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(a) Schedule generated by forward scheduling; (b) Partial schedule of the inverse DAG for C, D and E; (c) Complete schedule  
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Av
er

ag
e 

Sc
he

du
le 

Le
ng

th

DLS
FB 
PFB

BDC�E ��F
	¶���Q�4�2'0��-�����  a�����G[��9���R')���T����-!���H�9'S��[�����-G�,+ �����#�*'4>#+O�!+O���)N����������0K��0K"LM�.�ZV��T�<V��1�
�9�T[��*�������#�������.��������� �a���#�
E!�R�<V����I�*�T[��9���b���#�������#����$����@�<N)�5�����.�9'�>_+O��+O����N����#"T��$����9�<N)�9'S�4$����
$ ������-!>_+c�����(������>��#�&%!�*�,+c���'�R�*�<')�9'7:b���Z�*�,��� �R:%���.�3�����*�*�
�,+ N0�����1����-��bK)(2��$���� '�� *%���*���#�&$4��+ >����
�R:�+-,.,-/  C���*�C����+O�9���T�9'102�0K��4W)�0K43
5�W6�0K75�W6�4W830W19#W $ W2:,W2���4W2�8�3�@�#�� J���.�C�*��+c�����1$���[#����:b����-G�������
�4$����Z���@����N)�Z�R:3'��1�*�����(A�>��T�9'G��[0[2+ �(�*���������.�X:��9�4- �*��-%[�>��8�����(���;�8�1�#�T���.�*�1$��
���H���<"( ��.���=+�,.,-/
���3�*-G�,+�+ %!�8���*��-�-!>��.�����4���(���>�(�1�#�T���.�*�1$��!���2���="( ��#���?+�,.,-/ �1�Z+c����N)��%�K

ì�02,8Û>���G,+02ë+1]@æH�Ý-1¤94ë_1�ÔP9;,_1ß@�Ø¶1g1gA²>-Ø Ö?Ý81�* Ô�>-*-*-02*-,Å@¡02Õ«>8<29;H�02(+*8@�(_* Ô�9+*8A²(+Õ
piq5� @�Ö?0hH�Ý >-*-×}*-(6Ö?*Å(_Ø²H�02Õ¬9;<�@�ÚPÝ-1gA->-<E1]@ 02* !-Ë�Ï�Ë�H�Æ�Í_Ë�Î�ËPÆ��}Ð 1g*}ëI02Ô�(+*-Õ/1�*IHP@�Û���1�Ô�1
H�Ý-1 @�Ø¶1g1gA²>8Øí(;Ó�9+<E,_(+Ô�0hH�Ý-Õ q (6ë_1�Ô�9;<2,+(_Ô�0EH�Ý-Õ  Õ$1]9;*8@:H�Ý-1 ÔP96H�0E(æ(;Ó�H�Ý-1 @�ÚPÝ-1]A²>-<21
<E1g*-,;H�Ý«,+1g*-1�ÔP96H�1gA�Ù}ä�9+<E,_(+Ô�0hH�Ý-Õ  H�(�H�Ý896H�,+1g*-1�ÔP96H�1gA�Ù}ä�9;<2,+(_Ô�0EH�Ý8Õ q Û � *-1CÝ}>-*¶A²Ô�1]A
Ô�9+*8A²(+Õ prq5� @NÖ�1�Ô�1�,+1g*-1�ÔP96H�1gA�9+@CH�1]@VHNÙ¶1]A � H�Ý-1â*I>8Õ«Ù�1�ÔN(;Ó&HP9+@�×²@C02*æ1g9+ÚPÝ piq5� 02@
(;Ó�>8*-0hÓ©(_Ô�ÕçA²0=@VH�Ô�02Ù->²H�0E(_*æ(6ë_1�Ô ! �N#�/7��#N#%$�5_H�Ý81�94ë+1�ÔP9;,_1)HP9+@�× 1lã²1gÚ�>²H�02(+*�H�02Õ/1g@g5894ë+1gÔ�9+,+1



A-96HP9¬H�ÔP9;*¶@VÓ©1gÔ�A²1g<294ä²@g58Õ¬9+ÚPÝ-02*-1«@�Ø�1�1gA8@�9+*8A�<20E*-×
@�Ø�1�1gA8@�9+Ô�1�>8*-0hÓ©(_Ô�Õ/<2ä�A²02@¡H�Ô�02Ù->²H�1]A
(6ë+1�Ô:A²0ED�1gÔ�1g*_H�ÔP9;*-,_1g@gÛ¶áNÝ-1$Ô�1g@�>-<hHP@â@¡Ý-(6Ö?*¥0E*ßH�Ý-1$,+ÔP9;Ø8Ý8@�9+Ô�1$9;*Þ94ë+1�ÔP9;,_1�(6ë+1gÔ>��#Q#
@¡1gØ89;ÔP96H�1:@�0EÕ#>-<=96H�02(+*¶@�Û

1.25 1.5 2   3   4   5   6   7   8   9   10  
0

0.5

1

1.5

2

2.5

3

Beta: range of machine speeds

Av
er

ag
e S

pe
ed

up

FB Speedup (DLS length / FB length)  
PFB Speedup (DLS length / PFB length)

0.1 0.2 0.5 1  2  4  6  8  10 15 20 
0

0.5

1

1.5

2

2.5

3

3.5

4

Average Communication−to−Computation Ratio (ACCR)

Av
er

ag
e 

Sp
ee

du
p

FB Speedup (DLS length / FB length)  
PFB Speedup (DLS length / PFB length)

BDC�E ��F F}� "T��%!0��7$����@�<N)� �([#�*�9'�>P[ ��$����  � (  Y�1���D�*���([#�9���!�8�J-/�0�����1�2���#���T���9�*N)���H������E)KGLM�.�
V��T�<V��1�7�@�#�� Y�7���.�%�9���)N)�I�@:7-/�0�����1�2�%�8[#�*�9'��%�1�����#�5���#$<�1�9�4�.-6���#�TK&LM�.�%E!�R�bV��1�%�������.�I��$����9�<N)�
�([#�*�9'�>P[ �1� ���.� �����#�*'4>#+O� +O���)N����.K��7�0��� A*��� �1� �D$4�,+ >.� ��$����@�<N)�9' ��$���� ����� �*�1-!>_+c�����(�4�.��K
"TA %!0 �7$����@�<N)���([#�*�*'4>4[  a����� �9���8[#�9���
�8� �������IKZLM�.��V��R�<V����F���/���.�=������� �4�2'?���#�FE��T�<V��1�
���/���.�B��$����@�<N)���([#�*�*'4>4[ �1� ���.�F�����.�9'�>_+O��+O���)N����.K��Q�0��� A��4�F���6� $4��+ >��F��$����9�bN)�*' ��$����?�����
�*�1-�>_+c�����(���#�bK

