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0D]HV DUH IXQ WR VROYH� EXW WHGLRXV WR GUDZ� 7KLV SURMHFW DLPV WR DOORZ XVHUV WR KDYH WKH� � � � � � � � � � � � � � � � � �
H[SHULHQFH RI VROYLQJ D PD]H ZLWKRXW KDYLQJ WR FRQVWUXFW LW \RXUVHOI� 7KLV GHYLFH FRQVLVWV RI DQ� � � � � � � � � � � � � � � �
(WFK�$�6NHWFK� VWHSSHU PRWRUV� DQ )3*$� DQG D PLFURFRQWUROOHU� DOO RI ZKLFK LQWHUIDFH ZLWK HDFK� � � � � � � � � � � � � �
RWKHU WR JHQHUDWH D SUHGHWHUPLQHG PD]H RQ WKH (WFK�$�6NHWFK VFUHHQ� DOORZLQJ WKH XVHU WR� � � � � � � � � � � � � �
VROYH LW PDQXDOO\ DW WKHLU RZQ SDFH� SUHVHUYLQJ WKH SK\VLFDO LQWHUDFWLRQ WKDW PDNHV PD]HV VR� � � � � � � � � � � � � � �
IXQ� ZKLOH PDLQWDLQLQJ WKH WHPSRUDU\ QDWXUH RI D GLJLWDO GHYLFH� 7KH LQVWUXFWLRQV WR FUHDWH WKH� � � � � � � � � � � � � � �
PD]H DUH VWRUHG LQ WKH PLFURFRQWUROOHU� ZKLFK LV DOVR SURJUDPPHG ZLWK LQVWUXFWLRQ GHFRGHUV WKDW� � � � � � � � � � � � � �
DUH DEOH WR EUHDN GRZQ LQVWUXFWLRQV LQWR FRPPDQGV WKDW LGHQWLI\ ZKLFK PRWRU WR PRYH� LQ ZKLFK� � � � � � � � � � � � � � � �
GLUHFWLRQ� DQG IRU KRZ ORQJ� 7KHVH LQVWUXFWLRQV DUH WKHQ VHQW WR WKH )3*$� ZKLFK WKHQ VHQGV WKH� � � � � � � � � � � � � � � � �
FRUUHFW FRPPDQG WR WKH FRUUHFW PRWRU� 7KH PRWRUV DUH DWWDFKHG GLUHFWO\ WR WKH (WFK�$�6NHWFK� � � � � � � � � � � � � �
NQREV� DQG VR ZKHQ WKH PRWRUV WXUQ� WKH NQREV WXUQ DV ZHOO DW D ��� UDWLR� 7KURXJK WKLV V\VWHP�� � � � � � � � � � � � � � � � � � �
WKH (WFK�$�6NHWFK FDQ EH FRQWUROOHG WR SURGXFH D SURJUDPPHG GUDZLQJ EDVHG RQ PRWRU� � � � � � � � � � � � �
PRYHPHQWV�� �



��

,QWURGXFWLRQ��
,Q DQ LQFUHDVLQJO\ GLJLWDO ZRUOG� WKHUH LV D FHUWDLQ QRVWDOJLD DERXW SOD\LQJ ZLWK DQDORJ� � � � � � � � � � � � � �

GHYLFHV� 7KH (WFK�$�6NHWFK ZDV DQ DOPRVW XQLYHUVDO WR\� NQRZQ IRU LWV VLPSOLFLW\ DQG SUHFLVLRQ�� � � � � � � � � � � � � �
DQG KDV HQGXUHG WKURXJK WKH GHFDGHV WR EH MXVW DV UHFRJQL]DEOH QRZ DV LW ZDV ZKHQ LW ZDV ILUVW� � � � � � � � � � � � � � � � � � �
UHOHDVHG�EDFN�LQ�WKH�����V��

