7�BZ=\�m�_X`[Z=�a_�]�Z=d5YKWa�5mEZ�q:rHW�YS]�\�y
� p�WM�O�:�u�[�LW�\^\^_�x
Wg�E_�\,\�Z[Y�x%��YA]�W�n^o/_ l WX�EZ[r?qE`bW~rKW�YS]D_U]�ZbdwYHm-\^WUc.Z�Y�_gt�`=dXV:m�\uW�Y:��Z�n�daY:rHW�YS]
Z=\����:� vu� j t k y � p�W�n,W2Wa�aZ�\�]A\^WX��W~n,_X`BrKqAZ l p%�
_an^Zb_�Y�]�\EZ[Y egfihajDk WXY:�
Z[n�daYErKW�YS]��

1.1−Table
�@y

� d�c:WU\ Z�Y¡d5YSW l `[m-\^]DW�nL_Xn,W�Z[YS]DWXn l dwY
YSW l ]DW�c¢}7ZD][p{V:d�][p¡�#�Bn�Z[YEWU]K_~Y�c¤£B_w\�]H¥E][pEWXn@YAWa]@y
v `[m-\^]=W�n j ]�d j�l `�m�\^]DWXngZ=\ l dUY:YSW l ]=W5c¦}NZF]Fp�£�_�\^]u¥:][p�W�n@Y�W�]^y�r?qEZ l p j qE§ j x lXl _XY�c¦r?qEZ l p j x5r j x l�l
d5Y:`�� l _~Y¨VEW©m�\�WUcªZ�Y«dwYSW l `[m�\^]=W~n�y­¬AmS]®rKqAZ l p j qE§ j x lXl m-\^WU\¯£
_�\�]°¥E][pAWXn�YSWa]�_XY�c
rKq:Z l p j x
r j x l�l m-\^WU\��Q�
n^Z�YSWa]@y)rKqAZ l p j x k5j Z�q j x l�l _~Y�c r?Z l p j x k5j xwr j x l�l YEd�]MdaYS`[� l _XYOVEW
m�\�W�c«Z�Y±daYSW l `[m�\^]=W~n��²V)mS]³_a`�\�d l _XY´V:W¡m�\�W�cª_arKd5Y�x l `Fm�\�]=W~n�\�y � d�}NW��
WXn��LV:d�]Fp
rKq:Z l p j x kUj Z[q j x l�l _�Y-c¯rKqAZ l p j x k5j x
r j x l,l m�\^W��Q�
n�Z�YEWU].Z�YµdaY�W l `Fm�\^]=W~n²_~Y�c¯m�\�W�£
_5\^]
¥A]�p�W�n@YEWX]L_XrHdwY�x l `�m�\^]DWXn,\�yK�[Y¶_�cAc)ZF]�ZbdwYA�#r?qEZ l p j x
r j x l�l _XY�c¡r.qAZ l p j x k5j xwr j x l�l _an,W
c
W~o/_am:`b]E\^WX]D]FZFYSxB\!daY egfihaj=k y
z#W�_X`=\^d®q�dUZ[Y�]?d5mS].][pS_5]?tg�·Z/\­_ l dwr'rQW�n l ZF_a`Kd5qSW�Y¸\�dUmEn l WLm�\^W�n j `FW��
WX`NY�WX]=}Ndwn�¹BZ[Y�x
qAn,d�]�d l d5`
n�m:YAY:Z�Y-x7daYH][pAWM]=dwq1dwoA]DpSW2�Q�
n^Z�YSWU]
Y�WX]=}Ndwn�¹No�n^d5r¢�#�
n^Z[YSWU]�yUtM�º\�m
qSqEd5n,]/\:V:d�]Fp
»^¼,½�¾a¿=À�¼^Á^¼,Â�Ã5¼ _�Y�cLÄJÅ�ÆsÇ�ÈDÅiÉ7Ê�Ë�Å^Ì�ÈJÍ�Å@ÆsÇ�Ë�ÎHÏgÌ^Ì�Å�Ð^Ð?Ñ[Ò�ÓgÔ�ÕMÖ^×SØBÙEÚ�Û�Ú�Ü�ÝBÞDß,ÚUà�Ú�áFâ�Ú.ãKä�Ý
Ú.á=ÛNå
æDç ä�è@Û�á/Ý
ÚLäwéSÚXß,å æ á�äaÜAêMá[Ü ç ÙEáFà^Ù°ë:ä æ Ù æ ÙSÚ|Û^Ú,Ü-Ý)ÚXßKåXÜ�Ý æ Ù�Ú­ß,ÚUà,Ú~á�â
ÚXßQä5ì%åLãKÚ5Û,Û^å�íBÚ�åaß,Ú
á[ÜEâ�ä5î[â�Ú�Ý'á�ÜHà�ä5ã?ãKïAÜEá=à�å æ á=äaÜOð�ÔQñ
ß^á�ÜSÚ æDç Ú,ëEò�×

1.1−Table ó|ô-õ!öu÷�ø,ùD÷
ú�û^üu÷
ú-ýQû�þ-ÿaù=øMü��������)ø,û@ÿ�ýQú�ÿ�û����Aø
	�ü
� Ü æ Ú~ß�è
�!î�ï-Û æ Ú�ß � Ü æ ß�åaè��!î�ï�Û æ ÚXßÔ�� ��� åaß^ábåaÜ æ Û

� å�Û æ��Eæ ÙEÚXß�ÜSÚ æ Ô#ñ
ß^á�ÜEÚ æ è�������� � å�Û æ��Aæ Ù�Ú�ß�Ü�Ú æ
ãKé:á�à�ÙSè�é���è�í�à�à �AÚ5Û �Tä �%ä
ãKé:á�à�ÙSè�í
ãKè@í�à�à �%ä �AÚ�Û �%ä
ãKé:á�à�ÙSè�í��UèDá[éEè/íBà�à �%ä �AÚ�Û �SÚ�Û
ãKé:á�à�ÙSè�í��Uè@íwãHè�í�àXà �%ä �AÚ�Û �SÚ�Û



 

 7

���������
	�	
�����

���������������! "�#�$��%��$&��'�(�)�*�+�#,'-.%0/�1� 32546-.�'1�&7 "�$�8&��$���(��9;:<,62�,�1>=?/�25��1@ ",'2BA��#9<,C25:D,C2��E���(/��71"�*&GF
H��#2��#��IJ "1> "�82K���#�����7�'&L9M1",6��NC1?�#2O:P1(���Q1�&���:< �1@ ",'25�*��-R�'1�&7 "�$�
1?,S�Q&����'�T4C&7 ":U�#2KV< (&�,C2W-R�#2�1XF
H�,C�*YZ�71@&��[:< ":�1@�K�Q%� �,C2K�'�#&�\],'&GY��#2J:^ �2_1(���Q=`,a�b�?,c\d b2�4P:� "���e/5���! �,�2O�!I>1(���.=X,���/5�],a=f1@�W "�
%W&�,$g��C�#1< "��,C2.1(�0 "�O4h&7 ":.�i%��$�j:h/�%k1@�K�',�&79�F



 

 8

���������
	���
�
 ������������	�	�����������	� !�#"

���� "�>�7����1� ?,�2[:< "���e/5���7�j��1@�K��4h&G ":.�G%K���C:h/�%E1)�5�$,a&G9  (2K1(&�,c: /5�#�j:dA�9�H ,��#YK�71@&e��$3H],��$YW�71@&e��%'&)(!F
������Y��#9Q `:��'�TA��#�W 325: 1(�K�
4h&7 ":S�i%5�$�C:</0% 1(���$,C&79. "�>1(��� �71@&��j1?��4a9R1", %�,'&�1� ?,�2[1)�K�
\],'&7Y��",C��:
�'-.,C254

CEs C *,+ ,'-.%0/51@ (254.-Z���$-.�#2K1L�8 XF �CF5�e��/��71"�*&e�0/!F��<�K�E�W ��$&��'&e�!�� "�#�$� :0�$�#,C-Q%�,c�! �1� ?,C25�
�'&��f��,'25:Z/K�#1?��:  �2.1(��� 4h&7 ":.�!%K�$��:Z/0%E1)�K��,'&79�F

1325462
 798;:=<�>=<)?#@!8A?B>DC�EF:D?#GIHKJ!GIL�8NMO8;G�P!L

Strategy mposition hical Deco   Hierarc.Fig. 12QSRUT�V W
VYX[Z]\_^
`badcNegf;hji�kjlFcnmD^)o�c9epm=h)e.hqTSRsrB`btuo!^�fAaBvp^
h
w
W

Rxcywz`){b^�|~}=^Bc0`jw�h�|�^jt�T
CEs C

h'tDw[exmd`�o�^'f0aBvg^)h
w�}D^'f;epR�^�t
CW /

R�cyw�`j{b^�|�}D^Bc0`)w�^�t�{b`Kh)T#h�R�tuhj|~^�tdTK�
}�f;^B{b`jcAc;^'fOc�R5tDcNR�w�`�`'hj{0m�{Avs�Dc0e�`�f�V�QSR5t=h�vpvs���!`�h
{�m�}�f0^
{b`)c;cA^'f�v�^
{bh'vsv5�ym=h�c�h�}�Rp`j{b`�^'��esmd`
o�^�f0a�vp^�h�w

)/( pCW × ��t�w�`�f!esm�`�h
c0cN�=|�}=egRp^jt�^'��h�md^�|~^BTS`�t=`j^��Dc�h'f;{0m=Rpe�`�{;ex�=f;`;�Do�mdR�{�m
|�`�h't�c�esm�h�e�`jhj{�m�{0vs��c0eg`bf!mDh�c�esmd`�c�hj|~`�}�f;^B{A`)c;c�^jf�c�}=h'f�exR�{AR�}=h)exR�t�T�R�t�{b^�|�}=�degh�epRp^�tFhbt�w
`jh�{0m�}�f;^
{b`)cAc0^'f�c3m=h�c�esmd`�c0h'| `�{b^�|�}=�dexRst�T_{bh�}dh
{�R�ep� ∆ ^'f

calcτ V
¡�`�h'v�c0^�t=^�e¢`�epm=hjeDego�^
a#R5tDw�c�^'��^'r£`�f0md`jh�w ( ) ( )pCWCWQ ,/Q and , 21

h'f0R�c0`�f;`�cN}d`�{;egRsrB`�v5�y�gf;^�|¤vp`�r#`�v X¥hbt�w
vp`�rB`�v£WSV�¦d^Sepm�^���epm=`�|�RstD{Av5�Dw�`�{;^�|�|��=t�Rx{bh'egRp^jt�{b^
c0e�h't�w�vp^
h�w�Rs|�§�h'vph'td{b`�V
¨�mD`��¢`�h
cNR�§�Rxv5Rpex��^'��esm=`�m�R�`bf;h'f�{�m�Rp{bh'vdw�`j{b^'|~}d^�cNRpexR�^�t�c6mdh
c3eg^!§�`�e�h'a�`bt�R]tdeg^_h�{;{b^���t=e���RsfOc0exv5�
V
¨�mD`�vp`�r�`bv©X�R�c�h�|�h
{0f;^
ª¢c0exf;hje¢`jTS��h�tdw�{b^�t�rB`�fAc�`�vs����esm=`�vp`�rB`�v�W�RUc�h�|~R�{Af�^
ª¢c0exf�h�eg`jTS�
Vd¨#m�`
|�h�{Af�^�ª«wz`){A^
|�}D^BcNRpexRU^'t¬{Ah�t�§�`qw�^'t=`�esm�f;^��DT�m­esm�`�®�v�^�§��Dc¯eg^#^�vsa�R,e¥e�^°}D^�f;epRg^�t­esmD`
o�^�f0a�vp^�h�w�±²h)c�`�r£`bt=v���h
c�}d^#c;cnR5§�vp`�hj|�^�t�T�{0vx��c0eg`�f�cbV�¨#m=`�|~R�{Af;^�ªUw�`j{b^�|�}D^Bc�R,exR�^�t³{bh�t�§�`

W 

W/C W/C 
( )CWQLevel ,1 1→

( )pCWQLevel ,/2 2→

0 Level

processorsp  processorsp  

CEsC   



 

 9

|�h�}d}=`)w�^jt=e�^�esmd`��Ih�f;e�`�cNRph't�e�^�}=^�v�^BT���w�`b�¢R]td`�w�§��������«V
¡�`�o�Rpvsv w£RUc0{A��c�c epmD`_w�`'e�h�RsvUc�R�t
�3mdh'}=e�`�f	�#V

��

�� ���������������������
 !{�{A^�fOw#Rst�T�e�^�Q#RxT�V W#VYXA�Bo�`�w#Rsf;`j{bepvs��m�h'rB`"!