ì�02,8Û���� ���R	N@¡Ý-(6Ö)@�H�Ý-1�94ë+1gÔ�9+,+1â@¡Ø�1�1]A²>-Ø�(;ÓY(_>-ÔNHVÖC( 9+<E,_(+Ô�0hH�Ý-Õ¬@�(6ë+1�Ô p � h¤Ö?0hH�Ý
Ô�1]@¡Ø�1gÚlHYH�(�Õ¬9+ÚPÝ-02*-1NÝ-1�H�1�Ô�(+,_1�*-1g0hHVä_56Ö?Ý-1�*$H�Ý-1)94ë+1gÔ�9+,+1¯HP9+@�×«1�ã}1]Úl>²H�0E(_*«H�0EÕ/1_5_94ë+1gÔ�9+,+1
A-96HP9íH�ÔP9;*¶@VÓ©1gÔæA²1g<294ä²@�ÖC1gÔ�1ß>-*-0EÓ©(+Ô�Õ/<EäÅA²0=@VH�Ô�02Ù->²H�1gA (6ë+1gÔl! �=� #�/ � � #%$:9+*8A ! # � #�/%�C# � #,$�5
Ô�1]@¡Ø�1gÚlH�02ë+1�<2ä+Û;áNÝ81)@¡Ø�1�1]A/(;Ó�1g9+ÚPÝ$Õ¬9+ÚPÝ-02*-1?0=@�(;Ó�>-*-0EÓ©(+Ô�Õ A-02@¡H�Ô�0EÙ8>²H�02(+*/(6ë+1gÔ�H�Ý-1?ÔP9;*-,_1
! 3� 7�Y ? /�� 7Y ? $�5 È)/ÊË / 9�<29+Ô�,_1�ë69;<2>-1«(+Ó	�ñ0E*¶A²02Úg96H�1g@:9¬Ý-02,+Ý
Ý-1�H�1gÔ�(_,+1�*81�0EHVä�(+Ó�Õ¬9_ÚPÝ-0E*81
@¡Ø�1�1]A-@�Û6F}1gë+1�*#A²0hD�1�Ô�1�*IH�ë49+<E>81g@�(;Ó
� ÔP9;*-,_0E*8,?Ó©Ô�(_Õ � � � ��H�(=�%#)9+Ô�1C@¡1g<E1]Ú�H�1]AâH�(�0E*¶A²02Úg96H�1
A²0hD�1�Ô�1�*IHN<E1gë+1g<¶(+Ó\Ý-1lH�1�Ô�(+,_1�*-1g0hHVä/(;Ó&Õ¬9_ÚPÝ-0E*81:@�Ø¶1g1gA-@gÛ}áNÝ-1�<202*-×¬Ô�9;H�1]@�ë69;Ô�ä/>-*-0EÓ©(+Ô�Õ/<Eä
(6ë+1�Ô�! # � � 7�¸94ë_1�ÔP9;,+1�Ô�9;H�1
	 /9� � � 7�y94ë+1�ÔP9;,_1)ÔP96H�1L	>$�Û � >-Ô¯9+<E,_(+Ô�0hH�Ý-Õ¬@�(_>²H�Ø�1�Ô�Ó©(+Ô�Õ¬@ p � h?5
9;*8A�H�Ý-0=@NØ�1�Ô�Ó©(+Ô�Õ/9+*8Úl1:02Õ$Ø8Ô�(6ë_1�Õ/1�*IHN,+1lHP@NÕ/(+Ô�1�1gëI0=A²1g*_H)9_@�H�Ý-1âÔP9;*-,_1�02*�Ö?Ý-02ÚPÝ�H�Ý81
Õ/9_ÚPÝ-02*-1
@¡Ø�1�1]A-@¬ë69;Ô�äñ02*8ÚlÔ�1g9_@¡1]@�Û�)Þ1
9;<=@�(í(+Ù8@�1�Ô�ë+1�9í@¡02,+*80hÒ¶Úg9;*IH¬0EÕ/Ø-Ô�(6ë+1gÕ/1�*IH¬(;Ó4 �� (6ë+1�Ô �� Û

ì�02,8Û ������� 	�@�Ý-(6Ö)@�H�Ý-1æ@¡Ø�1�1]A²>-Øñ(+ÓN(_>-Ô#9+<E,_(+Ô�0hH�Ý-Õ¬@�(6ë_1�Ô p �GhèÖ?0hH�ÝñÔ�1g@�Ø¶1]Ú�H�H�(
q   m$5qÖ?Ý-1�Ô�1#H�Ý-1¬94ë+1gÔ�9+,+1�HP9+@�×�1lã²1gÚ�>²H�02(+*ßH�02Õ/1+5q<20E*8×
Ô�9;H�1]@�9+*8A¥Õ¬9_ÚPÝ-0E*81$@�Ø¶1g1gA-@
9;Ô�1$(+Ó�>8*-0hÓ©(_Ô�Õ§A²0=@VH�Ô�02Ù->²H�0E(_*G(6ë+1�Ô ! �=� #�/ � � #,$�5�! # � � 7�94ë_1�ÔP9;,_1«<20E*-×ßÔ�9;H�1_5(��� # 7�94ë+1gÔ�9+,+1
<E02*-× Ô�9;H�1�$�9+*8A ! # � � 7ß94ë+1gÔ�9+,+1æÕ/9_ÚPÝ-02*-1
@¡Ø�1�1]Aq5 � � # 7¥94ë_1�ÔP9;,_1�Õ¬9+ÚPÝ80E*-1
@�Ø�1�1gA $�5CÔ�1�à
@¡Ø�1gÚlH�02ë+1�<2ä+Û�)ÅÝ81�* q   m � �_5 p � h @¡<20E,_ÝIH�<2äñ(+>²H�Ø¶1gÔ¡Ó©(_Ô�Õ¬@$(+>8Ô/9+<E,_(+Ô�0hH�Ý-Õ¬@�5�Ù->²H
Ö?Ý-1�* q   m� �_5q(+>-Ô�9;<2,+(_Ô�0EH�Ý8Õ/@:(_>²H�Ø�1�Ô�Ó©(+Ô�Õ p � h Úl(_*8@�02A²1gÔ�9+Ù-<2ä+Û Ã @¡02,+*-0EÒ¶Úg9;*IH
0EÕ/Ø-Ô�(6ë+1gÕ$1g*IH�(+Ó 4 �� (6ë_1�Ô �� 02@)9+<2@�($(+Ù8@�1�Ô�ë+1]AqÛ

� � Â�@_¼}½¶Â� �À)¼R$\¿ @}Á76�$\¿�À "¡Â�»98;:P¾¯½ &;0Y»�� &®À#"T¼-Â>=]¼ 0 @CB @��9@+¼R$�& @

ðT*�9$Õ/(+Ù80E<21�9;,_1�*IH)@¡ä²@¡H�1�Õ�5-Õ#>-<EH�0EàyHP9+@�×�9;,_1�*IH�@?9+Ô�Ô�0Eë_1�(6ë_1�Ô�H�02Õ/1+Û-ðT*æH�Ý-02@�@¡1]Ú�H�02(+*æÖ�1
>8@¡1:H�Ý-1â02A²1]9+@CÓ©Ô�(+Õå@�ÚPÝ-1gA²>8<E02*-,/9$@�02*-,+<21�Õ#>-<EH�0EàyHP9+@�× 9;,+1g*IHCH�($@�ÚPÝ-1gA->-<E1âÕ¬9;*}ä¬Õ#>-<hH�0hà
H�9+@�×$Õ$(_Ù-02<E1:9;,+1g*IH�@¯02*�9�A-02@¡H�Ô�0EÙ8>²H�1]A @¡ä²@¡H�1gÕæÛ�)Þ1�Ø-Ô�(+Ø�(_@�1�9�A²0=@¡H�Ô�0EÙ->-H�1gA�@�ÚPÝ81gA²>-<202*-,
Ó©Ô�9+Õ$1gÖC(_Ô�×:Ù}ä�9+@�@¡02,+*80E*-,�H�(:1g9_ÚPÝ#@�>8ÚPÝ#9+,+1�*IH�0hHP@�(6Ö?*$@�ÚPÝ81gA²>-<21�Ô �¸Ô�1]@¡(_>-Ô�Ú�1¯Õ¬9;*89+,+1gÔ 	l5
Ö?Ý-02ÚPÝ�>8@�1g@ Ã <E,_(+Ô�0hH�Ý-Õ �$Ó©(+Ô)@�ÚPÝ-1]A²>-<20E*-,¶Û



# c\e%$'&)Y)(�^+* ��, � Y\X ( &,Y�� b (�_ a # cUe'$'&,Y
(�^+*�.
�+Û?'?>-* Ã <2,+(_Ô�0EH�Ý8Õ �/(+*�H�Ý-1�Õ#>-<EH�0EàyHP9+@�×�9;,_1�*IHNH�(/,+1�H)0hHP@?é�ì�� @�ÚPÝ-1gA²>8<E1�h��_Û
�²ÛNðT*-0EH�0=9;<20Eïg1«H�Ý-1¬@¡1�H:(+Ó�Ô�1]9+A²äæHP9+@�×}@ m 9+@�H�Ý-1$@�1lH�(+Ó�1�*IH�Ô�äæH�9_@¡×²@:0E* .¬5 È)/ÊË�/ H�Ý8(_@�1
H�9_@¡×²@NÖ?0EH�Ý�*-(/Ø-Ô�1gA²1]Úl1g@�@�(+ÔP@�Û

