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

%'&)(+*-,/.�01&32'4$576�8:9<;<=?>@8A6CB)D�E
FG2357H)8JIK(MLNE@LNO7OP8JOQ*

R ;
SN8A8UTNLV2W93LXTVLN2Y>GLN2ZIK9<>@8UT�8[9\8A57IZ8AO

*]D�6�^3&3>@8JE19\_A578A2Z_J8`4a8A_cbZ235P_XLVOd018J^eD�E?>
*$9Yfg4h0ifkjYlmfgj�n
9\8J^3>@8J6 R 8AE-lNj�jYl

o�peqdrtseuvptwyx{z�|~}e�t�/�Q�N�v�<�/�/�



���
���Z�)�����

�d�)� �i���-�$�N���N���P�U�t���P�h�N�������k�U�3�U�¡ ¢�£�g 
��¤)�¥�§¦t�@ �¨N���N©~©~���<¨¥�ª�N�<¨N«3�v¨<�¬���)�k�U�t�<���{­X ¢�a¦3�N���N���P�U�
¦t�@ �¨N���N©~©~���<¨Y®��Q�-���Y�Y�¢���K�U©£�N���+�)«\©£¯U�U�� k­:¦3�N���N���P�U�°¦t�@ �¨N���N©~©~���<¨²±c ¢�3�U�³�´«/±U�����g µ�y®
¶°¤)�c�v�·±c ¢�3�U�³�´«/±U���·�U�t�Y¯A�P�-«Y�v�U�@�
�g `¸��´���k�+¦3�N���N���P�U�Y¦t�@ �¨N���N©[�-¯c�¢�v���� ¢�W�¹�N�P�U�³�´�³¯A«\�g�����c¤3�N�@���
©º�U©º ¢�´»W©º A�<�U�ª®�¼W«Y�-�¾½¿¼�¶1�¥À �µ�Q�-�eÁvÂ
�P���Ã�U«<�Ä�³��©º�º�U»v�U�g�U©Å­X ¢���°�-�MÂ[�U�t�Y¯A�Æ���<¨Ã���
�g ~�´«<�Ç ¢�W�¹¸��³�<�
È¢�N�U�¡�U�³»º k­
�N�c±c¤<���g�c±U�³«\�@�c�¥����±U�Æ«3�N���<¨~���U�¿¸] ¢�@Év�[ k­G¸] ¢�@Év�U�Ê�N�³�¡ ¢�3�cÂÌË-�c ¢¸�«\� ­
±U�Æ«Y�U�g�U�c�Ã�N�t�Í�c¤3�N�c���µ©º�U©º ¢�´»Í©£�<±c¤<�����c�A®Î¶°¤)�K¸] ¢�cÉ��< ¢���Ã�¢��¦3�N�´�� k­'��¤<�P�Ã��¤)�c�U�P�W¸+�¢�
�g ���©-¦t�P�U©º�U�)�+ÏG�¹À �~�´«<�Í�³��©º�[�U»v�U�k�U©Ð���)�k�U��­J�<±c�¬­X ¢�Ã�°�
�y®¥¶°¤<�P������±U�Æ«3�<������©-¦t�P�U©º�U�)�³���<¨
��¤)�$¨<�U�Ñ�¥�N�t�G¦t«\���cÂÌ�U»¢��±c¤<�@ ¢�)�ªÒv�N�¿�¡ ¢���@ ¢«<�¿�����c�cÂ��N»V�t�N©~�¡±-©º�U©º ¢�´»~�N���P v±��N�³�¡ ¢���c ¢«<�³�����c�·�N�t�
�P v±cÉv�A®·Ói��¤)�U�Ì¦3�N�U���¥ k­$��¤<�P�h¸] ¢�@É·����±U�Æ«3�<���$¦) ¢�´�¿���<¨¥¼W«Y�-���k ·Ô/«<��Õ¬�)�k�U�Ê¦t�´�P�v�G�N�t�·Ë-�c ¢¸�«\� ­
±U�Æ«Y�U�g�U�A®

l



ÖØ×£Ù§Ú{Û¥Ù§Ú�Ü

� |JweuvÝmpQÞaqMßNuvà³ptw �

� á�â)ßmã°r/ÝmptqMwaÞ ä
l\åªæ (MLNE@LNO7OP8JO�^ZE�D�ç�E@LV6�6£5P2Zç`OèLN23ç�&)LNç�8J=éå`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ê
l\åël FG(¬*-ìí=1^ZE�8JIZ8A_J8A=�=�D�E�=îå:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ï

l\åël\åªæ 9\^ZO757>�fk*ðå:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ævj
l\åël\åël .1*ñå:å`å:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å æ�æ

l\åòn FG(¬* å:å:å`å:å`å:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å æ�æ
l\åòn3åªæ 4$bZ8:F-(+*�OPLN2Zç�&)LVç�8óå`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å æml
l\åòn3åël 4$bZ8¥ôÑE�D�2Y>�8A2ZI å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å æmõ
l\åòn3åòn 4$bZ8·E�&Z2�>@576�8-=�;<=�>�8A6 å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ævö
l\åòn3åí÷ ø
2Z8UfÊ=�5PI38AI'LN2ZI�4iù]D¢fg=�57IZ8AI'_AD�6£6�&Z235P_XL¢>@5PDN2�å:å`å:å:å:å:å:å`å:å`å:å æmê

� z�qdú¹ûýü�þ<ÿXàÑrtw ���
n3åªæ F1=�5P23çº%�&)(+* å:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ævï
n3åël 4$bZ8`%'&Z(¬*�=�;<=�>�8A6C6�D<IZ8JO å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å æ��

n3åël\åªæ *]D�6£6�&Z2Z57_XLV>�5PD�2º>�bZE�8ALNIóå:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å æ��

} z�qdú¹û û`p�����ptwdþ\wtumÿ �Z}
÷Zåªæ �g2Z5ª>@5PLNOP5
	XLV>�5PD�2�å`å:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å lV÷
÷Zåël �¥8J>�=hLN2ZI'(y&\>@=ºå:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å lV÷

÷Zåël\åªæ ��
��§D�^e8JE@LV>�5PD�2ýå:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å lV÷
÷Zåël\åël �����§D�^e8JE@LV>�5PD�2ýå:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å l�õ

÷Zåòn 9<;<2Z_cb3E�D�2Z5
	XLV>�5PD�2�å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å l�õ
÷Zåòn3åªæ �iLNE�E�5P8JEiD�^t8AE�LV>@57D�2 å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å l�ê
÷Zåòn3åël �GDN>�57ô�;����ÍLN57>]D�^t8AE@L¢>@5PDN2 å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å lNï

æ



÷Zåí÷ %'8J6�DNE�;�%'LN2)LNç�8J6�8J2Y>-LV2ZI��QD<_���=$å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å l��
÷Zåí÷Zåªæ �-;<2)LN6£5P_·%'8J6�DNE�;µå:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å n�j
÷Zåí÷Zåël �QD\_���= å:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å n�n

÷Zåëõ 4a8AE�6�572)LV>@57D�2ðå`å:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å n��
÷Zåòö %'&Z(¬*�018J=�>@E�5P_U>@5PDN2Z=�å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å n��

÷Zåòö3åªæ 9<>@E�5P_U>1LN2ZI�018JOèL� \8JI å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å n��
÷Zåòö3åël q!�yß r�"Ñp�#aâ$" þ�%dà�uÎå:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ÷Yj
÷Zåòö3åòn BÌ5P2ZLNO&�iLVE�E�578AEh(�E�D<_A8J=�=�5P2Zç å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ÷Yj

� '°q(���ÍâZÝ�) }a�
õ\åªæ *]&ZE�E�8J2�>1=?>cLV>�8:DVôy%'&)(+*Cå`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ÷Zæ
õ\åël %'&Z(¬*�4M8J=�>@572Zçºå:å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ÷Zæ
õ\åòn %'&Z(¬*�(MD�E?>@5P23ç å·å`å:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ÷Zæ
õ\åí÷ 0h8AO78XLN=�8*�g23ôÑD�E�6�LV>�5PD�2Wå:å:å`å:å`å:å:å`å:å·å`å:å`å:å:å`å:å`å:å:å:å:å:å`å:å`å:å ÷�l

l



+ , Ù§Ú.-�×0/2123$Ú.4A×£Ù

(MLNE@LVOPOP8JO¬_JD�6£^Z&3>@572ZçWù¬D�E5��=¹D�2�>@b38�^ZE�572Z_A57^ZOP8�DNô1IZ57T<5PI35P2ZçÃL R 5PçW>cLV=5�Í572Y>@D�LW2�&Z6 R 8AE~DNô
=�6ºLVOPOP8JEh=�& R >@LN=5��=76dLN2ZIW>@b38A2Ã88 \8J_A&3>�5P2Zç§>�bZ8A=�8�=�& R >cLN=9�<=·572K^)LNE�LNOPO78AOdD�2W6[&ZO7>�5P^ZO78:^3E�D<_A8A=�=?f
572ZçÃ8AO78A6£8A2Y>@=JåÍ4$bZ57=~5P=�I3D�2Z8�5P2µD�E�IZ8AE�>�DÃE�8JIZ&Z_A8�8: 38J_A&3>�5PD�2é>@576�8VåÍ(MLNE@LVOPOP8JO¬_JD�6£^Z&3>@572Zç
^3OèLV>�ôÑD�E�6£=G_ALN2 R 8[_AOèLV=�=�5ªH)8AIÃ572ÃLºTVLNE�578J>g;'DNô�ù]Lv;<=Jå~ø
2Z8�ù]Lv;'>@D�_JOèLN=�=�57ô�;�>�bZ8A6Ð5P=-DN2W>@bZ8
R LN=�57=~DNô1bZDvù IZ5<;�8JE�8A2Y>¹^ZE�D\_J8A=�=�5P23çÇ8JOP8J6�8J2�>�=~5P2Y>@8JE@LN_U>~ùh57>�bµ8XLN_cb#DN>@b38AEAå²4iù]DÇ_ADN6�6£D�2
ù]LX;<=]^ZE�D\_J8A=�=�D�E�=¬5P2Y>@8JE@LN_U>iLVE�8 R ;�6£8A=�=@LNçN8G^)LV=�=�572Zç`LN2ZI R ;£&Z=�5P2Zç`L:=�b)LNE�8AI�LNI3IZE�8J=�=]=�^)LN_J8Nå
�g2ÇL�6£8A=�=�LNç�8¹^)LN=�=�572Zç�LNE�_cbZ5ª>@8J_J>@&3E�8�6Q>�bZ8¹^ZE�D<_A8J=�=�572Zç�8AO78A6£8A2Y>@=·5P2Y>�8AE@LV_J>¥ùh57>�b�8XLN_cbÇDN>@b38AE
R ;~=�8A2ZI35P2Zç·6£8A=�=�LNç�8J=+DvTN8AE+LN2¹5P2Y>@8JE�_JD�2Z2Z8J_J>@57D�2£2Z8J>gù¬D�E5�>=¿BÌ57ç�&ZE�8-æ@?UåA�g2£L¥=�bZLNE�8JI�6£8A6£D�E�;
LVE�_cbZ5ª>@8A_U>@&ZE�8�6Q^ZE�D\_J8A=�=�5P23ç�8JOP8J6�8J2�>�=¥5P2Y>@8JE@LN_U>
ùh57>�bÃ8XLN_cb�DN>�bZ8AE R ;K=�b)LNE�5P2Zç�L�=�5P2Zç�O78�6e_AD�6~f
6£D�2�6£8A6£D�E�;B=¿BÌ57ç�&ZE�8:l�?Uå

Processing

  Element

        1

Processing

  Element

Processing

  Element

        1         n                2

Local
Memory Memory

LocalLocal
Memory

Interconnection Network 

.  .  .

