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LV�SURKLELWHG�

.H\ZRUGV�� $OJRULWKPLF�$VVHPEO\��&RPELQDWRU��&RPELQDWRU\�/RJLF��0ROHFXODU�%XLOGLQJ�%ORFN��0ROHFXODU�
&RPSXWDWLRQ��1DQRIDEULFDWLRQ��1DQRWHFKQRORJ\��1DQRWXEH��6HOI�$VVHPEO\

,1752'8&7,21

2XU�JRDO�LV�D�V\VWHPDWLF�DQG�JHQHUDO�DSSURDFK�
WR�QDQRVWUXFWXUH�V\QWKHVLV�DQG�FRQWURO�WKURXJK�
PROHFXODU�FRPELQDWRU\�FRPSXWLQJ��&RPELQD�
WRU\� FRPSXWLQJ� LV� EDVHG� RQ� VLPSOH� QHWZRUN�
�JUDSK��VXEVWLWXWLRQ�RSHUDWLRQV��GHULYLQJ�IURP�
FRPELQDWRU\�ORJLF��&XUU\��)H\V��	�&UDLJ���������
ZKLFK�DUH�VXIILFLHQW�IRU�DQ\�FRPSXWDWLRQ��WKDW�
LV��WKHVH�RSHUDWLRQV�DUH�7XULQJ�FRPSOHWH��:KHQ�
WKHVH�RSHUDWLRQV�DUH�LPSOHPHQWHG�E\�PROHFXODU�
SURFHVVHV��WKH\�SURYLGH�D�PHDQV�RI�FRPSXWLQJ�
ZLWKLQ�VXSUDPROHFXODU�QHWZRUNV��ZKLFK�PD\�EH�

$�)RUPDO�0RGHO�RI�8QLYHUVDO�
$OJRULWKPLF�$VVHPEO\�DQG�
0ROHFXODU�&RPSXWDWLRQ
%UXFH�-��0DF/HQQDQ��8QLYHUVLW\�RI�7HQQHVVHH���.QR[YLOOH��86$

$%675$&7
,Q�WKLV�SDSHU��WKH�DXWKRU�GHVFULEHV�D�V\VWHPDWLF�DQG�JHQHUDO�DSSURDFK�WR�QDQRVWUXFWXUH�V\QWKHVLV�DQG�FRQWURO�
WKURXJK�DXWRQRPRXV�PROHFXODU�FRPELQDWRU\�FRPSXWLQJ��&RPELQDWRU\�FRPSXWLQJ�LV�EDVHG�RQ�VLPSOH�QHWZRUN�
�JUDSK��VXEVWLWXWLRQ�RSHUDWLRQV��GHULYLQJ�IURP�FRPELQDWRU\�ORJLF��&XUU\��)H\V��	�&UDLJ���������ZKLFK�DUH�
VXI¿FLHQW�IRU�DQ\�FRPSXWDWLRQ��:KHQ�WKHVH�RSHUDWLRQV�DUH�LPSOHPHQWHG�E\�DXWRQRPRXV�PROHFXODU�SURFHVVHV��
WKH\�SURYLGH�D�PHDQV�IRU�FRPSXWLQJ�ZLWKLQ�VXSUDPROHFXODU�QHWZRUNV��ZKLFK�PD\�EH�XVHG�WR�DVVHPEOH�WKHVH�
QHWZRUNV�RU�FRQWURO�WKHLU�EHKDYLRU��)XUWKHU��WKH�&KXUFK�5RVVHU�7KHRUHP��&XUU\��)H\V��	�&UDLJ��������SURYHV�
WKDW�VXEVWLWXWLRQV�PD\�EH�SHUIRUPHG�LQ�DQ\�RUGHU�RU�LQ�SDUDOOHO�ZLWKRXW�DIIHFWLQJ�WKH�FRPSXWDWLRQDO�UHVXOW��WKLV�
LV�D�YHU\�DGYDQWDJHRXV�SURSHUW\�IRU�DXWRQRPRXV�PROHFXODU�FRPSXWDWLRQ��,Q�DGGLWLRQ�WR�WKH�WKHRUHWLFDO�IRXQGD�
WLRQV�RI�PROHFXODU�FRPELQDWRU\�FRPSXWLQJ��WKH�DXWKRU�GLVFXVVHV�SRVVLEOH�PROHFXODU�LPSOHPHQWDWLRQV�DV�ZHOO�DV�
DFFRPSOLVKPHQWV�LQ�WKH��VLPXODWHG��V\QWKHVLV�RI�PHPEUDQHV��FKDQQHOV��QDQRWXEHV��DQG�RWKHU�QDQRVWUXFWXUHV�

XVHG�WR�DVVHPEOH�WKHVH�QHWZRUNV�RU�WR�FRQWURO�
WKHLU�EHKDYLRU��,QGHHG��FRPSXWHU�VFLHQWLVWV�KDYH�
NQRZQ�IRU�GHFDGHV�KRZ� WR�FRPSLOH�RUGLQDU\�
SURJUDPV� LQWR� FRPELQDWRU� SURJUDPV�� DQG� VR�
WKLV�DSSURDFK�RIIHUV�WKH�SURVSHFW�RI�FRPSLOLQJ�
FRPSXWHU�SURJUDPV�LQWR�PROHFXODU�VWUXFWXUHV�VR�
WKDW�WKH\�PD\�H[HFXWH�DW�WKH�PROHFXODU�OHYHO�DQG�
ZLWK�³PRODU´�GHJUHHV�RI�SDUDOOHOLVP��)XUWKHU��
WKH�&KXUFK�5RVVHU�7KHRUHP� �&XUU\��)H\V��	�
&UDLJ�� ������ FK�� ��� SURYHV� WKDW� VXEVWLWXWLRQV�
PD\�EH�SHUIRUPHG�LQ�DQ\�RUGHU�RU�LQ�SDUDOOHO�
ZLWKRXW�DIIHFWLQJ�WKH�FRPSXWDWLRQDO�UHVXOW��WKLV�
LV�D�YHU\�DGYDQWDJHRXV�SURSHUW\�IRU�PROHFXODU�
FRPSXWDWLRQ�� �0RUH� SUHFLVHO\�� WKH� WKHRUHP�
VWDWHV�WKDW�LI�\RX�JHW�D�UHVXOW��\RX�DOZD\V�JHW�WKH�

'2,����������MQPF�����������
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&RS\ULJKW���������,*,�*OREDO��&RS\LQJ�RU�GLVWULEXWLQJ�LQ�SULQW�RU�HOHFWURQLF�IRUPV�ZLWKRXW�ZULWWHQ�SHUPLVVLRQ�RI�,*,�*OREDO
LV�SURKLELWHG�

VDPH�UHVXOW��6RPH�RUGHUV��KRZHYHU��PD\�OHDG�
WR�QRQWHUPLQDWLQJ�FRPSXWDWLRQV�WKDW�SURGXFH�
QR� UHVXOW��7R�GDWH��ZH�KDYH�IRXQG� OLWWOH�QHHG�
LQ�PROHFXODU� FRPSXWLQJ� IRU� VXFK� SRWHQWLDOO\�
QRQWHUPLQDWLQJ�SURJUDPV��

&20%,1$725<�&20387,1*

&RPSXWDWLRQDO�3ULPLWLYHV

0ROHFXODU�FRPELQDWRU\�SURJUDPV�DUH�VXSUDPR�
OHFXODU�VWUXFWXUHV�LQ�WKH�IRUP�RI�ELQDU\�WUHHV��
7KH�LQWHULRU�QRGHV�RI�WKH�WUHH��ZKLFK�ZH�FDOO�
$ �QRGHV��UHSUHVHQW�WKH�DSSOLFDWLRQ�RI�D�IXQFWLRQ�
WR�LWV�DUJXPHQW��WKH�IXQFWLRQ�DQG�LWV�DUJXPHQW�
EHLQJ�UHSUHVHQWHG�E\�WKH�WZR�GDXJKWHUV�RI�WKH�
$ �QRGH��7KH�OHDI�QRGHV�DUH�PROHFXODU�JURXSV�
WKDW�IXQFWLRQ�DV�SULPLWLYH�RSHUDWLRQV�DQG�GDWD�

2QH�RI�WKH�UHPDUNDEOH�WKHRUHPV�RI�FRP�
ELQDWRU\�ORJLF�LV�WKDW�WZR�VLPSOH�VXEVWLWXWLRQ�
RSHUDWLRQV�DUH�VXIILFLHQW�IRU�LPSOHPHQWLQJ�DQ\�
SURJUDP��7XULQJ�FRPSXWDEOH�IXQFWLRQ���2QH�RI�
WKHVH�RSHUDWLRQV�LV�FDOOHG�+ �DQG�LV�GHVFULEHG�
E\�WKH�VXEVWLWXWLRQ�UXOH�

(( ) ) .+X Y Xº � ���

+HUH�8 �DQG�9 �UHSUHVHQW�DUELWUDU\�ELQDU\�
WUHHV�DQG�+ �UHSUHVHQWV�D�OHDI�RI�W\SH�+ ��SD�
UHQWKHVHV�JURXS�WKH�VXEWUHHV�RI�DQ�LQWHULRU�QRGH�
�DQ� $ �QRGH���7KH�LQWHUSUHWDWLRQ�RI�WKH�UXOH�LV�
WKDW�ZKHUHYHU�D�VXEWUHH�RI�WKH�IRUP�(( ) )+X Y �
LV�IRXQG�LQ�WKH�QHWZRUN��LW�PD\�EH�UHSODFHG�E\�
8 ��7KLV�UHDFWLRQ�LV�GHSLFWHG�LQ�)LJXUH����ZKLFK�
DOVR� LOOXVWUDWHV� LWV� VLPLODULW\� WR� D� PROHFXODU�
VXEVWLWXWLRQ�UHDFWLRQ��7KH�HIIHFW�RI�WKH�RSHUDWLRQ�
LV�WR�GHOHWH�9 �IURP�WKH�QHWZRUN��7KH�+ �JURXS�
DQG�9 �VXEWUHH�DUH�UHOHDVHG�DV�ZDVWH�SURGXFWV��
ZKLFK�PD\�EH�UHF\FOHG�LQ�ODWHU�UHDFWLRQV�

