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(|O\gIYudN#v"IYJ�\]bdcfuzZ&JOJ7bAuz\gIYZ&J JObd\ ��Z#c � e�N[cfb(|8cgZ p IYegIKJ7WtJ7bd\��5Z#c � e�m�Z#c m�M7\gMOcgb`egMO|"bdc uzZ p |8M7\��
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I p |�N#uz\�Z#m+e F e]\]b p |8N[cfN p bd\]bdcfexZ&J \gV7bAe]bt|OcgZ#\]Z uzZ&vYe{IYe�e]\gM8qOIUbAq�Q

� F JON p IYu p MOvY\gI ��V7Z#| uzZ p p M8JOIYudN[\gIUZ&J N#vYvYZ �xe:IYJ�\]bdc p bAqOIKN[\]b>VOZ#|8e:\]Z cgZ&M7\]b p bAegefN[W#bAe
\]Z � N[cfq�\gV7bAIUc q7bAe]\gIYJ8N[\gIUZ&JOedQ � J�Z#|8\gIYudN#v��{� k JObd\ ��Z#c � eAT{b���udIUbAJ�\ q F JON p IYu p M8vU\gI ��V7Z#|�uzZ p �
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q7bdW#cgbdb IYJy\gVOIYe`b��G| bdcfI p bAJ \(IYe<h��GQ��xV7b�\gVOcgZ&M7W&V7|8MO\xIYJ \gVOIYex~8W&M7cgb<IYe`JOZ#c p N#vYI��dbAq \]Z cgb �8bAuz\ \gV7b
JGM ptE bdc+Z#m"|8N#u � bd\ge5\gVON[\3|8N#ege�\gV7cgZ&M7W&V:\gV7b{JObd\ ��Z#c � T�cfN[\gV7bdc3\gVON#J \gV7b{J�M ptE bdc+Z#m p bAegegN[W#bAedT�\gVON[\
IYedT
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P�Z#\gV \gV7b�m�Z#c � N[cfq N#JOq E N#u � � N[cfq vUZ u � IYJ7W egu V7b p bAe{N#u VOIUbda#btVOIYW&V7bdc \gV7cgZ&M7W&V7|�M7\5m�Z#cxvYN[cfW#bdc p bAe��
egN[W#bAedQ 
	V7bAJ p bAegegN[W#bAe N[cgb(egM ��udIYbAJ \gv F vYN[cgW#b#TG\gV7b(egIUW&JON#vYIKJ7W Z a#bdcfV7bAN#q>IYJ \gV7bx|OcfZ#\]ZGuzZ&vYe�IYe�e p N#vYv
N#JOq?N#vYv3|OcgZ#\]Z uzZ&vYe�VONAa#b>N#v p Z&e]\�\gV7b_egN p b_| bdcgm�Z#c p N#JOuzb#Q �`Z ��bda#bdcAT �xV7bAJ \gVOb p bAegefN[W#b egI �db_IYe
e p N#vKv.T�\gVOb(P � 
 egufVOb p b�N#ufVOIYbda#bAe�VOIUW&V7bdc \gV7cgZ&MOW&V7|8M7\5\gVON#J \gV7b Z#\gV7bdc{egufVOb p bAedQ��{VOIKe5IYJ8qOIYudN[\]bAe
\gVON[\xP � 
�IKJOudM7cfe vUbAege{Z a#bdcfV7bAN#q IYJ \gV7b�|�N[\gV cgbAe]bdcga[N[\gIUZ&J \gV8N#J \gV7b�Z#\gV7bdc(egufVOb p bAedQ
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s+IUW&M7cfb �GQYh#h�� � 
"bAuz\{Z#m+\gV7b p bAegegN[W#b�efI��db