.  .  .

BÌ57ç�&ZE�8[æ�,¬%'8A=�=@LNç�8:^)LN=�=�572Zç£LNE�_cbZ5ª>@8J_J>@&3E�8Nå
.�TVLNE�5P8J>g;§DNô{=�DNô�>gùiLVE�8[6£8A_cbZLN2Z5P=�6�=h=�&Z^Z^tD�E�>h>@b38A=�8[LNE�_cb357>@8J_J>�&ZE�8J=Aå]4$b38~%'8J=�=@LVç�8[(MLN=�=�5P2Zç
�g2Y>�8AE�ô³LV_A8C=¡%'(D�E?7F æHG�5P=$L�O75 R E�LNE�;¹DVôaôÑ&32Z_J>�5PD�2Z=]&Z=�8JI�>�D~IZD~^)LNE�LNOPO78AO/_ADN6�^Z&\>@5P23ç�D�2�6£8A=�=�LNç�8
^ZLN=�=�5P2ZçÇ^ZOèL¢>�ôÑD�E�6�=Jåé%K(.�[57=¹ùh57IZ8AOª;�&Z=�8AI#ùh57>@b�*ØLN2ZI�BMø¥0Ì4h0h.I�!^ZE�D�ç�E�LN6�6£5P23çKOèLV2\f
çN&)LNç�8J=[D�2ÍL�TVLNE�578J>g;�DNôi6�8J=�=@LVç�8º^)LV=�=�572ZçW^ZOPLV>�ôÑDNE�6£=¥=�&Z_cbéLN=`2Z8J>gù¬D�E9�<=[DNôiù¬D�E5��=�>@LV>@57D�2Z=
LV2ZI��¬8ADvùh&ZO7ô{_AOP&3=�>@8JE�=Jå$%K(.�i_ALN2KLVOP=�D R 8:&3=�8AIKD�2'=�b)LNE�8AIK6£8A6£D�E?;§^ZOPLV>�ôÑD�E�6�=Jå¬ø¥^t8A2)%K(
57=+L`_ADNOPOP8J_J>�5PD�2~DNô°_AD�6£^Z5PO78AE�IZ57E�8J_J>@5ªT�8J=¬&Z=�8AIº>�D`I3D[^)LNE�LNOPO78AOZ_JD�6£^Z&3>@572Zç·D�2º=�b)LNE�8AI§6£8A6£D�E�;
LVE�_cbZ5ª>@8A_U>@&ZE�8A=Jå+4$b38:ø¥^t8A2)%K(�_JD�6�^35POP8JE¬I35PE�8J_J>�57T�8J=hLNE�8
LNIZIZ8JI�>�D~L¹*î^ZE�D�çNE@LN6ó>@D~8: \^ZOPD�5ª>
^ZLNE@LNO7OP8JOP5P=�6ðD�2�=�b)LNE�8AI'6�8J6�D�E?;º^3OèLV>�ôÑD�E�6£=Aå

�¬DN>@b�>@bZ8`^)LNE@LVOPOP8JOQ_AD�6£^Z&3>�5P2Zç£^ZOPLV>�ôÑD�E�6�=hLV2ZIW6£8A_cb)LN235P=�6£=1&Z=�8JIK>@D�^ZE�D�çNE@LN6 >�bZ8A6ýb)LXT�8
n



Processing

  Element

        1

Processing

  Element

Processing

  Element

        1         n                2

Shared Memory 

.  .  .

BÌ5Pç�&3E�8·l\,¬9\bZLNE�8JI'6£8A6£D�E�;ºLNE�_cbZ57>�8A_J>�&ZE�8Vå

=�D�6£8KLNI\TNLV2�>@LNç�8J=ºLN23IÄIZ57=@LNI3TVLN2Y>@LNç�8A=Jå�ø
2Z8'6�LN572�LVI3TVLN2Y>cLNç�8�DNôG>@bZ8'6�8J=�=@LVç�8'^ZLN=�=�5P2Zç
LVE�_cbZ5ª>@8A_U>@&ZE�8�5P=157>�=GO7Dvù�_AD�=?>
_ADN6�^)LVE�8AI'>@Dº8: \^e8J2Z=�5ªT�8~_A&3=�>@DN6 R &35PO7>G=�bZLNE�8JIW6�8J6�DNE�;�6�L¢f
_cb35P2Z8J=Aå+ø
2º>@b38GDN>�bZ8AE¬b)LN2ZI�>@bZ81^ZE�DNç�E@LN6£6£5P2Zç·5P2Y>�8AE�ô³LV_A8hôÑD�E]L:6�8J=�=�LNç�8-^ZLN=�=�5P2Zç[LNE�_cbZ5ª>@8J_Uf
>�&ZE�8~E�8KJ�&Z57E�8A=¥>�bZ8~&Z=�8JE¥>@D�_ADN2Z_A8J2�>�E@LV>�8¹D�2�5P2Y>@8JE�^ZE�D\_J8A=�=�D�E¥_ADN6�6�&32Z5P_ALV>@57D�2K>@b�&Z=·_JD�6�^3OP5ªf
_ALV>@572Zç
>@b38$^ZE�D R OP8A6�=�D�OªT<5P2Zç
>@LN=5�/å{4$bZ8h=�b)LNE�8JI�6£8A6£D�E?;[^ZE�D�ç�E�LN6�6£5P23ç-5P2Y>�8AE�ô³LV_A8$^ZE�DmT<57IZ8A=
L£ç�OPD R LNOQLNI3IZE�8J=�=
=�^)LN_A8:T<5P8Jù DNôÌ>�bZ8[=?;\=?>@8J6ÎLN23I'>@b�&Z=1ôÑE�8J8A=G>�bZ8:&Z=�8JEGôÑE�DN6!88 \^ZOP57_A5ª>h6�8J=?f
=�LNç�8·^)LN=�=�572ZçZå

4$b38£I35P=�>�E�5 R &3>@8JI�=�b)LNE�8AIÇ6�8J6�DNE�;L=M�·9Z%B?-^ZLNE@LNI35Pç�6ÐDNô+^)LNE@LVOPOP8JOÌ^ZE�D�ç�E�LN6�6£5P23çº^ZE�DmT<57IZ8A=
>�bZ8·LNI3TVLN2Y>@LNç�8A=$DVôd=�b)LNE�8AI�6�8J6�DNE�;£^ZE�DNç�E@LN6£6£5P2Zç:D�2�6�8J=�=�LNç�8
^)LV=�=�572Zç¹^ZOèL¢>�ôÑD�E�6�=JåA�·9Z%
^3E�DvT<5PIZ8J=-L~ç�O7D R LNO°6£8A6£D�E?;ºT<5P8Uù DNôME�8J6�DN>�8·6�8J6�D�E?;�å�4$bZ57=1L R =�>�E@LN_U>@57D�2'b35PIZ8J=1E�8JôÑ8JE�8A23_A8A=
>�DÃE�8J6�DN>�8�6�8J6�DNE�;²LN2ZIébZ8JOP^Z=�>�bZ8�&Z=�8JE~>@DÃ_ADN2Z_A8J2�>�E@LV>�8�D�2µ>@bZ8�LN_U>@&)LVOi^ZE�D R OP8J6ñ>�D R 8
=�D�O7TN8AI�=¿BÌ57ç�&ZE�8·n�?Uå

F12Z57HZ8AI�(ÌLNE�LNOPO78AO
**Fòl�G
5P=�LN2 8: \>�8A2Z=�5PD�2 >@Dµ>�bZ8Ç*C^3E�D�ç�E�LN6£6�572ZçÍOPLN2Zç�&)LVç�8KôÑD�E�^)LVE@LNO7OP8AO
^3E�D�ç�E�LN6£6�572ZçZå .GO7>�bZD�&Zç�b F-(+*C57= R LV=�8AI D�2 >�bZ8Ã=�bZLNE�8JI�6£8A6£D�E?;�6£D<IZ8AOhôÑD�E§^)LVE@LNO7OP8AO
_JD�6£^Z&3>@572ZçN6YFG(+*#D�;e8AE�=y>�bZ8PO)8: 35 R 5PO757>g;`DNô R 8J5P2Zç:L R OP8]>�D:E�&Z2£D�2¹IZ5P=?>@E�5 R &3>�8AI~=�bZLNE�8JI�6£8A6~f
DNE�;Ã6�LN_cbZ572Z8A=Jå£4$b35P=·5P=¥IZDN2Z8 R ;�I38JH)2Z572Zç'L�_JOP8ALNE·E�&Z2�>@576�8�=?;<=�>@8J6 5P2Y>@8JE�ô³LN_J8Nå¹4$bZ8£E�&Z2
>�5P6£8~=�;<=�>�8A6 5P=
>�bZ8£5P2Y>@8JE�ô³LN_J8 R 8J>gù¬8A8J2µF-(+* LV2ZIÇ>�bZ8¹b)LNE�I3ùiLVE�8£^ZOèLV>�ôÑD�E�6�å~4$bZ8£=�b)LVE�8AI
6£8A6£D�E?;'_JD�2Z=?>@E�&3_J>@=·572�F-(+*�LVE�8�>@E�LN2Z=�OèLV>�8AIW>@D§ôÑ&32Z_J>�5PD�2Ã_ALNOPO7=-IZ8UH)2Z8AI R ;K>�bZ8~E�&Z2W>�5P6£8
=?;<=�>@8J6 5P2Y>�8AE�ô³LV_A8Nå:4$bZ8RQ�D R DNô�>�bZ8~E�&32�>�5P6£8[=?;\=?>@8J6 5P=->�D�5P6£^ZOP8J6�8J2Y>G>�bZ8~=�b)LVE�8AI�6£8A6~f
DNE�;�_JD�2Z=�>�E�&Z_U>@=1DNôÌF-(+*�572'LS�·9Z% 8J2�T<57E�D�2Z6£8A2Y>h>@b�&Z=16�L���5P2Zç¹FG(¬* ^eDNE�>cL R OP8
DvTN8AE1OèLNE�ç�8

÷



        

Local
Memory Memory

LocalLocal
Memory

Interconnection Network 

        1

  Element

Processing

        2

  Element

Processing

        n

  Element

Processing

Shared Memory
 

.  .  .

.  .  .