�-ÛB)ÅÝ-02<E1�*-(+H�9;<2<�H�9_@¡×²@N(;Ó�H�Ý81�9;,+1g*IH�Ý894ë_1âÙ¶1g1�*�@�ÚPÝ81gA²>-<21gA&5-A²( �0 ê)Ø�A-9;H�1�mF�0 )ÅÝ-02<E1nm ", @ 5-A²( �
�¸9�	�ì8(+ÔN1g9_ÚPÝ Ø89;02Ô�(;ÓqH�9_@¡× 6 ? 9;*8A Õ/9_ÚPÝ-02*-1 KUT 5IÖ?Ý81�Ô�1 6 ? A�m#5H�1�2�3�2�ß5

Ú�(+Õ/Ø->²H�1�0hHP@)A²ä}*89;Õ/0=Ú:Ø-Ô�02(+Ô�0EHVä¬Ó©Ô�(_Õå1gîI>89;H�02(+* �+Û
�©Ù�	æì�02*8A H�Ý-1�HP9+@�×Ià�Õ¬9+ÚPÝ80E*-1�Ø89+0EÔ � 6�? 9 / K T 9 	/@¡>8ÚPÝ H�Ý896H p?4 � 6�? 9 / K T 9 	 ,

Õ/02* ��� �=<+> 3�� T � M p?4 � 6�? / K @ 	�Û
�¸Ú7	�ð�Ó)H�Ý-1 Ã ë+1gÔ�9+,+1�BC(+Õ/Õ#>-*-0=Ú�96H�0E(_*²à�H�(;à¡BC(+Õ/Ø->-H�96H�0E(_*í')96H�0E(
(+Ó?H�Ý-1æ7 Ã��

0=@�<=9;Ô�,+1gÔNH�Ý89+*��\5¶A²( � Ó©(_Ô)1g9_ÚPÝ
9;<2Ô�1]9+A²äæ@�ÚPÝ-1]A²>-<21gAæHP9+@�× Ã H�Ý896H ���L	?Ý89_@
Ú�(+Õ/Õ/(+*�@�>8Ú�Ú�1g@�@¡(_Ô�@¯Ö?0hH�Ý 6�? 9 ����� 	Y0=@C9_@�@�02,+*-1]A/(+*¬H�Ý-1:@�9;Õ/1�Õ/9_ÚPÝ-02*-1�9_@
6�?:9 02* h�������� 	?H�Ý-1$Õ/0E*80EÕ#>-Õµ(;ÓYH�Ý-1#A-9;H�9 H�ÔP9;*8@¡Ó©1�Ô:A²1�<=94ä²@?Ó©Ô�(+Õ Ã 9+*8A
6�? 9 H�(¬H�Ý-1g0EÔ�Úl(+Õ/Õ/(+*
@�>8ÚgÚl1g@�@�(+Ô?0=@	�íH�0EÕ/1g@�<29+Ô�,_1�ÔNH�Ý89;*�H�Ý-1�Õ¬96ã²02Õ«>-Õ
(+Ó8H�Ý81�@¡H�9+*8A-9;ÔPA�1�ã²1gÚl>-H�02(+*�H�0EÕ/1]@�(+Ó Ã 9;*8A 6�? 9 56@¡1�H K T 9 9+@�H�Ý-1CÕ¬9_ÚPÝ-0E*81
H�Ý896H Ã 0=@)9+@�@�0E,_*-1gA H�(8Û

�¸AD	�F²ÚPÝ81gA²>-<21âH�9_@¡× 6 ? 9 (_*�Õ¬9_ÚPÝ-0E*81 KVT 9 Û
BDC�E ��F��8� LNbc��STRVbc�I^_SVMP£$�Ta�e_M�£_^_fcbhW_i

� SUT I $ a _ c
)ß1�9_@�@�>-Õ/1�H�Ý89;H¯1g9_ÚPÝ/9+,+1g*_HYÝ89_@�0hHP@¯(6Ö?*/@�ÚPÝ81gA²>-<21�Ô]5+Úg9;<2<E1]A�H�Ý-1 Ì�ÍIË�Î8Ï�Ð�M !-Ë�J��²ÉEË�H Û�)Þ1
9+@�@¡>-Õ/1CH�Ý-1gÔ�1�0=@�*-(:Ú�(+Õ/Õ«>8*-02Úg96H�0E(_*8@�Ù¶1�HVÖC1g1�*#A-0hD�1�Ô�1�*IH¯9;,_1�*IH�@�ÚPÝ-1]A²>-<21�ÔP@�5gH�Ý}>8@�1]9+ÚPÝ
9;,+1g*IH�@�ÚPÝ-1]A²>-<21�Ô�Ö�(+Ô�×}@â02*8A²1gØ¶1g*8A²1g*_H�<EäßÖ?0hH�Ý-(+>-H#Úl(}(+Ø�1�ÔP96H�0E(_*&Û Ã *ñ9+,+1�*IH�@�ÚPÝ-1gA²>8<E1gÔ
H�9;×_1g@ 9í@�*89+Ø8@¡Ý8(;H (;Ó:H�Ý81ß@�ä}@¡H�1gÕ @¡H�9;H�1
9;*¶A Õ/9+×+1]@¬@�ÚPÝ-1]A²>-<20E*8,¤A²1gÚ�02@�02(+*8@$Ó©(_Ô H�Ý81
9;,+1g*IH � @�H�9_@¡×²@\A-äI*¶9;Õ/02Úg9;<2<Eä_Û]F}02*8Ú�1�Õ«>8<hH�0EØ-<21C9+,+1g*_HP@q1lã²1]Úl>²H�1�02*âH�Ý-1�@¡ä²@¡H�1�Õ�5gH�Ý-1�9+ÚlH�>89+<
@VHP9;Ô�H�02*-,�H�02Õ/1�(;Ó)9�HP9+@�×ßÕ¬94äßÙ¶1æA²0hD�1�Ô�1�*IH�Ó©Ô�(+Õ H�Ý81 (+*-1�Úl(+Õ/Ø->-H�1gAGÙ}äßH�Ý-1æ9;,_1�*IH
@�ÚPÝ-1]A²>-<21�Ô]ÛIáNÝ}>8@g5IH�Ý-1â*-(+H�02(+*�(;Ó�@�ÚPÝ-1gA->-<E02*-,#Ý-1�Ô�1�0=@N@¡<202,+ÝIH�<2ä¬A²0hD�1�Ô�1�*IHNÓ©Ô�(+Õ Ö?Ý896HNÖ�1
Ý894ë+1:>8@�1gAæ0E*�Ú�1�*IH�ÔP9;<20Eïg1gA�@�ÚPÝ-1]A²>-<20E*8,85²02*�H�Ý896H�9+*æ9+,+1g*_H?@�ÚPÝ-1gA²>8<E1gÔ)A²(}1g@N*-(+H�@¡Ø�1gÚ�0hÓ©ä
H�Ý-1�9+Ù8@¡(_<E>-H�1�@VHP9;Ô�H�02*-,$H�02Õ/1�(;Ó�1]9+ÚPÝ�H�9_@¡×�Û