( ) ( ) ( )pCWQCWQ
p

C
W

WT pp

p

ppC ,/, 21, ++
∆×

= ( )12 −

#%$'&)(*&

pW + ,.-0/21 &4365	74(�798:8;&<8"=�>?(*@"82>"7)A

( )ppC WT , +)B�C &)D�EGF / >?3�F /IH &J> 1 &)('K.D�8:E'L*FM&)(�L h't�w�}_}=f;^
{b`)c0c;^�fAc���cA`)w�Rst~`jhj{�m�{Av5�Dc0eg`�f

( )CWQ p,1 +4NO1 &)(P$�&?7?A6QR(S> H F2$'&TQ / (SL�FMU28:& 1 &48GAV&)D�> H 5�>WL / F / >X3

( )pCWQ p ,/2 +YNO1 &?(Y$Z&?7[A�QR(S> H F\$'&TL�&)D<>)3	AVU\8
& 1 &<8GAV&)D]> H 5�>0L / F / >)3

C + ^ E H`_ &](a>?Q�D*82E�LSFR&?(SL
∆ + Kb> H 5�EVF / 3 - D]795c7[D / FMd

p + ^ E H`_ &](a>?QV5�(�>0D�&)L�L�>0(*L
e t h�cNRstdT�v�`�}�f;^
{b`)c;c�^jf3o�Rpepm=Rst~^'td`©{Avs��c0eg`bf¢�
o�`Imdh'rB`0!

( )
∆

= p
p

W
WT 1,1 ( )22 −

¡�mD`bf�`
( )pWT 1,1 +)B�C &)D�EGF / >?3�F /IH &J>[3f7TL / 3 - 82&�5�(�>WD<&)L�L<>"(�= / F2$ / 3f>X3'&TD�8gE'LSFR&)(

¨�mD`At~o�`©^�§=egh'R�t�exmd`�cN}d`'`)w£��}�!

( )
( ) ( ) ( )

( ) ( )

( ) ( )

( ) ( )
( )

( )3-2                                        

,,

,/,
1

,/,
1

,/,1

,/,

21

21

21

21
,

1,1

CpW

pCWQCWQ
pC

pC

W
pCWQ

pC

W
CWQ

pC

pCWQ
W

pC
CWQ

W

pC
pC

pCWQCWQ
Cp

W

W

WT

WT
S

p

pp

p

p

p

p

p
p

p
p

pp
p

p

pPC

pC
p

τ
++

=

∆

+

∆

+
=

∆+∆+
=

++
×∆×

∆==



 

 10

¡�mD`bf�`
C
pS +�� &�8M7<F /21 &JL*5'&)&)AVEV5

( )
∆

=
pC

W
CpW

p
p ,,τ V

^ >?FP&�F2$'74FGL*E�5�&?(*L�D�( / 5VF������	��

�����
�������������
�����������	
��� !��"#�$�&%�'(�&�)�	"&�+*
,(-/.10�.�2/3	46572#8�9)3�:�9�.�:�4 ∆pC

5;2<0�5)=>8	9�.	?@9;-A.B9)3C9)8EDF=>3�4$G#H#9�5I2KJL=>8�G/8	=�5�9�MN5�2
O(3PD�OQ.�0R8�2<0

9S-A.T2�H
41.>:+8�9�3�:VUW0�.�2/3X9�.X?Y9S-A.Z9[3�9�8	D(\]3�:�^�D)3!8X0K_	`T3a2b?�.Pc!H#.>2A9�D;Med ( )CpW ,,τ -#8a?Y9f-A.g9S5;4�.
H(2#5�9ih7.C_ J(_j5I2k?�.X=�3P2b0�lSdm4�.P8�2�5�2bJn9;-A.o.	pP.X=qHA9S5)3�2r9�5�4$.W=�3P2b?&H#4�5;2bJs3�2r9;-#.tG�HA:�.
=>3P4$G
H/9�8	9S5)3P2A8PDu\]3C:�^QD�3!8�0/_wvS2yxAc�_�h�zP{)|�lSd}9;-A.~:�8�9S5�3�3	� ( ) ( )],/,[ 21 pCWQCWQ + 9�3

( )CpW ,,τ 5)?g0�5;41.�2/?&5�3�2
D�.X?�?+_(vS�
1=C
hI2A8P4$.�D;M�d
3P2A.�=�D;Hb?�9�.�:+lSd
9�-
.>2 ( ) 0,1 =CWQ

dA8�J�8	5�2
:+.X0�Hb=�5�2<J69)3B9S-A.�JC.>2
.�:+8PD/G#8	:+8ED�D�.>D�=�3�4$G�HA9S5�2AJ(_(Uw.�=>8>2�G�:+.	0(5)=>9T9;-
8�9T9;-/.]3�O�.�:�-A.P8a0L9�.�:�4

( )CWQ ,1

8E413P2<Ji=�D7H<?�9�.>:e?R\]3�H
D)0�.	pP9�:+.�4$.ED7Mt.E�)�[.X=�9j3�2�9;-#.�J!8P5�2t3��LG/.>:��[3�:�418E2b=>.�d

=>3P4$GA8P:�5;2bJ�9)3o9�-#.t3PO�.>:�-/.�8!0�9).E:�4 ( )pCWQ ,/2

4�3(?�9SD;M�3�:+5)Ja5�2A8�9S5�2AJ���:q3P4 D�3Q=�8PD
=>3P4$4$H�2
5)=>8�9�5�3�2}5I2b?&5[0(.�3P2A.$=�D;Hb?�9�.�:�H(2b0�.�:�9S-
.$8X?�?[H�4$GA9S5)3P2u3��Z9;-A.@G#.�:���3a:�4$8P2b=>.@3���9S-A.
G
:+.�?�.>2/9�2/.�9)\]3�:�^
?>_
Uw.Z8PDS?q3g-#8	O�.T2/3�9).�0�9;-A8�9(x�c
_Ih7z�{�|Xl
0�3!.X?b2A3C9(.�4��#3!0(M�9S-A.�:+.>D)8P9�5�O�.�O(8�D;H/.	?Y3P�
9�-#.Z.	p	.�=�HA9S5�3�2
9S574B.�8P413a2bJ@�$=�D7H/?�9�.�:e?/9�3�9�-/.�.�p�.�=�H/9S5f3P2$9S574B.�\�5�9;-
5�2�3�2A.Z=�D;HK?&9�.�:�_
�Y�7�V� �u�	�����F���A�V�� ��
,(-/.~:+.	8!?&3�2b?¡\�-�MWG#.	3PG#Df.�9�H�:¢2£9�3W9;-#.~GA8P:+8�D;D).>D¤=�3�4�G#HA9S5�2<J�8P:+.~41.>2A9S5�3�2A.�0o�(M
¥I¦�3�.�^A?&9S:q8�§�¨	©&ª

« �#3PH
2b0�.X0w=>3�4�G#HA9S5�2<J�=>8PGA8�=�5)9SM+d#4$.	8E2
5�2/J�9;-/8	9Y8�?&5;2bJaD�.]G�:q3�=>.	?+?�3�:g\�5�D;D#D�.	8!0w9�3$8
��3�H
2<0(.�0]=>3�4�G#HA9S572<Jg=>8PG#8X=�5�9�M�_

« �#3PH
2b0�.X0¬4�.E413P:�M�?&G#8!=>.>d�41.�8E2
5;2AJ�9f-A8�9�8¤?­5�2AJaD).RG�:q3�=+.�?+?+3P:j-A8!?L8mD;5;4$5�9�.X0
41.>4w3P:�M®?&G#8a=>.R\�-
5)=q-¯0(3!.	?°2#3!9���5)9$9;-/.R4$.�413P:+Mi=>3	2<?­H#4�Gb9S5�3�2i3��18m-�HAJ�.±0�8�9)8!?&.	9
G
:+3Q0�Hb=>.�0���M�8>2$8PG(G
D�5)=>8	9S5)3P2<_
²ZD)?�3³��8!?�.	0w3P2j9;-A.�?&5;4$5;D�8P:�:+.�8!?�3P2<?[d#\].³0�.	=>3�4�G/3!?�.�9f-A.]\]3P:�^(Df3�8!0w3aO�.>:�4´3P:+.]9�-#8�2µ3P2A.
¶T· _(,�-A.�=>3P2b=>.�G/9<3P�T¸Z:�5�0µ¹EG/.�.X0�H
G�3a:�5)Ja5�2A8P9).	?��):+3C4º9S-#5)?g0(.	=>3P4$G#3�?&5�9S5)3�2}?�9�:+8P9[.	JCM	_(¸Z:�5S0
¹PG#.	.	0�H
G$8>2<0]¸Z:�5)0�x��)��5�=q5).+2<=&M�8P:+.g0(.E�)5I2A.X0@8�?>ª



 

 11 

( )
( )ppC

ppC
p WT

WT
G

,

,1= ( )42 −

( )
( )ppC

pp
C
pC

p WT

WT

CC

G

,

,11==γ ( )52 −

UL-/.>:q.
C
pG
ª	¸Z:�5)0�?&G/.�.X0CH#G

C
pγ � �������	��
�

�������������

pW ����� ��������� �!�"��#$#%�&#�')(*�,+*#�(-���
( )pp WT ,1

ª	x�p�.	=�H#9�5)3P219S5;41.Z3P2�G�G�:q3!=>.�?+?�3P:�?b572<?­5�0�.�3a2A.�=�D;H/?�9).E:

( )ppC WT , � x
p�.	=�HA9S5)3P2i9�5;41.}3aOQ.�:w`�=�D;Hb?�9�.�:e?B8P2b0¤G¡G
:+3Q=>.	?�?�3C:q?BH/?�.X0¤5;2¬.�8!=q-
=�D;Hb?�9�.�:
.!/1032546�746/348�:9<;-=&>
?A@%B-CD'E�746F)9G;H=I>$?&@�J�C<�K�L�E4%F�����'M�NF<�&�*� �

( )
( )

( )

( ) ( )

( )

( ) ( ) ( ) ( )[ ]

( ) ( ) 6)-(2                                                                      
,,,,1

,,/,,

,

,/,

,

21

2212

2

21

2

,

,1

CpWgCpWg

C

pWQpCWQCCWQCpWQ
p

W

pWQ
p

W
C

pCWQCWQ
pC

W

pWQ
p

W

WT

WT
G

pp

pppp
p

p
p

pp
p

p
p

ppC

ppC
p

++
=

−×+×+OP
QRST +

∆

OP
QRST +

∆
×

=

++
∆

+
∆==

UWVYX�ZKX
( ) ( )

( )pp

p
p

WT

CWQ
CCpWg

,1

1
1

,
,, ×= ( )72 −

( ) ( ) ( )
( )pp

pp
p

WT

pWQpCWQC
CpWg

,1

22
2

,,/
,,

−×
= ( )82 −

[]\*X!^ _�`
Z�abaAZ�cedLX*fg`%VGaA`Nh7i�jGk�lIm$nAo6p*qr`%VGX]`$X!Z�s ( )CpWg p ,,2

h�_tZ�X&a�u%u�vgswX�aAixh7iYc*y6dGuz_"h7i|{�XEh$`



 

 12

{�a�i swa*`%VLX!s aA`
h8{�aAu%u%v VLa � X `%V<Z�X�X��Y\-_�_,h��xh%u$h$`
h�XA_��	�*X�Z�\�
��L\1_"h�`
h � X \*Z iLXHcDa*`$h � X*lY[ X&Z�Xbu$XA`tdY_
Z�X � h$X�
 `$V<X!s \eiL{�X aAc3a!h%irl
�	��������� ( ) ( )pWQpCWQC pp ,,/ 22 =× ��� V<h�_ h%i|f3h�{�a*`6XH_ `%VYaA`:`
VLXw\ � X�Z"VYX&a-fWy6Z�\*s��
{�u%d|_�`6X&Z�_)h
_ _�{�aAu$a�� u�X�
�h$`%V a y8a*{�`�\*Z]\�y

C/1
`�\g`
VYXb\ � X&Z�VGXAaHf y6ZK\�s \�iYX {�u%dY_�`�X!Z"l! %i `%V<h�_

{�aH_KX�
�
�XNVYa � X ( ) 0,,2 =CpWg p
a�irf `$V<X c*Z�h8fb_"�GXAXHf d#� {�a�i$�xXtZ"X%
�Z�h$`�`6X&iwaH_&�

( )   ,,1 1 CpWg

C
G

p

C
p +

= ( )92 −

�	�����(')� ( ) ( )pWQpCWQC pp ,,/ 22 >× � � V<h�_ _,d|c3cDXH_�`�_ `%VYaA` `%VGX `6X&Z�s ( )CpWg p ,,2

iLXAc3a�`$h � X&u%v a�y6y8XA{�`�_ `$VGX ceZ�h�f _"�YX&XHfDd!�Yl<UWX]{�a&i h%s aAcDhIi|X hIi `%V<h�_�_,h$`
dYaA`
h�\�i `$VGXb\ � X�Z�VYX&aef