�{V7b�b 
"bAuz\ Z#m p bAegefN[W#b:efI��dbtZ&J \gV7b<vYN[\]bAJOu F Z#m�\gVObt|OcgZ#\]Z uzZ&vYe IYe`IYJ \]bdcfbAe]\gIYJ7W7QxsOZ#c ��N[c q
egu V7b p bAe�IYJ8udM7c3vYN[cgW#bdc�vYN[\]bAJ8u F �xVObAJ�\gVOb p bAegegN[W#bxefI��db{IYe+vYN[cgW#b#Q3P F�E vYIYJOqOv F u V7ZGZ&egIYJ7W�IYJ8IU\gIYN#vGude]bd\dT
m�Z#c ��N[c q�egu V7b p bAe_qOZ�J7Z#\�N a#Z&IYq�ufV7ZGZ&egIYJ7W�aGIUcf\gMON#v�ufVON#J8J7bAvYe_M8e]bAq IYJ uzZ p_p MOJ8IYudN[\gIUZ&JOedT �xVOIKufV
IYJOuzcfbAN#e]bAet\gVOb�vYN[\]bAJOu F �`V7bAJ,\gV7b p bAegegN[W#b>egI��db IYetvKN[cgW#b �}e]Z \gVON[\<uzZ&JOJ7bAuz\gIUZ&JOe<N[cgb>V7bAvYq,vYZ&J7W#bdc
m�Z#c uzZ p p M8JOIYudN[\gIUZ&JOe"! Q P N#u � ��N[cfq$egufV7b p bAe |OcgZ E b \gV7b J7bd\ ��Z#c ��E bdm�Z#cgb ufVOZ�Z&egIKJ7W?\gVOb,IYJOIU\gIYN#v
ude]bd\gedQ �xbAJOuzb#T5\gV7b>vYN[\]bAJOu F IKJ E N#u � ��N[cfq efufV7b p bAe qOZ�bAe:J7Z#\ IYJOuzcfbAN#e]b N#e p MOu V N#e IKJ�m�Z#c � N[cfq
egu V7b p bAe �xV7bAJ p bAefegN[W#b egI �dbyIYJOuzcgbAN#egbAedQ w J7Z#\gV7bdc�Z E e]bdcga[N[\gIUZ&J�IKe \gVON[\�IKJ E Z#\gV m Z#c ��N[cfq)N#JOq
E N#u � � N[cfq�|OcgZ#\]Z uzZ&vYedTCN[W#W#cfbAegegIUa#b egu V7b p bAe�egM8e]\gN#IYJ \gV7b IYJOuzcgb p bAJ \(Z#m p bAefegN[W#b egI��db E bd\]\]bdc�\gVON#J
\gV7b�uzZ&JOe]bdcga[N[\gIUa#b,egu V7b p bAedQ��{V8IYe�IKe�N#vYegZ E bAudN#MOe]b Z#mt\gVOb vUZ&JOW#bdc>uzZ p_p MOJ8IYudN[\gIUZ&J)\gI p b �xIU\gV
vYN[cgW#bdc p bAegegN[W#b egI��dbAedQ w W#W#cfbAegegIUa#b egufV7b p bAe�N[cgb p Z#cgb b���udIYbAJ \ IYJ ~�JOqOIKJ7W N |8N[\gV�IKJ udN#e]byZ#m
vYN[cgW#b p bAegegN[W#b�efI��db#Q��xZ#\]bt\gVON[\{\gVOIYe p bdcfIU\�Z#m+N[W#W#cgbAegegIUa#b�egufV7b p bAexIYe Z 
�e]bd\ EGF Z;a#bdc`cfbAe]bdcga[N[\gIUZ&J�Q
w J7Z#\gV7bdc�IYJ�\]bdcgbAe]\gIYJ7W�| Z&IYJ \�IYe5\gVON[\ \gV7b(vKN[\]bAJOu F m�Z#c p bAegegN[W#bAe Z#m�egI �db�h(cgbAegMOvY\ge�IYJ VOIUW&V7bdc vYN[\]bAJOu F
\gVON#J p bAegegN[W#bAe�Z#m7egI��db5jxIYJ�P � w egu V7b p b#Q��{VOIYe�udN#J E b�N[\]\]cfI E M7\]bAqt\]Z{\]ZGZ p N#J F uzZ&J \]cgZ&v p bAegefN[W#bAe
IYJ \gVOb�J7bd\��5Z#c � IKJ,\gV7b_udN#egb �xVObAJ�qON[\gN p bAegegN[W#b>uzZ&J \gN#IKJOetN egIYJ7W&vUb_|8N#u � bd\ �}N#JOq,\gVGMOe<udN#J E b
\]cfN#JOe p IU\]\]bAq m}N#e]\%! Q	�{VOb�uzZ&J ��IYuz\ge�Z#m3uzZ&J�\]cgZ&v p bAefegN[W#bAexcfbAegMOvU\�IYJ vYN[cfW#bdcxvYN[\]bAJOu F Q

s+IUW&M7cgb �GQYhAlyegVOZ �xe<\gV7b�b 
"bAuz\:Z#m{\gV7b uzZ&J \]cfZ&v�JObd\ ��Z#c � e]| bdbAq?Z&J�| bdcgm�Z#c p N#JOuzb#Q �{V7b
p MOvU\gIU|8vYb�� IYJOW{q7bdW#cgbdb�IYJ�\gV8IYe�b�� | bdcfI p bAJ�\�IKe �#lGQ �{VOb5e]| bdbAq�Z#m8\gV7b uzZ&J \]cfZ&vGJObd\ ��Z#c � IYe1q7bd\]bdc p IYJ7bAq
EGF \gVOb�\gI p b�m�Z#c`N uzZ&J�\]cgZ&v�|8N#u � bd\(\]Z E b�\]cfN#J8e]m bdcfcgbAq m�cgZ p Z&J7btJOZGq7b�\]Z�\gV7btJ7b�� \xJ7Z q7b�N#JOqy\gV7b
\gI p b_m Z#c�\gV7b�uzZ&J�\]cgZ&v5cgZ&M7\]bdct\]Z |OcgZ uzbAeget\gV7b_uzZ&J�\]cgZ&v�|�N#u � bd\dQys7cfZ p \gVOb ~8W&M7cgb�IU\tudN#J E b�e]bdbAJ
\gVON[\ �xVObAJ�\gV7b uzZ&J \]cfZ&v�e]| bdbAq IYe egvUZ��5bdcAT�\gV7b p N	�7I p M p \gV7cgZ&M7W&V7|�M7\(N#J8q�\gV7b NAa#bdcfN[W#b>vYN[\]bAJOu F