BÌ57ç�&ZE�8
n3,T�
5P=�>�E�5 R &3>@8JI�=�b)LVE�8AI'6�8J6�DNE�;ºLNE�_cbZ5ª>@8J_J>@&3E�8Nå

2�&Z6 R 8JE1DVôÌ^ZOPLV>�ôÑDNE�6£=Aå

4$b381576�^tD�E?>cLN2Y>yLN=�^e8J_J>�=¬DNôt^)LVE@LNO7OP8AO\^ZE�DNç�E@LN6£6£5P2Zç¥LVE�8$bZDvùÄ>�bZ8$>cLN=9��5P=�I357T<5PIZ8JI&6YbZDvù IZLV>cL
57=�IZ57=�>@E�5 R &\>@8AI#LN23IµbZDvù¾>@b38�88 \8A_J&3>@57D�2é5P=~=�;<2Z_cb3E�D�2Z5
	A8JI°åU�g2#F-(+*ó>�bZ8�>cLN=9�Í57=�IZ57T<57IZ8AI
LV6�D�23ç�L�ç�E�D�&Z^�DNô+>@bZE�8XLNI3=Aå£.ÅFG(+*�>@b3E�8XLVI²57=¥DNô�>@8J2²87J<&357TVLNOP8J2Y>:>�D�L�^3E�D<_A8A=�=�D�EJåºFG(+*
I3D\8J=�2ZDV>�I38XLNO$ùh57>�b#>�bZ8�IZ8J>@LN5PO7=¹DNô¥LN_U>@&)LVO$^ZE�D<_A8J=�=º6�LN2)LVç�8A6£8A2Y>Xå�F-(+*¾LV=�=�&36�8J=£>�b)LV>
DV>@bZ8JE1=�DNô�>gù]LNE�8·^ZE�DmT<57IZ8A=1^ZE�D<_A8J=�=h6�LN2)LNç�8J6�8J2Y>Xå

FG(+*�LNIZI3E�8A=�=�8J=:>�bZ8~5P=�=�&Z8¹DNô+I)LV>@L§IZ57T<57=�5PDN2 R ;K^ZE�DvT<5PI35P2Zç R &35PO7>?fg572KOèLV2Zç�&)LNçN8�_AD�23=�>@E�&Z_J>�=Aå
4$b38A=�8�OèLN23ç�&)LNç�8~_JD�2Z=?>@E�&3_J>@=`8A2)L R OP8¹I)LV>@L�>�D R 8¹IZ5P=?>@E�5 R &3>�8AI²LN6£D�2Zç�L�=�8J>`DNô]>�bZE�8ALNIZ=`LV>
_JD�6£^Z5PO78[>@576�8Vå�4$bZ5P=¥ôÑE�8A8A=¥>�bZ8¹&Z=�8JE:ôÑE�D�6ÎIZDN5P2Zç�88 \^ZO75P_J57>¥6£8A=�=@LNç�8¹^)LV=�=�572Zç�>@D�IZ5P=?>@E�5 R &3>�8
IZLV>cL~LV>iE�&Z2�>@576�8Vå�F-(+* 5P2Y>@E�D\IZ&3_A8A=hL�238Jù�>g;\^t8VJ�&)LNOP5ªH)8AERW@XNY�Z�
�[§5P2�D�E�IZ8AE¬>@D¹IZ5P=?>@E�5 R &3>�8
IZLV>cL3åM. I)LV>cL¥D R Q�8A_J>TJ�&)LNO757H)8JI£LN=\W@XNY�Z�
�[~5P=�=�bZLNE�8JIºLN6£D�2Zç:LNO7O\>�bZE�8ALNIZ=Aå�4$b381IZLV>cL¥D R Q�8J_J>
_ALN2 R 8�L'=�_XLNOPLNE[DNE�L'TN8A_J>�D�EAå��g2Í>@bZ8º_XLN=�8§DNôhLK=�_XLNOPLNEK6M>@bZ8ºLN_J>�&)LNO+I)LV>cL'D R Q�8A_U>~E�8J=�57IZ8A=
572Ç>�bZ8£6�8J6�D�E?;ÃDNô¬>@bZE�8XLNIÍj3å]�g2²>�bZ8£_XLN=�8ºDNôiL�T�8J_J>�D�E:>�bZ8º8JOP8J6�8J2�>�=[LVE�8¹IZ5P=?>@E�5 R &3>�8AI²5P2
E�D�&Z2ZI'E�D R 5P2�ô³LN=�b35PD�2'LN6£D�2Zç~>@bZ8·>@b3E�8XLVIZ=Aå$FG(+* LNOP=�D�^3E�DvT<5PIZ8J=-LN2�D�^3>�5PD�2ZLNO_^a`cb�d@efW�g@h�

^ZLNE@LN6£8J>�8AE$ùhbZ57_cb'=�^e8J_A57HZ8A=-IZLV>cL¹OèLX;�DN&3>15P2�>@bZ8:_XLV=�8:DNôÌTN8A_J>�D�E�=Jåi.�T�8J_J>@DNEiJ�&)LNO757H)8JI�ùh5ª>@b
Lj^a`cb�d@efW�g�h�
�DVôyË#57=$IZ5P=?>@E�5 R &3>�8AI�LN6£D�2Zç�>�bZE�8ALNIZ=$=�D¹>�b)LV>k� 8JOP8A6£8A2Y>�=hLNE�8¥D�2�>�bZE�8ALNI�j�6
Ë�8JOP8A6£8A2Y>�=GLVE�8¥D�2�>@bZE�8XLNIÇæ:LN2ZI�=�D£D�2°å

FG(+* LNOP=�Dº^ZE�DmT<57IZ8A= R &Z5POª>�fg572�_AD�2Z=?>@E�&Z_J>�=-ôÑD�E1=�;<2Z_cbZE�D�2Z5l	ALV>@57D�2°å14$bZ8A=�8�_ADN2Z=�>�E�&Z_U>@=
572Z_AO7&ZIZ8
L¢>@D�6£5P_1=�;<2Z_cbZE�D�2Z5
	XLV>�5PD�2§=�&Z_cb�LN=$L R LNE�E�5P8AE¬LN2ZI�L`=�^ZO757> R LNE�E�5P8JE]_ADN2Z=�57=�>@572Zç�DNô&mab���g@n�oºLN2ZI

õ



p YNg��tå .-I3IZ57>�5PD�2)LVOPO7;�6]FG(+*¾b)LN=ºO75 R E�LNE�;ÍôÑ&Z2Z_J>�5PD�23=�ôÑD�E£=�b)LVE�8AIî6£8A6£D�E?;#LNOPO7D\_ALV>@57D�2éLN2ZI
I38XLNO7OPD<_XLV>�5PD�2°å

*]DN6�^)LqJtìí=[576�^3OP8A6£8A2Y>@LV>@57D�2ÃDNôhFG(¬* I38JH)2Z8J=~LK_JOP8XLVE:572Y>@8AE?ô³LN_A8 R 8U>gù]8J8A2éFG(¬*"_JD�6�^35POP8JI
_JD\I38~LN2ZIW>�bZ8~E�&Z2W>�5P6£8[=?;\=?>@8J6'å·4$bZ57=
5P2Y>@8JE�ô³LN_J8�5P=G>@bZ8�=?>cLNE?>@572Zç§^tD�5P2Y>-ôÑDNE->@bZ8[IZ8A=�5Pç�2ÃDNô
%�&)(+*-åV4$bZ8+E�8J=�8ALNE�_cb�I3D�2Z8+bZ8AE�8¬ôÑD<_A&Z=�8A=aD�2`>�bZ8¬576�^3OP8A6£8A2Y>@LV>@57D�2
DNôZL1E�&Z2`>�5P6£8�=�;<=�>�8A6�ôÑD�E
FG(+*#D�2¹IZ57=�>@E�5 R &\>@8AI¹6£8A6£D�E�;[^ZOèL¢>�ôÑD�E�6�=JåM4$bZ57=�5P6£^ZOP8J6�8J2Y>cLV>�5PD�2`&Z=�8J=i%K(.�ÌLN2ZI�(�>�bZE�8ALNIZ=
O75 R E�LNE�578A=Jå

ö



r sut 3wv]xC-y×C1ÃÙ2/

yPzE{ | ���)�D}9}�~!}]�
�$�w�+�)�D���u�E�I��}k�D�I���
�.�T~d�

.�OèLVE�ç�8¥2�&Z6 R 8AEGDNô{OPLN2Zç�&ZLNç�8A=h57=GLXTVLN57OèL R O78
ôÑD�Eh^)LNE�LNOPO78AO°^ZE�D�ç�E�LN6�6£5P23çZåy4$bZ8A=�8�OèLN23ç�&)LNç�8J=
LVE�8{>@b38�E�8A=�&ZO7>dDVô\E�8A=�8XLNE�_cb[87;eD�E?>@= R DN>@b R ;¥_JD�6�6£8AE�_A5PLNO¢TN8A2ZI3D�E�=MLN2ZI·LN_ALNIZ8J6�57_{E�8J=�8XLVE�_cbZ8JE�=Aå
4$b38WE�8ALN=�D�2 ôÑDNE�>@b38W88 \5P=?>@8J2Z_A8ÃDNô·=�Dµ6ºLV2�;#OPLN2Zç�&)LVç�8A=�5P=�>�bZ8Kùh57IZ8'TVLNE�5P8J>g;�DNô·^)LVE@LNO7OP8AO
_JD�6£^Z&3>@572Zç�LVE�_cbZ5ª>@8A_U>@&ZE�8A=�LN23I ^)LNE�LNOPO78AOh^ZE�DNç�E@LN6£6£5P2ZçÇ^)LNE�LNIZ5PçN6�=Jå��yLN_cb ^)LNE�LNOPO78AOh^ZE�DVf
çNE@LN6£6�572Zç¹OèLN23ç�&)LNç�8:5P=GIZ8A=�5Pç�238AIWùh57>�bK>@b38�ç�DYLNOdDNô R 8A572Zç§6£D�=�>G87�£_J5P8A2Y>¥DN2�Lº^)LNE?>@5P_J&ZOèLVE
^ZLNE@LNO7OP8JO+_JD�6£^Z&3>@572ZçÃLNE�_cbZ57>�8A_U>@&ZE�8�&Z=�572ZçÃLW^)LNE?>@57_A&ZOPLNE`^3E�D�ç�E�LN6£6�572Zç'^ZLNE@LNI35Pç�6�åB�g2�>@b35P=
=�8A_U>@5PDN2§ù]8 R E�5P88OZ;ºI35P=�_J&Z=�=iTVLNE�5PD�&3=i^)LNE�LNOPO78AO/^ZE�DNç�E@LN6£6£5P2Zç:^)LNE�LNIZ5PçN6�=¬LN2ZI�OèLV2Zç�&)LNçN8A=]I38Uf
=�5Pç�238AI�>@D¹=�&Z^3^eD�E?>h>@bZ8J6BF n�G¿å