ì-(+Ô�0E*8Ú�(+Õ/02*-,¤9;,_1�*IH¬H�9_@¡×²@g5¯1g9_ÚPÝÅÕ¬9+ÚPÝ-02*-1�Ý89_@¬HVÖ�(ñ@¡Ø�1gÚ�0hÒ¶Úßì�ðVì � îI>-1�>-1]@ � 9
Ö�9+0hH�0E*-,#î_>81�>-1�9+*8A 9�Ô�1g9_A²ä#îI>-1g>-1+5IÙ�(;H�Ý�(;ÓqÖ?Ý-0=ÚPÝ�9;Ô�1?Õ¬9;*-02Ø->-<=96H�1gA¬Ù}ä/9�<E(²Úg9;< ��Úl(+à
(+ÔPA²0E*¶96H�(_Ô �/9+,+1�*IH)Ô�1g@�02A-0E*-,¬(_*�H�Ý-0=@)Õ¬9_ÚPÝ-0E*81+Û Ã *
0E*¶Úl(+Õ/02*-, 9;,_1�*IH?H�9_@¡×æ0=@�9;<2<2(}Úg96H�1gA
H�(#H�Ý-1âÔ�1g9+A-ä/îI>-1g>-1:(+Ô�H�Ý-1:ÖN9;0EH�02*-,$îI>-1g>-1âA²1�Ø�1�*8A-0E*-,/(_*�Ö?Ý-1�H�Ý-1gÔ�0EH�@�02*-Ø->²H)A-9;H�9#02@
94ë49+0E<=9;Ù8<E1�(+* H�Ý-0=@NÕ/9_ÚPÝ-02*-1�(_ÔN*-(;H]Û}ì8(+Ô�H�Ý8(_@�1�HP9+@�×}@�02*�H�Ý-1âÖ�9+0hH�0E*8,#îI>-1�>81+5}H�Ý81�ä Ú�9+*
Ù¶1:Ô�1]9;<2<E(²Úg96H�1]A#H�(�H�Ý-1:Ô�1]9+A²ä/îI>-1�>-1�Ù}ä#H�Ý-1âÚl(}(+ÔPA²02*896H�(+Ô�9+,+1�*IHC9;H�9«<29;H�1�Ô�H�02Õ/1�Ö?Ý-1g*
9;<2<80EH�@Y02*-Ø->²HNA-96HP9âÝ89+@C9;Ô�Ô�02ë+1]A«(_*$H�Ý-0=@¯Õ¬9+ÚPÝ80E*-1_Û_áNÝ}>8@�H�Ý-1?HP9+@�×}@¯0E*/H�Ý-1)Ô�1g9+A-ä#îI>-1�>81
Ú�9;*�@VHP9;Ô�H«Ô�>8*-*-02*-,¥02*8@¡H�9;*IH�<EäG(+*¶Úl1 H�Ý-1�Õ¬9_ÚPÝ-0E*81�Ù�1gÚl(_Õ/1g@#02A²<21+5�Ö?Ý-02<E1�H�Ý-1æÖN9;0EH�02*-,
î_>81�>-1�Ú�(+*8@�0=@VHP@�(;Ó?H�Ý-(_@�1¬HP9+@�×}@�Ö�9+0hH�0E*-,
Ó©(+Ô�H�Ý-1�9+Ô�Ô�02ë49+<2@�(;ÓNH�Ý-1g0EÔ$02*-Ø->²H/A-96HP9-Û�áNÝ81
Úl(}(+ÔPA²02*896H�(+Ô�9;,+1g*IH�0=@Y9;<=@�(�Ô�1g@�Ø¶(_*8@�0EÙ-<21�Ó©(+ÔY*-(+H�0EÓ©ä}0E*-,â1]9+ÚPÝ/9;,+1g*IH�@�ÚPÝ-1gA->-<E1gÔYÖ?Ý-1�*$(+*81



(;ÓN0hHP@âH�9_@¡×²@�@¡H�9;Ô�H�@�(+ÔâÒ8*-0=@�Ý-1g@�1�ã²1gÚl>-H�02(+*&Û:��ä¥02Õ/Ø-<21�Õ/1�*IH�02*-,�H�Ý-1g@�1/HVÖC(
îI>-1g>-1g@â(_*
1g9+ÚPÝ�Õ¬9+ÚPÝ80E*-1_5-H�Ý-1�HP9+@�×}@)Ö?Ý-02ÚPÝ
9+Ô�1#@�ÚPÝ-1]A²>-<21gA�1]9;Ô�<Eä�Ù->²H�Ö?Ý8(_@�1�0E*-Ø8>²H:A-9;H�9 9+Ô�Ô�02ë+1
ë+1�Ô�ä�<29;H�1$Ö?0E<2<Y*-(+HâÙ8<E(²ÚP×�(;H�Ý-1�Ô:H�9_@¡×²@:Ö?Ý-0=ÚPÝß9+Ô�1/@�ÚPÝ81gA²>-<21gA¥<29;H�1gÔ�Ù->-HâÖ?Ý8(_@�1#02*-Ø->²H
A-96HP9$Ú�(+Õ/1â1g9+Ô�<20E1gÔgÛ

� S�� � Y\X ( &,Y�� b (�_ a � [)^`_Ca`b`c\Y\d`e

ðT* 9ñA²0=@¡H�Ô�0EÙ->-H�1gA·Õ/(+Ù-02<E1Þ9;,_1�*IHæ@�ä²@VH�1�Õ�5�A-0hD�1�Ô�1�*IH�Õ#>-<EH�0EàyHP9+@�× 9+,+1g*_HP@�9+Ô�Ô�0Eë_1
(6ë+1gÔ
H�02Õ$1_Û�áNÝ}>8@�(_*-1/Ó¸9+ÚlH�(_Ô�H�Ý89;H#Ú�9+*í96D�1gÚ�H�H�Ý-1�A²1]Úl0=@¡02(+*¶@�(;Ó?9�@�ÚPÝ81gA²>-<21�Ô«02@âH�Ý-1¬H�0EÕ/1là
ë49+Ô�ä}02*-,GÕ¬9+ÚPÝ-02*-1�@VHP96H�1g@/Ô�1g@�>-<hH�0E*8,GÓ©Ô�(_Õ H�Ý-1
9+Ô�Ô�02ë49+<?(;Ó�H�9+@�×²@$Ó©Ô�(_Õ (+H�Ý-1gÔ 9;,+1g*IH�@gÛ
Ã ,+1g*IHC@�ÚPÝ81gA²>-<21�ÔP@¯@�Ý-(+>8<2A/A²ä}*89+Õ$0=Ú�9+<E<2ä+5_Ô�9;H�Ý-1gÔYH�Ý¶9;* @¡H�96H�02Úg9;<2<Eä_5+@�ÚPÝ-1gA²>8<E1?H�Ý-1�02Ô¯HP9+@�×²@
H�(ßH�9;×_1�02*IH�(G9+Ú�Ú�(+>-*IH$H�Ý-1�H�02Õ/1là�ë69;Ô�äI02*-,Þ@¡ä²@¡H�1�Õ @¡H�9;H�1]@$9;D�1]Ú�H�1gAñÙ}äGH�Ý-1�02*8Ú�(+Õ/0E*8,
H�9+@�×²@«(+Ó)(;H�Ý-1�Ô/9;,_1�*IH�@«(6ë+1�Ô«H�02Õ/1+Û Ã *�0EÕ/Ø�(+Ô�H�9;*IH$02@�@¡>81�02*�A²ä}*89+Õ$0=Ú�@�ÚPÝ-1]A²>-<20E*-,ß02@
H�02Õ$02*-,¶5 È)/ÊË�/ Ö?Ý-1g*GH�(ß@�ÚPÝ-1]A²>-<21¬H�Ý-1 H�9+@�×²@�(+Ó?9+*ñ9;,_1�*IHgÛ�áNÝ-1�@�ÚPÝ-1gA²>8<E02*-,�H�0EÕ/1�(+Ó)9
H�9+@�×�Ú�9+*
Ù¶1¬9_@�1]9;Ô�<Eä�9+@�0hHP@â9;,+1g*IH � @�9+Ô�Ô�0Eë69+<&H�02Õ/1#(_Ô:9_@�<=96H�1#9_@)H�Ý-1$H�02Õ$1$Ö?Ý-1g*
H�Ý81
H�9+@�×�02@�Ô�1g9+A-ä�H�(�Ô�>-*&Û�ð�Ó�Ö�1#@�ÚPÝ-1gA²>8<E1$9¬H�9_@¡×æ1g9+Ô�<2ä+5�9 <=9;Ô�,+1«Ø89;Ô�H�(+ÓYH�Ý-1/@�ÚPÝ81gA²>-<202*-,
9;*8A�H�9+@�×�@¡>8Ù-Õ/02@�@¡02(+*#(6ë+1gÔ�Ý-1]9+AâÚ�9+*«Ù�1C(6ë_1�Ô�<29+Ø-Ø�1gA�Ö?0EH�Ý«H�Ý-1CH�9_@¡×�Ú�(+Õ/Ø->²HP96H�02(+*¶@�9+*8A
Úl(+Õ/Õ#>-*-0=Ú�96H�0E(_*8@¯(+Ó&H�Ý81:9+,+1�*IH]5+Ù->²H�H�Ý81:@¡H�9;H�1�02*²Ó©(_Ô�Õ¬96H�0E(_*�Ú�9+* Ù�1:@¡H�9+<E1_Û}F}(«H�Ý-1gÔ�1�02@
9¬H�ÔP9+A-1�(;DGÙ�1lHVÖ�1�1�*ß@�ÚPÝ-1]A²>-<20E*8,�9;*¶A�H�9_@¡×�@�>-Ù-Õ/02@�@�0E(_*
(6ë+1gÔ�Ý-1]9+Aq5�9;*8A�H�Ý-1/9+ÚgÚl>-ÔP9+Ú�ä
(;Ó�H�Ý-1�@¡H�9;H�1�02*²Ó©(+Ô�Õ¬96H�02(+*æ>8@�1gAæÙ}ä¬H�Ý81«@�ÚPÝ81gA²>-<21�Ô]Û²ðT*�(+>-Ô)9+<E,_(+Ô�0hH�Ý-Õ�5²ÖC1�ÚPÝ-(}(I@¡1:H�Ý81
@�ÚPÝ-1]A²>-<20E*8,âH�02Õ$1�(;Óq9:H�9+@�×�H�(�Ù�1?H�Ý-1?<=96H�1g@¡H¯H�02Õ/1�9;Õ/(_*-,:H�Ý-1�@¡H�9+Ô¡H�0E*8,âH�02Õ$1]@Y(;Ó&9+<E<-0EH�@
Ø-Ô�1]A²1gÚ�1g@�@¡(_Ô�@g5 È)/ÊË / H�Ý-1�1]9;Ô�<E021g@¡H�H�02Õ$1âÖ?Ý-1g*�H�Ý-1�A-9;H�9$94ë49+0E<=9;Ù8<E1�H�02Õ/1g@N(;Ó�H�Ý-0=@�H�9_@¡×¬(_*
9;<2<�Õ¬9+ÚPÝ80E*-1]@�Úg9;*
Ù�1#Úg9;<=Úl>-<=96H�1gA�Ø8Ô�1]Úl0=@¡1g<Eä_Û Ã H�9+@�×�02@�Ô�1g9+A-ä�H�(�Ù�1$@�ÚPÝ-1]A²>-<21gA�Ö?Ý-1g*
9;<2<q0hHP@?Ø-Ô�1gA²1]Úl1g@�@�(+ÔP@�Ý894ë_1�@VHP9;Ô�H�1gA�1lã²1]Úl>²H�0E(_*8@�Û