q7bdW#cfN#qOb#Q��xV7b p Z&e]\3N[W#W#cgbAegegIYa#bxegufVOb p bAe3IYJ E Z#\gV:m Z#c � N[cfq N#JOq E N#u � � N[cfq cfbAe]bdcga[N[\gIUZ&JOedT&V7Z��5bda#bdc T
N[cgb p Z#cfbxe]bAJOegIY\gIUa#b \]Z�\gV7b{uzZ&J�\]cgZ&vOJ7bd\��5Z#c � e]| bdbAq�Q��`bAJOuzb#T�IU\�IKe3I p | Z#cg\gN#J�\1\]Z�VONAa#bxN�cgbAN#e]Z&JON E v F

m}N#e]\xuzZ&J�\]cgZ&v�J7bd\��5Z#c � �`V7bAJ>\gV7bAe]b�cfbAe]bdcga[N[\gIUZ&J |OcgZ#\]Z uzZ&vYe{N[cfbtMOe]bAq�Q
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s+IUW&M7cfb �GQYhAl � ��
 bAuz\xZ#m1\gV7bteg|"bdbAq>Z#m+\gV7b�uzZ&J�\]cgZ&v�J7bd\ ��Z#c �

� ��� ��� ����� � & )�� � � � &��

�{VOIYe�ufVON[|O\]bdc |OcfbAe]bAJ \]bAq�\gV7b(m Z#c ��N[cfq�|8N[\gV�cgbAe]bdcga[N[\gIUZ&J N#vUW#Z#cfIU\gV p e�N#JOq�\gV7b E N#u � ��N[c q
|8N[\gV>cgbAegbdcga0N[\gIYZ&J N#vUW#Z#cfIU\gV p e \]Z bAe]\gN E vYIYefV uzZ&J8J7bAuz\gIUZ&JOe �xIY\gV�|�N[\gV p MOvY\gIU|8vUb��7IYJ7W�m Z#c{uzZ&JOJObAuz\gIUZ&J
cgbA�GM7bAe]\ge�\gVON[\�N[cfcfIUa#b_N[\<\gV7b�JObd\ ��Z#c � q F JON p IYudN#vYv F Q �`Z&vYqOIYJOW N#JOq?qOcgZ#|O|8IYJOW a[N[cfIYN#J�\ge�Z#m�\gVObAe]b
|OcgZ#\]Z uzZ&vYe ��bdcgb�q7bAeguzcfI E bAq�Q w V7Z&vYq8IYJ7Wxegu V7b p b�V7Z&vYq8e�\gV7b�cgbAe]bdcfa0N[\gIUZ&J<|8N#u � bd\�m�Z#c+N(| bdcfIUZ q�Z#m8\gI p b
�xV7bAJ_IU\�q7bd\]bdc p IYJ7bAe�\gV8N[\�\gV7bdcgb`IYe�J7Z�NAa[N#IYvYN E vUb`ufVON#JOJObAvOZ&J \gVOb`J7b�� \�vYIYJ � m�Z#c5\gV7b`uzZ&JOJ7bAuz\gIUZ&J�Q w

q7cgZ#|8|8IYJ7W(egufV7b p b{q7cgZ#|8e1\gV7b cgbAe]bdcfa0N[\gIUZ&J:|�N#u � bd\�N#JOq eg\gN[cg\ge3N�J7b � cgbAe]bdcga[N[\gIUZ&J:Z&JOuzb{IY\�~"JOqOe�\gVON[\
\gV7bdcgb IYetJOZyNAa[N#IYvYN E vYb_ufVON#J8J7bAv�Z&J?\gV7b�JOb��G\<vYIYJ � m Z#c<\gV7b�uzZ&J8J7bAuz\gIUZ&J�Q n�cgZ#\]ZGuzZ&vKe �xIY\gV a0N[c IUZ&MOe
N[W#W#cgbAegefIUa#bAJ7bAege �5bdcfb�qOIYefudMOege]bAq�Q �{V7b p Z&e]\tN[W#W#cgbAegefIUa#b efufV7b p bAe�cgbAe]bdcfa#b�N#e p N#J F u VON#JOJ7bAvYe�N#e
| Z&egegI E vUb m Z#c<bAN#ufV cfbAe]bdcga[N[\gIUZ&J�\]Z�IYJOuzcfbAN#e]b_\gV7b |OcgZ E N E IYvYIU\ F Z#m`N egM8uduzbAege]m}MOv�cgbAegbdcga0N[\gIYZ&J�T��xVOIYvUb
\gV7b p Z&eg\ uzZ&J8e]bdcga[N[\gIUa#btegu V7b p bAe cgbAe]bdcfa#b�Z&J7b�ufVON#J8J7bAv m Z#c�bAN#u V cgbAe]bdcfa0N[\gIUZ&J>\]Z_cgbAqOMOuzb \gV7b Z a#bdc �
vUZ u � IYJ7W |OcgZ E vUb p Q �xV7b�| bdcgm Z#c p N#JOuzb Z#m�\gVOb�|OcgZ#\]Z uzZ&vYe�N#JOq:\gV7b{I p |8N#uz\3Z#m e F eg\]b p |8N[cfN p bd\]bdc e3Z&J
\gV7b(|OcgZ#\]Z uzZ&vYe �5bdcfb eg\gMOqOIUbAq�Q��{V7b p N��]Z#c cgbAegMOvU\ge5Z E \gN#IYJObAq�IYJ�\gV7b(b��G| bdcfI p bAJ \ge�N[cgb egM p p N[cfI��dbAq
N#e{m�Z&vYvUZ��xedQ