�h$`
V<h%i \�iLX {�u%d|_K`�X!Z _�X�X�s _N`6\*�<XtVGh�f<fxX�i a&i|f X � X�i aH_zh%yxh�`+
�\�d<u�f iY\H`xX�,�h�_�`�y5\eZ `
VLX Z�X�aH_�\*i
`
VLaA`x`%VLXt\ � X!Z"VGXAa*f]a�sw\*iYcM{�u%d|_K`�X!Z�_|h�_Gs d|{KVwu$a&ZKc3X�Z�l
�	�����(-)� ( ) ( )pWQpCWQC pp ,,/ 22 <×

� � VGh
_zh%s.�xu%h�XA_N`$VYa�`L`�VLX `�X!Z�s ( )CpWg p ,,2

VGaH_:a
�L\3_,h$`6h � X X�y6y5XA{�`<\*iw`
VLX ceZ"h�f _"�LX�XHfDd��rlAUWX {�a&i.�xZKXAf h�{�`<`%VYaA` h$`<`%VYX&\*Z�X&`6h�{�a&u%u$v u�X�a-f<_N`6\]_,d+�YX�Z
u%h%i|X&a�Z cDZ�h�fw_"�YX&X*f3d+�Y_:_,h7ir{�X f<XA{�\es/�G\1_,h%i|c `%VGX _�a�s X0
�\*Z�^1u�\Daef aAs \*i|c$� {�u%d|_�`6X&Z�_:{�a!dz_KXA_
u$XH_�_ \ � X�Z�VYX&a-fg`%VYa�i f�\eh�iLc a!s \*iYc1�2�xZK\3{�X*_�_�\�Z�_th%i \�i|X]{�u%dr_,`�X!Z"l# 6`Yh�_ty�a�Z s \DZ�XEu$h%^ X!u%v�`�\
VLa3�+�YX�i h%y�i<X�`4
�\�Z�^ {�\�swsbdGi<h�{�a*`$h$\�ibh�_Ya-_|h
fxX&a�u�aH_5�L\-_�_"h6�xu$XDl
7�8�9:8 ;.<	=)>@?0ACBEDGFH>I=

� VYXJ�GZKX � h$\*dY_Mf h�_�{�d|_�_"h�\*i|_ a&Z�X	h�sK�<u%h8{Kh�`:a�irf y6ZK\es iG\�
 \�iL
�X1
�h%u%u _,X�`$d!� a!i�a&iGaAu%v�`$h�{�a�u
s \-fxX&uG`$VGaH`!
�X {�a&i X�,%�<u%h8{Kh$`6u�v f h�_�{�d|_�_�lM �i�`%V<h�_�_"dN�G_,XH{�`$h6\Ai!
1`�V|X s \1f�X!u+
�X dY_�X h
_ `�\ _�\eu � X
`
VLXPOGa��Gu$a-{�XtXAk3dLa�`6h$\Ai.
	h�`�V `%V<X0Q h%Z�h
{KVGu$X&`��<\*d�irf aAZ,v	{�\ei|f3h$`6h$\�iwh7iwn�Q _�k-dGa�ZKX f�\*swa�h%i
UWh�`
VL\*dG`3u�\3_�_Y\DyLcDX�iLX&Z�a�u%h$`$v�
�
EX a-_�_"d<s Xt`$VGaH`3j<kxl7m%n*oSR�qDVLa-_

)1,0( ≤≤ yx
l

0)(
2

2

2

2
2 =

∂
∂+

∂
∂=∇

y

u

x

u
u

m%n*oSR3T*q
UgX�a-_�_,dxs X�`�V|a�`Yj<k l�m%nAoUR!qxV|a*_:`
VLX�_�a&s XEs X�a&ixh7i|c aH_ h%iV�xV�vL_�h�{�_"
3iLa�swX&u%v�
 `
VLX�_,h$`6X�\Ayzv+WXR
h�_ _K\AdGZ�{�X2
tvYW�T h
_ _,h%i�^ a&i|f d h
_ `%VYXg`�X!s.�LX!Z"a*`$dGZ5X � a�u%dYXA_b\�y]a2�Y\�h$iG` hIi f�\es a&h%i:lI 
i
a-f<f h�`$h6\Ai!
I
�X aAu�_�\ga-_�_"d<s Xw`
VYaA`tj<kxl7m%nHoZR�q:VGae_ aK�LX&Z,h$\1f h
{$�<\*d�irf a&Z�v {�\�i|f h$`
h�\ei hIi `%VGX.,
f3h
Z"XH{�`
h$\*irlGU�X y�dGZ�`%VLX!Z)a-_�_"d<s X `%VYa&` `%VGX _�k3dLa�Z�X f \*s a&h%i h8_�f h�_�{�Z�XA`
h[�*X*f h7iY`�\

nn × cDZ�h�f
�L\eh�iG`5_\��v d|_,hIi|c^]�Q*_ ma`3hIiLh$`6XVb	h%y�y�X&Z�X&iL{�Xdc XA`%VY\Hfxqe
G
 VYX�ZKX i h�_b`�VLX i<d<s��GX�Zw\�y	cDZ�h�f
�L\eh�iG`5_Ya!u�\�i|c\, \eZYv f h�Z�X*{�`6h$\�irl



 

 13

��� ��� �
 ���	��

�

���������������������! #"$��%��'&)(*�+�-,."/�0%	�'&���12�3,���4���5#67�8���8,:9;�<1=��>@?�>.9!���8A�B	9!C�A D	A DE�+�F,GB�9!CHAID8AKJ
�L $��>MD
6)�N����9;��&O����P���?Q40�'���8��R

32 ≥=  and CC
A

S�T	U3V'T�W-X�Y'W$Z!Y'W[V\Y']$^_Ya`bUcT�d/egf@h2d)i$jLV\klhcY8hmZnW-oQT#f#h2Z!o�d$k	o!Z!T	Wph'qHTlW-Y
ZrhmsLT	U
2=C
]tSbZr`)u f�u fak�W[v

k�W-TNoxw-Y�UyZrhyszT�U
3≥C
]#S�Zr`�uKfNu {bu}|nW~Y�k8V�w�`lUcTld$e$]�h�Y�X�Y�U�k���h2e-Y	V\ZOsQZrV�V\kNh�Y8h�k�UcY�V\�!kNh�h2ZnsrZ!Y	v

kNV0V'TlU\vtZnW[`�orT�o�w$YaW$d7�.i7Y'UETls�e/UcT�V'Y8h�h�T�U+h3ZOW�Y�kHVcw�V\�;d�h�oQY'U�u)|�W�onw7Y.sLT8�n�LT	^#ZnWp`�v�Zrh�Vcd[h�h2ZQT	W[h2]
^.Y}V'T�W[h�Y	V�d7o!ZnX)Y��n�.ZnW$X)Y8h�o!Zr`�k	oQY�onw7Y���u

21 =. CGroup 

|�W�SbZz`�u f�u f�]�oxw$Y�U�Zr`lw$o�h�w7TN^#h�o�w-k	o<o!w7Y�^.T�U��)�rT	kNv�Zrh�v$Y8V'Tl��emTlhcYHv�i7Y�oL^aY8Y�W�f
V\�nd[h�oQY�U0hmk�W[v<o�w$Y
�!Y�sLo)Zn�!�nd[hco!U�k	orY	hmo!w7k8o/Y8k8Vcw�e-T	U�o�Z!T8W�T	sponw7Y}^.T	U=�)�!TNk	v<ZLh�v)YHV'T���e7TthcY8v�T�W�V�Y
kN`Nk�Z�W�Z;W�onw-Y�hck8��Y�^ak���kHh�onw7Y�U�Zz`�w-o2u}��T	Wph�Y8�bd-Y'Wpo�Zxk��!�n�0]#o�w-Y�U�Y�Y��8Zrh�o�{�e-TNh�h2Z;i/Zn�nZ!oLZ!Y8h
kNV0V'TlU\vtZnW[`aoQT_onwpYmW)d/��i$Y�U�T	s)e7U�TNV'YHh�h�T	U+h[ZnW$X)T��!X�YHv:Z!W<Y8kNV2w�V\�Odph�oQY�U�u

11 =.  p

1=p
2=p

0=p

n n

x x

y y

1=C

2=C

3=p
4=p
5=p
6=p

7=p

nn

  Level    Right :vel  Left : Le

 C  Case  I:.Fig.

12           

222 =

1=p
2=p

0=p

n n

x x

y y

1=C

2=C

3=C

3=p
4=p
5=p
6=p

7=p
8=p

nn

  Level    Right :vel  Left : Le

 C  Case I: .Fig.

12           

332 =



 

 14

�����������
	���
�������
�����������������	�������
��! #"$��
��&%(') *�+	,�
�*���- .	,/0�21���	,/!��	3�)��/�
��5461�7�8

∆
=

2

1,1
n

T

9 ��
�"$�$	3������
��! :��8
grid

commT
n

T +
∆

=
2

2

1,2

;  <�=4>�<'?���54@�A'B8

∆

+
=

+
∆

∆==

2

2

2

1,2

1,12
1 2

1

2

2 n
T

T
n

n

T

T
G grid

commgrid
comm

( )112 −

C��D�E�B	E�F/G�H��
��?/5
����5�)I?	,�5�J���A�)�K	�/5
����5�F�5�)��7L�+	,	��) :�M1A��
�"$�����DNJ	����O�3
��, :�,P@�Q�+
�/!����7LNR�TS- ���4
'?�U����
V��"6�����@���+	���/,��S+�WS-�X�!1�/�����7+P

2  .2 =p

9 �&�!����	�������
��0 B"$��
���NY') *�+	,�
���*�� :�,8
cluster

commT
n

T +
∆×

=
2

2

2,1

Z
nT cluster

comm 2∝ [
9 ��
�"$�\	�������
��0 :��"R�X
���NY') *�+	,�
�*�E�5 ]�����&�!/
	3�G	3������
��0 !8

cluster
comm

grid
comm TT

n
T ++

∆××
=

22

2

2,2

Z
nT grid

comm 2∝ [
;  E�K4J�E'?���
4^�)'B8

cluster
comm

grid
comm

cluster
commgrid

comm
cluster

comm
cluster

comm

cluster
comm

cluster
comm

grid
comm

cluster
comm

T
n

TT
TTT

n

T
n

TT
n

T
n

T

T
G

2

42
1

2

422

22

22

2

2

2

2

2

2

2,2

1,12
2

+
∆

+
+

=
+++

∆

__`
abbcd +

∆
=

++
∆××

+
∆×==

( )122 −



 

 15

� ����	3� �=�� *�!"$ ���
�
��0�G/5�

2

)42(
1

22
2

+
++

=

β
αG

"$��
��

cluster
comm

cluster
comm

grid
comm

T

n

T

T

∆
=

=

2

β

α

� ���, 3� cluster
commT �������	��

�����	������������������������ "!#�%$&�('�����$���)�'����*�(�� " "+�$,���-�.'/�0��$21��3'0�($4�.56�3$7�8'��,�

�,�('
��9/��:��;�&�.$�<	�='��> ?�@�%$A�B$��DCFE�G grid
commT �>�H'����D�.�� " "+,$I�����('/���	$J'��K L�M!I�('N���-�($J'0�O�

$,�(��<��,!I��
��K$�<P��1%+&��'0�(
;�QG
3  .3 ≥p

9 �&���?�W	�������
��! B"R��
��J�?�+
@���
����
���/!�LRY') *�Q	��
�*�3�� !�O������/�	��&	�������
��! ,8
cluster

commp T
p

n
T 2

2

,1 +
∆×

=

9 �&
�"$�\	3������
��0 :��"6��
X� ���5
����
���#
���/!�?RY'� *�+	,�
�����- ]�������!/+	���	�������
��, !8
cluster

comm
grid

commp TT
p

n
T ++

∆××
=

2

2

,2

;  ��K4J�E'?���
4^�)'B8

2

2
1

2

22

22

2

2

2

2

2

2

,2

,12

+
+

=
++

∆

SST
UVVWX +

∆
=

++
∆××

+
∆×==

β
αgrid

comm
cluster

comm

cluster
comm

cluster
comm

grid
comm

cluster
comm

p

p

p

pTpT
n

pT
n

TT
p

n

T
p

n

T

T
G

( )132 −

cluster
comm

cluster
comm

grid
comm

Tp

n

T

T

∆
=

=

2

β

α

32 ≥. CGroup 



 

 16

�-�KS�P N+P R2�H���5"J��
���/5
�
��)�W"$�� ����X�5/+4 ���#4��
	,����'��Q�3��4 ���> *�5"���"R�K���W"6/�7J/!�&�U�?S R 	�������
��! *�,P
11 =.  p