� �g6�^ZO75P_J57>¬LN2ZI§8: \^ZOP57_A57>¬^)LNE�LNOPO78AO/^ZE�D�ç�E@LV6�6£5P2Zç$F ÷�G¿,A�g2§>@bZ8-5P6£^ZOP57_A57>y^ZLNE@LNO7OP8JOt^3E�D�ç�E�LN6~f6�572ZçK^)LVE@LNIZ57ç�6ñ^ZE�D�çNE@LN6£=�LNE�8§IZ8UT�8AO7D�^t8AI#&Z=�572Zç�LW=�87J<&38A2Y>@5PLNOi^ZE�D�ç�E@LV6�6£5P2Zç�OèLV2\f
ç�&)LNç�8-LN2ZI§>�bZ8->cLV=5�£DNôd6ºLq�<572Zç[5ª>i^)LVE@LNO7OP8AO/57=]OP8Uô�>]>�D[>@bZ8-_AD�6£^Z5PO78AEJåA�GD[5P23ôÑD�E�6ºL¢>@5PDN2
5P={^)LV=�=�8JI�>�D
>@bZ8$_JD�6�^35POP8JEÌ8: 3^3OP5P_J57>�O7;`L R D�&3>ybZDvù#>@bZ8h^ZE�D�ç�E@LV6�=�bZD�&ZO7I R 8$6�LNIZ8$^)LNEkf
LNOPO78AO¡åM4$bZ8�Q�D R DNôa>@bZ8·^)LNE�LNOPO78AO75l	A572Zç:_AD�6£^Z5PO78AE¬5P=i>@D¹IZ5ªT<5PIZ8
>�bZ8·^ZE�D�çNE@LN6Å5P2Y>@D R O7D\_���=
LN2ZI¹IZD:IZ8A^t8A2ZI38A2Z_U;ºLV2)LNO7;<=�5P=yLN6£D�2Zç
>�bZD�=�8 R O7D\_���=�>@D·57IZ8A2Y>@5ªô�;[ùhbZ57_cb R OPD<_��<=y_ALN2 R 8
^)LNE@LVOPOP8JOP5
	A8AI�å·9\&Z_cbÇLº>cLV=5�K57=
2ZDN>¥LNO7ù]LX;\=¥8ALN=�;WLN2ZI�87�£_J5P8A2Y>:LN23IÃIZ8A^t8A2ZI3=:DN2ÃbZDvù
>@bZ8
=�8KJ�&Z8J2�>�5èLNO�^ZE�D�çNE@LN6ð5P=]_AD<IZ8AI°åD�GLN=5�V8AO7O�Fíõ�G�57=$L[^)LVE@LNO7OP8AO/^ZE�D�ç�E�LN6�6£5P23ç`OPLN2Zç�&)LVç�8
>@b)LV>h=�&Z^Z^tD�E�>�=G576�^3OP5P_J57>+^)LNE�LNOPO78AOe^ZE�D�çNE@LN6£6�572ZçZå
�g2§>@bZ8
8: \^ZOP57_A57>¬^)LNE�LNOPO78AO/^ZE�D�ç�E@LV6�6£5P2Zç·^)LVE@LNIZ57ç�6ó>@bZ8-^ZE�D�çNE@LN6£6�8JE¬8: \^ZOP57_A57>�O7;~=�^e8J_Uf
57H)8J=�bZDvùð>@bZ8§^3E�D�ç�E�LN6 5P=:>@D R 8º^)LNE�LNOPO78AO75l	A8JIÍLV6�D�23çÃLKç�E�D�&Z^�DNô1^ZE�D\_J8A=�=�D�E�=Aå�.-2
88 \^ZOP57_A5ª>Ì^ZE�D�ç�E�LN6�6£5P23çGOPLN2Zç�&)LVç�8]b)LV={6�8J_cb)LN2Z57=�6£=Ì>@D
LN_cbZ5P8UT�8$^)LVE@LNO7OP8AO75P=�6 R &Z57O7>{572Y>@D
>@bZ8�OPLN2Zç�&)LVç�8NåM9\&Z_cb:6£8A_cb)LN235P=�6£=°572Z_AO7&ZIZ8�_ADN2Z=�>�E�&Z_U>@=QôÑD�E°6£8A=�=@LNç�8y^)LV=�=�572ZçN6m=�;<2Z_cb3E�DVf
2Z5l	ALV>@57D�2ÃLN2ZIÇ^ZE�D\_J8A=�=·6�LN2)LNçN8A6£8A2Y>Xå¹9\0�F ÷�G�57=·LN2�88 3LN6£^ZOP8~DNô]LN2�88 \^ZO75P_J57>¥^)LVE@LNO7OP8AO
^ZE�D�çNE@LN6£6�572Zç[OPLN2Zç�&ZLNç�8Nå
�g6�^ZO75P_J57>�^ZLNE@LNO7OP8JOi^ZE�DNç�E@LN6£6£5P2ZçWOPLN2Zç�&ZLNç�8A=¹LVE�8�8XLN=?;µ>@DÇ&Z=�8 R &3>�=�&�;�8JE¹ôÑE�D�6 O7Dmù
87�£_A578A2Z_U;�åT�� 3^3OP5P_J57>$^ZLNE@LNO7OP8JOe^ZE�D�ç�E�LN6�6£5P23ç�OèLN23ç�&)LNç�8J=i8A2ZL R OP8¥^3E�D�ç�E�LN6£6�8JE�=]>�D~D�^\f
>@5P6£5l	J8'>�bZ8Ã^ZE�DNç�E@LN6 >cLq�<572Zç�>@b38�LNE�_cbZ5ª>@8J_J>@&3E�8Ã5P2Y>�Dµ_AD�2Z=�5PIZ8JE@LV>�5PD�2 R &3>�>@bZ8U; LNO7=�D
5P2Z_JE�8XLV=�8¥>@bZ8·_JD�6�^3OP88 \5ª>g;§5P2�^ZE�D�ç�E�LN6�6£5P23çZå

� 9\b)LNE�8AIK6£8A6£D�E?;�LN2ZI'6�8J=�=@LVç�8`^ZLN=�=�5P2Zç�^)LNE@LVOPOP8JO°^ZE�D�ç�E@LV6�6£5P2Zç3,�4$bZ8[=�b)LNE�8JIK6£8A6~fD�E�;�^)LVE@LNO7OP8AO�^ZE�D�çNE@LN6£6�572Zç~^)LNE�LNIZ57ç�6 5P= R LN=�8AIWDN2K=�bZLNE�8JIÃLNIZIZE�8A=�=-=�^ZLN_A8[LNE�_cbZ5ª>@8J_Uf
>@&ZE�8A=Aå*�g2Ã=�&Z_cbÇLNE�_cb357>@8J_J>�&ZE�8J=·Lº_AD�O7OP8J_J>@57D�2KDVôy^ZE�D<_A8J=�=�DNE�=¥b)LN=
LN_A_J8A=�=¥>�D�Lº_ADN6�6£D�2
^eD<D�OÌDVô]6£8A6£D�E�;'ùhbZ5P_cbÇ_XLV2 R 8£LN_A_J8A=�=�8AIÍLN2ZIÇ&Z^tI)LV>@8JI R ;�LVOPO¡å�ø
^e8J2/%K( 57=·L�=�8J>
DNôQ_ADN6�^Z57OP8JE+I35PE�8J_J>�57T�8J=¬>�b)LV>i_ALN2 R 8-&Z=�8AI§>�D[=�^t8A_J57ô�;£=�bZLNE�8JI�6�8J6�D�E?;¹^)LNE�LNOPO78AOP57=�6�5P2
BMø¥0Ì4h0h.I��LN2ZI�*\��*\�V��^ZE�DNç�E@LN6£=Aå{9\5P23_A8->�bZ8
=�bZLNE�8JI�6�8J6�D�E?;£6�D<IZ8AOtDNôd^)LVE@LNO7OP8AO

ê



^ZE�D�çNE@LN6£6�572Zç�=�LvTN8A=->�bZ8:87;eD�E�>GDNô{6£8A=�=@LNçN8`^)LV=�=�572ZçN6/OèLV2Zç�&)LNçN8A=hDNô�>@8J2'=�5P6�&3OèLV>�8
>@bZ8
=�b)LNE�8AI 6£8A6£D�E?;é6�D<IZ8AOhD�2ÄIZ5P=?>@E�5 R &3>�8AIÄ6£8A6£D�E?;éLNE�_cb357>@8J_J>�&ZE�8J=Aå .G2 88 3LN6£^ZO78'DNô
=�&Z_cb'OèLN2ZçN&)LNç�8
57=$.1**Fíö�G¿å+F-(+*�57=hL£I38A=�_J8A2ZIZLN2Y>-DNôM.1*-å
�g2é>�bZ8�6�8J=�=�LNç�8�^)LN=�=�572Zç�^)LNE@LVOPOP8JO]^ZE�D�ç�E�LN6�6£5P23çK^)LNE�LNIZ57ç�6 572ZIZ5ªT\57IZ&)LNO+^ZE�D\_J8A=�=�D�E�=
b)LXT�8-O7D\_ALNO)6£8A6£D�E�;NåA�¥LV>@L:8: 3_cbZLN2Zç�81>cL��V8A=]^3OèLN_J81>�bZE�D�&3ç�bº8: 3^3OP5P_J57>y6£8A=�=@LNç�8J=Aå+%'8J=?f
=@LNç�8h^)LV=�=�572Zç:^ZE�D�çNE@LN6£6�572Zç-_ALN2 R 8hIZD�238 R DN>@b¹D�2£=�bZLNE�8JI§LN2ZI¹IZ57=�>�E�5 R &3>@8JI�6£8A6£D�E�;
6ºLN_cb35P2Z8J=Aå�.I�-9��]*îùh5ª>@b�%K(.�+5P=$LN2�8: 3LN6�^3OP8
DNôML�6£8A=�=@LNç�8¥^ZLN=�=�5P2Zç~^ZE�D�ç�E�LN6�6£5P23ç
OèLN2ZçN&)LNç�8Vå

� �¥LV>cL�^)LNE@LVOPOP8JOP57=�6 LN23Iµ_AD�2Y>@E�D�O]^ZLNE@LNO7OP8JOP5P=�6',j�¥LV>@LK^)LNE�LNOPO78AOP57=�6 57=�LN_cb35P8JTN8AI R ;�LV=?f
=�5PçN2Z5P2Zç`I)LV>@L[8AO78A6£8A2Y>@=]>�D�IZ5<;�8JE�8A2Y>$^3E�D<_A8A=�=�D�E�=$88 \8A_J&3>@572Zç�>@b38
=@LN6£8-_JD\I38Nå�. =�5P2Zç�O78
5P2Z=?>@E�&3_J>@57D�2î=�>�E�8ALN6 >�bZ8A2�88 \8A_J&3>@8J='DN2�LVOPO1^ZE�D<_A8J=�=�DNE�=Aå��¥L¢>cLÍ^)LVE@LNO7OP8AOGOèLN23ç�&)LNç�8J=
^ZE�DvT<5PIZ8�_JD�2Z=?>@E�&3_J>@=~ôÑD�E[I)LV>cLWI35P=�>�E�5 R &3>@57D�2�LV2ZIé^)LNE@LVOPOP8JO¬DN^e8JE@LV>�5PD�2Z=Jå�4$bZ8AE�8�57=�2ZD
88 \^ZOP57_A5ª>`6£8A=�=@LNçN8§^)LN=�=�5P23çW5P2YT�DNO7T�8JIéLN2ZIµLVOPOy_AD�6£6�&Z235P_XL¢>@5PDN2Ç238A8AI38AIµ>@DÃLV_cbZ5P8UT�8�L
^)LNE@LVOPOP8JO�D�^t8AE�LV>@57D�2�5P= R &Z5POª>�fg572°å�*k��Fòê�Gd57=hLN2�88 3LN6£^ZOP8¥DVô{L¹I)LV>@L¹^ZLNE@LNO7OP8JO�OèLV2Zç�&)LNçN8Nå
*]D�2Y>@E�DNOi^)LNE�LNOPO78AOP57=�6 572YT�D�OªT�8A=¹8: 38J_A&3>�5PD�2éDNô16�&3O7>@57^ZOP8£5P23=�>@E�&Z_J>�5PD�2Í=�>@E�8XLN6£=~D�2µIZ5ªôèf
ôÑ8AE�8J2Y>~^ZE�D<_A8J=�=�D�E�=Jå²4$bZ8º5P2Z=?>@E�&3_J>@57D�2�=?>@E�8ALN6£=�_XLN2�ù¬D�E9�ÍD�2Í>�bZ8�=@LV6�8�I)LV>cLWDNE[D�2
IZ5
;e8AE�8A2Y>1I)LV>cL\å�.-2�88 3LN6£^ZOP8¥DNôM_ADN2�>�E�D�OQ^ZLNE@LNO7OP8JOP5P=�6ó5P=$^Z57^e8JOP572Z5P2Zç3å

yPz�y ��|���� ���
�$~!�*~d��~d�3���¬�)�

FG(+* R 8AOPDN2Zç�=�>�Dh>�bZ8�_AOPLN=�=QDVô\^ZLNE@LNO7OP8JOVOPLN2Zç�&)LVç�8A= R LV=�8AI:D�2
>�bZ8yIZ5P=?>@E�5 R &3>�8AI¥=�bZLNE�8JI`6£8A6£D�E�;
6£D<IZ8AO¿åi4$bZ8[^3E�D�ç�E�LN6£6�8JE$5P=1ç�57TN8A2'>�bZ8`T<578Jù�DNôMù]D�E9��5P2Zç§DN2WL�=�b)LNE�8AIW6£8A6£D�E�;�LNE�_cbZ5ª>@8J_Uf
>�&ZE�8Vå��g2Y>@8AE�2)LNO7O7;�>@bZ8¹_ADN6�^Z57OP8JE
LN2ZIÇE�&32�>�5P6£8�=�;<=?>@8A6 >@L��N8¹_ALNE�8¹DNô¬=�576�&ZOèL¢>@5P23ç§L�=�b)LVE�8AI
6£8A6£D�E?;¹6�D<IZ8AO/57E�E�8J=�^t8A_U>@57TN8
DNôQ>�bZ8-&Z23IZ8AE�O7;<5P2Zç[^ZOèLV>�ôÑD�E�6�å!�g2º>@bZ57=]=�8A_J>�5PD�2�ù]8
I35P=�_J&Z=�=¬>@bZ8
^3E�8AI38A_A8J=�=�D�E�=¹DNôhFG(+*i6]�³®³�A®l6Ì.1*óLN23Ié9\^ZO757>[*-å��¬DN>@b�DVôi>@bZ8J=�8�OPLN2Zç�&)LVç�8A=`LNE�8�88 <>@8J2Z=�57D�2Z=
>�Dº>@b38�.I�-9��1* OèLN2ZçN&)LNç�8�Fíï@GM>�D§=�&Z^3^eD�E?>
>@b38�IZ5P=?>@E�5 R &3>�8AI'=�b)LNE�8AI�6£8A6£D�E�;�^ZE�D�ç�E�LN6�6£5P23ç
6£D<IZ8AO¿å��dLN2ZçN&)LNç�8J=~5P2�>@b35P=~ç�8J2ZE�8�_XLV2 R 8�_ADN6�^)LVE�8AIéD�2µ>�bZ8 R LN=�5P=~DNôG=�8UT�8AE�LNO$_ADN6�6£D�2
_cbZLNE@LN_U>@8JE�5P=?>@57_A=�F��qG¿å