áNÝ-1�Úl1�*IH�Ô�9+<E02ï�1]A�9;<2,+(_Ô�0EH�Ý8Õ/@�Ö�1�A²1�ë_1�<2(+Ø�1gA�0E*�H�Ý-1�Ø8Ô�1gëI02(+>¶@�@�1gÚlH�02(+*8@?Úg9;*æÙ¶1�1�ã}à
H�1�*¶A²1gA H�(íH�Ý-1ßA²02@¡H�Ô�02Ù->²H�1]AÅÚ�9_@¡1_Û Ã <2,+(_Ô�0EH�Ý-Õ ��02@�9+A-9+Ø²H�02ë+1_5¯Ý-1g*8Úl1
Úg9;*ÅÙ�1
1g9_@¡02<Eä
9+A²(_Ø²H�1]A
Ù}ä�1g9_ÚPÝ¥9;,_1�*IH:@�ÚPÝ-1gA->-<E1gÔgÛ ��(6ÖC1gë+1�Ô]580EH�Ú�9+*¥,+1g*-1�ÔP96H�1�ë+1gÔ�ä�>-*¶@�9;H�0=@VÓ¸9_Ú�H�(_Ô�ä
@�ÚPÝ-1]A²>-<21g@�Ö?Ý-1g*�H�Ý-1�Ô�1�9;Ô�1�Ù89_A�02*²à�H�Ô�1�1]@�9+*8A Ù¶9+A�(+>²H�àyH�Ô�1g1g@�0E*�H�Ý81�Õ«>-<EH�0EàyHP9+@�× 9;,_1�*IH
7 Ã�� Û � *
H�Ý81$(+H�Ý-1gÔ�Ý¶9;*8Aq5�H�Ý-1¬é�ì�� 9;<2,+(+Ô�0EH�Ý-ÕµÚ�9+*¥(6ë_1�ÔPÚl(+Õ/1âH�Ý-02@�A-0 � Úl>8<hHVä
9+*8A
0EÕ/Ø-Ô�(6ë+1«H�Ý-1/Ø�1�Ô�Ó©(+Ô�Õ/9+*8Úl1$Úl(_*8@¡0=A²1gÔ�9+Ù-<Eä_5¶Ù8>²H�0hHP@â1lã}H�1g*8@¡02(+*
H�(æH�Ý-1/A²0=@VH�Ô�02Ù->²H�1gAß1�*²à
ëI02Ô�(+*-Õ/1�*IH�0=@�*-(;Hâ@VH�Ô�9+0E,_Ý_H�Ó©(+Ô�Ö�9+Ô�A&Û-áNÝ-1�Ô�1lÓ©(_Ô�1_580EH�0=@�*89;H�>-ÔP9;<\H�(�>8@¡1�H�Ý-1/@�ÚPÝ81gA²>-<202*-,
Ô�1]@¡>-<EH�@�(;Ó?é�ì�� 9+<E,_(+Ô�0hH�Ý-Õ 9+@�Ý-0E*IHP@âÓ©(+Ô�H�Ý-1 9;,_1�*IH«@�ÚPÝ-1gA²>8<E1gÔ�@âÖ?Ý-0=ÚPÝG>²H�02<20Eïg1 Ã <2,+(+à
Ô�0EH�Ý-ÕJ��9_@�H�Ý-1�Õ¬9;02*ñ@�ÚPÝ-1gA²>8<E02*-,¥@�ÚPÝ-1�Õ/1_Û�áNÝ-1�A²1lHP9;02<2@#(;ÓNH�Ý81�(6ë+1gÔ�9+<E<CA²02@¡H�Ô�02Ù->²H�1]A
9;<2,+(+Ô�0EH�Ý-Õ >8@�1gA�Ù}ä�1g9_ÚPÝ¥9;,_1�*IH:@�ÚPÝ-1]A²>-<21�Ôâ9;Ô�1�0E<2<2>8@VH�Ô�9;H�1]A
02*ßì�0E,¶Û(�L�²5�Ö?Ý-1�Ô�1 �Þ9+*8A
� 9+Ô�1�H�Ý-1#H�Ý-Ô�1g@�Ý-(_<2A�H�(�A²1�H�1gÔ�Õ/02*-1«Ö?Ý-1�H�Ý-1gÔ�H�Ý-1$Ý-0E*IHP@:@�Ý-(_>-<2A
Ù¶1$9+Ú�Ú�1�Ø²H�1gA¥(+Ô�*8(;Hg5
9;*8AÞH�Ý-1 *-(+H�96H�0E(_*8@�9+Ô�1/H�Ý-1�@�9;Õ/1 9+@«0E*¤F}1]Ú�H�0E(_*U�-Û ��9;*8A �è9;Ô�1/>8@¡>¶9;<2<EäG9;Ù�(6ë+1��+5
@¡02*8Úl1_5}Ó©Ô�(_Õ (_>-ÔNØ-Ô�1gë}0E(_>8@?@¡02Õ«>8<29;H�02(+*8@g5IH�Ý-1�02Õ/Ø-Ô�(6ë_1�Õ/1�*IHNÙ}ä�>8@�0E*8, 4 �� 0=@)@�0E,_*-0hÒ8à
Ú�9;*IH)(_*-<Eä�Ó©(+Ô:Úl(+Õ/Õ#>-*-0=Ú�96H�0E(_*�02*IH�1g*8@¡02ë+1#9;Ø-Ø-<20=Ú�96H�0E(_*8@gÛ-áNÝ-1«9+ÚlH�>89+<&ë69;<2>-1g@)(;Ó �
9+*8A
�ñÚ�9+*�Ù�1�A²1lH�1�Ô�Õ$02*-1]A�1�ã²Ø¶1gÔ�02Õ/1�*IH�9+<E<2ä+Û²áNÝ-0=@?A²0=@VH�Ô�02Ù->²H�1gAæ1lã}H�1g*8@�0E(_*�(_*-<Eä�Úl(6ë+1gÔ�@�H�Ý81
Ù89+AÞ02*²àyH�Ô�1g1 @VH�Ô�>¶Ú�H�>8Ô�1]@�0E*GH�Ý-1�7 Ã�� Û�Ö?Ý-0=ÚPÝÞ0=@�(+Ó?Ú�(+>-ÔP@�1$*8(;H«Úl(_Õ/Ø-<E1�H�1_Û �)(6Ö�1�ë_1�Ô]5
0E*ñ(_>-Ô«Ø8Ô�1gëI02(+>¶@�@¡02Õ«>8<29;H�02(+*8@g5\Ö�1 Ý894ë_1¬(+Ù8@�1�Ô�ë+1]A¥H�Ý896H#H�Ý-0=@�0=@«H�Ý-1�Õ/9+0E*íÔ�1g9_@¡(_*G(;Ó
Ø¶1gÔ¡Ó©(_Ô�Õ¬9;*¶Úl1�A²1�,_Ô�9_A-96H�0E(_* 02*�@�ÚPÝ-1]A²>-<20E*-,/Ø-Ô�(+Ù8<E1gÕ/@NÖ?0EH�Ý�Ú�(+Õ/Õ«>-*802Úg96H�02(+*�A²1g<294ä²@gÛ