���������5��	���
�������
�����������������	�������
��! #"$��
��&%(') *�+	,�
�*���5 .	,/0�21���	,/!��	3���X/�
��5461�7�8

∆
=

2

1,1
n

T

9 ��
��� <����	�������
��! :�,8
grid

commC T
C

n
T 2

2

1, +
∆

=

)2( nT grid
comm ∝

∆

+
=

+
∆

∆==

2

2

2

1,

1,1

1 2
12

n

CT

C

T
C

n

n

T

T
G

grid
commgrid

comm

C

C ( )142 −

2  .2 =p

9 �����?�W	����O�3
��, M"6��
��JN�'� *�+	,�
�����5 :�,8
cluster

commT
n

T +
∆×

=
2

2

2,1

9 ��
��� *�!��	����B�V
=�, :�O"$��
��GNY'A 3�@	*�5�*���5 :��������/
	<� 	�� �?��
��! !8
cluster

comm
grid

commC TT
C

n
T ++

∆××
=

2

2

2,

1

1)1(
1)1(

2

2

2

2

2

2

2

2

2,

2,1

2

+
−++

=
×+−++

∆×

���
���	
 +

∆×
=

++
∆××

+
∆×==

β
αC

C

TCTCT
n

T
n

C

TT
C

n

T
n

T

T
G

grid
comm

cluster
comm

cluster
comm

cluster
comm

cluster
comm

grid
comm

cluster
comm

C

C

( )152 −

cluster
comm

cluster
comm

grid
comm

T

n

T

T

∆
=

=

2

β

α



 

 17

3  .3 ≥p

9 �&���?�W	�������
��! B"R��
��J�?�+
@���
����
���/!�LRY') *�Q	��
�*�3�� !�O� �&��/�	��&	�������
��! ,8
cluster

commp T
p

n
T 2

2

,1 +
∆×

=

9 �&
�"$�\	3������
��0 :��"6��
X� ���5
����
���#
���/!�?RY'� *�+	,�
�����- ]�������!/+	���	�������
��, !8
cluster

comm
grid

commpC TT
Cp

n
T ++

∆××
=

2

,

;  <��4��<'?����4 �A'�8

2
2)1(

1

)2(2

2

2

2

2

2

2

,

,1

+
−++

=

+−++
∆×

���
����� +

∆×
=

++
∆××

+
∆×==

β
αC

C

CTTCT
p

n

T
p

n
C

TT
Cp

n

T
p

n

T

T
G

grid
comm

cluster
comm

cluster
comm

cluster
comm

cluster
comm

grid
comm

cluster
comm

pC

pC
p

( )162 −

cluster
comm

cluster
comm

grid
comm

Tp

n

T

T

∆
=

=

2

β

α

���
	���
������������������
 "!$#&%�'(�*)�+,���-���.�� /!0%�1
'(2�+3
5462�)�+728�-4-2��"+92:
&;=<�>��9?@)A�A�&�7B0C
( ) grid

commTCWQ 2,1 = ( )172 −

( ) cluster
commTpCWQ =,/2 ( )182 −

DFE=G
HJI@E�K@LME=N�O�P&NQNROJSTIUS�IVNROQE�WYX[Z�\^]_SR`FNROQE�aJKbEcL�SAG-dQI^e[STI0fgdQI0I"STGh`YIci�j�Ec`�fcEck9l=E=G:HJN.P�SR`mNROJE
n KoSpeqIoa�E
E-e[d�arP�IYstG&uAu.G6lvIcw



 

 18

( )

( )19-2                                                                

2
1

  

2

1

 
,,1

2
1

+
+

=

+
∆

+
=

+
=

β
αC

C

T
p

n

CT

C

CpWg

C
G

cluster
comm

grid
commp

C
p

D OQEcKbE

clsuter
comm

grid
comm

T

T
=α ( )202 −

clsuter
commTp

n

∆
=

2

β ( )212 −

�,G-N.E N�OYP&N NTl=G e3S�� Ec` I�SpG&`9uTE
I0I aQP5KbP�� E
N.E�K$I�� P5`Ye�� P5K0E P&u�IbG e�E�aJEc`Ye3Ec`�N G�` NRO�E
a�P&K0P�� E
N.E�K ` IoS�`�fcE_`�E5SANROQEcK grid

commT
�9�
� clsuter

commT
��B8� ��;[2c�72c��;[2c�[)Q�-<9).+�2��3
5�o
:	q2c)T2�� � iMj�EcKbEck

spG-K IbS	� a9uASTfbSTN�
�k l(E
�RdYIbN�`�E n uAE6fgN�SAN.k H[dJN l=E�� dQI@N(NAP��7E S N_S*`JNTG fcG�`YIoSte�E5KoP-NASAG-` SR` PmK0E�P&u
S	� a9uAE��rEc`QNTP&N.S G&`8i�� ` G&dJK,spG-uAuTG�l SR` n E��&a�E5KoS	� E�`JN/I�k HJG6N.O NTEcK�� I grid

commT
Pc` e clsuter

commT
P&KbE

H PhIbE6e G�` j=GMf���`QE�
�� G[e�E�u�� j,G�f���`QE�
���� � �"! O9SpI_S�� a9uRSAE6I(NROQE
I@E NTl=GFN.E�K��rI=P&K0EvE��-N�KbE�� E�u	

I@E5`YI"SAN�S�L�E N.G#� E6I0I@P n E uAEc` n NAO%$ Spi E�i(a KbG&H�uTE�� IoS'&-E)( P�`Qe P
uTI@G OJP&Kge3l=P&KbE a�P&KoP��rE�N.E�K$Ici
� j,G�f���`�E�
*��� � �
! OQE�aQP�K0P�� E
N.E�K+��� E&P�`QI=NRO9E S	�qH9P&uAP�`�fcE S�` NRO�E�O9SAEcK0P&K$f"OJS�fcP5u f0G,�-� d9`JSTfcP
N�STG&` HJE&NTl(E
Ec`
SR`QNTEcK�. Pc`Qe S*`QNAK0P0/21mfcG��
�vd�` STfcP6N�SAG-`Qi ! O9E_a�P&K0P)� E
NAE5K��=STI3�rG&K0E,fcG�� a9uASTfcP
N.E6evHJE
fgP&dYI@E(SAN
fcG&`QNTP5S�`QI54=L[P
K@SAP$H3uAE6Ici ! OQEcKbE5stGhKbEckQl(E,G&`9u	
mfcPc` f0Gh`9s.SAK�� N�OQP�N N�O9E=uAP&K n E5K NROJE(LMP&uRdYE(G-s8NRO�E
a�P&K0P�� E
N.E�K6�_StI"k6N OYE�H�S n�n E5KQNROQE fgG7� a9dJNASR` n f0P5a�P6fgSAN�
,G&s�N�O�E fguRd I"NpEcKQStIci
8:9 ;:9 8

 <>=7?�@5A�A
B�S��7E&l(StI"E�k�NRO9STI8I"STN�d�P-N�SAG
`mfcPc`qH E n KbG&dJa�E-evP�IC4 fcP6IbE6Icw�G-`JE�STI stG-K24=fgu�dQI@N.E�K$I�P�` e�P�`JG�NAOJE�KQSTI
spG-K�� G-K0E^NAOJP�`
4 fguRd I"NpEcKgI:i��R`
D[S n i 4�i"EckMNROJE
G-K0E�N�Stf0P&uRu	
�kMNRO S�I8fgP�I@E�STI�NRO9E IbP�� E^P�I NROQEVKoG�lF.Tl StI@E
e�E-fcG�� a�G�I"SANAS.G-`YI stG-K8uAE5LME�uHG_P�`QevuAEcL�E�u�4�i�I�dJN[aJKoP�fcNASAf0P&uRu	
�kMNROQEcK0E^E��&STI@NpI I@G,�rE e7SRsTspE�K0E�`QfcE�S*`
N�O�E�SRK�SJ�va9u.E��rE�`JNAP-NASAG-`QIciK1 LMEc` NROQG&d n OL4c` n K@STeFaJG&SA`�NpI�l=SRuRu9HJE,E)��fbO�P�` n E6e7k�NROJE�
FKoE-I"STe9E
SR` e[STI@N�K@S*H d�N.E6e aJGMI"SAN�STG-`YI SR`M� E�� G-K�
N$�O=I0I"dP�rEQ/2R�4S("i*�R` G&K$e9EcK(NTG E)��fgO�P�` n EckQNROJE6I@E n K@STe
a�GhS�`JN/I O�P&LME^N.G H EVaQP6fT�7E-evs.SRKgIbNAu	
rPc` e�d `�a�P6f���E6e P
spNAE5K E
P
fbOra KbG�fcE-I0I@G&K8K0E6fcEcSRL7E(NROJE)�mi
DFE
l=SRuRu[u E&P�L�E�NAOJE)� stG&K8NRO�EVuAP-NTE5KYE���aJE�K@S	�rE�`JNtIci



 

 19

8:9 ;:9 �
 <>=7?�@5A�A�A

O I^IoO�G�l(` S*` D[S n i 4�i ��k7H G�NRO uTEcL�Ecu G(P�`�e uAE�LME5uH4vP�K0E=e E
fcG7�va�G�I@E6e S�`M4��=i �=G NTE�NRO�P-NQNRO9E
`�d �,HJEcK G-s N�OQE fguRd I@NTEcK�l=E0�rP)
FN.P)��E,IpOJG-d9uTevHJE=P_a�E5K/s/E
fcN I�� dQP�K0E(S*`QN.E n E5K�$��,fbuAdQI@NTE5K$I8P-N
uAE
P�I"N (9P5`Ye�NAOJE8`�d �,HJEcK G&sJNAOJE a K0GMf0E-I0I@G&K$I SA`YIoS�e3E^G-`JE����vP5utI@G=I"O�G-d ute=HJEVP aQEcK@spE6fcN9I�� d�P&K0E
SR`QNTE n E�KQuRS	�9E G:k7� Pc`YeF��i
! OQEVE)�6E-f@dQN�SAG-`qN�SJ� E�G-`qG-`JE5/21 fcPc`=HJE fgP&u�fbd9uAP-N.E6e(H:
Jw

cluster
commp T

p

n
T 4

2

,1 +
∆×

= ( )222 −

$
p

n
T cluster

comm

2∝ (

�,G-N.E N.OJP6N NRO�E spP6fcN.G-K�� � E&P�`QI � fcG7�Q� d9`JSAfcP
N�S Gh`�I spG&K E)��fgO9P�` n SR` n e3P-NTP l=SANRO SANpIM�

N

N

N

N

x x

y y

1=C 2=C 3=C

6=C

8=C 9=C

5=C4=C

7=C

8   7   6

5   4   3

2   1   0

12

9 5.2.

: Level      Rightevel    Left: L          

 CCase III: Fig =

N

N

N

N

x x

y y

1=C

2=C

3=C

P=0 

P=1 

P=2 

P=3 

12

3  4.2.

: Level      Rightevel    Left: L          

 C Case  II:Fig =



 

 20

���������
	���
�������������������	���
���� CEs ��
������! �
"��#����"�$��
%�����'&(��)�&'�+*,���-#����! .�/���0�1�2�����!��
"�
����34�!5�67 �/*��4�!�8�9
"�:����3��;���1�:<>=@?�AB�C�.3�&
�ED

~

22
2

,
cluster

comm
grid

commpC TT
pC
n

T ++
∆

= ( )232−

F
Cp

n
T grid

comm ×
∝ 2 G

F
Cp

n
T cluster

comm ×
∝ 2~ G

7 �/*�AB�����!�����H��&
��
$���93�*I������#��������/��D
( ) grid

commTCWQ 2,1 = ( )242 −

( ) ~

2,/2
cluster

commTpCWQ = ( )252 −

<H���1�$�4JK�����.��)�L�?EAB�M�N�9�'�����M��
$��*O�P ����+*K�' 83����Q��)�)R�NA���D

( ) ( )26-2                

  
4

222
1

4

)(22
1

)42(2)4(

4

22

4

2

2

2

2

2

,

,1

~

~

~

ST
UVWX

+
−++

=

+
∆×

−+
+

=

−+++
∆×

YYZ
[\\]^ +

∆×
=

++
∆

+
∆×==

β
ξα CC

C

T
p

n

TCTCT

C

TCTCTT
p

n

T
p

n
C

TT
pC

n

T
p

n

T

T
G

clsuter
comm

clsuter
comm

clsuter
comm

grid
comm

clsuter
comm

clsuter
comm

grid
comm

clsuter
comm

clsuter
comm

clsuter
comm

grid
comm

clsuter
comm

pC

pC
p

_ �/��
`�
clsuter

comm

cluster
comm

T

T
~

=ξ

a ���b�c�b��39�d�����e /3�
`3��;�4�b�4
%�,fg3��h*jic�13�&(�c���.�c�$3��!�k*����b���.�����R���1�l3��m�����n .
"�4&K�����1�
�P�'	/�$�9#��������o6Ep����o���/��Lq#����/�R3����r*K���R�s��
"�����o �3�
"39�8�4�R��
��t�0�m#����� /34
$�R�"���uAB�����r='J�6 Fwv�xRv�y G 34�1*



 