� *]D�2Y>@E�DNOZ6�D<IZ8JO¡,d4$bZ8$_ADN2�>�E�D�O36�D<IZ8AO\IZ8JHZ2Z8A=+bZDvùÄ_JD�2Y>@E�D�O�O)Dvùh=yIZ&ZE�5P2Zç¥8: 38J_A&3>�5PD�2¹DNôL
^ZE�D�çNE@LN6�å(�g2�>�bZ8$_XLV=�8$DNôtL
=�8KJ�&Z8A2Y>�5èLNOZ^3E�D�ç�E�LN6�>@bZ8$_JD�2Y>@E�DNO�O)Dvù�=�>cLVE�>@=yL¢>! $YNg�mT¡8¢
LN2ZI�ôÑD�O7OPDvùh=`=�8KJ�&Z8J2�>�5èLNO7O7;Ç>@DK>�bZ8§8J2ZIµDNôh>@bZ8º^ZE�D�çNE@LN6�å��g2�>�bZ8§_XLV=�8�DNô1LW^)LVE@LNO7OP8AO
^ZE�D�çNE@LN6CùhbZ8AE�8�6[&ZO7>�5P^ZO78`^ZE�D\_J8A=�=�5P23ç�8JOP8J6�8J2�>�=:LNE�8~LXTVLN57OèL R O78`ôÑD�E-88 \8A_J&3>@57D�2&6Q>@bZ8JE�8
_XLN2 R 8�L£TNLVE�5P8U>g;�DNôy_AD�2Y>�E�D�O£O)Dvùh=Aå·ø
2Z8[_AD�6£6�DN2WLN^Z^3E�DYLN_cbK5P=G>�bZ8[6�LN=?>@8AEkfÊù¬D�E5�V8AE
6�D<IZ8AO¬ùhbZ8AE�8KL�=�572Zç�OP8º6ºLN=?>@8JE£_JD�2Y>@E�D�OP=�>�bZ8¤OZDmù LN6£D�2ZçÇLÃ=�8J>�DNô1ù]DNE5�N8JE�=JåÄ4$bZ8
_AD�2Y>@E�D�O$O)Dvù 6�D<IZ8JO)&Z=�8JIºôÑD�E+OèLN2ZçN&)LNç�8J=+I35P=�_J&Z=�=�8AI�572£>�bZ5P=y=�8J_J>�5PD�2�5P=]93(+%��¥=¡9<5P2Zç�O78
(yE�D�ç�E�LN6 %'&ZO7>�5P^ZO78¤�¥LV>cL�?´å��g2 >�bZ5P=�6�D<IZ8JOGLVOPOh^ZE�D<_A8J=�=�5P2Zçµ8JOP8A6£8A2Y>�=º88 \8J_A&3>�8W>@bZ8
=@LN6£8¥_AD<IZ8 R &3>hùh57>�b�IZ5
;e8AE�8A2Y>1I)LV>cL~=�8J>@=Jå

ï



� �·O7D R LNO°=�b)LNE�8AIWLVIZIZE�8J=�=G=�^)LN_J8N,P�gE�E�8J=�^t8A_J>�57TN8�DNôÌ>�bZ8:&Z2ZIZ8JE�O7;<572ZçºLVE�_cbZ5ª>@8A_U>@&ZE�8�6/>@bZ8J=�8OèLN2ZçN&)LNç�8J=iLN=�=�&Z6£8->@b38
88 \5P=?>@8J2Z_A8¥DNôML[_JD�6£6�D�2�^eD<D�OtDNôd6£8A6£D�E�;£=�bZLNE�8JI'LV6�D�23ç�LNO7O
^ZE�D<_A8J=�=�572Zç�8AO78A6£8A2Y>@=¥572�TND�O7TN8AIÇ5P2W>�bZ8~_AD�6£^Z&3>@LV>@57D�2°å[%'8A_cbZLN2Z5P=�6�=:LN23IÇ_JD�2Z=?>@E�&3_J>@=
LNE�8`^ZE�DvT<5PIZ8JIW>@DºLN_A_J8A=�=·LV2ZIÃ&Z^tI)LV>@8`6�8J6�DNE�;�å14$bZ8~LVIZIZE�8J=�=¥=�^)LN_A8[_XLN2Ã=?>@D�E�8 R DN>@b
=�>cL¢>@5P_£LN23I²I3;<2)LV6�57_~=�>@E�&Z_J>�&ZE�8J=Aå�.GOP=�D�576�^tD�E�>@LN2Y>¥>@D�2ZDN>�8£57=¥>@b)LV>:8ALN_cbÍ^ZE�D\_J8A=�=�D�E
Dmùh23=$L[^)LNE?>iDNôQ>�bZ8
ç�O7D R LNOtLNI3IZE�8J=�=i=�^)LN_A8
LN2ZI�_XLV2�LN_A_J8A=�=$57>$LV=]57ô°57>+ùiLN=]OPD<_XLNO¿åÌ4$bZ8
LN_J>�&)LNOQE�8ALNOP5
	XLV>�5PD�2ºDNôM>�bZ8·ç�OPD R LNO°LVIZIZE�8J=�=G=�^)LN_J8·5P=hOP8Uô�>$>@D~>@bZ8·&Z23IZ8AE�O7;<5P2Zç¹E�&Z2�>�5P6£8
=�;<=�>�8A6�å+4$b38`ç�O7D R LNO�LNIZIZE�8A=�=G=�^)LN_A8:b)LN=$>�bZ8¥ôÑD�OPO7Dmùh572Zç[_cbZLNE@LN_U>@8JE�5P=?>@57_A=Aå
¦ (MD�572Y>@8AE�=A,y(aD�5P2Y>@8JE�=+5P2¹>@bZ8J=�8GOèLN2ZçN&)LNç�8J=¬LVE�8hDNô�>gù¬D[>g;<^t8A=AåD�QD<_XLNO/^tD�5P2Y>�8AE�=�>�b)LV>
^eDN5P2Y>h>@D£D R Q�8A_U>@=G5P2�>@bZ8:OPD<_XLNO°LNIZIZE�8A=�=G=�^)LV_A8`LN2ZIKçNOPD R LVO°^eDN5P2Y>@8JE�=hôÑD�EhD R Q�8A_U>@=
5P2�>@b38:çNOPD R LVO°LNIZI3E�8A=�=G=�^)LN_J8Nå+4$bZ8A=�8`_ALN2 R 8¥ôÑ&ZE�>�bZ8AEh_JOèLN=�=�57HZ8AI�LN=A,
§ �QD<_XLNO°^tD�572�>�8AE�=1^tD�572�>�5P2Zç`>@D¹>@bZ8·OPD<_XLVO°LNIZI3E�8A=�=G=�^)LN_J8Nå
§ �QD<_XLNO°^tD�572�>�8AE�=1^tD�572�>�5P2Zç`>@D¹>@bZ8·ç�O7D R LNO�LNIZIZE�8A=�=1=�^ZLN_A8Vå
§ �¥OPD R LNO�^tD�5P2Y>�8AE�=$^tD�572�>�5P2Zç�>�D~>@bZ8·OPD<_XLVOQLNIZIZE�8A=�=G=�^)LN_A8Vå
§ �¥OPD R LNO�^tD�5P2Y>�8AE�=$^tD�572�>�5P2Zç�>�D~>@bZ8·ç�O7D R LNOQLVIZIZE�8J=�=h=�^ZLN_A8Vå

¦ 9\b)LNE�8AI�=�_XLNOPLNE+TVLNE�5èL R OP8A=J,A�dLN2ZçN&)LNç�8J=]=�&3^Z^eDNE�>@572Zç�L`ç�OPD R LNO/LNIZIZE�8A=�=$=�^)LN_J8
^ZE�DVf
T<5PIZ8·_ADN2Z=�>�E�&Z_U>@=h>@DSJ�&)LNOP5ªô�;�L~=�_ALNOèLVEi>@D R 8·572�>�bZ8·ç�OPD R LNO°LVIZIZE�8J=�=1=�^)LV_A8Nå

¦ 9\b)LNE�8AIKTN8A_U>@D�E�=��NLNE�E@LX;<=A,$.GIZIZ57>�5PD�2ZLNO°=�;<2Y>cLV_J>@57_`ôÑ8ALV>@&ZE�8A=-LNE�8:^ZE�DvT<5PI38AI'>�Dº=�&Z^\f
^eDNE�>QT�8J_J>�D�E�=d5P2
>�bZ8yç�OPD R LNOVLNIZIZE�8A=�=a=�^ZLN_A8VåÌ4$bZ8�ç�8J2Z8AE�LNO�LN^Z^3E�DYLN_cb·57=°>@DhLNO7OPD<_XLV>�8
LN2¹8KJ�&)LNO)2�&Z6 R 8JE+DVô�8JOP8A6£8A2Y>�=�D�2£LNOPO\^ZE�D<_A8J=�=�572Zç:8AOP8J6�8J2Y>@= R &3>y>�bZ8$&Z=�8JEy5P=yLNO7=�D
ç�57TN8A2º>�bZ8
D�^\>@5PDN2ºDNô°>�E�;<5P23ç�L`TVLNE�5P8J>g;£DNô�ùiLX;<=$5P2ºLNE�E�Lv;£IZ8J_AOPLNE@LV>�5PD�2¹>@D�LN_cbZ5P8UT�8
D�^3>�5P6�LNO°LNO7OPD<_XLV>�5PD�2�=�>�E@LV>�8AçN;Nå

¦ 9\b)LNE�8AIéI3;<2)LN6£5P_º6�8J6�D�E?;²LNOPO7D\_ALV>@57D�2°,�4$bZ8�çN8A2Z8JE@LNO$LV^Z^ZE�D�LN_cbµ>@DWIZDÃ>�bZ5P=`5P=
8XLN_cbé^ZE�D\_J8A=�=�5P23çW8AO78A6£8A2Y>~LNO7OPD<_XLV>�8A=`LN2�87J<&ZLNOªfÊ=�5l	J8AI R OPD<_��ÇDVôh6�8J6�D�E?;ÃùhbZ5P_cb
>@D�çN8J>@b38AE R 8J_AD�6£8Ç>�bZ8Çç�OPD R LNO¥LNIZI3E�8A=�=K=�^)LN_A8VåC9\&Z_cb 6�8J6�D�E?;î_XLV2�>@b38A2 R 8
D�^t8AE@L¢>@8AI�D�2�&Z=�572Zç¹ç�OPD R LNO�^tD�572�>�8AE�=Aå