� S R � Y)* b cUW�(�Y�$7d � _ XZb c)(�X
F}0EÕ#>-<=96H�02(+*¶@�9;Ô�1$Úg9;Ô�Ô�021gA¥(+>²H�02*Þ9æÝ-1�H�1gÔ�(_,+1�*81�(+>¶@:Ú�(+Õ/Ø->²H�0E*8,æ1g*}ëI02Ô�(+*-Õ/1�*IH]5qÖ?Ý-1�Ô�1
H�Ý-1$H�(+H�9+<Y*I>8Õ«Ù�1�Ô�(;Ó�Õ¬9+ÚPÝ-02*-1g@:0=@ ��+æ9;*8A
H�Ý-1¬Õ¬9_ÚPÝ-0E*81$@�Ø¶1g1gA-@�9+*8Aß<E02*-×
ÔP96H�1g@â9;Ô�1
,+1�*81�ÔP96H�1]A¥ÔP9;*¶A²(+Õ/<2ä+Û\áNÝ-1gÔ�1 9+Ô�1����æÕ«>-<EH�0EàyHP9+@�×ß9+,+1�*IHP@�9;Ô�Ô�02ë}0E*-,�(6ë_1�Ô:H�02Õ/1+5�Ö?Ý-1�Ô�1
H�Ý-1?9;,_1�*IH¯9;Ô�Ô�02ë69;<=@�9+Ô�1�,+02ë+1g*«Ù}ä«9:é�(+0=@�@�(+*«Ø-Ô�(²Ú�1g@�@�Û6Ü�9_ÚPÝ#9+,+1�*IHYÚl(_*8@¡0=@¡H�@�(;Ó + ��H�9_@¡×²@g5
Ö?Ý-(_@�1�@VH�Ô�>8ÚlH�>-Ô�1:02@N,_1�*-1gÔ�9;H�1gA�Ô�9+*8A²(_Õ$<2ä¬>-*8A-1�Ô?H�Ý-1�Úl(+*¶@VH�Ô�9+0E*IH�H�Ý89;H?H�Ý-1âÕ¬96ã²02Õ«>-Õ
*I>8Õ«Ù�1�Ô?(;Ó�1gA-,+1g@N1gÕ/0hH�H�02*-,/Ó©Ô�(_Õå(+*81�HP9+@�× 0=@ ��+8Û

0 2 4 6 8 10 12 14
0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

ACCR (Average Communication−to−Computation Ratio)

Av
er

ag
e S

pe
ed

up

Average Mulit−Task Agent Arrival Interval :10  
Average Multi−Task Agent Arrival Interval : 20 
Average Multi−Task Agent Arrival Interval : 50 
Average Multi−Task Agent Arrival Interval : 100

BDC�E ��F 	8�ZLM�#�%[#���1:b�4��-/���2���6�@:5�����.�9'�>_+ �1�)NS-�>_+ �����8�8�4�9UB-!>_+ ���"�<N)���.�Q�*E��*�T��-��bKZLM�.�IV��T�<V��1�5�1�
���#� �������IK3LM�.�/E��T�<V��1�!�1�����#�G�([#�*�9'�>P[ �1� ���#�G�*>�-i�@:!���.�6��[0[2+ �����4���(��� ��>��������9��>���' ���1-G�<K
LM�#�&:b��>��5��>���$����5���4���9���8[_�4�2'��8�F'�� *%���*���#�Q��$����9�bN)�!�<N)���.���������1$4�,+ �1�.�T����$4�,+ ��K

ðT*æì�02,8Û��7�85}ÖC1â@¡02Õ«>8<29;H�1â(+>-Ô?A²0=@¡H�Ô�0EÙ->-H�1gA�@�ÚPÝ-1gA->-<E02*-,/9;<2,+(_Ô�0EH�Ý-Õ H�(¬Úl(+Õ/Ø89+Ô�1�H�Ý81
Ø¶1gÔ¡Ó©(_Ô�Õ¬9;*¶Úl1g@�(;Ó Ã <E,_(+Ô�0hH�Ý-Õ ��>8@�02*-,�éCì�èÝ-02*IH�@�ë+1gÔ�@�>8@)*8(;Hâ>8@¡02*-,æé�ì��èÝ-0E*IHP@�Û )Þ1
ÚPÝ-(}(_@�1¬H�Ý-1�H�Ý8Ô�1]@¡Ý-(_<2A � 9;*8A � H�(ßÙ�1 �Þ9;*8A �
Ô�1g@�Ø¶1]Ú�H�0Eë_1�<2ä+Û�áNÝ81�Ô�1g@�>-<EH�@#(;Ó�1]9+ÚPÝ
Ú�9+@�1¥9+Ô�1�(_Ù²H�9+0E*-1]AÅÙ}ä¤HP9;×}02*-,íH�Ý81ß94ë+1gÔ�9+,+1�(;ÓâÒ8ë_1¥@�0EÕ#>-<29;H�02(+*ÅÔ�>-*8@gÛ )Þ1¥(_Ù8@�1�Ô�ë+1
H�Ý89;Hg5}Ù}ä¬>8@¡02*-,/é�ì�� Ý-02*_HP@�5IH�Ý-1:A-02@¡H�Ô�0EÙ8>²H�1]A�9+<E,_(+Ô�0hH�Ý-Õ Ý89+@�@¡02,+*80hÒ¶Úg9;*IHCØ�1�Ô�Ó©(+Ô�Õ¬9;*8Ú�1
0EÕ/Ø-Ô�(6ë+1gÕ$1g*IH�Ö?Ý81�*/H�Ý81 Ã B?B�' 02@�<29+Ô�,_1+5 È)/ÊË�/ Ö?Ý-1�* @�ÚPÝ-1gA->-<E02*-,�Õ#>-<hH�0hàT9;,_1�*IH¯@¡ä²@¡H�1gÕ/@
H�Ý89;H�9;Ô�1âÚ�(+Õ/Õ«>8*-02Úg96H�0E(_*�02*_H�1�*8@�02ë+1+Û