 21

=.J�6 Fwv�xbv�� G 6���� =.J'6 F�v9xbv�� G ?
f �R�>��� *'�� ����/*'���1#�� ���d<m3��1*  3��>AB�4)�).3E�o �
"�9	')����j�P���9� � 3��1*
i �R�h*@�4 ����/*'�����+	������ ���  �
"� 	�)���� �P�����>�!3��h*  >6_ � �w��&
�+�`���R�K39�b� �9�����  ��9#���3�)��P������3+�������h6 _ � 3E�"� ���!�����/39��������
"�M3�
"� 5B#�)��1�$�b�4
%�>3��h*O������
"� �R�
�  .
"�E#��+��� ��
 34&'39��)�34	')��O��� ��3+#P�-#$)��1�$�b��
"6 _ �O�w�O� ��*K��3��R��)�L2�b���/*u���/39� 39)�)M#������!���.�Q#�3��������
�b3��'�+�� �)�3E#��23��;���1�e#�)��1�`�R��
��O34��*c#������!���.�R#�3+�������k#��E�$�IAB��)�)t	��u�
	���
"�4�!��)wLc��	� ����/�P��&(�
�P���1#��,39)�)I���u��)��9	.3�)!#"���O�!�.����#�3����b�9� F

02 =Q
G 6���� �P�1#`� 3-#�3��$�4?BAB� �4	��b34��� ����� �N
$��*

�P ��9�+*(�. oD

( )27-2                                                                               
4

1

44

2

2

2

2

2

1,

1,1

1

∆

+
=

+
∆

��

�����

∆
=

+
∆

∆==

n

CT

C

CT
n

n
C

T
C

n

n

T

T
G

grid
comm

grid
comm

grid
comm

C

C

���e=.J�6 Fwv�xbv�� G ?
C

n8 ��
$�Q*, ��������s�IAB��)�) 	��!��	+#`��34�/�E��*m3�� �;�
�P�$6����e�s3+#���?H�9��)�L�� #`)��/�$�R��
%�

�;3�L �
	�#`��3����K�
C

n8  /�������Q�:A������d�R�s���B�����Q�+�(	���
`�:3��/*d�����B�E�����4
%� AB��)�)/����)wL8��	E#$��34�����

C

n6 AB����� ���Q���u���������
	.��
%��6:=.J�6 Fwv�xRv�� G � �/��A��83�� ��	9��
`���!� �P������3�������� 3��h* � �  .
"3E#"���R#��
����	.�
*(L�AB����)R* ���.� �����R�.#�����)R* 	��:#$���93� ;3��'�����C .
$�R#���6
��� �

 � �"!#!#$&%(') ���R�8�$�+#��������c
`��&'���4AB�+*c�����+*:
 �Q*-,4 /�4��*K�. ) ���9��
$L-������
"�
*(�1#��+*l	@L/.10 �E�2���`��
"3 y43�5 6 ) ���
�����9��
 Ld���s�$�4)��>�R� 39�u� �.����&
3��������u34�1* 3�)R�$�834�m�
	��R���1�P�����m���m���.�76981:2;<;9=16<:
8/�P ����9*@�. 2��������
 LE6_ � ��3�&
� 
"�43�)����+��* ���.3�� ����A �!3��.L  �
"��#����"�$��
%�j���.&'��)�&(�9* ��� #`)��/�$�R��
 x �R� x #�)�� �`�R��

#����!�!���.�R#�3�������� �R�83m&'�4
sLc���� /��
`�b3����I�s3+#��R��
d�s�e�b���m�K3��w� �9�� ��4
$�Q��
"�839�/#�� �0� 3 �N
$��*
�4��&
��
`�����;�����s64> ��
`�4�N&
��
s?
�/���/34)�)������: .
"�
#��9�"����
%�>�b3
�.� �������$3��;�B#��9�O��������#�3������9� �����;� �w�

$�'�.���0�h� �����d�$34�8�8 .���+#��d��� AB��
<�
)b�E3+*n34�h*e�P�2AB�83E#"����3�)�)�Lm�h�P�@?9#��4��)������ �b�.��#��������BAd�b�
#`���E�E�$� �����t)R34
%�K�9�$�K&'3�)w���+��6
���d< ��34 ��R��
C��?
AB�:AB��)�).�
	� ���
$�w�8���1�'A������;�����M#�3E�$�9� �8�4�.���������+*
���!���.�Q�o�$�9#��������!3�� *���
$L �b� &K39)��Q*@39�s�:3��h* &'��
$���RL ���1��� 6



 

 22

���������
	���
�
�
 ������������	���������	! "	!#��
�

) ���R�u�$�9#��������  �
 ���$�����s� 3-�$��
$���+� ���;��	9 ��4
$���!�4��� �q�R��
2�4&K39)���3+�����1�c����� #������!���.�Q#�3��������
 ���
$�Q��
$�!3��1#��:3��h* #����� ������0�h� #�34 �3+#�����L����������%$ 7 , xRvBF �$���M<o��34 ��R��
 � �s��
h34��������
"�
*K�/#��������
�b� �b���&$ 7 , xbv � L@�$�b�4� G 6 7 )�)k�����  ��4
$�s��
 �;3���#�� 
"�+�P��)��s� 3�
"� �9	��R3��0���+* 	�L �/�P�0�h�
' �����b����� x 	�3E�$�9*�#�)��1�$�b�4
%�1
 �'���.� �1� ������('�����B	 �� ��4
"39�������I�PL@�`�R���O� 6
)+*-,/.�0+121436587:9
;=<>7?0�5A@CBED%BGF?H

IKJMLONPNPQMJSRPT:UVRXWVYZL-[]\^L`_�a b
a cedfRPg=WhTiW�WVjkL`JlR�mKnpokq]q]QE[�Lrn?UfRPLOof[�N`Wps�WpNrJGok[�UutuTlL`Y=v
w 1 Level

vpLO[�RxT:Uzyx{�T:o|n?WzJ?JlofT}npofq�q]QE[=LxnpUkRPLPof[�~-�!�E�������!U
n�g=Wz������Whq�okTl�Z�
w 2 Level

veL�[�RXWpTlyP{=T:o
npWzJlJ?ofT}npokq]q�Q=[�L`npUfRPLPof[]�6LPROg=L�[�c?[Go
Y�W^a
w 3 Level

vpL�[GR`WeTiyO[=o|Y�WCnpokq]q�Q=[�L`npUfRPLPok[]�6LPRxg�LO[Z��[Go
Y�W
w 4 Level

veL�[�RXWpTlyrn?NOQ�J�RXWpT}n?ofq�q]Q�[=L`npUVRxL`ok[
w 5 Level

vpL�[GR`WeTiyxNPo�npUkNPyX_^T�LrY�npofq]q�Q�[�LXn:UkRPLPof[

ds on a Grition Level CommunicaFig  1.3.

I�N�o|npUhN�t�TiL`Y�d=NOL-��W�ROg=W��CIC�fy`��UzJ�q�Wp[GRPLPof[=WzY�L�[��+g�Uk{�R�WhT�c�d=QMJ�Q=UVNONO��n?of[MJ�L`JlRXJ�of�%JlWps�WhTiU�N
n?NOQMJlR�WhT>Jpa+��g�Wk�CIK�kyX��npok[GR`UeLO[MJ�m�n?NOQMJlR�WhT>J�du�Cg=L�nSg�UeT:W�N�o�n:UfR�WzY LO[¡m��uQ�RXnlg�Q�[=LOs|WeT?JiL�RxLPWzJpa
¢�U
nSg£n?NOQMJSR`WeT%g=U
JCU¤gMokq�o
_�We[�WVokQGJCUkT>nlgELPR`WVnpRxQ�T:Wpd�¥�Q�R!R�gMW8[EQ�qZ¥EWhT8oV��RxgGWC[Go
YEWVJuLO[¦WhUfnlg
n?NOQMJlR�WhT�s|UkTlL�WfJ?aG§P[ �rUfn:Rxd�tuT�LrY �!okq]{�QGRxL-[G_�n:Ue[£¥=W�JSWVWp[¡UzJ�ROg�W�Wes|ofNOQ�RxL`ok[¡of�CNPo
npUkN%tuTlL`Y
��o�qZ{=Q=RPLO[M_¨R`o ROg=W£_�NPoV¥EUVN©J:n?UkN�Wpd�q�UzY�W�{=o|J:JªL-¥�NPW�¥��¡R�gMW�U
Y�s|Wp[GR8of�©s|WeTl��g�L�_�g�yXJ�{=WVWzY
npok[�[=WVnpRPLPok[�L�[=�`T:UfJlRPTlQGnpRPQ=T:W:d�Uh[�Y�ok��{Gof�6WhTl�`QEN|{ET:o�npWfJ>JSofT>Jpa

Grid

Cluster Cluster

Node Node Node Node

0p 1−np 0p 1−np 0p 1−np 0p 1−np

Grid

Local 

Grid

Local 5 Level

4 Level

3 Level 3 Level

2Level 2Level 2Level 2Level

1 Level 1 Level 1 Level 1 Level



 

 23

�����
1 Level ���	��

� ����������� ����� ����� � ��� ��� ��� ��� ����� �	��
������ �!
 �"�#��� 
 � ��$&%�' � �(��)*) � � �!+,� ���-
 �

. �/�0� ���1� . �1��� 
�2�
�� � �(�435)�
���6768) � ����� �#���!��98: ��
�6�� � � � 
��(
 � � ���;� 
 � 6 ���-+5�<��= � � 1 Level
�#�

calcτ �
> � � �;� �#�?+ 
 . �	� 
 + � �A@;B�C?DFE�G(H	I�J�@;KLDMKL@LH�GON�9�P�� �	�-
 . � )<) � > �<�-=Q+R�#� � �-�L�S�#�/�!� � > 
 > � )	) =T�<U 
�� �
�	������= ��� �V� � � �*��
W6�� � � � 
��#
 � calcτ 9
�����

2 Level � �!+
3 Level �X�	�-
�� ���������8� �L��� ����� � �M� � �#� �*�!
 �/� 
Y� � ���Z)<)*[\��3 � � +�� .(. 
 � 
 � � 9�: ��


� > � 6 �L� ��
 �L�;�T�1�]�	�8UR� ) U 
 +^���
2 Level � � 
_
�` �8� 676�
 +a��� �O��
 � � � 
 ��� �*��
 � 3 � � �1+ �

3 � � 3 Level � � 
 ��� � 9?�7���b�S�	� 6�) � � � �*[Y� > 
c� �L�S��� 
c�*�-�����	��
d� �������8��� ����� �#��� � �M� � �b� .
2 Level � �-+

3 Level � � 
?�*��
 � � � 
 9Ye 
 > � )�) � 
�
f�	����� ���8� � �L�g��� 6-� �������#�h� 
�� �S��� �435)#
 �V�
�*��
 . � )	) � > �	�!=��i� 3 � 
Y��� �����j9
�����

4 Level �A�	�-
Q� �����k����� �L��� �O�/� � �Y���g��� 6-� �O�/� > � )	)W38
 +������	� � � �	�l� ��� 6�� �;�	��= � � �	��
�S�8�m� . �*��

� �/�"�k����� �0��� ����� � ��� � . ����� 1 Level � 2 Level � �!+
3 Level
9�n )	)5� �������8��� �0��� �����

)�
 U 
Z) � � � 
 � 
 = � �1+ 
 + � � 6 ���	� �(o(6 ����� �R� �/�"�k����� ����� �#���p����+ 
 9�����
5 Level � � � �#� 3�
�[ ���h+q���8�X+5�#� � ���L�g�#�����!��� �	� �#� 6 � ��r 
���� 9

sAtvu wyx-z
{5|�}S~�{R���?��{8�S�
z
P*� ��� �#�m�S� 3 � 
F��� ����� �c� > � 
Y2�6�
 �;�<� 
 � � � � � 
 + 
 �S�#=�� 
 + � �a� 
Y� �S��� 
a�	��
���� �1+ > � � 