� 9<;<2Z_cbZE�DN2Z5l	ALV>@57D�2°,h9<;<2Z_cb3E�D�2Z5
	XLV>�5PD�2'6�8J_cb)LN2Z57=�6£=-LVE�8[238A8AI38AIW>@DºLXT�D�57IKE@LV_A8[_JD�2ZIZ5 f>@5PDN2Z=hLN2ZI�IZ8ALNIZOPD<_���=$ùhbZ8A2'6�&ZO7>�5P^ZO78G^3E�D<_A8A=�=�572Zç�8JOP8J6�8J2�>�=1LN_A_J8A=�=h>@b38¥ç�OPD R LNO�6£8A6~f
D�E�;Nå
4$bZ8A=�8~6�8J_cb)LN2Z57=�6£=
LNE�8[8J57>@b38AE-^3E�DvT<5PIZ8JI�LN= R &35PO7>?fg572'_JD�2Z=�>�E�&Z_U>@=¥D�E-LN=-O75 R E�LNE�;
ôÑ&Z2Z_J>�5PD�23=Aåµ*]DN6�6£D�2ZOª;²^3E�DvT<5PIZ8JI#=?;<2Z_cbZE�DN2Z5l	ALV>@57D�2é6�8J_cb)LN2Z57=�6£=¹LNE�8 R LNE�E�5P8AE�=¹LN2ZI
OPD<_��<=Jå

� 9\^ZOP5ª>�fÊ^Zb)LN=�8[LN=�=�57ç�2Z6£8A2Y>X,h.-2�LV=�=�57ç�2Z6£8A2Y>
DN^e8JE@LV>�5PD�2'5P2YT�D�OªT<5P2Zç£>@bZ8�çNOPD R LVOMLVIZIZE�8J=�==�^)LN_J8�b)LN=�>gù¬DÃ^Zb)LN=�8A=76+>�bZ8�_AD�6£^Z&3>@LV>@57D�2Í^3b)LN=�8�LV2ZIµ>@bZ8§_JD�6£6�&Z2Z57_XLV>�5PD�2²^Zb)LN=�8Nå
4$bZ8¹_AD�6£6�&Z2Z57_XLV>�5PD�2'^Zb)LN=�8�bZLN=¥bZ5PçNbZ8AE¥OPLV>@8J2Z_J;'>@b)LN2Ã>�bZ8~_AD�6£^Z&3>@LV>@57D�2Ã^Zb)LV=�8Nå��Êô
=�&Z_cbÍLN=�=�5Pç�2Z6£8A2Y>�=`LVE�8¹5P6£^ZOP8J6�8J2Y>@8AIÃ=�8KJ�&Z8J2�>�5èLNO7O7;'>@bZ8JE�8£5P=¥OPDN=�=¥DNô¬87�£_A578A2Z_U;�=�572Z_A8
>@bZ8�^ZE�D\_J8A=�=�D�E¹E�8J6ºLN572Z=~5PI3OP8ºùhbZ57OP8§>�bZ8�E�8A6£DN>�8�LN_A_J8A=�=£5P=�>@L���5P2Zç�^ZOPLN_A8Våµ4$bZ8�>gù]D

�



^Zb)LN=�8A=�_XLV2 R 8iDvT�8JE�OPLN^Z^t8AI R ;�^ZE�DmT<57IZ5P2Zç-_AD�2Z=?>@E�&Z_J>�=yùhb35P_cb¹5P2Z5ª>@5PLV>@8y_ADN6�6�&32Z5P_ALV>@57D�2
LN2ZIµ_ADN2Z=�>�E�&Z_U>@=�>@bZLV>�ù]LN57>`ôÑD�E�57>�=[_JD�6�^3OP8J>�5PD�2�å2�]8J>gù¬8A8J2#>�bZ8º>gù¬D�_AD�2Z=?>@E�&Z_J>�=�>@bZ8
^ZE�D<_A8J=�=�DNE�_XLN2¹IZD¥DN>�bZ8AEMù]D�E9�[>@b�&Z=�b35PIZ572Zç->@b38$OèLV>�8A2Z_U;[DNôtE�8A6£DN>@8i6£8A6£D�E?;[LV_A_A8J=�=�8A=Aå

�&¨7�&¨³� '©��"³àÑuJ�Jû
9<^ZOP5ª>�f?* 57=¥L§^)LNE�LNOPO78AOa88 <>@8J2Z=�57D�2�>@D�*�IZ8JTN8AOPDN^e8JI²L¢>:F
*ª�]8AE9�N8AO78J;©F���G¡åj�Ê>¥^ZE�DvT<5PI38A=·&Z=�8UôÑ&ZO
8JOP8J6�8J2�>�=GDVô{=�bZLNE�8JIW6�8J6�DNE�;�6)6£8A=�=@LNçN8`^)LV=�=�572Zç�LN2ZIKIZLV>cL¹^)LNE�LNOPO78AO°^ZE�D�ç�E�LN6�6£5P23ç~6�D<IZ8AO7=
572`>�bZ8i_ADN2�>�88 <>yDNôZ>�bZ8h*�OèLV2Zç�&)LNçN8NåÌ9\^ZOP5ª>�fk*Ç5P=a>@bZ8]D�OPIZ8J=�>ÌDNô)>@bZ8+>@bZE�8A8iOPLN2Zç�&ZLNç�8A=MIZ5P=�_A&Z=�=�8JI
572�>@bZ57=$=�8A_U>@57D�2°åD�Ê>h5P=i>@LNE�ç�8U>@8JI�ôÑD�Ei>�bZ8·4$bZ5P2��<572Zç�%KLN_cbZ572Z8A=-*]D�E�^eD�E�LV>@57D�2�*$%�fkõ\å

� *]D�2Y>@E�DNO�6£D\IZ8JO¡,{4$b38¥_AD�2Y>@E�D�O�6£D<IZ8AOtôÑD�E$9\^3OP57>?f?*Ä57=h93(+%���å3.GOPOt>@bZ8
^3E�D<_A8A=�=�572Zç¹8AOP8´f6�8J2�>�=i88 \8J_A&3>�8
>@bZ8
=�LN6£8-_AD<IZ8Våw�yLN_cb�8JOP8J6�8J2�>]6ºLX;£ù]DNE5�£D�2º>@b38
=@LN6£8
D�E¬IZ5
;e8AE�8A2Y>
I)LV>cLmfg=�8U>@=Jåy9\^ZO757>�fk*Í^ZE�DvT<5PI38A=�TVLNE�5PL R OP8J={=�&3_cb§LN=A�c«�¬�­�®�LV2ZI°¯�±c�c«�¬�­`>@D¥H)2ZI¹>@b38i>@DN>@LNO
2<&36 R 8JE]DNô�^ZE�D<_A8J=�=�5P2Zç�8JOP8J6�8J2�>�=]^ZE�8A=�8A2Y>hLN2ZI£>@bZ8G5P2ZI357T<5PIZ&ZLNO)^ZE�D<_A8J=�=¬5PIZ8J2�>�57H)_ALV>@57D�2
2<&36 R 8JEAå

� �·O7D R LNO�LNIZIZE�8A=�=h=�^)LN_A8V,��yLN_cb�^ZE�D\_J8A=�=�D�Ehb)LN=1LN_J_A8A=�=1>�D~>@bZ8·8A2Y>�5PE�8¥çNOPD R LVO�=�^ZLN_A8`LN2ZI8XLN_cb�^ZE�D<_A8J=�=1Dvùh2Z=-L~^)LVE�>hDNôÌ57>H6<ùhbZ5P_cb�57>h_ALN2'LN_A_J8A=�=GLN=hOPD<_XLVO¡å
¦ (MD�572Y>@8AE�=A,w�¥OPD R LVO)^eD�572Y>@8AE�=$LNE�8-IZ8J_AOèLVE�8AI§ùh5ª>@bº>�bZ8I�V8J;�ù]DNE�I¤²$`cb@^NY�`3å+(aD�5P2Y>@8JE�=
_XLN2 R 8~DNô]LN2Y;K>g;<^e8¹8: 3_J8A^3>·>�bZ8~ôÑ&Z2Z_J>�5PD�2W>g;<^t8Nå�.GIZIZ5ª>@5PDN2)LNOPOª;�6�9\^ZO757>�fk* b)LN=·L
>g;<^e8¬DNôZ^tD�5P2Y>�8AEd_XLNO7OP8JI`LV=M=�^ZE�8ALNI[^tD�5P2Y>�8AE�=aIZ8J_AOèLVE�8AI·ùh57>�b`>�bZ8kW�³�Z�
cY�[V�V8J;�ù]DNE�I°å
4$bZ8:IZ5
;e8AE�8A2Z_J8 R 8J>gù¬8A8J2'>@b38`ç�O7D R LNO�LN2ZI�>@bZ8·=�^ZE�8ALNIK^tD�5P2Y>�8AE$5P=i>�b)LV>GL~=�^ZE�8XLNI
^eDN5P2Y>@8JEM^tD�5P2Y>�=M>@D-LG_JD�OPO78A_J>�5PD�2:DNô)IZLV>cL157>@8J6�=aD�2[LG^ZE�D\_J8A=�=�D�E�LN23I�LN2�572Z_AE�8A6£8A2Y>
6ºLq�N8A=157>i^eD�572Y>$>@D~>@bZ8·_JD�OPO78A_J>�5PD�2�DVôÌI)L¢>cL~57>�8A6£=$5P2�2Z8: \>G^ZE�D\_J8A=�=�D�EAå

¦ .-E�E@LX;<=A,¬9\^ZO757>�fk*Ä_XLNO7OP=içNOPD R LVO�LNE�E@LX;<=hLN=$=�^3E�8XLVI'LVE�E@LX;<=Aåy4$bZ8U;�LNE�8
IZ8A_JOèLNE�8AI R ;
5P2Z=�8AE?>@5P23çºL£=�5P23ç�OP8·=�^3E�8XLVIZ8AE1>@DºE�5Pç�bY>1DNô{>�bZ8`LNE�E�Lv;�I35P6£8A2Z=�5PD�2Z=Jå$B)D�Eh88 3LN6£^ZOP8q6
´wµ m�¶w·c· µ  �¶D¸-ùhbZ8JE�8L·�·£5P=$>@bZ8`=�^ZE�8XLNI38AEAå14$bZ8`IZ5P6£8A2Z=�5PD�23=1DN2'>@b38[OP8Uô�>1=�5PI38`DNô
Lº=�^3E�8XLVIZ8AE·LNE�8[=�^ZE�8ALNIÇLN_AE�D�=�=¥LVOPOd^ZE�D<_A8J=�=�D�E�=Jå¥4$bZ8~IZ5P6£8A23=�5PDN2Z=GDN2WE�57ç�bY>
=�57IZ8
IZ8JHZ2Z8`^t8AEh^ZE�D\_J8A=�=�D�Eh=�& R fkLNE�E@LX;<=Aå