áNÝ-1«A²0=@VH�Ô�02Ù->²H�1gA
9+<E,_(+Ô�0hH�Ý-Õ 9_@�@�>-Õ/1g@?H�Ý89;H)H�Ý-1$@�ÚPÝ81gA²>-<21�Ô�Ý89+@)Ó©>-<E<�×}*-(6Ö?<21gA²,_1�(;Ó
H�Ý-1:Õ«>-<EH�0Eà�H�9+@�× 9;,_1�*IH�H�(«Ù�1�@�ÚPÝ-1]A²>-<21gA 9+*8A¬H�Ý-1:,+<2(+Ù89+<¶02*²Ó©(+Ô�Õ¬96H�0E(_* (;Ó&H�Ý-1:*-1lHVÖ�(+Ô�×�5
Ö?Ý-02ÚPÝG0=@�*-(+H�Ô�1]9;<202@¡H�0=Ú$0E*GÕ/(_@¡H�Ô�1]9;<¯@�ä²@VH�1�Õ¬@�ÛqðT*GÕ¬9;*}äÞÚ�9+@�1g@:Ö�1 9;Ô�1/(+*-<2äß9+Ù-<E1$H�(
Ó©1�1gA¥H�Ý81 @�ÚPÝ-1]A²>-<21�ÔâÖ?0EH�ÝßH�Ý-1/1g@¡H�02Õ¬96H�1gAßë49+<E>81g@â(;ÓCØ89;ÔP9;Õ/1lH�1�ÔP@�Û&F}(æ0EH�02@:02Õ$Ø�(+Ô�H�9+*IH
H�(�1gë69;<2>896H�1«Ý-(6Ö H�(+<21�ÔP9;*IH)H�Ý81#A²0=@VH�Ô�02Ù->²H�1gAß@�ÚPÝ-1]A²>-<20E*8,�9;<2,+(_Ô�0EH�Ý8Õ 0=@)H�( H�Ý-1#1]@VH�0EÕ¬9;à
H�02(+*$1�Ô�Ô�(_Ô�@�(;Ó�Ø89;ÔP9;Õ/1�H�1�ÔP@gÛ]áNÝ-Ô�1�1NØ89+Ô�9+Õ/1lH�1gÔ�@�9+Ô�1NÚPÝ-(_@�1�*«H�(�Ù�1�H�1g@¡H�1]A$0E*8A-0Eë}0=A²>89;<2<2ä �
H�Ý-1�@¡H�9;*¶A-9;ÔPA¬HP9+@�×¬1lã²1gÚ�>²H�02(+*�H�02Õ$1_5}H�Ý-1�@�0Eïg1â(;Ó�A-9;H�9«H�ÔP9;*8@¡Ó©1�Ô�Ô�1gA�9+Õ/(+*-,«H�9+@�×²@�5²9+*8A
H�Ý-1�H�Ô�9+*8@VÓ©1gÔ¬Ô�9;H�1�(;ÓâÚl(_Õ$Õ#>-*-0=Ú�9;H�02(+* <E02*-×²@�ÛCì-(+Ô¬1]9+ÚPÝ (;Ó�H�Ý-1gÕæ5�H�Ý-Ô�1�1�1]@VH�0EÕ¬96H�0E(_*
1�Ô�Ô�(_Ô�ÔP9;*-,_1g@:9;Ô�1$@�02Õ«>-<=96H�1gAq5qÖ?Ý-1gÔ�1#H�Ý81¬1g@¡H�02Õ/9;H�1]A¥Ø89+Ô�9+Õ/1lH�1gÔ�@:9;Ô�1$>-*-0EÓ©(+Ô�Õ$<2ä
A²0=@Và
H�Ô�0EÙ->-H�1gA/Ö?0EH�Ý80E*��W�Z#�� /��=� ��� /�� �N#��·(;Ó�H�Ý-1�Úl(+Ô�Ô�1gÚ�HYë69;<2>-1]@YÔ�1]@¡Ø�1gÚlH�02ë+1g<Eä_Û )ß1�A²1lÒ8*81
H�Ý-1�A-1�,+ÔP9+A896H�02(+*$ÔP96H�02(�9+@YH�Ý-1)ÔP96H�0E(�(+Ó�H�Ý-1�@�>-Õ (;Ó�H�Ý81?H�(+H�9;<�9;Ø-Ø8<E0=Ú�9;H�02(+*$H�>-Ô�*89+Ô�(_>-*8A
H�02Õ$1]@N>8@�0E*-,$Úl(_Ô�Ô�1gÚlHCØ89+Ô�9+Õ$1�H�1gÔ�@�H�(#H�Ý89;H�>¶@¡02*-,$1g@¡H�02Õ/9;H�1]A Ø89+Ô�9+Õ$1�H�1gÔ�@gÛ )Þ1â>8@�1�H�Ý-02@
Ô�9;H�02( H�(�0E*¶A²02Úg96H�1«H�Ý-1«H�(+<21�ÔP9;*8Ú�1�(;ÓC(+>-Ôâ9;<2,+(_Ô�0EH�Ý-Õ H�(æØ89+Ô�9+Õ$1�H�1gÔ�ë69;Ô�029;H�02(+*8@g5�Ö?Ý-1�Ô�1
9�A²1g,+ÔP9+A-9;H�02(+*�Ô�9;H�02(¬Ó¸9;Ô:Ù�1�<2(6Ö �+Û #¬Õ/1g9;*¶@)H�Ý896H�H�Ý-1/9;<2,+(_Ô�0EH�Ý-Õç0=@�ë_1�Ô�äæ@�1�*8@�0EH�02ë+1�H�(
Ø89;ÔP9;Õ/1lH�1�Ô)ë69+Ô�0=96H�0E(_*8@�Û�)ß1#1�ë69;<2>89;H�1�H�Ý-1«Õ/1]9;*¥9+*8AæH�Ý-1/@¡H�9;*¶A-9;ÔPA�A²1�ë}0=96H�02(+*¥(;ÓYH�Ý81
A²1�,_Ô�9_A-96H�0E(_* Ô�9;H�02(/>-*8A²1gÔ)A²0hD�1�Ô�1�*IH)94ë+1gÔ�9+,+1�Ú�(+Õ/Õ«>8*-02Úg96H�0E(_*²àyH�(;àTÚl(_Õ$Ø8>²H�9;H�02(+* ÔP96H�0E(I@
ÙIäæ94ë+1gÔ�9+,+02*-,�(6ë+1gÔ�HVÖC1g*_HVäæ@¡02Õ«>8<29;H�02(+*æÔ�>-*¶@�Û-ì�02,8Û:�7�/9+*8A�ì�0E,¶Û:� �$@�Ý-(6Ö H�Ý-1�@¡02Õ«>8<29;à
H�02(+* Ô�1g@�>-<EH�@gÛIáNÝ-1â94ë+1gÔ�9+,+1?9;Ø8Ø-<E0=Ú�9;H�02(+*�9+Ô�Ô�02ë49+<802*IH�1�Ô�ë69;<¶02@3��#Q#-Û )ß1�(+Ù8@�1�Ô�ë+1?H�Ý896H�H�Ý81



9;<2,+(+Ô�0EH�Ý-Õ 02@�Õ/(+Ô�1�@�1�*8@�0EH�02ë+1)H�(�H�Ý-1:A896H�9#@¡02ï�1]@C9+*8A¬<20E*8×¬Ô�9;H�1g@¯H�Ý89+* H�(�H�Ý81:@¡H�9+*8A-9;ÔPA
H�9+@�×¬1lã²1]Úl>²H�0E(_* H�02Õ/1g@gÛ²áNÝ-1â(6ë+1�ÔP9;<2<¶A-1�,+ÔP9+A896H�02(+*¶@�9;Ô�1�9_Ú�Ú�1�Ø²HP9;Ù-<21+5}Ö?Ý-1gÔ�1�H�Ý-1âÖ�(+ÔP@VH�à
Ú�9+@�1¬Ø�1�Ô�Ó©(+Ô�Õ/9+*8Úl1�A²1�,_Ô�9_A-96H�0E(_*ß0=@W�N#���Û�)ÅÝ-1g* Ã B?B�' 0=@�<=9;Ô�,+1+5\ÖC1 (_Ù8@�1�Ô�ë+1/<29+Ô�,_1
@VHP9;*8A-9+Ô�AæA²1gëI0=96H�0E(_*8@gÛ