6�� � � � 
��(
 � �49��?� 
 �*� ��6 ����= 6 ���!= o*) �	� 
 �Q��+ 
Y) �!� 
 + � �q� 
Y� �S��� 
��*��
�� ���k�"���8� ����� ����� � �M� �
� �!+ 3�� �-+ > �#+ ��� � . �	��
�6 ���	� �(o#� � o*6 ���	� ��� �������8��� � �F� ����� 3 � �*� > � �O� �V����� 
��0) ��� ��
 � � �!+
38
�� > 
�
 ��� �0) �!� �(
 �1��9-n���� �	��
 �q��� � � 
 � � ��� ���#
��	�-
�� �/� 6 � � �	�!= �0�Y6���� � ��[\35[ �;� ) U��	��= �	��
� ��6���)#��
���` � ��� ����� > � �O�Q�	��
?� �	�;� �S��)�
���3 ���7��+ � � [p� ����+�� � �#��������� � � ` � � � 
 +7��� � �	�&9
�8� �8��� �j�7���h�����i�5�i�j�7���j���f�8 ¡ £¢-�&�;¤1¥��S���7�
¦¡§Z¨7© ª�§�«L§�¬<¬�­Z¬ ®�¯�°�°�±�¨8²#®�§F³*²�¯�¨
°Q¯M´8­Y¬#µh¶-§Y·7­&¸�­�­�¨"¹(«L­YºM±-­�¨�³�¬V©p±!µ ­F´�³(¯
ª�«L­�´�²#®�³ ª�­Z«i¹�¯�«;°�§�¨!®�­ µi±h®i¶ §�µ
»p¯M®0¼�¨-­�©c°�¯�´5­Y¬p½�»�¯M®0¼M¨-­�©7¾�¿�À�Á?Â�¯/Ã�Ä
½VÅj±�¬	¬�­Y«L¾�ÆFÀ*ÁcÂ8¯�ÃMÇyÄÈ½�É�¬O­�Ê�§�¨!´R«L¯�·R¾�Ë�ÀSÌ
Í�­]®S¶-¯F¯7µ;­Î»p¯M®0¼�¨�­�©Ï°Q¯�´5­Y¬p§Mµ�¯�±8«
ª�¯/²<¨�³�Ð#³(¯�Ð�ªj¯�²	¨-³ ®�¯�°�°�±�¨8²#®�§F³*²�¯�¨
°Q¯M´8­Y¬�Á�´�­�¹(²	¨�­�´p§Mµ�Ñ

LTcomm ×+= βα ( )13 −
ÍÒ¶-­�« ­ÔÓ ²#µÕ³	¶-­Ôµ;­�³*±7ª ³*²�°�­Ö¹�¯�«
®�¯�°�°�±8¨�²#®�§�³�²�¯�¨�§Y¨-´Ò×p²#µ�³	¶�­�³*«L§�¨�µ�¹�­�«A³*²�°�­Øª�­Z«�¸7©7³�­ZÙ�Â�²#µA³O¶!­y°Q­�µiµ §/ÃT­y¬O­�¨-Ã�³	¶�²�¨�¸5©R³(­Fµ�Ì

( )bytesLmsg 

( )ssetup τ

θ

0

ModelionCommunicat-to-po PoFig   intint2.3.

( ) xchange

Ú
c τ=tan
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�7¶-§�³�°Q­�§�¨�µ?³O¶�§�³-¯�¨�­Øª�«L¯M®�­FµLµ0¯�«�§M®0³�µ�§/µ�§ µS­�¨-´�­�«f³(¯�­F®0¶�¯k§�°Q­�µLµ §/ÃT­p¯/¹XÂ §�¨�´¡§�¨-¯�³	¶-­�«
ª�«L¯�®�­�µ0µL¯�«�§M®L³�µq§Mµq§¡«L­�®�­Z²<·7­�«�³#¯Ò«L­F®�­�²	·7­�³(¶�­ °Q­�µ;µL§MÃT­MÌ���¶�­L¨ ³	¶�­�© ´5¯ §�¹(¬	²	ª!Ð*¹(¬#¯�ª�Ñj³�¶�­
«L­F®0­Y²	·7­�«�§M®�³�µ?§Fµ�§"µ;­�¨-´7­Y«f³(¯�­�® ¶�¯p¸8§F® ¼�³*¶�­pµ §Y°Q­Ø°Q­�µLµS§MÃ�­�ÌR»�­�¨-®�­���­Ø«L­���«;²�³(­���º8Ì��<Æ�Ð
	��
§Mµ�Ñ

( ) exchangereceivesendcomm LLT τττ ××++= 2 ( )23 −
ÍÒ¶-­�« ­

sendτ Ñ
�7¶�­lµ;­�³�±8ª ®0¯�°�°�±�¨�²#®�§�³(²�¯�¨�¬�§�³#­�¨�® ©p¹(«L¯�°_³*¶�­lµ ­�¨!´8­L«LÌ

receiveτ Ñ���¶-­?µ�­�³�±�ª"®�¯�°�°�±8¨�²�®0§�³�²�¯�¨�¬#§�³#­�¨-®S©p¹(«L¯�° ³(¶�­&«L­�®L­Z²	·R­�«LÌ

Í�­�¹#±8« ³*¶�­Z«-§FµLµS±8°Q­?³	¶�§�³
sendτ ²#µ-­�ºM±-§Z¬R³(¯

receiveτ Ì���¶�­Y«L­Y¹�¯�«L­YÁ��
­�¶�§Y·7­�Ñ

( ) exchangesetupcomm LLT ττ ×+= 2 ( )33 −
ÍÒ¶-­�« ­

( )receivesendsetup τττ +=

�?¨-´�­�«�³	¶�­k§/µ0µ�±�°�ª-³�²�¯�¨�¯�¹
3 2 LevelLevel =
ÁA§F®�®�¯�«1´�²	¨�Ã ³(¯��8º�Ì��<Æ�Ð(Æ���Áj¬�­�³�±!µ�´7­Z¹#²V¨�­ ³	¶-­

¨�­�³���¯�«;¼�ª�§�« §�°�­�³(­Y«1µh¹�¯�«X³(¶�­�®�¯�°�°�±�¨�²#®�§�³*²O¯�¨�¬�­Z·�­Y¬#µ
3 Level

§Y¨-´
4 Level
´7­�µL®0«;²�¸8­F´ ²�¨

�T²�Ã7Ì ÆMÌ�	MÌ��7¶�­�µS­�¨�­�³���¯�«;¼ ª�§�«L§Y° ­Y³�­�«0µqµS¶�¯/±�¬#´¡¸�­ ®�¯�¨!µ;³(§Y¨�³�µ�²�¨]³	¶�­Y¯/«i©¡¸�­�®�§Z±!µ;­�³*¶�­�© §�«i­
«L­Y¬�§�³�­�´,³#¯q³�¶�­?¶�§�«1´���§Y«L­TÌ��8±�³8²	¨Qª�«i§�®�³�²#®�­�Á7³	¶-­L©Q®�¯�±�¬#´�¨-¯�³8¼�­�­0ª\®�¯Y¨!µ ³#§Z¨�³�¸8­�®�§Y±�µS­
¯/¹�³	¶�­
µ;¯�¹�³��Ø§�«L­�¬�§�³#­�¨-®0©�Ì

cluster
setupτ Ñ1Éj·7­�«L§MÃM­fµ;­�³�±7ªQ®�¯�°�°�±�¨�²#®�§�³�²�¯�¨�¬O§�³(­�¨�®0©�²�¨Q¯Z¨-­l® ¬<±-µ;³(­Y«

cluster
exchangeτ ÑLÉ&·�­Z« §�Ã�­?³�«L§�¨�µS¹�­�«i«;²V¨hÃØ®0¯�µ;³�ª�­Z«�¸5©R³(­&²	¨�¯�¨�­A®0¬	±-µ;³#­Z«

grid
setupτ ÑLÉj·7­�«L§MÃM­fµ;­�³�±7ªQ®�¯�°�°�±8¨�²#®�§�³�²�¯�¨q¬#§�³(­�¨�®0©
¸�­�³���­�­L¨�³���¯�®0¬	±!µ;³(­Y«1µ

grid
exchangeτ ÑLÉ&·�­Z« §�Ã�­?³�«L§�¨�µS¹�­�«i«;²V¨hÃØ®0¯�µ;³�ª�­Z«�¸5©R³(­�¸�­�³��Ø­�­�¨�³��
¯�®;¬	±�µS³�­�«1µ

�*¨bµS±7¸�µ;­�®L³(²�¯�¨ Æ�ÌvÆ�Ì�	4Á��
­���²	¬	¬!­�Ê�ª�­Y«;²	°Q­�¨-³��Ø²#³	¶ �8º�Ì���Æ�Ð#Æ��j³#¯ ° ­�§MµS±�«i­p³*¶-­fª-§Z« §�°�­�³(­Y«1µ!��­
´7­Z¹#²	¨-­�´�§�¸�¯�·�­MÌ
"�# $�# $ %'&�(*)�+�,.-�/102%'34)5376
-8,�9

Í�­ ®�§Z¨ ¯�¸8³#§�²�¨ ³	¶�­ ®�¯/°"ª�±�³�²	¨!Ã ®�§Yª�§/® ²#³	©�ª�§�«;§�° ­Y³(­Y«
calcτ ¸7© µ;¯�¬	·7²	¨!Ã ³	¶-­ Â�§Zª�¬�§M®L­

��º�±�§�³�²�¯�¨2��²�³	¶�§�¨k²O³(­Y«L§�³*²<·�­
µL® ¶�­Y° ­�Ì:��¶�­?«L­�§MµS¯�¨�¹�¯�«&±�µS²	¨�Ã�²�³#­Z«L§�³*²�·�­?°Q­Y³*¶-¯M´�²#µ�¸�§Fµ ­F´�¯�¨
³*¶�­f®�¯�¨!µi²*´5­Y«L§�³�²�¯�¨ ³	¶-§�³7±8¨�´8­�«X§�ÃT²	·�­�¨�®0¯�¨�·7­Y«LÃ�­�¨�³�®0¯�¨!´R²#³�²�¯�¨���­
®0§Y¨Q­YÊ�§M®0³�¬�©q¼�¨�¯��Ï¶�¯:�
°Q§Z¨�©Ø²#³(­�«L§F³*²�¯�¨!µh¯�±8«-ª�« ¯MÃT«;§�° °Q§Z©�¶�§�·�­l¯�¨Q§fµg²�¨�ÃT¬�­�ª�«L¯M®�­FµLµ ¯�«iÌ



 

 25

�7¶-­Ø¼�­�©�²#´8­Y§�¸�­�¶8²<¨�´Ò³	¶-­�° ¯�´7­Y¬h²*µy³*¶�§�³&³	¶�­��Ø¶�¯�¬�­�µ;ºT±�§�«L­�´7¯�°�§�²	¨\²#µØ´5²*µ0®;«L­�³*²���­F´,²�¨-³(¯
nn×

ÃT«;²#´ ª�¯�²	¨!³�µ �Ø²#³	¶����?¦ ���T²<¨8²�³#­���²	¹#¹�­Y«L­�¨-®�­	�Î­Y³	¶-¯F´��SÌ Á �y¶-­�«L­Ø¨�²�µ?³	¶�­pÃ/«;²*´�ª�¯�²	¨�³�µ
§�¬�¯�¨�Ã ­Y§M®;¶ ´R²<«L­�®L³(²�¯�¨ �	ÊÏ¯�«£© �SÌ'��¨m­�§M®S¶m²�³(­Y«L§�³*²�¯M¨7Á

nn × Ã�«;²#´ ª�¯�²	¨�³�µ£§Z« ­Î±8ª!´5§F³(­F´
®�¯�¨�µ;­�®;±�³�²*·�­Y¬	©MÌ1»q­�¨!®0­YÁ

calcτ ®�§�¨�¸�­f´7­Z¹#²V¨�­F´q§�µ�Ñ

( ) ( )      calc
2

1,1
2

1,1
ττ nWTOr

n

WT
p

p
calc == ( )43 −

ÍÒ¶-­�« ­ ( )pWT 1,1
²#µk³�¶�­¡­YÊ�­F®0±�³�²�¯�¨Ï³�²	°Q­Ò³#¯Îµ ��­�­�ª

nn × Ã/«;²*´ ª-¯�²�¨�³�µ ²�¨�¯�¨-­ ²�³#­Z«L§F³*²�¯�¨�Ì


 ¸7·7²�¯�±-µS¬	©YÁ
calcτ ²*µy³*¶!­p®�¯�µ;³j±!µ;­�´Ò³#¯k±�ª-´7§�³�­�¯�¨!­�Ã�«;²#´ ª�¯�²�¨�³&§Z¨!´,²#³h²*µy§"®�¯/¨!µ;³(§Y¨�³j²<¹A¯/±�«

§�¬#ÃM¯�«;²�³*¶�° ²�¨"¯�±8«-ª-§Y«L§�¬	¬O­Z¬Mª�«L¯/ÃT«L§Z° ¶�§Mµ7¸�­Y­�¨Q´7­�³#­Z«�°�²	¨-­�´-Ì
�
���������������������� "!�#�$%��&'#

�*¨Q³	¶�²#µ&µg±�¸�µ ­F®0³(²O¯�¨8Á4��­f´R²�´�³	¶�­l­YÊ�ª�­Y«;²	°Q­�¨-³�µh³#¯�¯Y¸�³(§Y²�¨�³	¶�­�ª�§�«L§Y°Q­�³#­�«1µ ��­
´7­Z¹#²V¨!­�´"²�¨Q³	¶�­
ª�«L­Z·�²#¯�±-µ&µ�±�¸�µ;­F®�³*²�¯�¨hµ4Ì
"�# "�#)( *�3,+ 3 (.- ,/-�+'0 &21435-7,/6 &7+�8