� 
	IU\gV�|OcfZ#|"bdc(|OcgZ#\]Z uzZ&vYedT p MOvU\gIY|8vUb��7IYJ7W cgbAefMOvU\ge IYJ�VOIUW&V7bdc p N	�7I p M p \gV7cgZ&M7W&VO|8M7\dQ�k MOvU\gI �
|�vUb��GbAqyJ7bd\ ��Z#c � exN[cgb�egIYW&JOI�~�udN#J�\gv F�p Z#cgb�b���udIUbAJ�\�\gVON#J J7Z&J
� p MOvU\gIU|8vYb��GbAq J7bd\ ��Z#c � edQ

� P�Z#\gV�\gV7b p Z&eg\ N[W#W#cfbAegegIUa#b N#JOq \gV7b p Z&e]\�uzZ&JOegbdcga0N[\gIYa#b<cfbAe]bdcga[N[\gIUZ&JOe udN#JOJ7Z#\�N#ufV8IUbda#b Z#| �
\gI p N#v�| bdcgm�Z#c p N#JOuzb#Q �{V7b�| bdcgm�Z#c p N#JOuzbtZ#m1\gVOb�m Z#c ��N[cfq egufVOb p bAexIYe p Z#cgb�egbAJOegIU\gIUa#b�\]Z�\gV7b
N[W#W#cfbAegegIUa#bAJ7bAefe{\gVON#Jy\gV7b�| bdcgm Z#c p N#JOuzb�Z#m1\gV7b E N#u � � N[cfqyefufV7b p bAeAQ

� �xV7b{a[N#vYM7b{Z#m�\gV7b(V7Z&vYqOIKJ7W \gI p bxIYJ_\gV7bxV7Z&vKqOIYJ7W�egu V7b p bAe�q7ZGbAe�J7Z#\�VONAa#b egIUW&JOIU~�udN#J \�I p |8N#uz\
Z&Jy\gV7b�| bdcgm�Z#c p N#JOuzb#Q � J W#bAJ7bdcfN#v�TOV7Z ��bda#bdcAT�qOcgZ#|O|8IYJOW:IKe p Z#cgb�b���udIUbAJ�\{\gVON#JyV7Z&vYqOIYJOW7Q



�#o

� �xV7b cgbd\]cfN#JOe p IU\+\gI p b�VON#e3vYIU\]\gvYb I p |8N#uz\+Z&J N#vYv \gV7b�egu V7b p bAe�b��7uzbd|O\3\gV7b�m�Z#c � N[cfq N[W#W#cgbAegefIUa#b
qOcgZ#|O|8IYJOW<egu V7b p b#Q

� �xV7b | bdcgm�Z#c p N#J8uzb Z#m�\gV7b�m Z#c � N[cfq	N[W#W#cgbAegefIUa#b,q7cgZ#|O|�IYJ7W?efufV7b p b IYe>egIYW&JOI�~�udN#J�\gv F ��Z#cfe]b
\gV8N#J Z#\gV7bdct|8cgZ#\]ZGuzZ&vKedQ_k Z#cgbdZ a#bdcAT+\gVOIKe |OcgZ#\]Z uzZ&v�udN#JOJ7Z#\t\gN � b�N#q7a[N#J \gN[W#b�Z#m E Z#\gV vKN[cgW#bdc
p MOvU\gIY|8vUb��7IYJ7W:q7bdW#cgbdbtN#JOq vKN[cgW#bdcxJ7bd\��5Z#c � efI��db#Q

� �xV7b E N#u � ��N[c q:cgbAe]bdcga[N[\gIUZ&J:egufVOb p bAe+|OcgZ;aGIYqOb E bd\]\]bdc3| bdcgm�Z#c p N#JOuzb�\gVON#J:\gV7b m�Z#c ��N[c q�cfbAe]bdc �
a[N[\gIUZ&J egufV7b p bAe�m Z#c(N#vYv p MOvU\gIU|8vYb�� IYJOW�q7bdW#cgbdbAeAQ

� �xV7b(q8I�
"bdcfbAJOuzbxZ#mC\gVOb`|OcfZ#\]ZGuzZ&vYe q7ZGbAe�J7Z#\�N 
 bAuz\�\gV7b uzZ p p MOJOIYudN[\gIUZ&J�b���udIUbAJ8u F �xV7bAJ�\gV7b
JObd\ ��Z#c � egI��db IYe e p N#vKv.Q �`Z ��bda#bdcAT m Z#c�vYN[cgW#b J7bd\��5Z#c � edT�\gV7b E N#u � � N[cfq�egu V7b p bAe |8cgZ a IYq7b
E bd\]\]bdc`|"bdcfm Z#c p N#JOuzb#Q

� �xV7b E N#u � � N[cfq egu V7b p bAe<|OcgZ;aGIYqOb E bd\]\]bdc�| bdcgm�Z#c p N#J8uzb �xV7bAJ�\gV7b p bAegegN[W#b>egI��db>IYete p N#vYv.Q

	V7bAJ \gVOb p bAegegN[W#b�egI��dbtIYe�vKN[cgW#b#T8N#vYv \gV7bt|OcgZ#\]Z uzZ&vYe{VON a#btegI p IKvYN[c |"bdcfm Z#c p N#JOuzb#Q