¦ �-;<2)LN6£5P_º6£8A6£D�E?;ÇLNOPO7D\_ALV>@57D�2°,°�-;<2)LV6�57_�6£8A6£D�E�;²LNO7OPD<_XLV>�5PD�2ÇLN23I�IZ8XLVOPOPD<_XLmf
>@57D�2¥5P=°I3D�2Z8y&Z=�572Zç$OP5 R E@LVE�;hôÑ&Z2Z_U>@5PDN2Z=&¹$b�g@[»º�W�³�Z�
cY�[ Y�`c` W�³�Z�
�Y�[  $Y�`c`cb�d£¡8gHm��
d�b��cm��T¼LgHm��½b@^N¾�
�d@� mNY� a
N¢£¸{LV2ZIjY�`c` W@³�Z�
cY�[ n�Z�
c
�¡�¹ab�g@[¿ºcW�³�Z�
cY�[fW�³���Za¢£¸

� 9<;<2Z_cbZE�DN2Z5l	ALV>@57D�2°,Ì9\^ZOP5ª>�fk*µ^3E�DvT<5PIZ8J=+^3E�5P6£57>�57TN8A={=�&Z_cb§LN=TY��$b� ©gcd:LV2ZI°^$Y�ZcZagq
�Z/åy4$bZ8
Y��$b� ©g�d¥^ZE�576�5ª>@5ªT�8+5P={&Z=�8AI¹>@D*J�&)LNO757ô�;[L-ôÑ&Z2Z_U>@5PDN2�ùhbZ5P_cb¹5P=M>@bZ8J2�8: 38J_A&3>�8AI�LV>@DN6�57_XLNO7O7;
D�2'>�bZ8`^3E�D<_A8A=�=�D�E1ùhbZ5P_cb'Dvùh2Z=G>�bZ8`çNOPD R LVOQD R Q�8A_U>Xå$4$bZ8`^)LNE?>@5P_J&ZOèLVE$ç�OPD R LNOQD R Q�8J_J>G5P=
>@bZ8iD R Q�8A_U>yD�2�ùhbZ5P_cb~>�bZ8]ôÑ&Z2Z_U>@57D�2¹LN_J>�=Aåy9<^ZOP5ª>�f?*²LNOP=�D¥^ZE�DvT<5PIZ8J=Ì>@b38$_AD�6£6�DN2 R LNE�E�5P8JE

ævj



=�;<2Z_cbZE�D�2Z5l	ALV>@57D�2é^ZE�576�5ª>@5ªT�8C^NY�ZcZag�
�Z/å�FG=�572ZçÃ>@bZ8J=�8�^ZE�576�5ª>@5ªT�8A=[&Z=�8JE�=¹_XLN2 R &Z57OPIéL
TNLVE�5P8U>g;§DNôMDN>�bZ8AEh=�;<2Z_cb3E�D�2Z5
	XLV>�5PD�2�D�^t8AE�LV>@57D�2Z=Aå

� 9\^ZOP5ª>�fÊ^Zb)LN=�8KLN=�=�57ç�2Z6£8A2Y>X,�4$bZ57=§5P=£>@bZ8W6£D�=?>§^ZE�D�6�572Z8A2Y>£ôÑ8XLV>�&ZE�8KDNô`9\^ZO757>�fk*ØôÑE�DN6
ùhbZ5P_cb�>@bZ8¹2)LV6�8�ôÑD�E
>�bZ8¹OèLN23ç�&)LNç�8[5P=¥IZ8JE�57TN8AI°å¹4$bZ8¹DvT�8JE�OPLN^²572�_AD�6£^Z&3>@LV>@57D�2�LN2ZI
_AD�6£6�&Z2Z57_XLV>�5PD�2Ç^Zb)LV=�8A=[DNô1LN2µLN=�=�57ç�2Z6£8A2Y>~D�^t8AE�LV>@57D�2Í572Íç�O7D R LNOy=�^ZLN_A8§57=[IZDN2Z8 R ;
=�^ZO757>�>�5P2Zç�>�bZ8`LN2KLV=�=�57ç�2Z6£8A2Y>15P2Y>@D¹>gù¬DºD�^t8AE�LV>@57D�2Z=Aå¬.�2Z8Jù�=?;<6 R DNOdôÑDNEGLV=�=�57ç�2Z6£8A2Y>
5P=$5P2Y>�E�D<IZ&Z_A8JI�·�À)åy4$bZ8Á·�Àº6�LNE5��=i>@b38 R 8AçN5P2Z2Z572Zç~DNôa_ADN6�6�&32Z5P_ALV>@57D�2&6�ùhbZ5PO78·L>W�o�m�d
D�^e8JE@LV>�5PD�2�57=$&Z=�8JI'>�D£I38J>@8JE�6£5P2Z8¥_JD�6£^ZOP8U>@5PDN2�DNôÌ_JD�6£6�&Z2Z57_XLV>�5PD�2°å

�&¨7�&¨7� Â§û
.1**F ö�Ge5P=$LN2º88 <>@8J2Z=�57D�2�>@D¹*i6<>@b)LV>i=�&Z^Z^tD�E?>@=]>�bZ8
=�bZLNE�8JI'LVIZIZE�8J=�=$=�^)LN_A8¥^ZLNE@LNO7OP8JOt^3E�D�ç�E�LN6~f
6£5P23ç�6�D<IZ8JO-D�2 IZ57=�>@E�5 R &\>@8AI =�b)LNE�8JI 6�8J6�D�E?; LVE�_cbZ5ª>@8A_U>@&ZE�8A=Jå¥�Ê>�5P=§>cLVE�ç�8U>@8AIîôÑD�E�*]E@LX;
0h8A=�8XLNE�_cb°ìí=-4hn���LN2ZI�4hn��$å

� *]D�2Y>@E�DNO)6�D<IZ8AO¿,d4$bZ8h_AD�2Y>@E�D�O)6£D\IZ8JO\ôÑD�E�.1*é5P=+93(+%���åY.1*é^ZE�DvT<5PI38A=�TVLNE�5PL R OP8J={=�&3_cbLN=*��«�¬�­�®WLN2ZIB¯�±c��«�¬�­K>@D�H)2ZI�>@b38¹>�DN>cLVO{2�&Z6 R 8AE·DNô¬^ZE�D<_A8J=�=�572Zç�8AOP8J6�8J2Y>@=·^ZE�8J=�8J2�>
LN2ZI�5P2ZI357T<5PIZ&ZLNO�^ZE�D\_J8A=�=G57IZ8A2Y>@5ªH)_XL¢>@5PDN2�2<&36 R 8JE�=Jå

� �·O7D R LNOMLNIZIZE�8A=�=:=�^)LN_J8N,¥4$bZ8~_JD�2Z_A8J^3>:DNô+ç�OPD R LNOMLNIZIZE�8A=�=·=�^)LN_A8¹E�8A6�LN5P2Z=-_AD�2Z=�5P=?>@8A2Y>ùh57>@b�>�bZ8·IZ5P=�_A&Z=�=�5PDN2'572�^3E�8JT<57D�&Z=h=�8J_J>@57D�2Z=Jå
¦ (MD�572Y>@8AE�=A,k�¥OPD R LNOQ^eDN5P2Y>@8JE�=GLNE�8:IZ8A_JOèLNE�8AIKùh5ª>@b�>@bZ8Ã�N8U;<ù¬D�E�IÄ[ag�W@�tåk�g2Y>�8AE�2ZLNOPOª;
L:^tD�572�>�8AE�b)LV=y>gù¬D[_JD�6£^eD�238A2Y>@=76�>�bZ81^ZE�D<_A8J=�=�DNE+2�&Z6 R 8JE]LN23I£>�bZ8hOPD<_XLNO)LVIZIZE�8J=�=
D�2�>@b)LV>h^3E�D<_A8A=�=�D�EJå

¦ .-E�E@LX;<=A,U�
57=�>@E�5 R &\>@8AIÄLNE�E�LX;\=�LVE�8WIZ8J_AOPLNE�8JIî5P2ÄùhbZ57_cbîD�2Z8ÃIZ576�8J2Z=�57D�2ÄDVô¥>@bZ8
LNE�E�LX;�5P=hL¹6�&ZOª>@5P^3OP8-DVô(�c«�¬�­�®Zå

� 9<;<2Z_cbZE�DN2Z5l	ALV>@57D�2°,�.1*�^ZE�DvT\57IZ8A=$>�bZ8 ^NY�ZcZ�gq
�Z�_ADN2Z=�>�E�&Z_U>GôÑD�E$=?;<2Z_cbZE�DN2Z5l	ALV>@57D�2°å

yPzÆÅ ��|��

FG(+**FòlqGM5P=GIZ5PE�8A_J>�O7;�IZ8JE�57TN8AIÃôÑE�DN6ý.1*-å©�Ê>
5P=GIZ8A=�5Pç�238AIÃ>@D§I3D§^)LNE�LNOPO78AOd^ZE�DNç�E@LN6£6£5P2Zç£5P2W*
&3=�5P23ç[>@bZ8-=�b)LNE�8AI�6£8A6£D�E�;¹6£D<IZ8AO¿å{F-(+* ç�5ªT�8A=iL`T<5P8Jù�DNô�>@bZ8
&32ZIZ8AE�O7;<5P23ç�6ºLV_cbZ5P2Z8G6�D<IZ8JO
LV=¥D�2Z8~b)LXT<5P2Zç�L�_ADNOPOP8J_J>�5PD�2WDVô+>�bZE�8ALNIZ=¥>@bZLV>·=�b)LVE�8£L§ç�OPD R LNO{LVIZIZE�8J=�=·=�^ZLN_A8Vå~4$bZE�8ALNIZ=:5P2
FG(+* >@8JE�6£5P2ZDNOPD�çN;ºLNE�8¥&Z=�&)LVOPO7;º=�;<2ZD�2Y;<6£D�&Z=hùh57>@b�^ZE�D\_J8A=�=�8A=Jå

æ�æ



�&¨7�&¨³� Ç[sdþ2È�ú~ûÉ"Ñâ)wartqdâZr/þ
� *]D�2Y>@E�DNOÌ6£D\IZ8JO¡,i4$b38~_AD�2Y>@E�D�Oa6�D<IZ8AOdôÑD�E-F-(+* 5P=¥9\(¬%Ê��å�4$bZ8~&Z=�8AE
=�8A8J=
>@bZ8~FG(+*
^ZE�D�çNE@LN6�>@D R 8$L-_JD�OPO78A_U>@5PDN2[DNô)>�bZE�8ALNIZ={>@bZLV>�=�bZLNE�8$L
_JD�6£6�D�2`ç�OPD R LNO\LNIZIZE�8A=�=�=�^)LN_J8Nå
.-IZIZ5ª>@57D�2)LNO7O7;�6)8ALN_cbÃ>@bZE�8XLNIÃbZLN=
57>�=-Dvùh2Ã^ZE�57TVLV>@8`=�^)LV_A8¹LN2ZIÃ^ZLNE�>-DNô�>@bZ8[ç�OPD R LNOaLNI\f
IZE�8J=�=1=�^)LN_J8¥ùhbZ5P_cb'57>$_ALN2KLV_A_A8J=�=GLN=hOPD<_XLNO¿å

� �·O7D R LNO�LNIZIZE�8A=�=1=�^ZLN_A8V,
¦ 9\b)LNE�8AI =�_ALNOèLVEA,²F-(+*C572Y>@E�D<IZ&Z_J8A=�LÍ238JùË�V8J;�ù¬D�E�IªW�X$Y�Z�
�[�>�DUJ<&ZLNOP5ªô�;�IZLV>cL

}

void main(void) {

}

void main(void) {

Global

Local

Thread 0 Thread 1

Memory layout

Thread 0 Thread 1

i

shared int i; shared int i;
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} }

void main(void) { void main(void) {

One element per thread

Global

Local

Thread 0 Thread 1

Memory layout

Thread 0 Thread 1

a[0] a[1]

shared int a[THREADS]; shared int a[THREADS];
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a[0] a[1]

a[3]

a[5]

a[6]

a[4]
Global

}

void main(void) {

shared int a[4][THREADS];