7KH�VHFRQG�SULPLWLYH�RSHUDWLRQ�LV�GHVFULEHG�
E\�WKH�UXOH�

((( ) ) ) (( )( )).3X Y Z XZ YZº � ���

7KLV�UXOH�PD\�EH�LQWHUSUHWHG�LQ�WZR�ZD\V��
HLWKHU�DV�FRS\LQJ�WKH�VXEWUHH�: �RU�DV�FUHDWLQJ�
WZR�OLQNV�WR�D�VKDUHG�FRS\�RI�: ��WKXV�FUHDWLQJ�

D�JUDSK�WKDW�LV�QRW�D�WUHH���,W�FDQ�EH�SURYHG�WKDW�
ERWK�LQWHUSUHWDWLRQV�SURGXFH�WKH�VDPH�FRPSX�
WDWLRQDO�UHVXOW��EXW�WKH\�KDYH�GLIIHUHQW�HIIHFWV�
ZKHQ�XVHG�IRU�QDQRVWUXFWXUH�DVVHPEO\��)RU�WKLV�
UHDVRQ�ZH�QHHG�ERWK�YDULDQWV�RI�WKH�RSHUDWLRQ��
ZKLFK�ZH�GHQRWH�3 ��UHSOLFDWLQJ��DQG�

�
3 ��VKDU�

LQJ���7KH�PROHFXODU�LPSOHPHQWDWLRQV�RI�WKH�WZR�
DUH�YHU\�VLPLODU��VHH�)LJXUH�����,I�C V� ��D�
VKDULQJ� QRGH��� WKHQ�ZH� KDYH� WZR� OLQNV� WR� D�
VKDUHG�FRS\�RI�: �

((( ) ) ) (( )( )).( ) ( )
�
3X Y Z XZ YZº 1 0 �

7KH�VWUXFWXUH�FUHDWHG�E\�WKLV�RSHUDWRU�VKDUHV�
D�VLQJOH�FRS\�RI�: ��WKH�QRWDWLRQV�: ( )1 �DQG�: ( )0 �
UHIHU�WR�WZR�OLQNV�WR�D�³<�FRQQHFWRU´��FDOOHG�D�
6 �QRGH���ZKLFK�OLQNV�WR�WKH�RULJLQDO�FRS\�RI�
: ���6XEVHTXHQW�FRPSXWDWLRQV�PD\�UHDUUDQJH�
WKH�ORFDWLRQV�RI�WKH�WZR�OLQNV���7KH�SULQFLSDO�
SXUSRVH� RI� WKH�

�
3 � RSHUDWLRQ� LV� WR� V\QWKHVL]H�

QRQ�WUHH�VWUXFWXUHG�VXSUDPROHFXODU�QHWZRUNV�
2Q�WKH�RWKHU�KDQG��LI�C R� ��D�UHSOLFDWLRQ�

QRGH��� WKHQ� RWKHU� VXEVWLWXWLRQ� UHDFWLRQV� ZLOO�
EHJLQ�WKH�UHSOLFDWLRQ�RI�: ��VR�WKDW�HYHQWXDOO\�
WKH�WZR�OLQNV�ZLOO�JR�WR�WZR�LQGHSHQGHQW�FRSLHV�
RI�: �

((( ) ) ) (( )( )).3X Y Z XZ YZ⇒ ′ �

+HUH� a: �UHIHUV�WR�D�QHZ�FRS\�RI�WKH�VWUXF�
WXUH� : �� ZKLFK� LV� FUHDWHG� E\� WKH� SULPLWLYH�
UHSOLFDWLRQ��2 ��RSHUDWLRQ��,W�FDQ�EH�VKRZQ�WKDW�
FRPSXWDWLRQ�FDQ�SURFHHG�LQ�SDUDOOHO�ZLWK�UHS�
OLFDWLRQ� ZLWKRXW� DIIHFWLQJ� WKH� UHVXOWV� RI� WKH�
SURFHVV��D�FRQVHTXHQFH�RI�WKH�&KXUFK�5RVVHU�
WKHRUHP���

$OWKRXJK�+ �DQG� 3 �DUH�VXIILFLHQW�IRU�DOO�
FRPSXWDWLRQ��WKH\�FDQQRW��HYHQ�ZLWK�

�
3 ��FUHDWH�

F\FOLF� VWUXFWXUHV�� IRU�ZKLFK�ZH� XVH� DQ� DGGL�
WLRQDO�SULPLWLYH�RSHUDWLRQ�

�
9 ��ZKLFK�FUHDWHV�D�

VHOI�UHIHUHQWLDO� OLQN� WKURXJK� D� 6 �QRGH�� ,W� LV�
GHILQHG��0DF/HQQDQ������F��

( ) .( ) ( )
�
9F y y Fy⇒ ≡ ( )1 0  where  � ���
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LV�SURKLELWHG�

7KH�RSHUDWLRQ�FUHDWHV�DQ�HOHPHQWDU\�F\FOH��
ZKLFK�PD\�EH�H[SDQGHG�E\�FRPSXWDWLRQ�LQ�WKH�
FRPELQDWRU�WUHH�& ��)LJXUH�����([DPSOHV�RI�WKH�
XVH�RI�ERWK�

�
3 �DQG�

�
9 �DUH�JLYHQ�EHORZ�

0ROHFXODU�([WHQVLRQV

7KH�SULPLWLYH�VXEVWLWXWLRQV�DOUHDG\�PHQWLRQHG�
�+ ��3 ��

�
3 ��

�
9 ��DUH�DGHTXDWH�IRU�GHVFULELQJ�WKH�

DVVHPEO\�RI�VWDWLF�VWUXFWXUHV��EXW�IRU�G\QDPLF�
DSSOLFDWLRQV�ZH�ZLOO�QHHG�DGGLWLRQDO�RSHUDWLRQV�
WKDW�FDQ�UHVSRQG�WR�HQYLURQPHQWDO�FRQGLWLRQV�
�³VHQVRUV´��RU�KDYH�QRQFRPSXWDWLRQDO�HIIHFWV�
�³DFWXDWRUV´���0DQ\� RI� WKHVH�ZLOO� EH� DG� KRF�
DGGLWLRQV�WR�WKH�EDVLF�FRPSXWDWLRQDO�IUDPHZRUN��
EXW�ZH�DUH�GHYHORSLQJ�JHQHUDO�LQWHUIDFH�FRQYHQ�
WLRQV�WR�IDFLOLWDWH�WKH�GHYHORSPHQW�RI�D�V\VWHP�
DWLF�QDQRWHFKQRORJ\��0DF/HQQDQ������E���)RU�
H[DPSOH��ZH�PD\� GHVLJQ� D�PROHFXODU� JURXS�
+�M �WKDW�LV�QRUPDOO\�LQHUW��EXW�LV�UHFRJQL]HG�
�DQG�WKHUHIRUH�RSHUDWHV��DV�+ �LQ�WKH�SUHVHQFH�
RI�DQ�HQYLURQPHQWDO�FRQGLWLRQ�M ��H�J���OLJKW�RI�
D�SDUWLFXODU�ZDYHOHQJWK�RU�D�SDUWLFXODU�FKHPLFDO�
VSHFLHV���6XFK�D�VHQVRU�PD\�EH�XVHG�WR�FRQWURO�
FRQGLWLRQDO�H[HFXWLRQ��VXFK�DV�WKH�RSHQLQJ�RU�
FORVLQJ�RI�D�FKDQQHO�LQ�D�PHPEUDQH��VHH�'\�
QDPLF�6WUXFWXUHV��EHORZ��

1$126758&785(�
6<17+(6,6�$1'�&21752/

$VVHPEO\�RI�6WDWLF�6WUXFWXUHV

:H�KDYH�LQYHVWLJDWHG�WKH�V\QWKHVLV�RI�D�QXPEHU�
RI� QDQRVWUXFWXUHV� E\�PROHFXODU� FRPELQDWRU\�
FRPSXWLQJ�� 7KHVH� LQFOXGH� PHPEUDQHV� DQG�
QDQRVWUXFWXUHV�RI�VHYHUDO�GLIIHUHQW�DUFKLWHFWXUHV��
:H�KDYH�GHYHORSHG�DOVR�V\VWHPDWLF�PHDQV�WR�
FRPELQH�WKHVH�LQWR�ODUJHU��KHWHURJHQHRXV�VWUXF�
WXUHV��DQG�WR�LQFOXGH�DFWLYH�HOHPHQWV�VXFK�DV�
FKDQQHOV��VHQVRUV��DQG�QDQR�DFWXDWRUV�

)RU�D�ILUVW�H[DPSOH�RI�QDQRVWUXFWXUH�V\Q�
WKHVLV��ZH�FDQ�FRQVLGHU�D�PROHFXODU�FRPELQD�
WRU\�SURJUDP�WR�DVVHPEOH�D�PHPEUDQH�VXFK�DV�
VKRZQ�LQ�)LJXUH����7KLV�VPDOO�H[DPSOH�LV�SUR�
GXFHG�E\�WKH�SURJUDP� xgrid ,3 4 ... ��ZKHUH�

. �LV�DQ\�LQHUW�JURXS���LQ�JHQHUDO��xgrid ,m n FYX �
FRPSXWHV� DQ� m nq PHPEUDQH� LQ�ZKLFK� & ��
8 ��DQG�9 �DUH�WKH�WHUPLQDO�JURXSV�WR�EH�XVHG�
RQ�WKH�OHIW�HQGV��ULJKW�HQGV��DQG�ERWWRPV��UH�
VSHFWLYHO\��RI�WKH�FKDLQV�� xgrid ,m n �LV�GHILQHG�

xgrid ( ( ))( ( )( )).,m n m n m n= − −B B Z W B Z W Z1 1

�
Φ �
���

)LJXUH����FRPELQDWRU�VXEVWLWXWLRQ�RSHUDWLRQ��5 ��8 ��DQG�9 �UHSUHVHQW�DQ\�QHWZRUNV��JUDSKV�
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&RS\ULJKW���������,*,�*OREDO��&RS\LQJ�RU�GLVWULEXWLQJ�LQ�SULQW�RU�HOHFWURQLF�IRUPV�ZLWKRXW�ZULWWHQ�SHUPLVVLRQ�RI�,*,�*OREDO
LV�SURKLELWHG�

8QIRUWXQDWHO\�� VSDFH� GRHV� QRW� SHUPLW� D�
FRPSOHWH�H[SODQDWLRQ�RI�WKLV�SURJUDP��ZKLFK�
PD\�EH�IRXQG��ZLWK�FRUUHFWQHVV�SURRIV��LQ�0D�
F/HQQDQ� �����D��� (TXDWLRQ� �� PDNHV� XVH� RI�
YDULRXV�VWDQGDUG�FRPELQDWRUV��" ��7 ��HWF����
ZKLFK�DUH�GHILQHG�LQ�WHUPV�RI�+ ��3 ��RU�

�
3 ��VHH�

WKH�$SSHQGL[�WR�WKLV�SDSHU��7KH�IROORZLQJ�FRP�
PHQWV�PD\�PDNH�(T����D�OLWWOH�OHVV�RSDTXH��2QH�
URZ�RI�WKH�PHPEUDQH�LV�FUHDWHG�E\

!
" "Φn n

n
n nFY Y X F Y X Y X Y X1 1

1
1

1 0⇒ ( ) ( )( )−
−

( ) ( ) ( ) , �

ZKHUH� WKH� SDUHQWKHVL]HG� VXSHUVFULSWV� RQ� 8 �
LQGLFDWH�WKDW�WKLV�JURXS�LV�VKDUHG�E\�D�FKDLQ�RI�
N �� 6 �QRGHV��7KH�Yj � DUH� WKH� JURXSV� WKDW�
ZLOO�EH�OLQNHG�WR�WKH�ERWWRPV�RI�WKH��VLQJOH�URZ��
FROXPQV�� 7KLV� RSHUDWLRQ� FDQ� EH� LWHUDWHG� M �
WLPHV�WR�FRQVWUXFW�M �OLQNHG�URZV��HDFK�ZLWK�
LWV�RZQ�WHUPLQDO�JURXS�Xi �

�

,Q�WKH�XVXDO�FDVH�ZH�ZDQW�DOO�WKH�WHUPLQDO�
JURXSV� WR� EH� LGHQWLFDO� RQ� WKH� ULJKW� HQGV��
�X Xi � ��DQG�RQ�WKH�ERWWRPV��Y Yj � ��7KDW�
LV��WR�JHQHUDWH�RXU�PHPEUDQH�ZH�ZDQW�

!
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n m

FY Y X X � �

7R�DFFRPSOLVK� WKLV��ZH�PDNH�XVH�RI� WKH�
7 �FRPELQDWRU��ZKLFK�GXSOLFDWHV�WKH�DUJXPHQW�
RI�D�IXQFWLRQ��7R�JHW�M �FRSLHV��ZH�LWHUDWH�7
M �� �WLPHV�XVLQJ�W Z Wn
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7KHUHIRUH�� WKH� GHILQLWLRQ� RI� xgrid � LV�
JLYHQ�E\�

xgrid .,m n m n n
mFYX F Y X= ( )( )− −Z W Z W1 1

�
Φ �

)LJXUH����DQG�
�
3 �FRPELQDWRU�VXEVWLWXWLRQ�RSHUDWLRQV��C R� �IRU� 3 �DQG�C V� �IRU�

�
3 ��1RWH�

WKH�UHYHUVHG�RULHQWDWLRQ�RI�WKH�ULJKWPRVW�$ �JURXS



,QWHUQDWLRQDO�-RXUQDO�RI�1DQRWHFKQRORJ\�DQG�0ROHFXODU�&RPSXWDWLRQ���������������-XO\�6HSWHPEHU����������

&RS\ULJKW���������,*,�*OREDO��&RS\LQJ�RU�GLVWULEXWLQJ�LQ�SULQW�RU�HOHFWURQLF�IRUPV�ZLWKRXW�ZULWWHQ�SHUPLVVLRQ�RI�,*,�*OREDO
LV�SURKLELWHG�

7KH�DGGLWLRQDO�" �FRPELQDWRUV�LQ�(T����DUH�
D�UHVXOW�RI�H[WUDFWLQJ�& ��9 ��DQG�8 �RXW�RI�WKH�
SDUHQWKHVHV�LQ�WKH�SUHFHGLQJ�HTXDWLRQ�LQ�RUGHU�
WR� JHW� D� GHILQLWLRQ� RI� WKH� xgrid ,m n � VWUXFWXUH�
LQGHSHQGHQW� RI� WKHVH� YDULDEOHV� �0DF/HQQDQ��
����D��

:KHQ�DOO�WKH�GHILQLWLRQV�LQ�WKH�$SSHQGL[�
DUH�H[SDQGHG��xgrid ,m n �LV�IRXQG�WR�EH�D�ELQDU\�
WUHH�RI�VL]H�20 28 73m n� � �SULPLWLYH�JURXSV�
�! ��+ ��3 ��

�
3 ���0DF/HQQDQ������D���7KHUHIRUH��

WKH�SURJUDP�IRU�DQ�m nq �PHPEUDQH�LV�RI�VL]H�
O m n+( ) ��7KLV�GRHV�QRW�VHHP�WR�EH�XQUHDVRQ�
DEOH��HYHQ�IRU�ODUJH�PHPEUDQHV��EXW�LW�FDQ�EH�
GHFUHDVHG�PRUH�LI�QHFHVVDU\��)RU�H[DPSOH��LI�
m k� 10 ��WKHQ�:

M
�LQ�(T����FDQ�EH�UHSODFHG�E\�

: :
K 10 �� UHGXFLQJ� WKH� VL]H� RI� WKLV� SDUW� RI� WKH�

SURJUDP�IURP�O k10( ) �WR�O k( ) ��0DF/HQQDQ��
����F��� 6LPLODU� FRPSUHVVLRQV� FDQ� EH��
DSSOLHG� WR� WKH� RWKHU� SDUWV� GHSHQGHQW� RQ��
M � DQG� N �� 7KHUHIRUH�� E\� WKHVH� UHFRGLQJ�
WHFKQLTXHV� WKH� VL]H� RI� WKH� SURJUDP� FDQ� EH��
VXFFHVVLYHO\�UHGXFHG�WR�O m nlog log+( ) ��WR�

O m nlog log log log+( ) ��HWF��)XUWKHUPRUH��DV�
ZLOO�EH�H[SODLQHG�ODWHU��ODUJH�PHPEUDQHV�FDQ�
EH�V\QWKHVL]HG�E\�LWHUDWLYH�DVVHPEO\�RI�VPDOO�
SDWFKHV�

7KH�
�
9 ��F\FOH�IRUPLQJ��RSHUDWLRQ�FDQ�EH�

XVHG�WR�FRQQHFW�WKH�ORZHU�DQG�XSSHU�PDUJLQV�
RI� WKH� FURVV�OLQNHG� PHPEUDQH� WR� JHQHUDWH� D�
QDQRWXEH�VXFK�DV� VKRZQ� LQ�)LJXUHV���DQG����
7KLV�LV�FUHDWHG�E\� xtube ,m n . ��ZKHUH

xtube ., [ ]m n
m n

n
m m

m= ( ) ( )( )( )− −� � �
W W N B Y C I1 1 Φ �

7KH�SURJUDP�LV�H[SODLQHG�LQ�0DF/HQQDQ�
�����D���LWV�VL]H�LV�102 44 96m n+ − �SULPLWLYH�
JURXSV��! ��+ ��. ��3 ��

�
3 ��

�
9 ��

7KHVH�PHPEUDQHV�DQG�QDQRWXEHV�KDYH�D�
XQLW�PHVK��WKDW�LV��WKH�GLPHQVLRQV�RI�WKH�EDVLF�
FHOOV�DUH�GHWHUPLQHG�E\�WKH�VL]H�RI�WKH�SULPLWLYH�
JURXSV��! �� 6 ��DQG�WKH�OLQNV�EHWZHHQ�WKHP��
,W�LV�UHODWLYHO\�VWUDLJKW�IRUZDUG�WR�PRGLI\�WKH�
SUHFHGLQJ�GHILQLWLRQV�WR�KDYH�ODUJHU�PHVK�GL�
PHQVLRQV��PXOWLSOHV�RI�WKH�FHOOV���,Q�DGGLWLRQ��
YDULRXV� SHQGDQW� JURXSV� FDQ� EH� LQFRUSRUDWHG�
LQWR�WKH�VWUXFWXUH��0DF/HQQDQ������E��

)LJXUH����FRPELQDWRU�SULPLWLYH�VXEVWLWXWLRQ�RSHUDWLRQ��$UURZV�LQGLFDWH�OLQN�GLUHFWLRQ��QRWH�UH�
VXOWLQJ�HOHPHQWDU\�F\FOH�EHWZHHQ�$ ��DQG�6 �JURXSV��
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)LQDOO\��ZH�FRQVLGHU� hgrid ,m n X ��D�SUR�
JUDP�IRU�DVVHPEOLQJ�DQ�m nq �KH[DJRQDO�JULG�
VXFK�DV�VKRZQ�LQ�)LJXUH����LQ�ZKLFK�WKH�XSSHU�
SDUWV� RI� WKH� KH[DJRQV� DUH� ! �QRGHV� DQG� WKH�
ORZHU�SDUWV�DUH�6 �QRGHV��,Q�EULHI��0DF/HQQDQ��
����D��� D� URZ� RI� N 6 �QRGHV� LV� FUHDWHG� E\�
vrow [ ]

[ ]
N N

N= −!
"W BB 1 ��$�URZ�RI�N ! �QRGHV�

LV�FUHDWHG�E\�arow [ ]
[ ]

N N
N= −BW B

!
"1 ��$�GRXEOH�

URZ�� FRPSULVLQJ� DQ� ! � DQG� D� 6 � URZ�� LV� DV�
VHPEOHG� E\� drow vrow arow

N N N
� D �� 7KH�

KH[DJRQDO�PHPEUDQH�LV�WKHQ�FUHDWHG�E\�LWHUDW�
LQJ�drow

N
M �WLPHV��drow drown

m
m n� : ��7KH�

DUJXPHQWV�RI�WKLV�IXQFWLRQ�DUH�WKH�JURXSV�WKDW�
RFFXS\�WKH�ORZHU�IULQJH��6LQFH�hgrid ,m n X �XVHV�
8 �IRU�DOO�RI�WKHVH�JURXSV��LW�KDV�WR�GXSOLFDWH�LW�
N �� �WLPHV��7KHUHIRUH�LW�LV�GHILQHG�

hgrid drow N .,m n n m n= ( )−Z W Z1 �

7KH�VL]H�RI�WKLV�SURJUDP�LV
10 142 57m n O m n+ − = +( ) � SU LPLW LYH�
JURXSV��6HH�0DF/HQQDQ������D��IRU�D�FRPSOHWH�
GHULYDWLRQ��FRUUHFWQHVV�SURRIV��YDULDWLRQV��DQG�
VL]H�DQDO\VLV�

7KH�SUHFHGLQJ�H[DPSOHV�KDYH�VKRZQ�KRZ�
ZH� FDQ� DVVHPEOH�PHPEUDQHV� DQG� QDQRWXEHV�
WKDW�DUH�KRPRJHQHRXV� LQ� VWUXFWXUH��EXW�RIWHQ�
LW�LV�UHTXLUHG�WR�JHQHUDWH�KHWHURJHQHRXV�VWUXF�
WXUHV��)RU�H[DPSOH��ZH�PD\�ZDQW�D�PHPEUDQH�
ZLWK�SRUHV�RU�FKDQQHOV�GLVWULEXWHG�WKURXJK�LW�LV�
VRPH�UHJXODU�ZD\��7R�DFFRPSOLVK�WKLV�ZH�KDYH�
GHYHORSHG�D�JHQHUDO�UHFWDQJXODU�³SDWFK�IRUPDW´�
�0DF/HQQDQ������E��

$Q\� VXFK� SDWFK� PD\� EH� MRLQHG� HLWKHU�
KRUL]RQWDOO\�RU�YHUWLFDOO\�ZLWK�DQRWKHU�SDWFK�RI�
FRPSDWLEOH�GLPHQVLRQV��WR�\LHOG�D�SDWFK�FRP�
ELQLQJ�WKH�WZR��)RU�H[DPSOH��LI�0 �LV�DQ�m nq �
SDWFK�DQG�1 �LV�DQ�m n× ′ �SDWFK��WKHQ�"n QP�� �
LV�DQ�m n n× + ′( ) �SDWFK�ZLWK�1 �WR�WKH�ULJKW�
RI� 0 �� 6LPLODUO\�� LI� 0 � LV� m nq � DQG�1 � LV�
′×m n ��WKHQ�P QmD " �LV�WKH� m m n+ ′( )× �

SDWFK� ZLWK� 0 � EHORZ� 1 �� �,Q� FRPELQDWRU\�
ORJLF�� X Y XYD � " ��� ,Q� WKLV�ZD\� SDWFKHV�
PD\� EH� KLHUDUFKLFDOO\� DVVHPEOHG� LQWR� ODUJHU�
SDWFKHV��)XUWKHUPRUH��FRPELQDWRU\�FRPSXWLQJ�
SHUPLWV� WKH� SDWFK� DVVHPEO\� RSHUDWLRQV� WR� EH�
LWHUDWHG�� WKXV�FUHDWLQJ� ODUJH�PHPEUDQHV�ZLWK�
FRPSOH[�KLHUDUFKLFDO�VWUXFWXUHV��7KLV�DOORZV�XV�
WR� EXLOG� XSRQ� D� EDVLF� OLEUDU\� RI� HOHPHQWDU\�
PHPEUDQH�SDWFKHV��SRUHV��DQG�RWKHU�QDQRVWUXF�
WXUDO�XQLWV�

)LJXUH����9LVXDOL]DWLRQ�RI�FURVV�OLQNHG�PHPEUDQH�JHQHUDWHG�E\� xgrid ,3 4 ... ��7KH�YHUWLFDO�
FKDLQV�DQG� WKH�XSSHUPRVW�KRUL]RQWDO�FKDLQ�DUH�FRPSRVHG�RI� ! �QRGHV�� WKH�RWKHU�KRUL]RQWDO�
FKDLQV�DUH�FRPSRVHG�RI�6 �QRGHV��
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1DQRWXEHV�FDQ�DOVR�EH�V\QWKHVL]HG�LQ�SDWFK�
IRUPDW�WR�DOORZ�HQG�WR�HQG�FRQQHFWLRQ��,I�4 �
LV�D�SDWFKDEOH�WXEH�V\QWKHVL]HU�RI�OHQJWK�M �DQG�
5 �LV�RQH�RI�OHQJWK� aM ��ERWK�RI�WKH�VDPH�FLU�
FXPIHUHQFH�N ��WKHQ�U TD �LV�D�SDWFK�V\QWKH�
VL]HU�WKDW�FRQQHFWV�5 �WR�WKH�ULJKW�RI�4 ��7KLV�
RSHUDWLRQ�LV�HDVLO\�LWHUDWHG��IRU
T T T Tk

k

� ! !"!# $%%%%% &%%%%% �

LV�K �UHSOLFDWHV�RI�4 �FRQQHFWHG�HQG�WR�HQG��DQG�
WKXV�RI�OHQJWK�km ���7KLV�RSHUDWLRQ�FDQ�DOVR�EH�
H[SUHVVHG� :kT ��,I��DV�LV�FRPPRQO\�WKH�FDVH��
WKH�VL]H�RI� WKH�V\QWKHVL]HU�4 � LV�O m n+( ) ��
WKHQ�WKH�VL]H�RI�:kT �LV�O k m n+ +( ) �
'\QDPLF�6WUXFWXUHV

5DWKHU�WKDQ�FRPSXWLQJ�WR�D�VWDEOH�VWDWH��G\QDPLF�
VWUXFWXUHV�UHPDLQ�SRWHQWLDOO\�DFWLYH��UHDG\�WR�
UHVSRQG�WR�HQYLURQPHQWDO�FRQGLWLRQV��0DF/HQ�
QDQ�� ����E��� 8QIRUWXQDWHO\�� VSDFH� GRHV� QRW�
SHUPLW� D�GHWDLOHG�GLVFXVVLRQ�RI� WKH� V\QWKHVLV�
RI�PHPEUDQHV� ZLWK� SRUHV� DQG� FKDQQHOV�� WKH�
IROORZLQJ�EULHI�UHPDUNV�PXVW�VXIILFH�

$� UHFWDQJXODU�SRUH� LV� VLPSO\� D� SDWFK� LQ�
ZKLFK� WKH� LQWHULRU� LV� DQ� RSHQ� VSDFH�� 7KHVH�
SRUHV�FDQ�EH�FRPELQHG�ZLWK�RWKHU�SDWFKHV�WR�
FUHDWH�PHPEUDQHV�ZLWK�SRUHV�RI�D�JLYHQ�VL]H�
DQG�GLVWULEXWLRQ��DOO�LQ�WHUPV�RI�WKH�IXQGDPHQWDO�

XQLWV��RI�FRXUVH���3RUHV�FDQ�EH�LQFOXGHG�LQ�WKH�
VXUIDFHV�RI�QDQRWXEHV�DV�ZHOO�

$Q� H[DPSOH� RI� DQ� DFWLYH� VWUXFWXUH� LV� D�
FKDQQHO� LQ�D�PHPEUDQH��ZKLFK�PD\�RSHQ�RU�
FORVH�LQ�UHVSRQVH�WR�D�FKDQJH�LQ�WKH�HQYLURQ�
PHQW�� 7KLV� LV�PRVW� VLPSO\� DFFRPSOLVKHG� E\�
V\QWKHVL]LQJ� D� PROHFXODU� JURXS�� ZKLFK� ZH�
GHQRWH�+�M ��WKDW�UHVSRQGV�WR�FRQGLWLRQ�M �E\�
UHFRQILJXULQJ�LQWR�D�+ �FRPELQDWRU��7KH�VLP�
SOHVW� FKDQQHOV� DUH� ³RQH�VKRW�´� WKDW� LV�� RQFH�
RSHQHG�WKH\�UHPDLQ�RSHQ��RU�RQFH�FORVHG��UHPDLQ�
FORVHG��$�RQH�VKRW� FKDQQHO� WKDW� FORVHV�ZKHQ�
WULJJHUHG�FDQ�EH�LPSOHPHQWHG�E\�XVLQJ�D�VHQVRU�
PROHFXOH�WR�WULJJHU�WKH�DVVHPEO\�RI�D�PHPEUDQH�
SDWFK� FRYHULQJ� D�SRUH��$�FKDQQHO� WKDW� RSHQV�
ZRUNV�VLPLODUO\��GLVFDUGLQJ�WKH�FRYHULQJ�PHP�
EUDQH�SDWFK��5HVHWWDEOH�FKDQQHOV��ZKLFK�FDQ�EH�
RSHQHG�DQG�FORVHG�DQ\�QXPEHU�RI� WLPHV��DUH�
PRUH�FRPSOLFDWHG��VLQFH�WKH\�QHHG�D�VXSSO\�RI�
VHQVRU�PROHFXOHV�WKDW�DUH�SURWHFWHG�IURP�EHLQJ�
WULJJHUHG�EHIRUH�WKH\�DUH�XVHG�

1DQR�DFWXDWRUV�FDQ��RI�FRXUVH��EH�GHVLJQHG�
DV�DG�KRF�H[WHQVLRQV�WR�WKH�FRPELQDWRU\�IUDPH�
ZRUN�� EXW� ZH� DUH� DOVR� LQYHVWLJDWLQJ� SXUHO\�
FRPSXWDWLRQDO� LPSOHPHQWDWLRQV� RI� DFWXDWRUV��
)RU�H[DPSOH��XQGHU�SURJUDP�FRQWURO��ZH�FDQ�
V\QWKHVL]H�D�FKDLQ�RI�PROHFXODU�XQLWV��VLPLODUO\�
XQGHU�SURJUDP�FRQWURO��ZH�FDQ�FROODSVH�VXFK�
D�FKDLQ�LQWR�D�VLQJOH�XQLW��%\�XVLQJ�VXFK�SUR�
FHVVHV�LQ�FRPSOHPHQWDU\�SDLUV��OLNH�RSSRVLQJ�

)LJXUH����9LVXDOL]DWLRQ�RI�HQG�RI�VPDOO�FURVV�OLQNHG�QDQRWXEH�JHQHUDWHG�E\� xtube ,5 4 .
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PXVFOH�JURXSV��ZH�KDYH�FRPSXWDWLRQDO�FRQWURO�
RI�SK\VLFDO�PRWLRQ��7KH�IRUFH�H[HUWHG�E\�HDFK�
VXFK�QDQR�DFWXDWRU�GHSHQGV�RQ�WKH�OLQNLQJ�ERQG�
VWUHQJWK� �SHUKDSV� ��� N-�PRO�� VHH� 1HWZRUNV��
EHORZ��� EXW� WKH\� FDQ� ZRUN� FRRSHUDWLYHO\� WR�
JHQHUDWH�ODUJHU�IRUFHV�

0ROHFXODU�FRPELQDWRU\�FRPSXWLQJ�LV�QRW�
OLPLWHG�WR�QDQRVWUXFWXUH�V\QWKHVLV�DQG�FRQWURO��
EXW�PD\�EH�DSSOLHG�WR�PRUH�FRQYHQWLRQDO�FRP�
SXWDWLRQDO�SUREOHPV��6XSSRVH�ZH�ZDQW�WR�DWWDFN�
DQ�13�SUREOHP�ZLWK�PRODU�SDUDOOHOLVP��WKDW�LV��
ZLWK� D�GHJUHH�RI�SDUDOOHOLVP�RQ� WKH�RUGHU�RI�
1023 ���)XUWKHU�VXSSRVH�ZH�KDYH�D�SRO\QRPLDO�
WLPH� SURJUDP� P � WR� WHVW� WKH� FRUUHFWQHVV� RI� D�
SRWHQWLDO�VROXWLRQX ��$V�SUHYLRXVO\�UHPDUNHG��
WKH� SURJUDP� P � FDQ� EH� FRPSLOHG� LQWR� D�PR�
OHFXODU�FRPELQDWRU�WUHH�0 ��VLPLODUO\�D�SRWHQWLDO�
VROXWLRQ�X �FDQ�EH�HQFRGHG�DV�D�FRPELQDWRU�WUHH�
8 ��7KHQ�WKH�WUHH� ( )PX �ZLOO�HYDOXDWH�WKH�SR�
WHQWLDO� VROXWLRQ�� UHGXFLQJ� WR� WKH� PROHFXODU�
FRPELQDWRU�UHSUHVHQWDWLRQ�RI�WUXH�RU�IDOVH��XVX�
DOO\�+ �DQG�( )SK ��UHVSHFWLYHO\���0DF/HQQDQ��
����F���7KHUHIRUH��E\�SURGXFLQJ�HQRXJK�UHS�
OLFDWHV�RI�0 �DQG�D�VXIILFLHQW�YDULHW\�RI�SRWHQWLDO�
VROXWLRQV� Xk ��ZH�PD\�HYDOXDWH�WKH�SRWHQWLDO�
VROXWLRQV�ZLWK�PRODU�SDUDOOHOLVP�

02/(&8/$5�
,03/(0(17$7,21

2I� FRXUVH�� DOO� WKH� DGYDQWDJHV� RI� PROHFXODU�
FRPELQDWRU\�FRPSXWLQJ�DUH� LOOXVRU\�XQOHVV�D�
PROHFXODU�LPSOHPHQWDWLRQ�RI�WKH�FRPELQDWRU\�
RSHUDWLRQV� FDQ� EH� GLVFRYHUHG� RU� GHYHORSHG��
7KHUHIRUH� ZH� KDYH� EHJXQ� LQYHVWLJDWLQJ� RQH�
IHDVLEOH�PROHFXODU� LPSOHPHQWDWLRQ�� 7KH� WZR�
SULQFLSDO�SUREOHPV�DUH������+RZ�DUH�WKH�FRP�
ELQDWRU� QHWZRUNV� UHSUHVHQWHG� PROHFXODUO\"�
����+RZ�DUH�WKH�VXEVWLWXWLRQ�RSHUDWLRQV�LPSOH�
PHQWHG�PROHFXODUO\"

1HWZRUNV

&RPELQDWRU\�FRPSXWLQJ�SURFHHGV�E\�PDNLQJ�
VXEVWLWXWLRQV� LQ� QHWZRUNV� RI� LQWHUFRQQHFWHG�
QRGHV�� 7KHVH� QHWZRUNV� FRQVWLWXWH� ERWK� WKH�
PHGLXP�LQ�ZKLFK�FRPSXWDWLRQ�WDNHV�SODFH�DQG�
WKH�QDQRVWUXFWXUH�FUHDWHG�E\�WKH�FRPSXWDWLRQDO�
SURFHVV��7KHUHIRUH�LW�LV�QHFHVVDU\�WR�FRQVLGHU�
WKH�PROHFXODU�LPSOHPHQWDWLRQ�RI�WKHVH�QHWZRUNV�
DV�ZHOO�DV�WKH�SURFHVVHV�E\�ZKLFK�WKH\�PD\�EH�
WUDQVIRUPHG�DFFRUGLQJ�WR�WKH�UXOHV�RI�FRPELQD�
WRU\�FRPSXWLQJ�

)LJXUH����9LVXDOL]DWLRQ�RI�VLGH�RI�VPDOO�FURVV�OLQNHG�QDQRWXEH�JHQHUDWHG�E\� xtube ,5 4 .
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7KH� ILUVW� UHTXLUHPHQW� LV� WKDW� QRGHV� DQG�
OLQNLQJ�JURXSV�QHHG�WR�EH�VWDEOH�LQ�WKHPVHOYHV��
EXW�WKH�LQWHUFRQQHFWLRQV�EHWZHHQ�WKHP�QHHG�WR�
EH�VXIILFLHQWO\�ODELOH�WR�SHUPLW�WKH�VXEVWLWXWLRQV��
6HFRQG��WKH�QRGH�W\SHV��! ��+ ��3 ��HWF���QHHG�
WR�LGHQWLILDEOH��VR�WKDW�WKH�FRUUHFW�VXEVWLWXWLRQV�
WDNH�SODFH��,Q�DGGLWLRQ��IRU�PRUH�VHFXUH�PDWFK�
LQJ�RI�VWUXFWXUHV��WKH�OLQN��, ��JURXSV�VKRXOG�
EH� LGHQWLILDEOH��)XUWKHU�� LW� LV�QHFHVVDU\� WR�EH�
DEOH� WR� GLVWLQJXLVK� WKH� YDULRXV� ELQGLQJ� VLWHV��
RQ� D� QRGH�� )RU� H[DPSOH�� DQ� ! � QRGH� KDV�
WKUHH�GLVWLQFW�VLWHV��WKH�UHVXOW�VLWH��DQ�RSHUDWRU�
DUJXPHQW�� DQG� DQ� RSHUDQG� DUJXPHQW��
�0DF/HQQDQ������F��

2XU� FXUUHQW� DSSURDFK� LV� WR� LPSOHPHQW�
WKH�QHWZRUNV�DV�K\GURJHQ�ERQGHG�FRYDOHQWO\�
VWUXFWXUHG�PROHFXODU�EXLOGLQJ�EORFNV��0%%V���
+\GURJHQ�ERQGV�DUH�XVHG�EHFDXVH�WKH\�DUH�ODELOH�
LQ�DQ�DTXHRXV�HQYLURQPHQW��EDODQFLQJ�UHDVRQ�
DEOH�VWDELOLW\�ZLWK�WKH�IOH[LELOLW\�UHTXLUHG�IRU�
FRQWLQXDO�VWUXFWXUDO�UHRUJDQL]DWLRQ��+\GURJHQ�
ERQGLQJ�DV�D�PHDQV�RI�FRQQHFWLQJ�DQG�LGHQWLI\�
LQJ�FRYDOHQWO\�ERQGHG�VXEXQLWV�LV�WKH�EDVLV��RI�
FRXUVH��IRU�UHFRJQLWLRQ�DQG�OLJDWLRQ�LQ�'1$�DQG�
UHODWHG�PROHFXOHV��)XUWKHU��ODUJH��WUHH�OLNH�VWUXF�
WXUHV�FDOOHG�GHQGULPHUV�KDYH�EHHQ�DVVHPEOHG�
IURP� K\GURJHQ�ERQGHG� 0%%V� �6LPDUG�� 6X��

	�:XHVW��������=LPPHUPDQ��=HQJ��5HLFKHUW��
	�.RORWXFKLQ���������1HYHUWKHOHVV��K\GURJHQ�
ERQGV�DUH�QRW�YHU\�VWDEOH�LQ�DTXHRXV�VROXWLRQ��
VR� WKHUH�PD\� EH� D� GHOLFDWH� EDODQFH� EHWZHHQ�
VWDELOLW\� DQG� ODELOLW\�� &RYDOHQWO\�VWUXFWXUHG�
0%%V�DUH�XVHG�EHFDXVH�WKH\�SURYLGH�D�FRP�
SDUDWLYHO\�ULJLG�IUDPHZRUN�LQ�ZKLFK�WR�HPEHG�
K\GURJHQ�ERQGLQJ�VLWHV��DQG�EHFDXVH�WKHUH�LV�DQ�
H[WHQVLYH�V\QWKHWLF�SUHFHGHQW�IRU�HQJLQHHULQJ�
PROHFXOHV�ZLWK� WKH� UHTXLUHG� VKDSH� DQG�ZLWK�
DSSURSULDWHO\�ORFDWHG�K\GURJHQ�ERQGLQJ�VLWHV�
�$OOLV�	�6SHQFHU��������

,W�LV�QHFHVVDU\�WR�EH�DEOH�WR�GLVWLQJXLVK�WKH�
³KHDG´�DQG�³WDLO´�HQGV��0DF/HQQDQ������F��RI�
WKH� , � JURXSV� �L�H��� RXU� JUDSK� HGJHV� DUH� GL�
UHFWHG���DQG�ZH�HVWLPDWH�WKDW�WZR�RU�WKUHH�+�
ERQGV� DUH� UHTXLUHG� WR� GR� WKLV� VHFXUHO\�� �)RU�
FRPSDULVRQ�� WK\PLQH� DQG� DGHQLQH� KDYH� WZR�
+�ERQGV�� F\WRVLQH� DQG� JXDQLQH� KDYH� WKUHH���
7KHUHIRUH��LI�ZH�WDNH����N-�PRO�DV�WKH�VWUHQJWK�
RI�D�W\SLFDO�+�ERQG��WKH�VWUHQJWKV�RI�ZKLFK�YDU\�
IURP���WR����N-�PRO���WKHQ�WKH�WRWDO�FRQQHFWLRQ�
VWUHQJWK�RI�D�OLQN�ZLOO�EH�DERXW����N-�PRO�

+\GURJHQ� ERQGLQJ� FDQ� DOVR� EH� XVHG� IRU�
UHFRJQL]LQJ�GLIIHUHQW�NLQGV�RI�QRGHV�E\�V\Q�
WKHVL]LQJ� WKHP�ZLWK� XQLTXH� DUUDQJHPHQWV� RI�
GRQRU�DQG�DFFHSWRU�UHJLRQV��&XUUHQWO\��0DF/HQ�

)LJXUH����9LVXDOL]DWLRQ�RI�D�VPDOO�SDUW�RI�D�KH[DJRQDO�JULG�SURGXFHG�E\�hgrid ,2 3 . ��7KH�XSSHU�
SDUWV�RI�WKH�KH[DJRQV�DUH�! �QRGHV�DQG�WKH�ORZHU�SDUWV�DUH�6 �QRGHV
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QDQ������F���ZH�DUH�XVLQJ�HOHYHQ�GLIIHUHQW�QRGH�
W\SHV��! ��$ ��+ �� , ��0 ��1 ��2 �� 3 ��

�
3 ��6 ���

9 ���VR�LW�ZRXOG�VHHP�WKDW�DUUDQJHPHQWV�RI�ILYH�
+�ERQGV� ZRXOG� EH� VXIILFLHQW� �VLQFH� WKH\��
DFFRPPRGDWH� ��� FRPSOHPHQWDU\� SDLUV� RI��
ERQG� SDWWHUQV��� �7KH� $ �QRGH� FRQWUROV� WKH�
GLVDVVHPEO\�DQG�UHF\FOLQJ�RI�ZDVWH�SURGXFWV��
DQG� 0 � DQG� 1 � DUH� LQHUW� SODFH�KROGHUV�� VHH�
0DF/HQQDQ������F��

$V�SUHYLRXVO\�UHPDUNHG��LW�LV�QHFHVVDU\�WR�
EH�DEOH�WR�GLVWLQJXLVK�WKH�WKUHH�ELQGLQJ�VLWHV�RI�
DQ�! �QRGH��+RZHYHU��VLQFH�WKH�³WDLO´�RI�DQ\�
, �JURXS�PXVW�EH�DEOH�WR�ELQG�WR�HLWKHU�RI�WKH�
! ¶V�DUJXPHQW�VLWHV�� WKH\�PXVW�XVH� WKH�VDPH�
+�ERQG�SDWWHUQ��7KHUHIRUH��DW�OHDVW�SDUW�RI�WKH�
GLVFULPLQDWLRQ�RI�WKH� ! ¶V�ELQGLQJ�VLWHV�PXVW�
EH�RQ�WKH�EDVLV�RI�WKH�RULHQWDWLRQ�RI�WKH�! �QRGH��
)RUWXQDWHO\�� WKH� RULHQWDWLRQ� VSHFLILFLW\� RI�+�
ERQGV�DOORZV�WKLV�

7KHUHIRUH�� LW� DSSHDUV� WKDW� RXU� SULPLWLYH�
JURXSV�ZLOO� UHTXLUH� WZR� RU� WKUHH�+�ERQGV� DW�
HDFK�DWWDFKPHQW�VLWH�DQG�IRXU�RU�ILYH�IRU�VHFXUH�
LGHQWLILFDWLRQ�RI�QRGH�W\SH��%\�FRPSDULVRQ�ZLWK�
WK\PLQH�����DWRPV��DQG�DGHQLQH�����DWRPV���
ZKLFK� KDYH� WZR� +�ERQGV� HDFK�� ZH��
DQWLFLSDWH�WKDW�RXU�SULPLWLYH�FRPELQDWRUV��+ ��
3 ��
�
3 ��

�
9 ��PLJKW�EH����DWRPV�LQ�VL]H��, �JURXSV�

DERXW� ����� DQG� WHUQDU\� JURXSV� �! �� 2 �� 6 ��
DERXW�����

6XEVWLWXWLRQV

:H�VWDWH�EULHIO\�WKH�UHTXLUHPHQWV�RQ�D�PROHFX�
ODU�LPSOHPHQWDWLRQ�RI�WKH�SULPLWLYH�FRPELQDWRU�
VXEVWLWXWLRQV�� )LUVW�� WKHUH� PXVW� EH� D� ZD\� RI�
PDWFKLQJ�WKH�QHWZRUN�FRQILJXUDWLRQV�WKDW�HQDEOH�
WKH�VXEVWLWXWLRQ�UHDFWLRQV��)RU�H[DPSOH��D�+
�VXEVWLWXWLRQ��(T�����LV�HQDEOHG�E\�D�OHIWZDUG�
EUDQFKLQJ�WUHH�RI�WKH�IRUP� (( ) )+X Y ��DQG�DQ�
3 �VXEVWLWXWLRQ��(T�����LV�HQDEOHG�E\�D�OHIWZDUG�
EUDQFKLQJ�WUHH�RI�WKH�IRUP� ((( ) ) )3X Y Z ��VHH�
)LJXUHV���DQG�����6R�DOVR�IRU�WKH�RWKHU�SULPLWLYH�
FRPELQDWRUV� �$ �� 2 ��

�
3 ��

�
9 ��� 6HFRQG�� WKH�

YDULDEOH�SDUWV�RI�WKH�PDWFKHG�VWUXFWXUHV��UHS�
UHVHQWHG� LQ� WKH� VXEVWLWXWLRQ� UXOHV� E\� LWDOLF�
YDULDEOHV�VXFK�DV� 8 �DQG�9 ���ZKLFK�PD\�EH�
DUELWUDULO\�ODUJH�VXSUDPROHFXODU�QHWZRUNV��PXVW�

EH�ERXQG�LQ�VRPH�ZD\��7KLUG��D�QHZ�PROHFXODU�
VWUXFWXUH�PXVW� EH� FRQVWUXFWHG�� LQFRUSRUDWLQJ�
VRPH� RU� DOO� RI� WKHVH� YDULDEOH� SDUWV�� )XUWKHU��
UHDFWLRQ�ZDVWH� SURGXFWV�PXVW� EH� UHF\FOHG�RU�
HOLPLQDWHG�IURP�WKH�V\VWHP��IRU�VHYHUDO�UHDVRQV��
$Q�REYLRXV�RQH�LV�HIILFLHQF\��DQRWKHU�LV�WR�DYRLG�
WKH�UHDFWLRQ�VSDFH�EHFRPLQJ�FORJJHG�ZLWK�ZDVWH��
/HVV�REYLRXV�LV�WKH�IDFW�WKDW�GLVFDUGHG�PROHFX�
ODU�QHWZRUNV��VXFK�DV�9 �LQ�(T�����PD\�FRQWDLQ�
ODUJH� H[HFXWDEOH� VWUXFWXUHV�� E\� WKH� ODZV� RI�
FRPELQDWRU\�ORJLF��FRPSXWDWLRQ�LQ�WKHVH�GLV�
FDUGHG� QHWZRUNV� FDQQRW� DIIHFW� WKH� FRPSXWD�
WLRQDO�UHVXOW��EXW�WKH\�FDQ�FRQVXPH�UHVRXUFHV�

7KHUH�DUH�DOVR�HQHUJHWLF�FRQVWUDLQWV�RQ�WKH�
VXEVWLWXWLRQ�UHDFWLRQV��IRU�DQ\�V\VWHP�RI�PROHFX�
ODU�FRPSXWDWLRQ�PXVW�EH�IXHOHG�LI�LW�LV�XQLYHUVDO�
�KDV�WKH�SRZHU�RI�D�XQLYHUVDO�7XULQJ�PDFKLQH���
7KLV�LV�EHFDXVH�D�VSRQWDQHRXV�FKHPLFDO�UHDF�
WLRQ�GHFUHDVHV�*LEEV�IUHH�HQHUJ\��DQG�VR�PXVW�
HYHQWXDOO\�UHDFK�HTXLOLEULXP��EXW�D�FRPSXWDWLRQ�
PD\�EH�QRQWHUPLQDWLQJ��7R�KDYH�WKH�SRZHU�RI�
XQLYHUVDO�FRPSXWDWLRQ�ZH�PXVW�KDYH�WKH�SRWHQ�
WLDO�RI�QRQWHUPLQDWLQJ�SURJUDPV��)RUWXQDWHO\�ZH�
KDYH�VHYHUDO�UHFHQW�FRQFUHWH�H[DPSOHV�RI�KRZ�
VXFK�QRQWHUPLQDWLQJ�SURFHVVHV�PD\�EH�IXHOHG��
)RU�H[DPSOH��.RXPXUD��=LMOVWUD��YDQ�'HOGHQ��
+DUDGD��DQG�)HULQJD��������KDYH�GHPRQVWUDWHG�
FRQWLQXRXV� �QRQWHUPLQDWLQJ�� XQLGLUHFWLRQDO�
URWDU\�PRWLRQ�GULYHQ�E\�XOWUDYLROHW�OLJKW��,Q�WKH�
IRXU�SKDVH�URWDWLRQ��DOWHUQDWLQJ�SKDVHV�DUH�E\�
SKRWRFKHPLFDO�UHDFWLRQ��XSKLOO��DQG�E\�WKHUPDO�
UHOD[DWLRQ��GRZQKLOO���$OVR��<XUNH��7XUEHUILHOG��
0LOOV��6LPPHO��DQG�1HXPDQQ��������KDYH�GHP�
RQVWUDWHG�'1$�³WZHH]HUV�´�ZKLFK�FDQ�EH�F\FOHG�
EHWZHHQ�WKHLU�RSHQ�DQG�FORVHG�VWDWHV�VR�ORQJ�DV�
DQ�DSSURSULDWH�³'1$�IXHO´�LV�SURYLGHG��/D%HDQ��
<DQ��3DUN��)HQJ��<LQ��/L��$KQ��/LX��*XDQ��DQG�
5HLI� ������� KDYH� GHPRQVWUDWHG� DXWRQRPRXV�
'1$�³URERWV´�SRZHUHG�E\�$73�FRQVXPSWLRQ�
RI�D�OLJDVH��7KHVH�DOO�SURYLGH�SODXVLEOH�PRGHOV�
RI� KRZ�PROHFXODU� FRPELQDWRU\� FRPSXWDWLRQ�
PLJKW�EH�SRZHUHG��:H�FDQ�FRQFOXGH�WKDW�WKH�
LQGLYLGXDO�VWHSV�RI�D�FRPELQDWRU�VXEVWLWXWLRQ�
PXVW�EH�HLWKHU�HQHUJHWLFDOO\�³GRZQKLOO´�RU�IX�
HOHG�E\�H[WHUQDO�HQHUJ\�RU�UHDFWLRQ�UHVRXUFHV��
,Q�RXU�FDVH��WKH�PRVW�OLNHO\�VRXUFHV�RI�IXHO�DUH�
WKH�YDULRXV�VSHFLHV�RI�³VXEVWLWXWDVH´�PROHFXOHV��
FRQVLGHUHG�QH[W�
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7R�LPSOHPHQW�WKH�VXEVWLWXWLRQ�SURFHVVHV�
ZH�DUH� LQYHVWLJDWLQJ�WKH�XVH�RI�HQ]\PH�OLNH�
FRYDOHQWO\�VWUXFWXUHG�PROHFXOHV�WR�UHFRJQL]H�
QHWZRUN� VLWHV� DW�ZKLFK� VXEVWLWXWLRQV� DUH� DO�
ORZHG��DQG��WKURXJK�JUDGHG�HOHFWURVWDWLF�LQ�
WHUDFWLRQV�� WR� UHDUUDQJH� WKH�K\GURJHQ�ERQGV�
WR� HIIHFW� WKH� VXEVWLWXWLRQV�� $JDLQ�� WKH� ULFK�
V\QWKHWLF�SUHFHGHQW�IRU�FRYDOHQWO\�VWUXFWXUHG�
PROHFXOHV�PDNHV� LW� OLNHO\� WKDW� WKH� UHTXLUHG�
HQ]\PH�OLNH�FRPSRXQGV��ZKLFK�ZH�FDOO�VXE�
VWLWXWDVH� PROHFXOHV�� FDQ� EH� HQJLQHHUHG��:H�
DQWLFLSDWH�WKH�XVH�RI�WKUHH�HQ]\PH�OLNH�FRYD�
OHQWO\�VWUXFWXUHG�PROHFXOHV�IRU�HDFK�SULPLWLYH�
FRPELQDWRU�� WKH\� LPSOHPHQW� WKUHH� VWDJHV� LQ�
HDFK�VXEVWLWXWLRQ�RSHUDWLRQ��7KH�ILUVW�RI�WKHVH�
PROHFXOHV�� ZKLFK� ZH� FDOO� DQDO\VDVH�� LV� LQ�
WHQGHG�WR�UHFRJQL]H�WKH�SDWWHUQ�HQDEOLQJ�WKH�
VXEVWLWXWLRQ�DQG�WR�ELQG�WR�WKH�FRPSRQHQWV�RI�
WKH�PDWFKLQJ�VXEWUHH��)RU�H[DPSOH��+ �DQDO\�
VDVH�ELQGV�WR�D�VWUXFWXUH�RI�WKH�IRUP�(( ) )+X Y �
�VHH� )LJXUH� ���� LQ� SDUWLFXODU� WR� OLQNV� WR� WKH�
YDULDEOH� FRPSRQHQWV�5 �� 8 �� DQG�9 �� 7KH�
VHFRQG� VWDJH�� ZKLFK� LV� LPSOHPHQWHG� E\� D�
SHUPXWDVH�PROHFXOH��SK\VLFDOO\�UHORFDWHV�VRPH�
RI�WKH�FRPSRQHQWV�WR�SUHSDUH�WKHP�IRU�WKH�ODVW�
VWDJH��7R�WKLV�HQG��ZH�DUH�LQYHVWLJDWLQJ�WKH�XVH�
RI� JUDGHG� HOHFWURVWDWLF� LQWHUDFWLRQV� WR�PRYH�
WKH�ERXQG�YDULDEOH�SDUWV�LQWR�SRVLWLRQ�IRU�WKH�
FRUUHFW� VXEVWLWXWLRQ� SURGXFW��7KH� SHUPXWDVH�
PROHFXOH�DOVR�LQFOXGHV�DQ\�IL[HG�FRPELQDWRUV�
�H�J���2 ��6 ��WKDW�DUH�UHTXLUHG�IRU�WKH�SURGXFW��
ZKLFK�DUH�ERXQG�WR�RWKHU�SURGXFW�FRPSRQHQWV�
DW�WKLV�WLPH��$W�WKH�HQG�RI�WKLV�VWDJH��WKH�SURG�
XFW�QHWZRUN�LV�HVVHQWLDOO\�FRPSOHWH��EXW�VWLOO�
ERXQG�WR� WKH�SHUPXWDVH�PROHFXOH��7KH�ILQDO�
PROHFXOH��D�V\QWKHVDVH�� UHFRJQL]HV� WKH�FRQ�
ILJXUDWLRQ�FUHDWHG�E\�WKH�SHUPXWDVH��DQG�ELQGV�
WR�WKH�ZDVWH�VWUXFWXUHV��GLVSODFLQJ�DQG�UHOHDV�
LQJ�WKH�GHVLUHG�SURGXFW�IURP�WKH�SHUPXWDVH��
)RU�H[DPSOH��3 ��RU�

�
3 �V\QWKHVDVH�ZLOO�UHPRYH�

WKH� �3 �� RU�
�
3 ��� SHUPXWDVH� DQG� UHOHDVH� WKH�

VWUXFWXUH�RQ�WKH�ULJKW�LQ�)LJXUH����+HUH�DJDLQ�
ZH�DUH�GHSHQGLQJ�RQ�WKH�H[WHQVLYH�V\QWKHWLF�
SUHFHGHQW�IRU�FRYDOHQWO\�VWUXFWXUHG�PROHFXOHV�
ZLWK� VWUDWHJLFDOO\� ORFDWHG� K\GURJHQ��
ERQGLQJ�VLWHV�

'LVFXVVLRQ

)LQDOO\��ZH�ZLOO�UHYLHZ�VRPH�RI�WKH�LVVXHV�WKDW�
PXVW�EH� UHVROYHG�DQG�SUREOHPV� WKDW�PXVW�EH�
VROYHG�EHIRUH�PROHFXODU�FRPELQDWRU\�FRPSXW�
LQJ�FDQ�EH�DSSOLHG�WR�QDQRWHFKQRORJ\��)LUVW��RI�
FRXUVH��LW�ZLOO�EH�QHFHVVDU\�WR�V\QWKHVL]H�WKH�
UHTXLUHG�0%%V�IRU�WKH�QRGHV�DQG�OLQNV��DQG�WR�
V\QWKHVL]H�WKH�UHTXLUHG�VXEVWLWXWDVH�PROHFXOHV��
IRUWXQDWHO\�� WKHUH� LV� HYHU\� UHDVRQ� WR� EHOLHYH�
WKDW�WKLV�LV�ZHOO�ZLWKLQ�WKH�FDSDELOLWLHV�RI�WKH�
VWDWH�RI�WKH�DUW�RI�V\QWKHWLF�FKHPLVWU\��$OOLV�	�
6SHQFHU���������$QRWKHU�LVVXH�LV�HUURU�FRQWURO��
VXEVWLWXWLRQV�ZLOO�QRW� WDNH�SODFH�ZLWK�SHUIHFW�
DFFXUDF\��DQG�ZH�NQRZ�WKDW�VRPH�VXEVWLWXWLRQ�
HUURUV� FDQ� UHVXOW� LQ� UXQDZD\� UHDFWLRQV� �0D�
F/HQQDQ�� ������ <DU.KDQ�� ������� 7KHUHIRUH�
ZH�PXVW�GHYHORS�PHDQV� WR�SUHYHQW�HUURUV�RU�
WR�FRUUHFW�WKHP�VRRQ�DIWHU�WKH\�RFFXU��$�WKLUG�
LVVXH�LV�WKDW�WKH�VXSUDPROHFXODU�QHWZRUNV�PD\�
JHW�TXLWH�GHQVH�GXULQJ�FRPSXWDWLRQ��DQG�ZH�DUH�
FRQFHUQHG�DERXW�WKH�DELOLW\��DQG�SUREDELOLW\��RI�
WKH�VXEVWLWXWDVH�PROHFXOHV�UHDFKLQJ�WKH�VLWHV�WR�
ZKLFK�WKH\�VKRXOG�ELQG��L�H���ZKDW�DUH�WKH�VWHULF�
FRQVWUDLQWV�RQ�WKH�SURFHVVHV���1HYHUWKHOHVV��WKH�
HQRUPRXV�SRWHQWLDO�RI�PROHFXODU�FRPELQDWRU\�
FRPSXWLQJ�PDNHV�WKHVH�SUREOHPV�ZRUWK�VROYLQJ�

&21&/86,21

$� VPDOO� VHW� RI� VLPSOH� QHWZRUN�VXEVWLWXWLRQ�
RSHUDWLRQV� DUH� VXIILFLHQW� WR� LPSOHPHQW� DQ\�
FRPSXWDWLRQ�WKDW�FDQ�EH�SHUIRUPHG�RQ�D�GLJLWDO�
FRPSXWHU�� 7KHVH� RSHUDWLRQV�� ZKLFK� PD\� EH�
SHUIRUPHG�LQ�DQ\�RUGHU�RU�LQ�SDUDOOHO��SURYLGH�
DQ� LGHDO� PRGHO� IRU� DXWRQRPRXV� PROHFXODU�
FRPSXWDWLRQ��:H�GLVSOD\HG�VHYHUDO�VLPXODWHG�
DSSOLFDWLRQV�WR�QDQRVWUXFWXUH�V\QWKHVLV��DQG�LQ�
GLFDWHG�KRZ�LW�PD\�EH�DSSOLHG�WR�WKH�DVVHPEO\�RI�
ODUJH��DFWLYH��KHWHURJHQHRXV�VWUXFWXUHV��)LQDOO\��
ZH�GLVFXVVHG�D�SRVVLEOH�PROHFXODU�LPSOHPHQWD�
WLRQ�EDVHG�RQ�QHWZRUNV�RI�FRYDOHQWO\�VWUXFWXUHG�
0%%V�FRQQHFWHG�E\�+�ERQGV��DQG�VXEVWLWXWLRQ�
RSHUDWLRQV�LPSOHPHQWHG�E\�HQGRWKHUPLF�UHDF�
WLRQV�ZLWK�V\QWKHWLF�³VXEVWLWXWDVH´�PROHFXOHV��
$GGLWLRQDO�LQIRUPDWLRQ�DERXW�WKLV�SURMHFW�FDQ�
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EH�IRXQG�LQ�UHSRUWV�DQG�DUWLFOHV��0DF/HQQDQ��
����D�� ����E�� ����F�� ����G�� ����D�� ����E��
DUFKLYHG�DW�WKH�SURMHFW�ZHEVLWH��KWWS���ZHE�HHFV�
XWN�HGX�aPFOHQQDQ�83,0�

$&.12:/('*0(176

7KLV�UHVHDUFK�LV�VXSSRUWHG�E\�1DQRVFDOH�([�
SORUDWRU\�5HVHDUFK�JUDQW�&&5���������IURP�
WKH�1DWLRQDO�6FLHQFH�)RXQGDWLRQ��,W�KDV�EHHQ�
IDFLOLWDWHG�E\�D�JUDQW� IURP� WKH�8QLYHUVLW\�RI�
7HQQHVVHH��.QR[YLOOH��&HQWHU�IRU�,QIRUPDWLRQ�
7HFKQRORJ\�5HVHDUFK��7KH� DXWKRU¶V� UHVHDUFK�
LQ�WKLV�DUHD�ZDV�LQLWLDWHG�LQ������ZKHQ�KH�ZDV�
D�)HOORZ�RI�WKH�,QVWLWXWH�IRU�$GYDQFHG�6WXGLHV�
RI�WKH�&ROOHJLXP�%XGDSHVW�

5()(5(1&(6

$OOLV��'��*���	�6SHQFHU��-��7����������1DQRVWUXFWXUDO�
DUFKLWHFWXUHV� IURP�PROHFXODU� EXLOGLQJ�EORFNV� �� ,Q�
*RGGDUG��:��$���%UHQQHU��'��:���/\VKHYVNL��6��(���
	�,DIUDWH��*��-���(GV����+DQGERRN�RI�1DQRVFLHQFH��
(QJLQHHULQJ�� DQG� 7HFKQRORJ\�� %RFD� 5DWRQ�� )/��
&5&�3UHVV�

&XUU\��+��%���)H\V��5���	�&UDLJ��:����������&RPEL�
QDWRU\�/RJLF��9RO��,���$PVWHUGDP��7KH�1HWKHUODQGV��
1RUWK�+ROODQG�

.RXPXUD��1���=LMOVWUD��5��:��-���YDQ�'HOGHQ��5��$���
+DUDGD��1���	�)HULQJD��%��/����������/LJKW�GULYHQ�
PRQRGLUHFWLRQDO�PROHFXODU�URWRU��1DWXUH����������±
�����GRL��������������

/D%HDQ��7��+���<DQ��+���3DUN��6��+���)HQJ��/���<LQ��
3���/L��+���HW�DO����������2YHUYLHZ�RI�QHZ�VWUXFWXUHV�
IRU�'1$�EDVHG�QDQRIDEULFDWLRQ�DQG�FRPSXWDWLRQ��
,Q�3��3��:DQJ�	�$��0HQ]LHV��(GV����3URFHHGLQJV�RI�
WKH��WK�-RLQW�&RQIHUHQFH�RQ�,QIRUPDWLRQ�6FLHQFHV�
�SS�� ������������ 'XUKDP�� 1&�� -&,6�$VVRFLDWLRQ�
IRU�,QWHOOLJHQW�0DFKLQHU\�

0DF/HQQDQ��%��-����������3UHOLPLQDU\�,QYHVWLJDWLRQ�
RI�5DQGRP�6.,�&RPELQDWRU�7UHHV��7HFK��5HS��1R��
&6����������.QR[YLOOH��71��'HSDUWPHQW�RI�&RP�
SXWHU�6FLHQFH��8QLYHUVLW\�RI�7HQQHVVHH��.QR[YLOOH�

0DF/HQQDQ��%��-�������D���0HPEUDQHV�DQG�1DQR�
WXEHV�� 3URJUHVV� RQ� 8QLYHUVDOO\� 3URJUDPPDEOH�
,QWHOOLJHQW�0DWWHU�²�83,0�5HSRUW��� �7HFK��5HS��
1R��&6����������.QR[YLOOH��71��'HSDUWPHQW�RI�&RP�
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