� S�� # d 1�� g�_ &,Y)*'_Cd (
)ß1�9;Ô�1�Úl>-Ô�Ô�1g*IH�<2äí0EÕ/Ø-<21�Õ/1�*IH�0E*-,G(_>-Ô¬A²02@¡H�Ô�02Ù->²H�1]A¤Õ/(_Ù-0E<21�9;,_1�*IH$@�ÚPÝ-1gA->-<E02*-,í9;<2,+(+à
Ô�0EH�Ý-Õ¬@�0E*¬H�Ý-1�Ú�(+*IH�1�ã}H�(;Ó\9�Õ#>-<EH�0Eà�@¡H�1gØ¬0E*²Ó©(_Ô�Õ¬9;H�02(+*¬Ô�1lH�Ô�021�ë69;<-Ö?Ý802ÚPÝ 0=@�9«Úl(+Õ/Ø�(+*-1g*IH
(;Ó\H�Ý-1 �
ê�')ðC9;Ø8Ø-<E0=Ú�9;H�02(+*æA²1g@�ÚlÔ�0EÙ�1gA�0E**! �,$�Û}áNÝ81â@�ÚPÝ-1]A²>-<20E*-,/9;<2,+(_Ô�0EH�Ý8Õ Ý¶9+@N9;<2Ô�1]9+A²ä
Ù¶1g1�*æ0EÕ/Ø-<21�Õ/1�*IH�1gA�(+* H�(+Øæ(;Ó&H�Ý-1�7 � Ã ,_1�*IH�@NÕ/(_Ù-0E<21�9;,_1�*IH�@�ä²@VH�1�Õ�Û-áNÝ-1:Õ/9+0E*�Úl(_Õ$à
Ø¶(_*-1�*IH�@$(+Ó)H�Ý-1�02Õ/Ø-<E1gÕ/1�*IH�9;H�02(+*�Ú�(+*8@�0=@VH/(;Ó)H�Ý-1�@�ÚPÝ81gA²>-<202*-,ßÕ/(²A²>-<21g@$>8@�1gA¤0E* (+>8Ô
@¡02Õ«>-<=96H�0E(_*8@¯9+*8A/Õ/(}A->-<E1]@Y>8@�1gA$H�(�1g@¡H�02Õ¬96H�1?*81lHVÖ�(+Ô�×#A²1g<294ä_5;Õ¬9+ÚPÝ-02*-1?<2(_9+A&5+9;*8A/Õ¬9;à
ÚPÝ-0E*81�@�Ø�1�1gAñÓ©(+Ô/1g9_ÚPÝ¤(+Ó�H�Ý81æÕ¬9_ÚPÝ-0E*81g@$0E*�H�Ý81�@�ä²@VH�1�Õ�Û�)ß1�Ý-(_Ø¶1æH�(ÞÚ�(+<2<E1]Ú�H¬A-96HP9
Úl(+*¶@¡0=@VH�1�*IH?Ö?0hH�Ý�(_>-Ô)@�0EÕ#>-<29;H�02(+*8@CÓ©(_Ô�Õ#>-<EH�0Eà�@¡H�1gØæ02*²Ó©(_Ô�Õ¬96H�0E(_*�Ô�1lH�Ô�021�ë69;<=@�0E*�H�Ý81�*-1g9+Ô
Ó©>²H�>-Ô�1+Û

� /ß¾C»�Á�"¡À @}ÂV¾�» @
)ß1?Ø-Ô�1g@�1�*IH�1gA$9:@�(+<2>²H�0E(_*�H�(�A-02@¡H�Ô�0EÙ8>²H�1]A«Õ#>-<hH�0hà�H�9_@¡×«Õ«>-<EH�0Eà�9+,+1g*_H¯@�ÚPÝ-1gA->-<E02*-,:Ó©(+ÔYÕ/(+à
Ù-0E<21C9+,+1g*_H&1g*}ëI02Ô�(+*-Õ/1�*IHP@qÖ?0hH�Ý�Ý-1�H�1�Ô�(+,_1�*-1g(+>8@�Ý8(_@¡H�@\9+*8A�Úl(_Õ/Õ«>-*-0=Ú�9;H�02(+*�A²1g<294ä²@gÛ9)Þ1
9;Ø-Ø-Ô�(_9_ÚPÝ-1gA#H�Ý-02@CØ-Ô�(+Ù-<21�Õ Ù}ä#Ò8Ô�@¡H�A-1�ë+1g<E(_Ø-02*-,«9�Ú�1�*IH�ÔP9;<20Eïg1gA¬9+<E,_(+Ô�0hH�Ý-Õ Ó©(_Ô�@�ÚPÝ-1]A²>-<Eà
0E*-,G9Þ@¡02*-,+<21æÕ«>-<EH�0EàyHP9+@�×ñ9;,_1�*IHgÛ Ã * >-Ø-Ø�1�Ô¬Ù�(+>-*¶Añ0=@#Ø8Ô�(6ë}0=A²1gAñÓ©(+Ô$H�Ý-0=@/9;<2,+(_Ô�0EH�Ý-Õ
0E*í9�@�0EÕ/Ø-<20hÒ¶1gAíÚ�9_@¡1/Ö?Ý-1g*í9;<2<YH�Ý-1�Õ/9_ÚPÝ-02*-1g@â02*ÞH�Ý-1�@�ä²@VH�1�Õ 9;Ô�1$0=A²1g*_H�02Úg9;<¯Ù8>²H�H�Ý81
Úl(+Õ/Õ#>-*-0=Ú�96H�0E(_*ßA²1g<294ä²@:ë69;Ô�ä+Û )Þ1#H�Ý-1�*G1�ãIH�1�*8A¥H�Ý802@�9+<E,_(+Ô�0hH�Ý-Õ Ó©(+Ô:H�Ý81 A²02@¡H�Ô�02Ù->²H�1]A
Õ«>-<EH�0Eà�9+,+1g*_HCØ-Ô�(_Ù-<21�Õ�5+Ù}ä/9+@�@¡(²Úl0=96H�0E*8,�9�@�ÚPÝ81gA²>-<21�ÔCÖ?0hH�Ý 1g9_ÚPÝ 9;,_1�*IHgÛIÜYã}H�1g*8@¡02ë+1)@�02Õ#à
>-<29;H�02(+* Ô�1g@�>-<EH�@C@¡Ý-(6Ö H�Ý896HCH�Ý-1�Ø-Ô�(_Ø¶(I@¡1]A¬9;<2,+(_Ô�0EH�Ý-Õ 0=@¯Ø-Ô�(+Õ/0=@¡02*-,85_1g@�Ø¶1]Úl0=9;<2<Eä#Ó©(+ÔCH�Ý81
A²02@¡H�Ô�02Ù->²H�1]A�@�ÚPÝ-1]A²>-<20E*8,$(+Ó�Ú�(+Õ/Õ«>8*-02Úg96H�0E(_*²à�02*IH�1g*8@¡02ë+1:Õ«>8<hH�0hà�H�9_@¡×�9+,+1g*_HP@�Û

0.1 0.25 0.5 1   2   4   8   16  
0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

ACCR: Average Communication to Computation Ratio

M
ea

n 
of

 R
at

io

(a)

Error Range:+−10% 
Error Range: +−25%
Error Range: +−50%

0.1 0.25 0.5 1   2   4   8   16  
0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

ACCR: Average Communication to Computation Ratio

M
ea

n 
of

 R
at

io

(b)

Error Range:+−10% 
Error Range: +−25%
Error Range: +−50%

0.1 0.25 0.5 1   2   4   8   16  
0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

ACCR: Average Communication to Computation Ratio

M
ea

n 
of

 R
at

io

(c)

Error Range:+−10% 
Error Range: +−25%
Error Range: +−50%

BDC�E ��F ����LM�.�QV��T�<V��1�Z�9�T[��*�������#���I���.�-������� �����.�ZE!�R�<V����Z�*�T[��9�������.���I���.�Z-6�9���?�@:3���#�5')�(N��@���
',�����(���F�9�������)KaLH���*�T�9'%[_���@��-6���T����0 "T��% (.�8�4�2'0���@'/�8���@U/�9V)�*��>����(�4�B���1-G�'� "TA %-(.���4�%�@:%',���8�����9�4�.� �
:b�����9�*'���-G�4��N6�8�4�9U4� � "T� % L.�9���#�;:<���I�9���T�����@:
�*��-�-!>��.�(�*���������?+ �1�_U4��K

� $ :2$\½�$\»�Á $ @
û]± ��±��&f¦¨¸�CM�¯bcW_b�QgWI£�´�± ��± &8M�¯bc�P±�`+a¡eIM�£+^IfcbcWIi/OIQ�R¡Q�fhfcMPf�O_RVXgigR¡QgUåS¡Qg�Tª;�)X]W6SVX QlRV�Ib¦STR¡Q�RT�
S¡QlRVi]M�S¯U�Q�a�e_bcWIMP�P±�� �4>_���2��+��@:��Q���9��+1+O��+X�4�2'�I�1�*�����(A�>��T�9' �a��-%[�>����1��N d ö	� û ü]ý�
 û ��ü dqû ögö]ù ±



0.1 0.25 0.5 1   2   4   8   16  
0

0.05

0.1

0.15

0.2

0.25

ACCR: Average Communication to Computation Ratio
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Error Range:+−10% 
Error Range: +−25%
Error Range: +−50%
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Error Range:+−10% 
Error Range: +−25%
Error Range: +−50%
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