� �xV7b�eg|"bdbAq�Z#mO\gV7b�uzZ&J�\]cgZ&v J7bd\ ��Z#c � egIUW&JOI�~"udN#J \gv F N 
 bAuz\ge3\gV7b�| bdcgm Z#c p N#JOuzb�Z#m�\gV7b�|OcgZ#\]Z uzZ&vYedQ

�{V7bAe]b |OcfZ#\]ZGuzZ&vYe3N#u VOIUbda#b{N#vYv � Z#|O\gIYudN#v7uzZ p p MOJOIYudN[\gIYZ&J<IKJ<q8N[\gN \]cfN#JOe p IKegegIUZ&J�Q �xZ��5bda#bdc T
\gV7b F cgbA�GMOIUcgb�b�� \]cfN�VON[cfq � N[cgbtegMO|O| Z#cg\ \]Z_b��7ufVON#J7W#b:uzZ&J�\]cgZ&v p bAefegN[W#bAe`N#J8qyIYJOudMOc{vYN[cgW#bte]\gN[cf\gM7|
Z a#bdc V7bAN#q�Q w J<N#vU\]bdcfJ8N[\gIUa#b5\]Z(\gV7b�egIYJ7W&vUb"��VOZ#|�uzZ p p MOJOIYudN[\gIYZ&J�IYe�\gV7b p MOvY\gI ��V7Z#|tuzZ p p MOJOIKudN[\gIUZ&J�Q
k MOvU\gI ��V7Z#|?J7bd\ ��Z#c � e�q7Z J7Z#\�cgbA�GMOIUcgb b�� \]cfN VON[cfq � N[cgb_egMO|O| Z#cg\dQ �{V7b F MOegb_IYJ�\]bdc p bAqOIYN[\]b�V7Z#|8e
\]Z>cgZ&M7\]b p bAegefN[W#bAe \]Z � N[cfq�\gV7bAIUc�q7bAe]\gIKJON[\gIUZ&JOedQ�� J \gVOb<J7b�� \�ufVON[|8\]bdcAT p M8vU\gI ��V7Z#| J7bd\ ��Z#c � e�N[cgb
uzZ&JOegIKq7bdcgbAq�Q
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q7bz~�J8IU\gIUZ&J�Z#m�V F | bdcfudM E b uzZ p p MOJOIYudN[\gIYZ&J�T�IU\�IYe � J7Z �xJ�\gVON[\�q8I p bAJOegIYZ&J � \]Z qOI p bAJOegIUZ&J � � �
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0 2 2 2 +2 2
rr-2r-1r-1r-2

2
r-2

<= n <= 2
r-1

-1

(a) connections in dimension r-1 are between nodes.and 

n

n+1 source nodes whose

n

(b) connections in dimension r-2 are either between and nodes or between and nodes.

N/2 -n-1 destination nodes whose

connections use link (n, n+1)

connections use link (n, n+1)

s+IUW&MOcgb �7Q�� �5� I p bAJ8egIUZ&J�����h�N#JOq����?l:uzZ&J8J7bAuz\gIUZ&JOe

uzZ&JOJ7bAuz\gIYZ&JOe(m Z#c p N>V F | bdcfudM E b�Z&J \gVOIKe(�GMON[cg\]bdc Z#m�\gVOb:N[cfcfN F Q �{VGMOedT �Cb p_p N l udN#J E btcfbAudM7c �
egIUa#bAv F N[|O|�vYIUbAq>N#JOq>\gV7b�m�Z&vYvUZ��xIYJ7W IYJObA��MON#vKIU\ F IYe Z E \gN#IYJ7bAqCQ

� �.l�� ! ��l�� � � 
 � �.l���� ! !
� \yudN#J E b |OcfZ a#bAJ E�F IYJOq8MOuz\gIUZ&J	\gVON[\ \gVOb?N E Z a#b IYJ7bA�GMON#vYIU\ F N#JOq$\gV7b E Z&MOJOqON[c F uzZ&JOqOIY\gIUZ&JOe
� �.l 
 !�� � T � �.l � ! � h[T`I p |8v F \gVON[\ � ��� ! � � �.l�� ! � 
 !
�� � Q��xbAJ8uzb#Tx\gV7bdcgb b�� IKe]\ge>N?vYIKJ �

�xVOIKufV IYe{M8e]bAq N[\xvUbAN#e]\�
 !
�� � \gI p bAe EGF uzZ&JOJObAuz\gIUZ&JOexIKJ�� � Q �
�{V7b |8cgZ�Z#m Z#m��Cb p_p N �yIYetuzZ&JOeg\]cfMOuz\gIUa#b IYJ \gV7b e]bAJOe]b�\gVON[\t\gV7b vYIYJ � \gVON[\:IYe�MOe]bAq?N[\

vUbAN#e]\�
 !
�� � \gI p bAexudN#J E b�m Z&MOJ8q�Q�P F cgbAudM7cfefIUa#bAv F uzZ&J8egIYq7bdcfIKJ7W:\gV7bte]bAuzZ&JOq ��M8N[cg\]bdcxZ#m+\gV7b<vYIYJ7bAN[c
N[cgcfN F T8Z&J7b<udN#JyuzZ&JOudvKMOq7b�\gVON[\`\gV7bte]Z&MOcfuzbtJ7Z q7b#T �3TOZ#m+\gV7b<vYIYJ � ����$�� 
 h !�\gVON[\xIYe{M8e]bAqyN[\(vUbAN#e]\