Í�­ ±hµ ­�´ § ª�²V¨!Ã/ª!¯�¨�Ã�Ð*¬	²<¼�­ ª�«L¯�Ã/« §�° ³�¯ °Q­�§FµS±8«L­ ³	¶-­ ¨�­�³���¯�«;¼ ª�§�«L§Y°Q­�³#­�«1µ
²	¨!® ¬�±!´R²	¨!Ã cluster

setupτ Á cluster
exchangeτ Á grid

setupτ §Z¨!´ grid
exchangeτ Á1�Ø¶�²#® ¶ ��­Y«L­Q´8­�¹(²<¨�­F´b²�¨ µi±5¸�µ;­�®L³	²(¯�¨]Æ�Ì 9TÌ 	TÌ

�7¶-­ ­YÊ�ª�­Y«;²	°Q­�¨�³(§�¬�«L­FµS±8¬�³�µ §�« ­ ¬	²*µ ³#­�´ ²�¨
1.3−Table
Á �M²�Ã8Ì ÆMÌ ÆÏ§Y¨!´ �M²�Ã7Ì ÆMÌ ¿�Ì�Í�­]±!µ ­F´

°�ª8²*® ¶�Ð�ÃT°a²<¨ ¯�¨�­�® ¬�±!µ ³#­�«
§Z¨!´Ò°�ª�²#®;¶�Ð�Ã�9�Ð�ÃT°m¸�­Y³��
­�­Y¨ ³ ��¯Q®0¬	±hµ ³#­�«1µ�Ì7É?¨c§Z¬�³#­Z«�¨�§�³*²	·R­�³(¯
®0«L¯MµLµ�®;¬*±!µ;³(­Y«Lµk²*µk°�ª�²#®;¶-Ð�Ã,9�Ð*²	ª�Á'�y¶�²*® ¶Ïª�­Z«i¹�¯�«;°�µQµ ²	°�²	¬�§�«0¬<©Ï§Mµ�°�ª8²#®;¶�Ð�Ã,9�Ð�Ã�°È´8¯F­�µ�Ì �	¨
§M´�´R²#³�²(¯�¨�Á ��­�§M´7¯/ª�³(­F´Ô³	¶-­ ¦\Ä�� µ�©T¨!® ¶�«L¯�¨!¯�±�µ ®�¯�°�°�±�¨�²#®�§�³*²#¯�¨ °Q¯�´5­YÁ �f¶�²#® ¶ ²#µ
®�¯�¨�µS²#´7­Y«L­�´Ò§Fµ�§�µ;§Y¹�­�®�¯�°�°�±�¨8²�®0§F³*²�¯�¨�°Q¯�´5­YÁ-®�¯�°kª�§�«L­�´��Ø²(³	¶¡³	¶-­
¯T³�¶�­Y«lÆ�°�¯�´7­�µ�Ì;:q¯F³�­
³*¶�§�³�³	¶-­q²<°kª�¬#­�°Q­�¨�³#§�³*²�¯�¨ �Ø²#³	¶8²�¨]¯�¨!­�®0¬	±hµS³(­Y«p®�§�¨¡¸�­Q´5¯�¨�­ ²�¨ ³�«L§M´�²�³*²#¯�¨-§Y¬j°Q§�¨7¨�­Y«(Á�¸5±�³
¸8­�³ ��­�­0¨�³ ��¯p®;¬*±!µ;³(­Y«Lµj¶�§Mµj³(¯l¸�­Ø´7¯�¨�­?²�¨�®�¯�°"¸5²	¨-§�³*²O¯�¨ �Ø²#³*¶Q³�¶�­yÇ?¬�¯4¸8±-µj³#¯�¯�¬�¼�²O³SÌ���­F®�§Z±�µ�­
¯�¹�³�¶�­
´�©M¨�§�°�²�³�²#®A® ¶�§�«L§F®0³(­Y«;²#µ;³�²#®�¯�¹8¨!­Y³ ��¯�«;¼�Á

1.3−Table
µ ³#§�³*²*µ ³�²�®�§�¬	¬	©Qµ�¶�¯��pµj³*¶!­?§Z·R­Z«i§MÃ�­

·7§Y¬	±-­�µ §�¨�´_§�¬#µ;¯Ï²	¨-®0¬<±�´5­Fµ£³	¶�­ µ�³�§�¨�´5§Y«1´�´7­Y·�§Y²�³(²�¯�¨&Ì �7¶�­Î·7§Y¬	±-­d¯�¹¡­�§F® ¶ ª�§�« §Z°Q­Y³�­�«
µ;§�°�ª�¬#­�´<9�=�³(²	°�­Fµq¯�¨d­�§M® ¶ ® ¬�±!µ ³#­Z«p§Y¨�´]§Z·R­�«L§�ÃM­�´ ³	¶-­ ­Y°�ª�²	«i²#®�§�¬�´5§�³�§�Ì��5¶�­ ·�§�¬<±�­�µq¯�¹

cluster
setupτ §Y¨!´ cluster

exchangeτ µi¶�¯��_³*¶-­fª-­�«;¹�¯/«i° §Y¨�®L­q¯�¹&¦�©�«i²	¨�­�³���²�³	¶�²	¨¡¯�¨-­"® ¬	±hµ ³#­�«�Á7¸7±-³ grid
setupτ

§�¨!´ grid
exchangeτ ´7­Z°Q¯�¨!µ ³�«L§�³#­Ø³*¶�­yª�­Y«;¹�¯�«i° §Y¨�®�­f¯�¹��7§�µ;³���³	¶�­Y«�¨�­�³�§�°�¯�¨!Ã�® ¬�±-µ;³#­Z«1µLÌ���¯�«?³���¯

ª�«L¯�®�­�µ0µL¯�«1µ*�Ø²#³*¶�²	¨m¯�¨�­]®0¬	±!µ;³(­Y«�Áp³	¶�­Z© °Q§Z© ¸�­Î§�¹#¹(²	¬	²O§�³(­F´ ³#¯Ï³*¶�­]µ;§�° ­ ¨�¯M´8­]¯�«¡¨�¯M³�Ì
»p¯ ��­Y·�­Z«�Á�³�¶�­?­�ÊYª�­Y«;²	°Q­Y¨�³�µjµg¶�¯�� ³	¶�­Z« ­�²#µ!¨!¯�³5°�±�®;¶ ³#¯�®;¶�¯�¯Rµ;­�¸�­�³���­Y­�¨Q³O¶�­Fµ;­f³ ��¯�®�§/µ ­�µ�Ì
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�T²�Ã7Ì ÆMÌ ËØª�«L­Fµ;­�¨�³�µ�³	¶�­
®�¯�°�ª-§Y«;²#µL¯/¨!µ�¯�¹-¿�¦�Ä ��·7§�«i²�§�¨-³#µ�Ñ�°kª�²#®;¶�Ð�Ã/°Õ§�¨�´�°�ª8²#®;¶�Ð�Ã 9�Ð�Ã/°Õ§�«;­
¸8­Y©7¯�¨�´ §�¬	¬�´7¯�±7¸�³-³	¶�­f¸�­�µ ³�®;¶�¯�²#®�­Fµ�ÌMÉ�¬<¬�ª-§Y«L§�°�­�³(­Y«1µ?§Z« ­q¯Y¸�³#§�²�¨�­F´�¸5©Q¬*²�¨�­�§Y«?«L­�Ã�«L­�µLµS²�¯�¨�Ñ
³*¶�­l®0¯M­Z¹#¹(²#®0²O­Z¨�³�µ-§�«L­?­YÊM®;¶�§Z¨�Ã�­l³*²	°�­Aª�­�«�¸5©�³#­�§�¨h´�³�¶�­&²V¨!³(­�«1®�­�ª�³�µ-§�«L­fµ;­Y³*±�ª"³(²	°�­MÌ

1.3−Table

���������	��
���� cluster
setupτ cluster

exchangeτ grid
setupτ grid

exchangeτ

��
�������������������� 0.10.8 ± ��� 0.20.5 ± �
������ !
�� 2.06.1 ± �"� 0.50.90 ± �

������ !
��

)(fsge Length n of Messa a functiong Time asTransferriFig 0 3.3.

In Fig.3.3, the empirical data goes along with a line: y= 5E-09x+3E-06. The coefficient 5E-09 

means 5E-09 s per byte and the constant 3E-06 suggests the setup time of 3 us for preparing to 

communicate. During our experiments, we noted that the violations of communication between 2 

clusters probably take place since some instantaneous noises exist.   

 

   )-fs(fsge Lengthn of Messa a functiong Time asTransferriFig 20  4.3.  
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+-,/.	,�0213,547698�:*,/6;,�<�=>,@?-=BA%,DCFE@698HG�=!4I<�J-CFK�8�KLCF4M=7N#6#EO?�,�:2K'<%?�E�P�=>K'4Q<�,R?S=MA�,58�K'.	K�6
,�=*,/.$E�T
C/E'698�G�=!47<�JUC/K'8�K@CV4>=BN

caclτ W5XZY ,'[�8H:MK�47<�,R?\4]< Y GOP Y ,�C/=!4BEL<_^ W `�W ` 0a=BA�,�E'.	,�=!4>C/K�:M:7N�0 caclτ 4 Y K
C/E'< Y =>K/<�=70bA%E@1c,�dO,�.$K Y 47<�?�4�CFK@=>,@?#4Q<feb4�J W ^ W g 0 caclτ 4 Y <�E@=�K3T>4*[�,R?Sd�K�:MG�,�0�P�G�=%?h,�8�,/<%?�,/<�=�E�<
8�.	E�Ph:M,�6 Y 4Mi@,D< WRj A�,�.k,3,�['4 Y = Y E�<�,56
K�47<
.	,�K Y E@<ml�K Y 8�.	EnPH:M,�6 Y 4Mi@,34 YoY 6SK':M:70�=7A�,c?�K@=*Kc1c47:7:
T*4B=p47< =MA�, CFKRCqA�, Wsr =t4I6�8�:74M, Y =MA�K'=

caclτ 4 Y K': Y E ?H,/8%,/<m?h,/<�=uE@< 8�.	E�PH:M,�6
Y 4Mi@, Y/W 2.3−Table

8H.q, Y ,�<�= Y =7A�, Y =>K'=M4 Y =M4>C/K�:9.	, Y G�:B= Y E@d�,�.v?h4IT*T�,�.(,/<�=#8H.qE'P�:>,/6 Y 4MiR, YFWaw ,
Y K'6#8�:>,�?�6
E@.	,Z=!A�K�< `@x =M476;, Y TyE@.$,�K@CFA;8H.qE�PH:M,�6 Y 4>i@,ZK�<%?�K�d�,/.	K�J�,@?#=MA�,�6 W�XZYzY A�E@1c<
47<
eb4�J W ^ W g 0�,/.V.	E@.�PHK'. Y K'.	,�G Y ,�?#=>E{4]<m?24!C/K'=�,�8�E YFY 4]PH:B,zT*:7G|CF=*G�K'=*4ME�<9E@T caclτ W
+-,/<�C/,	0�1c,�A�K'dO,�l

( )
( )
( )
( )

}~
}�
�

>±
=±

<±
=

2566.1148

128  6.1102

1286.170

 if nns  

 if nns  

  if nns  

ncaclτ
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� calc
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 CEsdups on  Grid Spee EmpiricalATable 207−

n/p G ±StdDev G ±StdDev G ±StdDev G ±StdDev G ±StdDev G ±StdDev 
32 0.509 0.011                     
43 0.630 0.012                     
48     1.167 0.013                 
64 0.981 0.027 1.179 0.016 1.195 0.006             
80             1.363 0.014         
86 1.165 0.021     1.352 0.010             
96     1.338 0.028         1.516 0.014     
107             1.429 0.009         
112                     1.610 0.006 
128 1.357 0.018 1.452 0.060 1.548 0.016     1.614 0.007     
150                     1.689 0.003 
160             1.590 0.016         
171         1.632 0.023             
192     1.588 0.035         1.683 0.013     
214             1.722 0.021         
224                     1.726 0.008 
256 1.597 0.023     1.722 0.034     1.752 0.021     
299                     1.829 0.012 
320             1.793 0.012         
384     1.783 0.049         1.800 0.016     
448                     1.845 0.014 
512 1.755 0.017     1.836 0.026             
640             1.829 0.016         
768     1.919 0.064         1.905 0.024     
896                     1.917 0.011 