}

void main(void) {

4 elements per thread

Local

Thread 1Thread 0

Memory layout

Thread 0 Thread 1

a[2]

a[7]

shared int a[4][THREADS];
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a[4]

a[1]

void main(void) {

}

void main(void) {

}

4 elements per thread and blocksize 2

Global

Local

Memory layout

Thread 0 Thread 1

Thread 0 Thread 1

a[0]

a[5]

a[2]

a[3]

a[6]

a[7]

shared [2] int a[4][THREADS]; shared [2] int a[4][THREADS];
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						a[1] = 2;

One element per thread

Global

Local

Thread 0 Thread 1

Memory layout

a[0] a[1]

}

	if(MYTHREAD==0) {

	}

shared int a[THREADS]; shared int a[THREADS];

void main(void) { void main(void) {

int b;

	if(MYTHREAD==1) {

	}

}

b

						b = a[0];

put(destination thread = 1, location = a[1], data = 2);

b = get(source thread = 0, location = a[0]);

Thread 0 Thread 1
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UPC 
Code

UPC Intermediate Code in C

UPC executable code

EDG UPC
frontend compiler

Compiler
C

MuPC RTS
Object Code

MPI Library

    +

pthread Library
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where filename.c is the UPC code file

The resulting executable a.out can be executed as

where n is the number of processors 

mupcc filename.c libmupc.a

and libmupc.a is the run time system library.

mupcrun −n n a.out
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User Code

Thread Thread

User Code

Thread

Init
UPC UPC

Init

Program
UPC

Finalize
Finalize
UPC

UPC

Thread

MPI_Init()

MPI_Finalize()MPI_Finalize()

MPI_Init()

Communication Communication

mupcrun −n 2 upc_hello_world
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Post n non−blocking MPI receives
keep_polling = n

to listen from n processors

 While keep_polling true

If Send_Remote
Send Data request to remote processor using a Blocking send
Unlock send_struct

If Recv_Remote
Send Recv request to remote processor using a Blocking send
Unlock send_struct

If Finish
Send Finish request to remote processor using a Blocking send
Unlock send_struct

If lock failed or no request

Check request
If locked
Try locking send_struct

Check if incoming requests from remote processors
Lock recv_struct
If Data request

Receive data and store
Unlock recv_struct

If Recv request
Read data and send Recv_Reply request using a Blocking send
Unlock recv_struct

If Recv_Reply
Receive data and store 
Unlock recv_struct

If Finish
Decrement keep_polling
Unlock recv_struct

Post a new non−blocking MPI receive for the last processor communicated with
Yield communication thread
Done While

// Outgoing Requests
// Write request TO remote processor

// Read request to remote processor

// Request to terminate communication thread

// Incoming Requests

// Write request FROM remote processor

// Read request FROM remote processor 

// Receive Data FROM remote processor

// Process finish request FROM remote processor
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Remote ProcessorLocal Processor

Lock send_struct

Unlock send_struct
location = address
request = Recv_Remote + Recv

Unlock send_struct

remote processor
Send Recv request to
Recv_Remote:

While keep_polling true
Lock send_struct
if locked

Check request

send_struct
recv_struct

Get(ptr, remote)

1 2

While keep_polling true
Lock send_struct
if locked

Check request

Wait on recv_struct.done
return data

else check incoming requests

Recv:
Read Data
Send Data + Recv_Reply back
Unlock recv_struct

else check incoming requests
Lock recv_structLock recv_struct

Recv_Reply:
Receive data

Unlock recv_struct
recv_struct.done = 1

3

4

5

UPC Thread Communication Thread Communication Thread
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Remote ProcessorLocal Processor

Lock send_struct

Unlock send_struct
location = address
request = Send_Remote

Unlock send_struct

remote processor
Send Data request to

While keep_polling true
Lock send_struct
if locked

Check request

send_struct
recv_struct

Put(ptr, remote)

1 2

While keep_polling true
Lock send_struct
if locked

Check request

else check incoming requests

Data:
Write Data

Lock recv_struct

3

Send_Remote:

Unlock recv_struct

UPC Thread Communication Thread Communication Thread
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Remote ProcessorLocal Processor

Lock send_struct Lock send_struct
request = Barrier request = Barrier
Unlock send_struct Unlock send_struct

While keep_polling true
Lock send_struct
if locked
Check request

Barrier:

Unlock send_struct
remote processor
Send Barrier request to

else check incoming requests else check incoming requests

While keep_polling true
Lock send_struct
if locked
Check request

Barrier:
Send Barrier request to
remote processor
Unlock send_struct

Lock recv_struct Lock recv_struct

Barrier: Barrier:

Unlock recv_struct Unlock recv_struct
decrement Barrier_done decrement Barrier_done

send_struct send_struct

1
2

3

4

5

6

Wait on Barrier_done Wait on Barrier_done

decrement Barrier_done decrement Barrier_done

Communication Thread Communication ThreadUPC ThreadUPC Thread

Barrier_done = n − 1 Barrier_done = n − 1
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Remote ProcessorLocal Processor

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request

1
2

Communication ThreadCommunication Thread

Unlock send_struct
remote processor

Notify:
Send Notify request to

Lock recv_struct
else check incoming requests

Unlock send_struct
remote processor

Wait:
Send Wait request to

Unlock recv_struct

Unlock recv_struct
decrement notify_var
Notify:

Wait:
decrement wait_var

Unlock send_struct
remote processor

Notify:
Send Notify request to

Lock recv_struct
else check incoming requests

Unlock send_struct
remote processor

Wait:
Send Wait request to

Unlock recv_struct

Unlock recv_struct
decrement notify_var
Notify:

Wait:
decrement wait_var

Notify

Wait

previous synchornization
are done.

synchronization phase
are not of same value,
return error.

sync all gets & puts

Unlock send_struct

for i = 0 to n − 1
Lock send_struct

Wait until all waits in
previous synchornization
are done.

If all waits in previous
synchronization phase
are not of same value,
return error.

sync all gets & puts

Unlock send_struct
request = Notify
for i = 0 to n − 1
Lock send_struct

wait_var = n − 1

Wait until all notifies in

If all notifies in previous

notify_var = n − 1

request = Wait

Notify

Wait

previous synchornization
are done.

synchronization phase
are not of same value,
return error.

sync all gets & puts

Unlock send_struct

for i = 0 to n − 1
Lock send_struct

Wait until all waits in
previous synchornization
are done.

If all waits in previous
synchronization phase
are not of same value,
return error.

sync all gets & puts

Unlock send_struct
request = Notify
for i = 0 to n − 1
Lock send_struct

wait_var = n − 1

Wait until all notifies in

If all notifies in previous

notify_var = n − 1

request = Wait

6

4

7

8

9

3

10

11

5

12

send_struct send_struct

notify_var = size − 1
wait_var = size − 1 wait_var = size − 1

notify_var = size − 1

UPC Thread UPC Thread
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

upc_global_allocWhile keep_polling true
Lock send_struct
if locked
Check request

send_struct

Global_Alloc: Global_Alloc:

Lock send_struct
request = Global_Alloc
unlock send_struct 2

Send Global_Alloc request
to thread 0
unlock send_struct

base_va

Lock recv_struct
else check incoming requests

Lock recv_struct
else check incoming requests

Global_Alloc: Global_Alloc:

increment base_va
return old base_va

va = address returned by thread 0

unlock recv_struct

unlock recv_struct
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request 2

Lock recv_struct
else check incoming requests

Lock recv_struct
else check incoming requests

unlock recv_struct

All_Alloc:All_Alloc:

send_struct
base_va

upc_all_alloc
Lock send_struct
request = All_Alloc
unlock send_struct

all_alloc_var > 0

upc_all_alloc
Lock send_struct
request = All_Alloc
unlock send_struct

all_alloc_var > 0

unlock send_struct

All_Alloc:

to thread 0
unlock send_struct

All_Alloc:wait until wait until 

all_alloc_var = size − 1 all_alloc_var = size − 1

Send All_Alloc request

All_Alloc_Reply:

decrement all_alloc_var

return old base_va
increment base_va

unlock recv_struct

decrement all_alloc_var
va = address returned by thread 0
unlock recv_struct

decrement all_alloc_var
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request

send_struct

Lock send_struct
req = Global_Lock_Alloc
unlock send_struct 2

to thread 0
unlock send_struct

base_va

Lock recv_struct
else check incoming requests

Lock recv_struct
else check incoming requests

increment base_va
return old base_va

va = address returned by thread 0

unlock recv_struct

unlock recv_struct

upc_global_lock_alloc

Global_Lock_Alloc:

Global_Lock_Alloc: Global_Lock_Alloc:

Global_Lock_Alloc:
Send Global_Lock_Alloc request
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request 2

Lock recv_struct
else check incoming requests

Lock recv_struct
else check incoming requests

unlock recv_struct

send_struct
base_va

Lock send_struct

unlock send_struct

all_alloc_var > 0

unlock send_struct

to thread 0
unlock send_struct

wait until 

return old base_va
increment base_va

unlock recv_struct

va = address returned by thread 0
unlock recv_struct

4

5

6

upc_all_lock_alloc

request = All_Lock_Alloc

All_Lock_Alloc:

All_Lock_Alloc:

All_Lock_Alloc_Reply:

Send All_Lock_Alloc request

all_lock_alloc_var = size − 1all_lock_alloc_var = size − 1

All_Lock_Alloc:
decrement all_lock_alloc_var decrement all_lock_alloc_var

decrement all_lock_alloc_var

Lock send_struct

unlock send_struct

wait until 

upc_all_lock_alloc

request = All_Lock_Alloc

all_lock_alloc_var > 0
All_Lock_Alloc:
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request

send_struct

Lock send_struct

unlock send_struct 2

Lock recv_struct
else check incoming requests

Lock recv_struct
else check incoming requests

lock_init

Lock_Init:

Lock_Init:

Lock_Init:

Lock_Init:

req = Lock_Init

Send Lock_Init request
to thread 0
unlock send_struct

if lock not initialized
initialize and return

unlock recv_struct
else return error

unlock recv_struct
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request

send_struct

Lock send_struct

unlock send_struct

Lock recv_struct
else check incoming requests

to thread 0
unlock send_struct

unlock recv_struct

else check incoming requests

lock

req = Lock

Lock:
Send Lock request

Lock:
if lock is not locked
lock and return success
else return failure

Lock recv_struct
Lock:

else return failure
if success return success

unlock recv_struct

Lock:

Wait until reply received
if success return
else wait until change
lock status

2
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request

send_struct

Lock send_struct

unlock send_struct 2

Lock recv_struct
else check incoming requests

to thread 0
unlock send_struct

unlock recv_struct
else return error

unlock

req = Unlock

Unlock:
Send Unlock request

Unlock:
if lock owned by caller
unlock and return

Unlock:

Lock recv_struct
else check incoming requests

unlock recv_struct
Unlock:

Wait until unlocked

unlocked
broadcast req = unlocked
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UPC Thread Communication Thread

Thread 0
Local Processor

UPC Thread Communication Thread

Thread 1
Remote Processor

send_struct

While keep_polling true
Lock send_struct
if locked
Check request

While keep_polling true
Lock send_struct
if locked
Check request

send_struct

Lock send_struct

unlock send_struct

Lock recv_struct
else check incoming requests

to thread 0
unlock send_struct

unlock recv_struct

else check incoming requests

lock

Lock:

if lock is not locked
lock and return success
else return failure

Lock recv_struct

else return failure
if success return success

unlock recv_struct

Wait until reply received
if success return

2

req = Lock_Attempt

Send Lock_Attempt request

Lock_Attempt:

Lock_Attempt:

else return failure
Lock_Attempt:
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