 !
�� � \gI p bAe IYJ�� � IYe � � � � 
 ��76 
 �6 � 
 " "*� 
 � � � Q	�`bAJOuzb#T7\gV7b�vYIKJ � \gVON[\�IYe MOe]bAq>N[\{vUbAN#e]\ 
 !
�� �
\gI p bAexIYJ�� � IYe � 
 � � � $98 � �;: ! Q
������� � ����� 
 � ��� r IUa#btN#J N[cgcfN F Z#m3egI �db � �$l��;T8IYm�\gV7btJOZGq7bAexIYJ>\gV7btN[cgc N F N[cgb�|8N[cf\gIU\gIUZ&J7bAq IYJ�\]Z
l�e]bd\ge � � � ��
 � � � 
 � � � N#JOq � ! � ��
 � ��
 h � 
 � � �&T �xV7bdcgb � � 
 � � � T \gV7bAJ \gV7bdcgb:N[cgb:N[\
vUbAN#e]\�
 !
�� � uzZ&J8J7bAuz\gIUZ&JOe{IKJ�� � m�cgZ p � �{\]Z � ! N#JOq 
 !
�� � uzZ&JOJ7bAuz\gIYZ&JOe{m�cgZ p � ! \]Z � �AQ �
< � ���$����� � � ��� 	 ��� 	 � ��� ! $&� � ! � 
 !
�� � Q
� ��� ��� �5� IUcgbAuz\gv F m�cgZ p �Cb p p N �GQ �

� � � � ��
���� � � ���$��� � � � � ��
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(a) DIM 0

(b) DIM 1

0 1

Channel 1

Channel  2

(c) realizing  DIM    and DIM    using 2 channels

s+IUW&M7cfb �7Q o � �{bAN#vYI �AIYJ7W����	��
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P F \gV7b qObz~�JOIU\gIUZ&J�Z#mtV F | bdcfudM E byuzZ p_p MOJ8IYudN[\gIUZ&J�T{uzZ&JOJObAuz\gIUZ&JOe>IYJ � � udN#J E b |8N[c �
\gIU\gIUZ&JObAq�IKJ \]Z \gV7cgbdb e]bd\geAT ���	��
[T����#� � � N#JOq � ��� � Q ����� 
�uzZ&J�\gN#IYJOe>\gV7b qOI p bAJOegIUZ&J �
uzZ&JOJ7bAuz\gIYZ&JOedT ��� � � � uzZ&J�\gN#IYJOe uzZ&J8J7bAuz\gIUZ&JOe E bd\��5bdbAJ JOZGq7bAe �`IU\gV bda#bAJ J7Z q7b JGM ptE bdcfeAT�N#JOq
� ��� � uzZ&J \gN#IKJOexuzZ&JOJObAuz\gIUZ&JOe E bd\��5bdbAJ J7Z q7bAe��xIU\gV ZGqOqyJ7ZGqOb�J�M p�E bdcfedQ ��N#ufVyZ#m � �#� � � N#JOq
� ��� � m�Z#c p etN!� � h_qOI p bAJOegIUZ&JON#v3V F |"bdc udM E b uzZ p p M8JOIYudN[\gIUZ&J�T � ��� �dT3IUm Z&JOv F \gV7b�JOZGq7bAe�IYJ �
a#Z&vUa#bAq IYJ�uzZ p p MOJOIKudN[\gIUZ&JOe N[cgb uzZ&JOegIYqObdcgbAq�N#JOq�\gVON[\ \gV7b J7Z q7bAe N[cgb cgbAJGM ptE bdcgbAq N#uduzZ#cfqOIKJ7W&v F Q
�{VGMOedT7ufV8N#JOJ7bAv�N#egegIYW&J p bAJ�\{egufV7b p bAe�m Z#c � ��� � udN#J E b b�� \]bAJOq7bAq \]Z cgbAN#vKI��db � � N#exegV7Z �`J IYJ>\gV7b
m�Z&vYvUZ �`IYJ7W vUb p p N Q
� ��� � � � � w efegM p IYJOW�\gVON[\ � ��� �5udN#J E b`cgbAN#vYI��dbAq_Z&J>N#J�N[cgc N F Z#m�efI��db(l���� � M8egIYJ7W � ufVON#JOJObAvYedT
\gV7bAJ�� � udN#J E b cgbAN#vKI��dbAq Z&J N#J N[cfcfN F Z#m3egI��dbtl���MOegIKJ7W l ��
 h�ufVON#J8J7bAvYedQ
� ��� ��� � � � � � �#� � � � � ��� � �!���	� 
 Q�s7cfZ p \gV7b<N E Z;a#b:q8IYegudMOegefIUZ&JyN#JOq \gV7b:N#egegM p |O\gIUZ&J�T
� � � � � N#J8q � ��� � N[cgb � ��� � � �xVObAJ J7Z q7bAe N[cgb:|OcgZ#| bdcfv F cfbAJ�M p�E bdcgbAq ! T � u VON#JOJ7bAvKe(udN#J E b
MOe]bAq�\]Z:cgbAN#vYI��db � � � � � Z#c � ��� � Q5R7IYJOuzb`IY\5udN#J E bxbAN#egIKv F |OcgZ;a#bAJ�\gV8N[\ ���	��
xudN#J E bxcfbAN#vYI��dbAq
�xIU\gV>Z&JObtufVON#J8J7bAv.TON \]Z#\gN#v�Z#m+l � 
	h�u VON#JOJ7bAvKe{udN#J E b�MOe]bAq \]Z_cgbAN#vYI��db � � Q �

�Cbd\ � ��� ! E b:\gV7b J�M p�E bdc`Z#m�ufVON#J8J7bAvYe�J7bdbAq7bAq m�Z#c � � Z&J N#J N[cgc N F Z#m egI��db � � l � Q
� m�N ufVON#J8J7bAv N#egegIUW&J p bAJ \ egufVOb p b�IYe MOe]bAq \gVON[\�IYe IYJ>N#uduzZ#cfqON#J8uzb �xIU\gV \gV7b |OcgZGZ#mCZ#m ��b p p N �7T7IU\
udN#J E b`egV7Z��xJ�\gVON[\5\gVOb`bA�GMON[\gIUZ&J�T%� ��� !
� l#� ��� �[l ! 
 h[Q�r IUa#bAJ�\gVON[\�J7Z�u VON#JOJ7bAv"IYe�J7bdbAq7bAq�\]Z
cgbAN#vYI �db:V F |"bdc udM E b<uzZ p p MOJOIKudN[\gIUZ&J Z&J N h%��J7Z q7b N[cgcfN F T�� � h ! � � Q_RGZ&vYaGIYJOW m�Z#c � ��� !`cgbAefMOvU\ge
IYJ�� ��� !
� � ��h[T �xVOIYu V_IYe5J7Z#\5Z#|8\gI p N#v.Q �{V7b`m Z&vKvUZ �xIKJ7WtvUb p p NtI p |8cgZ a#bAe5\gVOIYe�egI p |�vUb{ufVON#J8J7bAv
N#egegIYW&J p bAJ�\{egufV7b p b#Q
� ��� � ��� � w efegM p IYJOW�\gVON[\ � ��� ! udN#J E b`cgbAN#vYI��dbAq_Z&J>N#J�N[cgc N F Z#m�efI��db(l���� ! M8egIYJ7W � ufVON#JOJObAvYedT
\gV7bAJ�� � udN#J E b cgbAN#vKI��dbAq Z&J N#J N[cfcfN F Z#m3egI��dbtl � MOegIKJ7W � ��
 l ufVON#J8J7bAvYedQ
� ��� ��� � � Z&JOegIKq7bdc � � �xIY\gV7Z&M7\`q8I p bAJOegIYZ&J ��N#J8q qOI p bAJOegIUZ&J�h�uzZ&JOJObAuz\gIUZ&JOedQ(P F \gV7b�q7bz~"JOIU\gIUZ&J
Z#m � � T � � � ������� 
 �����	� �%!
� ���	� ! ��" " " �����	� ��� ��m�Z#c p e�m�Z&M7c�V F | bdcfudM E bx|�N[\]\]bdcfJOedT7bAN#u V
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s+IUW&M7cfb �7Q
� �	�{V7b�u VON#JOJ7bAvCN#efegIUW&J p bAJ�\{N#vUW#Z#cfIY\gV p

E bAIYJ7WxN#J � ��� ! |8N[\]\]bdcfJ<Z&J�JOZGq7bAe � � ��� ��� � � � 
�� � �xIU\gVt|OcgZ#| bdc1JOZGq7b5cgbAJGM ptE bdcfIKJ7W ! T0qObAJ7Z#\]bAq
EGF � ��� ���#� � � ��T�m�Z#c�
 � � T+h[T�l_Z#c �GQ`s7cgZ p \gV7b<V F | Z#\gV7bAegIYeAT � ��� ! udN#J E b�cgbAN#vYI �dbAqyZ&J N#J N[cfcfN F
Z#m�efI��db�l�� � ! MOefIYJ7W � ufV8N#JOJ7bAvYedQ��xV7b m Z&M7c�egM E ��udM E b`|�N[\]\]bdcfJOe�udN#J E b cgbAN#vYI��dbAq>IYJ � � ufVON#JOJObAvYedQ
�{V7b:cgb p N#IYJOIYJ7W uzZ&JOJ7bAuz\gIUZ&J8e \]Z E b:uzZ&JOegIKq7bdcgbAq�N[cgb \gV7Z&e]b IYJ ���	� 
 N#J8q ����� � Q � \�udN#J bAN#egIYv F
E b`|8cgZ a#bAJ \gV8N[\ uzZ&J8J7bAuz\gIUZ&JOe�IYJ����	��
`N#J8q���������udN#J E b(N#efegIUW&J7bAq \]Z_l<ufVON#J8J7bAvYe�N#e�egV7Z��xJ>IYJ
s+IUW7Q �7Q oGQ��`bAJOuzb#T"\gV7btV F | bdcfudM E b�uzZ p_p MOJ8IYudN[\gIUZ&J!� � udN#J E b�cgbAN#vYI��dbAq MOegIYJOW N \]Z#\gN#v�Z#m � � 
 l
ufV8N#JOJ7bAvYedQ �

�{V7b ufV8N#JOJ7bAv3N#egegIYW&J p bAJ�\�N#vUW#Z#cfIU\gV p T � ' 12!�N>����;��`_[T�IYe�qObd|8IYuz\]bAq IYJ s+IUW7Q �7Q
�GQ s7Z#c�\gV7b
E N#e]b udN#e]b#T �xV7bAJ�� � l 
 � h[T�\gV7b V F | bdcfudM E b�|8N[\]\]bdcfJ uzZ&J�\gN#IYJOe:J7Z uzZ&JOJ7bAuz\gIYZ&J�Q ��Z�N#efegIUW&J
ufV8N#JOJ7bAvYe�\]Z�uzZ&JOJ7bAuz\gIUZ&JOexIYJ N#J N[cgcfN F Z#m+efI��db � � l��;T �ba � T7\gVObdcgbtN[cgb�\��5Z�udN#e]bAedQ	� m �:IKe bda#bAJ�T
\gV7bAJ��Cb p_p N<o�IYe�N[|O|8vYIYbAq \]Z MOe]b � � 
,l�ufVON#JOJObAvYe�m�Z#c \gV7b V F | bdcfudM E bx|8N[\]\]bdc J�T �`V7bdcgb � IYe5\gV7b
JGM ptE bdc{Z#m3u VON#JOJ7bAvYexJ7bdbAq7bAq \]Z_cgbAN#vYI��dbtN_V F | bdcfudM E b�|8N[\]\]bdcfJyZ&J N#JyN[cgc N F Z#m3egI��db�l���� ! � � ���7Q
� m �>IYe(ZGqOqCT �Cb p p N � IYe N[|O|�vYIUbAq \]Z MOe]b l � 
 h ufV8N#JOJ7bAvYe(\]Z cgbAN#vYI �db<\gVOb V F | bdcfudM E b�|�N[\]\]bdcfJ�T
�xV7bdcfb�� IYe�\gV7b�J�M p�E bdc�Z#m{ufV8N#JOJ7bAvYe�JObdbAq7bAq,\]Z cgbAN#vYI��db_N V F | bdcfudM E b |8N[\]\]bdcfJ?IYJ,N#J?N[cgcfN F Z#m
egI��db�l ��� � � � �[lGQ	�{VOb`b��7N p |8vUb(Z#m�M8egIYJ7W�\gVOIYe�N#vUW#Z#cfIU\gV p \]Z egu V7bAqOMOvUb����(IYJ�N#J>N[cgc N F Z#m1egI��db:h��
IYe�egVOZ �xJ IKJ s1IYW7Q �7Q ��Q
< � ���$����� � � � ' 1�!0N ����;��c_tMOe]bAe 
 !
���� ufV8N#JOJ7bAvYe�m�Z#c�� � Z&J N vYIYJObAN[c{N[cgcfN F �xIU\gV�� � l�� J7Z q7bAedT
\gVGMOe � � 	 ��� 	 � ��� ! $&� � ! � 
 !
�� � Q
� ��� ��� ����bd\ �edFfRf �.l�� !`N#JOq �egih�gZj �.l�� !`q7bAJOZ#\]b \gV7b J�M p�E bdc Z#m5ufV8N#JOJ7bAvYe J7bdbAq7bAq �`V7bAJ � IYe(Z qOq
N#JOq>bda#bAJ�T7cfbAe]| bAuz\gIUa#bAv F Q��{V7b�JGM p�E bdc Z#m+ufVON#J8J7bAvYe�m Z#cx\gV7b�V F | bdcfudM E b`|�N[\]\]bdcfJ MOegIYJOW � ' 1�!0N ����;��
_�udN#J E b�m�Z#c p MOvYN[\]bAq N#exm Z&vKvUZ �xeAT

�edFfRf �.l � !�� l#�egZh�gij �.l ��� � ! 
�h[T �xVObAJ�� IYe ZGq8q�Q
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 lGT �xV7bAJ�� IYe bda#bAJCQ
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�edFfRf ��� !�� !
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packet processing(routing) time

single-hop, s = 1
multi-hop, s = 1

single-hop, s = 16
multi-hop, s = 16

single-hop, s = 64
multi-hop, s = 64
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network load

single-hop, s = 4
multi-hop, s = 4

single-hop, s = 16
multi-hop, s = 16

single-hop, s = 64
multi-hop, s = 64
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packet processing time(load = 10.24)

single-hop, s = 4
multi-hop, s = 4

single-hop, s = 16
multi-hop, s = 16

single-hop, s = 64
multi-hop, s = 64
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Level 0

0 ROOT

Level  1 Level 2 Level 3

DO  i

DO  j

DO  i1

2 DO  j

3 x(i,j) = ...

4

5

6 y(i,j) = w(i,j)

DO i

DO  j

z(i, j) = x(i+1, j) * w(i, j)

7

8

9

10

11

z(i,j)=z(i,j)+y(i+1,j)_

w(i, 100) = ...
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Do i=1, 100

d(i) = a(1)

b(i) = b(i-1)

C1: <a, (1), <(1), (i), nil>, nil>

C2 : <b, (i-1), <(i-1), (i), nil>, nil>

C5: <b, (i-1), < (i-1), (i), nil>, i=2:100:1>

C3: <a, (1), <(1), (i), i=1:100:1>, nil>
C4: <b, (0), <(i-1), i, nil>, nil>
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