1024         1.964 0.019             
1280             1.895 0.024         
1536                 1.934 0.027     
1792                     1.950 0.017 
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 CEsdups on  Grid Spee EmpiricalATable 308−

n/p G ±StdDev G ±StdDev G ±StdDev G ±StdDev G ±StdDev G ±StdDev 

32 0.560 0.023                     

43 0.663 0.019                     

48     0.885 0.022                 

64 1.027 0.030 1.088 0.016 1.434 0.039             

80             1.722 0.018         

86 1.330 0.026     1.649 0.028             

96     1.229 0.027         1.950 0.030     

107             1.887 0.018         

112                     1.996 0.015 

128 1.707 0.027 1.512 0.024 1.835 0.028     2.068 0.030     

150                     2.085 0.025 

160             2.087 0.018         

171         2.010 0.028             

192     1.812 0.019         2.169 0.030     

214             2.221 0.018         

224                     2.311 0.009 

256 1.998 0.015     2.309 0.017     2.274 0.017     

299                     2.503 0.009 

320             2.449 0.018         

384     2.345 0.024         2.447 0.016     

448                     2.653 0.016 

512 2.146 0.022     2.436 0.012             

640             2.631 0.010         

768     2.574 0.024         2.663 0.012     

896                     2.683 0.009 

1024         2.781 0.012             

1280             2.771 0.018         

1536                 2.800 0.019     

1792                     2.814 0.009 
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 CEsn ciencies o Grid Effi EmpiricalATable 209−

n/p �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev 

32 0.255 0.006                     

43 0.315 0.006                     

48     0.584 0.007                 

64 0.491 0.014 0.590 0.008 0.598 0.003             

80             0.682 0.007         

86 0.583 0.011     0.676 0.005             

96     0.669 0.014         0.758 0.007     

107             0.715 0.005         

112                     0.805 0.003 

128 0.679 0.009 0.726 0.030 0.774 0.008     0.807 0.004     

150                     0.845 0.002 

160             0.795 0.008         

171         0.816 0.012             

192     0.794 0.018         0.842 0.007     

214             0.861 0.011         

224                     0.863 0.004 

256 0.799 0.012     0.861 0.017     0.876 0.011     

299                     0.915 0.006 

320             0.897 0.006         

384     0.892 0.025         0.900 0.008     

448                     0.923 0.007 

512 0.878 0.009     0.918 0.013             

640             0.915 0.008         

768     0.960 0.032         0.953 0.012     

896                     0.959 0.006 

1024         0.982 0.010             

1280             0.948 0.012         

1536                 0.967 0.014     

1792                     0.975 0.009 



 

 ix 

 CEsn ciencies o Grid Effi EmpiricalATable 310−

n/p �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev 

32 0.187 0.008                     

43 0.221 0.006                     

48     0.295 0.007                 

64 0.342 0.010 0.363 0.005 0.478 0.013             

80             0.574 0.006         

86 0.443 0.009     0.550 0.009             

96     0.410 0.009         0.650 0.010     

107             0.629 0.006         

112                     0.665 0.005 

128 0.569 0.009 0.504 0.008 0.612 0.009     0.689 0.010     

150                     0.695 0.008 

160             0.696 0.006         

171         0.670 0.009             

192     0.604 0.006         0.723 0.010     

214             0.740 0.006         

224                     0.770 0.003 

256 0.666 0.005     0.770 0.006     0.758 0.006     

299                     0.834 0.003 

320             0.816 0.006         

384     0.782 0.008         0.816 0.005     

448                     0.884 0.005 

512 0.715 0.007     0.812 0.004             

640             0.877 0.003         

768     0.858 0.008         0.888 0.004     

896                     0.894 0.003 

1024         0.927 0.004             

1280             0.924 0.006         

1536                 0.933 0.006     

1792                     0.938 0.003 
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GMB4J G@D C@JMF C$D C$G4K G@D BEKMI C$D C4A4A G4D A4BMF C$D C4B@C G4D N4C@J C$D C$G4K
GMN4C G4D H4B$G C$D C$GMI
GMH4C G4D A4IEG C$D C$GMC
G4K4G G4D F$N$G C$D C$GLJ
GMI4B G@D FEN4N C$D C$GMA G4D KMALF C$D C$GMI
B$G<F G4D F$H@H C$D C4C$K
B4BMF G4D K4K<F C$D C4B4C
B4N4H G@D A@I$G C$D C$GMB G4D H4B4H C$D C$GLN G4D KMI@C C$D C$GMA
B4I4I G4D K<F$J C$D C$G4K
A4B4C G4D N$KLB C$D C$GMJ
A4JMF G@D HEK4K C$D C$GMB G4D J4BEG C$D C4C4H
F4F$J G4D KMJ4A C$D C$G4G
N$GMB G@D KLC$K C$D C$GMB G4D K4K4K C$D C$GLC
HMF$C G4D K4G@G C$D C4C4H
KMH4J G@D JEKMC C$D C4C$K G4D I4A@N C$D C4C4J
J4I4H G4D J4N$G C$D C4C4I
GMC@BMF G4D I4CMF C$D C4C@I
GMB@J4C G4D KMJ@I C$D C4CMF
GMN@A4H G4D I$KLH C$D C$GMC
G4KLI4B G4D I4B4H C$D C$GMH
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-$.0/ 1 2436587:9<; 1 2436587:9<; 1 2430587:9=; 1 24305>7?9=; 1 24305>7?9=; 1 2@30587:9<;
A@B CED AEKMB C$D C$GMA
FEA CED HEKMC C$D C4AMF
FEJ CED J@B4A C$D C4A$K
HLF CED JEK4K C$D C4A$G G@D C@B4C C$D C4N4C G4D G4GMH C$D C4BEK
J@C G4D A$G=F C$D C$GMN
J@H G@D GLB4I C$D C4A4C G4D B4I$G C$D C4A@H
I@H G@D GLI4J C$D C4B$K G4D N4A@B C$D C4B$K
GMC$K G4D H4J@A C$D C4BMF
G4GMB G4D H4I4C C$D C4A$G
GMB4J G@D B@J4H C$D C4A$K G@D FEB4H C$D C4B4J G4D N4N4J C$D C4AEG G4D J4B@H C$D C4A4J
GMN4C G4D I4A4A C$D C$GMJ
GMH4C G4D J4J@B C$D C$GMJ
G4K4G B$D C4C4B C$D C4A@I
GMI4B G@D KLI4H C$D C4B4A B$D GMH@B C$D C4B4B
B$G<F B$D GMHEG C$D CMF>G
B4BMF B$D A4A4C C$D C4BMF
B4N4H G@D J@C4A C$D C4A4I B$D G4K4G C$D C4ALF B$D A4AEG C$D C$GMI
B4I4I B$D F>GMC C$D C4A4N
A4B4C B$D BMFEJ C$D C4AMF
A4JMF BED FEB4B C$D C4N4C B$D H4CEK C$D C4B4A
F4F$J B$D H4B4N C$D C4A4J
N$GMB BED C@B$G C$D C4A4C B$D F$A4C C$D C4A@J
HMF$C B$D NMF�K C$D C$GMN
KMH4J BED N@J4J C$D C$G4K B$D KMBEG C$D C$GMB
J4I4H B$D J4J$K C$D C$G<F
GMC@BMF B$D H$GMJ C$D C$GLB
GMB@J4C B$D H4C@A C$D C4C4I
GMN@A4H B$D J4I@N C$D C$G<F
G4KLI4B B$D IMF$N C$D CMF$B
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-$.0/ � � 2@3 57:9=; � � 243 57?9=; � � 243 5879<; � � 243 57:9<; � � 243 57?9=; � � 243 5879<;
A@B C$D B$G4G CED C@C4H
FEA C$D A4B4C CED CEGMC
FEJ C$D A4J4B C$D C4C$K
HLF C$D F$C$K CED CEGMC C$D F4F$J C$D C4C$K C$D F$N@H C$D C4C4I
J@C CED N@H$G C$D C$GMA
J@H C$D F$JMF CED CEGMC C$D N4N@I C$D C4C4H
I@H C$D N$KMN C$D C$GMB C$D KMC4H C$D C4C4J
GMC$K CED HEGMH C$D C4C4J
G4GMB CED KLJMF C$D C$GMB
GMB4J C$D NMF$B CED C@C4I C$D HMF$C C$D C$G4K C$D H4H@B C$D C$GMC C$D KMNMF C$D C4C4I
GMN4C CED JEG4G C$D C4C4I
GMH4C CED H@I4H C$D C4C4N
G4K4G C$D KMB@H C$D C4C4I
GMI4B C$D KMB4J C$D C4C$K C$D J4H$K C$D C$GMC
B$G<F CED KLA4A C$D C4CMF
B4BMF CED J@J$K C$D C$GMC
B4N4H C$D H4I4H CED C@C4H C$D J$GLA C$D C4C$K C$D J4I4N C$D C4C$K
B4I4I CED JEK<F C$D C4C4J
A4B4C CED KLJ4H C$D C4C4I
A4JMF C$D J4A4I C$D C4C4H C$D I$G4G C$D C4C4A
F4F$J CED J@I4B C$D C4C4N
N$GMB C$D J4NMF CED C@C4H C$D J4J@I C$D C4C4N
HMF$C CED J@N4N C$D C4C4A
KMH4J C$D I4A4N C$D C4C4A C$D I4H4J C$D C4CMF
J4I4H CED I@B4H C$D C4C4N
GMC@BMF C$D I4N@B C$D C4C4N
GMB@J4C CED J@IMF C$D C4C4B
GMN@A4H C$D I4J4J C$D C4C4N
G4KLI4B CED I@H4A C$D C4C4J
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n/p �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev �  ±StdDev 

32 0.124 0.004                     

43 0.223 0.011                     

48    0.274 0.012                 

64 0.292 0.010 0.340 0.017 0.372 0.009             

80            0.438 0.005         

86 0.376 0.010     0.430 0.012             

96    0.399 0.009         0.511 0.009     

107            0.561 0.008         

112                    0.563 0.010 

128 0.429 0.012 0.475 0.009 0.519 0.010     0.609 0.013     

150                    0.644 0.006 

160            0.627 0.006         

171        0.667 0.013             

192    0.599 0.008         0.721 0.007     

214            0.720 0.014         

224                    0.777 0.008 

256 0.601 0.013     0.724 0.011     0.777 0.006     

299                    0.803 0.012 

320            0.749 0.011         

384    0.807 0.017         0.869 0.008     

448                    0.875 0.013 

512 0.674 0.010     0.810 0.013             

640            0.849 0.005         

768    0.863 0.006         0.907 0.004     

896                    0.962 0.005 

1024        0.873 0.004             

1280            0.868 0.003         

1536                0.965 0.005     

1792                     0.982 0.014 
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CEsdups on   Grid Spee EmpiricalATable 419−

/�021 3 46587:9<;>= 3 46587?9@;>= 3 46587?9@;>= 3 4A587:9<;B= 3 4A587:9<;B= 3 46587?9@;>=
C6D EGF HJI6K L%EGF E6E6M
NGI EGF M6K6C LGEGF EGHJK
MJN EGF OGHJO LGEGF E6CGH
I6E HAF HAH6H LGE%F E%HJI
O6M HAF N�PBN LGE%F E%HJO
H6HQD H6F PJI6I LGEGF E6C6M
HJDAI H6F N?HJK L%EGF E6D6E
HJOAD DGF HJK6O LGEGF EJNGD
D6KAM DGF K6I6E LGEGF EJN6N
C6DAE D%F OQNGD LGE%F EAC6K
C6IQN C%F CAK6D LGE%F EAD6O
N6N%I CGF HJKJN LGEGF E6K6E
KGHQD DGF C6K6O L%EGF E6C6I
PJMAI CGF EJNGE LGEGF E6C6O
HQE6DJN CGF D6E6E LGEGF EJNGE
HQD6I6E C%F KAIGP LGE%F EQNGD
HQK6C6M C%F P>NGK LGE%F EAKGP
HAPJO6D CGF KGHJK LGEGF E6C6I

 CEsn iencies  oGrid EfficATable 4 Empirical 20−

/�021 R 46587:9<;>= R 46587?9@;>= R 46587?9@;>= R 4A587:9<;B= R 4A587:9<;B= R 46587?9@;>=
C6D EGF EJNGM L%EGF E6EGH
NGI EGF HJM6C LGEGF E6EJN
MJN EGF D6C6E LGEGF E6E6I
I6E E%F D%PJI LGE%F EAEJN
O6M E%F CAM6O LGE%F EAE6K
H6HQD EGF N6N?P LGEGF E6E6O
HJDAI EGF C6KJN L%EGF E6E6K
HJOAD EGF KJNGE LGEGF EGH6H
D6KAM EGF MJNGK LGEGF EGH6H
C6DAE E%F PQC6M LGE%F EAE6O
C6IQN E%F IAC6I LGE%F EAEGP
N6N%I EGF PJI6O LGEGF EGHJC
KGHQD EGF K6O6E L%EGF E6E6O
PJMAI EGF PJM6E LGEGF EGHJE
HQE6DJN EGF I6E6E LGEGF EGHJE
HQD6I6E E%F IAOGP LGE%F E%HJE
HQK6C6M E%F OAC6M LGE%F E%HBN
HAPJO6D EGF IGPJO LGEGF EGHJE
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