3X]]OH JDPHV DUH SRSXODU ZLWK SHRSOH RI DOO DJHV� $ PD]H LV RQH RI WKH PRVW FODVVLF� � � � � � � � � � � � � � � � �
H[DPSOHV RI D SX]]OH JDPH� DQG LW KDV EHHQ LPSOHPHQWHG LQ PDQ\ PHGLXPV �JDUGHQV� SDSHU�� � � � � � � � � � � � � � �
HWF��� 7KH SRLQW RI D PD]H LV WR VROYH LW� EXW LW KDV WR EH VRPHKRZ FRQVWUXFWHG LQ WKH ILUVW SODFH�� � � � � � � � � � � � � � � � � � � � �
7KLV SURMHFW DLPV WR UHPRYH WKDW EDUULHU WR HQJDJLQJ LQ WKLV SX]]OH� E\ DOORZLQJ XVHUV WR QDYLJDWH� � � � � � � � � � � � � � � � �
WKHLU�ZD\�WKURXJK�D�SUH�JHQHUDWHG�PD]H�RQ�WKH�(WFK�$�6NHWFK�VFUHHQ��

�
)LJXUH���%ORFN�GLDJUDP�RI�RYHUDOO�V\VWHP�

7KLV SURMHFW XWLOL]HV WKH SUHFLVLRQ WKDW DQ (WFK�$�6NHWFK SURYLGHV� DQG LQWHUIDFHV WKH� � � � � � � � � � � �
FRQWURO NQREV ZLWK D SDLU RI VWHSSHU PRWRUV WKDW DUH DEOH WR PDNH YHU\ H[DFW URWDWLRQDO� � � � � � � � � � � � � � � �
PRYHPHQWV� 7KH GHJUHH DQG VSHHG RI URWDWLRQ RI WKHVH PRWRUV LV GLFWDWHG E\ LQVWUXFWLRQV IURP� � � � � � � � � � � � � � �
WKH�PLFURFRQWUROOHU��ZKHUH�WKH\�DUH�VWRUHG���

7KH PLFURFRQWUROOHU LV SURJUDPPHG ZLWK WKH PD]H LQVWUXFWLRQV DQG LQVWUXFWLRQ GHFRGHUV�� � � � � � � � � � �
7KH LQVWUXFWLRQV DUH WUDQVODWHG IURP PD]H LQVWUXFWLRQV WR PRWRU LQVWUXFWLRQV DQG WKHQ VHQW WR WKH� � � � � � � � � � � � � � �
)3*$� ZKLFK LV XVHG WR FRQWURO ERWK PRWRUV LQ ERWK GLUHFWLRQV� RQH VWHS DW D WLPH� 7KUHH PD]HV� � � � � � � � � � � � � � � � � �
RI YDU\LQJ GLIILFXOW\ DUH SURJUDPPHG LQWR WKH GHYLFH� DQG WKH GHVLUHG PD]H LV VHOHFWHG E\ D� � � � � � � � � � � � � � � �
EXWWRQ ZLWK D FRUUHVSRQGLQJ /(' RQ WKH EUHDGERDUG� HDV\ �JUHHQ�� PHGLXP �\HOORZ�� DQG KDUG� � � � � � � � � � � � � �
�UHG���

�
)LJXUH���6HOHFWHG�PD]HV����HDV\��OHIW���PHGLXP��FHQWHU���KDUG��ULJKW��
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1HZ�+DUGZDUH��
$� 6WHSSHU�0RWRUV�

6WHSSHU PRWRUV ZHUH FKRVHQ IRU WKLV SURMHFW� GXH WR WKHLU DELOLW\ WR SHUIRUP SUHFLVH� � � � � � � � � � � � � �
PRYHPHQWV LQ WKH DQJXODU SRVLWLRQ� $ VWHSSHU PRWRU LV HVVHQWLDOO\ D EUXVKOHVV '& PRWRU WKDW� � � � � � � � � � � � � � �
GLYLGHV D IXOO URWDWLRQ LQWR �Q HTXDO VWHSV� 7KLV ZD\� WKH PRWRU VKDIW FDQ EH SURJUDPPHG WR RQO\� � � � � � � � � � � � � � � � � �
WXUQ D FHUWDLQ QXPEHU RI VWHSV� UDWKHU WKDQ WKH ZKROH URWDWLRQ� 7KH PRWRU GRHV WKLV LQ UHVSRQVH� � � � � � � � � � � � � � � � �
WR�D�WUDLQ�RI�LQSXW�SXOVHV��

$ VWHSSHU PRWRU LV FRQWUROOHG E\ PXOWLSOH WRRWKHG HOHFWURPDJQHWV VXUURXQGLQJ D FHQWUDO� � � � � � � � � � � �
SLHFH RI LURQ� 7KH SLHFH RI LURQ LV JHDU VKDSHG LQ WKDW LW KDV WHHWK WKDW DOLJQ ZLWK WKH WHHWK RI WKH� � � � � � � � � � � � � � � � � � � � � �
HOHFWURPDJQHWV� :KHQ RQH HOHFWURPDJQHW LV JLYHQ SRZHU� LW SXOOV WKH WHHWK RI WKH LURQ FHQWHU LQWR� � � � � � � � � � � � � � � �
DOLJQPHQW ZLWK LWV RZQ WHHWK� 7KLV FDXVHV WKH FHQWUDO WHHWK WR PH RIIVHW IURP WKH WHHWK RI WKH QH[W� � � � � � � � � � � � � � � � � � �
HOHFWURPDJQHW� 7KXV� DV WKH HOHFWURPDJQHWV UHFHLYH SRZHU VHTXHQWLDOO\� WKH FHQWUDO SLHFH LV� � � � � � � � � � � �
URWDWHG LQ LQFUHPHQWDO VWHSV� 7KH HOHFWURPDJQHWV DUH JURXSHG LQWR FRPSOHPHQWDU\ JURXSV� � � � � � � � � � �
FDOOHG SKDVHV� DQG HDFK SKDVH RI HOHFWURPDJQHWV DUH SRZHUHG WRJHWKHU� 7KH GLUHFWLRQ RI� � � � � � � � � � � � �
URWDWLRQ�RI�WKH�PRWRU�LV�FRQWUROOHG�E\�WKH�RUGHU�LQ�ZKLFK�WKHVH�SKDVHV�UHFHLYH�SRZHU��

�
)LJXUH���� 6WHSSHU�PRWRU�LQWHUQDO�IXQFWLRQ�

7KH PRVW FRPPRQ PRWRUV DUH WZR SKDVH VWHSSHU PRWRUV� 7KH WZR EDVLF ZLQGLQJ� � � � � � � � � � � � �
DUUDQJHPHQWV RI WZR�SKDVH VWHSSHU PRWRUV DUH� XQL�SRODU DQG EL�SRODU� 8QL�SRODU VWHSSHU PRWRUV� � � � � � � � � � � �
DUH JHQHUDOO\ HDVLHU WR LPSOHPHQW� DV WKH\ KDYH D FHQWHU WDS FRPPRQ ZLUH� 8VLQJ WKH FRPPRQ� � � � � � � � � � � � � � � �
ZLUH� WKH PDJQHWLF ILHOG �DQG WKHUHIRUH WKH GLUHFWLRQ RI URWDWLRQ� FDQ EH UHYHUVHG HDVLO\ ZLWKRXW� � � � � � � � � � � � � � �
KDYLQJ�WR�VZLWFK�WKH�GLUHFWLRQ�RI�WKH�FXUUHQW��DQG�WKXV�WKH�GULYLQJ�FLUFXLW�LV�PDGH�YHU\�VLPSOH��

�
)LJXUH���8QL�SRODU�VWHSSHU�PRWRU�

�



��

7KLV SURMHFW XWLOL]HV WKH (OHJRR ��%<-�� XQL�SRODU VWHSSHU PRWRU� ZKLFK LV RQH RI WKH� � � � � � � � � � � � � �
PRVW SRSXODU KREE\LVW PRWRUV GXH WR LWV HDVH RI LPSOHPHQWDWLRQ DQG VXIILFLHQW WRUTXH IRU PRVW� � � � � � � � � � � � � � �
VPDOO SURMHFWV� 7KH SDFNDJH WKDW ZDV SXUFKDVHG DOVR FDPH ZLWK D 8/1���� GULYHU ERDUG� ZKLFK� � � � � � � � � � � � � � �
FRQWDLQV � 131 WUDQVLVWRUV ZKLFK FRQWURO WKH DPRXQW RI FXUUHQW LQWR WKH PRWRU� 7KHVH VWHSSHU� � � � � � � � � � � � � � �
PRWRUV KDYH D VWHS DQJOH RI ������� DQG DQ LQWHUQDO JHDUER[ UHGXFWLRQ UDWLR RI ����� 7KH UDWHG� � � � � � � � � � � � � � � � �
YROWDJH�LV��9��EXW�UHVSRQVHV�IURP�WKH�PDQXIDFWXUHU�VWDWH�WKH�DFFHSWHG�YROWDJH�DV�XS�WR���9��

:KDW ZDV GLVFRYHUHG WKURXJK WHVWLQJ LV WKDW ZKHQ UXQ DW �9� WKH PRWRUV VRPHWLPHV DUH� � � � � � � � � � � � � � �
QRW DEOH WR JHQHUDWH HQRXJK WRUTXH WR DFWXDOO\ VWDUW PRYLQJ WKH NQREV RI WKH (WFK�$�6NHWFK�� � � � � � � � � � � � � � �
7KLV LV EHFDXVH QRW HQRXJK FXUUHQW LV IORZLQJ WKURXJK WKH PRWRUV� DQG VR WR UHPHG\ WKLV� WKH� � � � � � � � � � � � � � � � �
YROWDJH ZDV LQFUHDVHG VOLJKWO\ WR �9 WR SURYLGH PRUH FXUUHQW� 7KLV SURYHG HIIHFWLYH� DV WKH� � � � � � � � � � � � � � �
PRWRUV GR QRW VWDOO DQ\PRUH� ,QLWLDOO\� DQ LQSXW YROWDJH RI ��9 ZDV DWWHPSWHG� EXW WKDW UHVXOWHG LQ� � � � � � � � � � � � � � � � �
WKH VLGH HIIHFW RI WKH PRWRUV WKHPVHOYHV KHDWHG XS PXFK WRR TXLFNO\� DQG GLG QRW DSSHDU VDIH WR� � � � � � � � � � � � � � � � � �
UXQ IRU ORQJ SHULRGV RI WLPH� �9 ZDV IRXQG WR EH WKH ORZHVW ZH FRXOG VHW WKH YROWDJH� DQG VWLOO� � � � � � � � � � � � � � � � � � � �
KDYH�WKH�PRWRUV�PRYH�WKH�GLDOV�FRQVLVWHQWO\�IRU�ORQJ�SHULRGV�RI�WLPH���

)RU WKLV SURMHFW� WZR VWHSSHU PRWRUV DQG WZR 8/1���� GULYHU ERDUGV DUH EHLQJ XVHG� � � � � � � � � � � � � �
LQWHUIDFLQJ�ZLWK�WKH�)3*$���

�
%� (WFK�$�6NHWFK�

7KH QRVWDOJLFDOO\ IRQG (WFK�$�6NHWFK ZDV XVHG LQ WKLV SURMHFW� $WWDFKHG WR WKH IURQW RI� � � � � � � � � � � � � �
WKLV WR\ ZDV D VFUHHQ DQG WZR NQREV� 7KH LQVLGH RI WKH WR\ LV ILOOHG ZLWK DOXPLQXP SRZGHU� ZKLFK� � � � � � � � � � � � � � � � � � �
VWD\V LQ SODFH PDJQHWLFDOO\� 7ZLVWLQJ WKH NQRE DFWLYDWHV SXOOH\V WKDW PRYH D VW\OXV DFURVV WKH� � � � � � � � � � � � � � �
VFUHHQ WR GLVSODFH WKH SRZGHU� DOORZLQJ LW WR IDOO WR WKH EDVH RI WKH WR\� ,Q GRLQJ VR� WKH� � � � � � � � � � � � � � � � � � �
DSSHDUDQFH RI D GDUN OLQH LV OHIW� %\ DWWDFKLQJ WKH NQREV WR WZR VWHSSHU PRWRUV� WKH PRWRUV DUH� � � � � � � � � � � � � � � � � �
DEOH WR FRQWURO WKH PRYHPHQW RI WKH VW\OXV DQG DQG WKXV D SURJUDPPHG LPDJH LV DEOH WR EH� � � � � � � � � � � � � � � � � �
GUDZQ RQ WKH (WFK�$�6NHWFK¶V VFUHHQ� 7R HUDVH WKH GUDZLQJ� WKH ZKROH DVVHPEO\ PXVW EH� � � � � � � � � � � � � �
WXUQHG XSVLGH GRZQ DQG VKDNHQ� DOORZLQJ WKH DOXPLQXP ILODPHQW WR IDOO EDFN RQWR WKH VFUHHQ�� � � � � � � � � � � � � � �
ILOOLQJ�LQ�WKH�OLQHV���

�
)LJXUH���� (WFK�$�6NHWFK�LQ�ILQDO�FDVLQJ�

�
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6FKHPDWLFV��

�
)LJXUH�����/HIW��+LJK�OHYHO�VFKHPDWLF�RI�EUHDGERDUG�����5LJKW��8/1�����'ULYHU�%RDUG�FLUFXLW�

�
0LFURFRQWUROOHU�'HVLJQ��

7KH PLFURFRQWUROOHU LV WKH PDLQ EUDLQ RI WKH PRGXOH� ,W KDV WKH PD]HV VWRUHG DV DUUD\V RI� � � � � � � � � � � � � � � � �
LQVWUXFWLRQV� ,W LV WKHQ DEOH WR GHFRGH WKH LQVWUXFWLRQ VHW DQG FRPPXQLFDWH WKHVH LQVWUXFWLRQV WR� � � � � � � � � � � � � � �
WKH )3*$� ,W KDV WKUHH PDLQ ZD\V RI GUDZLQJ PD]HV� )LUVW WKH �GUDZ6WUDLJKW0D]H�� IXQFWLRQ� � � � � � � � � � � � � �
GHFRGHV WKH LQVWUXFWLRQV DQG FDOOV WKH �GUDZ6WUDLJKW/LQH�� IXQFWLRQ� ZKLFK LV WKHQ DEOH WR GUDZ� � � � � � � � � � � � � �
SHUIHFWO\ KRUL]RQWDO RU YHUWLFDO OLQHV� 7KH VHFRQG PD]H W\SH LV D �GUDZ5RXQG0D]H���� ZKLFK FDOOV� � � � � � � � � � � � � �
GUDZ&LUFOH�� ZKLFK LQ WHUQ FDOOV �GUDZ$QJOHG/LQH���� 7KH WKLUG W\SH RI GUDZLQJ IXQFWLRQ LV WKH� � � � � � � � � � � � � �
GUDZ3DWK���� ZKLFK WDNHV LQ DQ DUUD\ RI FRRUGLQDWH SRLQWV DQG GUDZV D VHULHV RI %H]LHU FXUYHV� � � � � � � � � � � � � � � �
WKDW�GUDZ�D�FXUYH�EDVHG�RQ�FKDQJLQJ�WKH�ZHLJKWHG�DYHUDJH�EHWZHHQ�D�VHULHV�RI�IRXU�SRLQWV���

�



��

7KH PLFURFRQWUROOHU EHJLQV ZLWK LWV �PDLQ�� �IXQFWLRQ� 7KLV IXQFWLRQ VLPSO\ LQLWLDOL]HV WKH� � � � � � � � � � � �
FORFN� 3,2� WLPHU FRXQWHU DQG SLQV� )URP KHUH LW HQWHUV DQ LQILQLWH ORRS ZKLOH LW ZDLWV IRU RQH RI� � � � � � � � � � � � � � � � � � �
WKH EXWWRQ LQSXW SLQV WR JR KLJK� LQGLFDWLQJ WKDW D EXWWRQ KDV EHHQ SUHVVHG� 'HSHQGLQJ RQ WKH� � � � � � � � � � � � � � � � �
EXWWRQ EHLQJ SUHVVHG� D GLIIHUHQW PD]H LV GUDZQ� 'HSHQGLQJ RQ WKH W\SH RI PD]H EHLQJ GUDZQ� D� � � � � � � � � � � � � � � � �
GLIIHUHQW PD]H�GUDZLQJ IXQFWLRQ FDQ EH FDOOHG� 7KUHH PD]H�GUDZLQJ IXQFWLRQV ZHUH ZULWWHQ� � � � � � � � � � �
GUDZ6WUDLJKW0D]H���� GUDZ5�RXQG0D]H���� DQG �GUDZ3DWK��� �ZLWK WKH LQVWUXFWLRQV RI HDFK EHLQJ� � � � � � � � � �
HQFRGHG�LQ�D�GLIIHUHQW�ZD\��

7KH �GUDZ6WUDLJKW0D]H�� IXQFWLRQ �WDNHV LQ DQ DUUD\ RI VWULQJV� HDFK FRQWDLQLQJ WZR� � � � � � � � � � � �
FKDUDFWHUV� 7KLV IXQFWLRQ UXQV RQ D ZKLOH ORRS WKDW UXQV IRU DV ORQJ DV WKH DUUD\ OHQJWK� 'XULQJ� � � � � � � � � � � � � � � � � �
HDFK ORRS� WKH VWULQJ DVVRFLDWHG ZLWK WKH FXUUHQW VWHS LV GHFRGHG XVLQJ WKUHH KHOSHU IXQFWLRQV� � � � � � � � � � � � � � �
WKDW UHWXUQ WKH GXUDWLRQ RI WKH VWHS� ZKLFK PRWRU LV EHLQJ XVHG� DQG LI WKH PRWRU ZLOO EH WXUQLQJ� � � � � � � � � � � � � � � � � � �
FORFNZLVH RU FRXQWHUFORFNZLVH� 7KLV ZD\ WKH DUUD\ RI VWHSV FDQ UHPDLQ OHJLEOH ZLWK WKH FRGH� � � � � � � � � � � � � � �
GRLQJ WKH EUXQW RI WKH GHFRGLQJ� $ OHQJWK RI � FRUUHODWHV WR ��� �/,1($5B&2()) FRQVWDQW� FDOOV� � � � � � � � � � � � � � � �
WR WKH �PRYH)3*$�� IXQFWLRQ� ZKLFK FRUUHODWHV WR DERXW D ��� NQRE WXUQ RU D GLVWDQFH RU DERXW D� � � � � � � � � � � � � � � � � �
FHQWLPHWHU� 7KH SHQXOWLPDWH VWHS RI WKLV IXQFWLRQ FDOLEUDWHV WKH PRWRU ZKHQ WKH GLUHFWLRQ� � � � � � � � � � � � �
VZLWFKHV� (VVHQWLDOO\� LI WKH ODVW GLUHFWLRQ PRYHG LV GLIIHUHQW IURP WKH FXUUHQW GLUHFWLRQ D GLVWDQFH� � � � � � � � � � � � � � �
RI ��� �5(9(56(B2))6(7 FRQVWDQW� LQ WKH QHZ GLUHFWLRQ LV LVVXHG� 7KLV IXQFWLRQ FDOO GRHVQ¶W� � � � � � � � � � � � � �
DFWXDOO\ PRYH WKH FXUVRU� EXW PRYHV WKH PRWRU HQRXJK WKDW WKH QH[W �PRYH)3*$�� IXQFWLRQ FDOO� � � � � � � � � � � � � � �
ZLOO PRYH WKH FXUVRU� 7KLV PDNHV VXUH WKDW WKH PD]H VWD\V RQ WRS RI LWVHOI ZKHQ GUDZLQJ WKH� � � � � � � � � � � � � � � � � �
ZKROH IXQFWLRQ� )URP KHUH WKH �GUDZ6WUDLJKW/LQH�� IXQFWLRQ LV FDOOHG SDVVLQJ LQ WKH �PRWRU��� � � � � � � � � � � � �
GLUHFWLRQ ��DQG��GLVWDQFH��YDOXHV���

7KH �GUDZ6WUDLJKW/LQH�� �IXQFWLRQ XVHV D ZKLOH ORRS WR UHSHDWHGO\ LQSXW WKH FXUUHQW� � � � � � � � � � � �
LQVWUXFWLRQ LQWR WKH �PRYH)3*$�� �IXQFWLRQ� ,W FDOOV WKLV IXQFWLRQ D �GXUDWLRQ �QXPEHU RI WLPHV� )RU� � � � � � � � � � � � � � �
UHIHUHQFH��LW�WDNHV�DERXW������IXQFWLRQ�FDOOV�IRU�WKH�PRWRU�WR�PRYH�������

7KH �PRYH)3*$�� �IXQFWLRQ GLJLWDOO\ ZULWHV WKH �GLUHFWLRQ DQG �PRWRU SLQV LQWR WKH� � � � � � � � � � � �
DSSURSULDWH VWDWHV� 7KHQ LW SXWV WKH FON SLQ KLJK� 2Q WKH ULVLQJ HGJH RI WKLV SLQ WKH )3*$¶V )60� � � � � � � � � � � � � � � � � � �
FKDQJHV VWDWHV� 7KHQ ZH FDOO DQ ��� PLFURVHFRQG GHOD\ WR JLYH WKH PRWRU WLPH WR PRYH� )LQDOO\� � � � � � � � � � � � � � � � �
WKH�FON�SLQ�JRHV�ORZ��

'UDZLQJ WKH 6WUDLJKW 0D]H ZDV DOO WKDW ZDV SURPLVHG IURP RXU SURMHFW SURSRVDO� 7KH� � � � � � � � � � � � � �
IROORZLQJ�IXQFWLRQV�DUH�DQ�H[WHQGHG�IHDWXUH�VHW�RI�WKH�SURMHFW��DQG�ZHUH�GRQH�IRU�IXQ���

7KH �GUDZ5RXQG0D]H�� IXQFWLRQ WDNHV LQ DQ DUUD\ RI VWULQJV� HDFK FRQWDLQLQJ �� � � � � � � � � � � �
FKDUDFWHUV� (DFK VWULQJ SURYLGHV WKH LQVWUXFWLRQ FRQWDLQLQJ WKH W\SH RI LQVWUXFWLRQ� DQG WKH� � � � � � � � � � � � �
SDUDPHWHUV RI WKH LQVWUXFWLRQ� 7KHUH DUH WZR W\SHV RI LQVWUXFWLRQV� ERWK XVH D JOREDO YDULDEOH� � � � � � � � � � � � � � �
DQJOH WKDW NHHSV WUDFN RI WKH FXUUHQW DQJOH RI WKH FXUVRU UHODWLYH WR WKH FHQWHU SRLQW RI WKH PD]H�� � � � � � � � � � � � � � � � � � �
�� PHDQV VWUDLJKW OHIW� ��� VWUDLJKW XS DQG VR RQ� )RU UDGLDOO\ LQ RU RXW PRYHPHQWV� WKLV YDOXH LV� � � � � � � � � � � � � � � � � � �
XVHG WR GHWHUPLQH ZKLFK �OLQH$QJOH WR JLYH WKH �GUDZ$QJOHG/LQH�� IXQFWLRQ� 7KH OHQJWK RI WKLV� � � � � � � � � � � � � �
YDOXH LV WDNHQ IURP WKH LQVWUXFWLRQ VHW� &LUFXODU PRYHPHQWV FDOO WKH �GUDZ&LUFOH�� �IXQFWLRQ�� � � � � � � � � � � � �
SDVVLQJ LQ WKH �UDGLXV�� �ILQDO$QJOH �� DQG �LQVWUXFWLRQ� 7KH �GUDZ&LUFOH�� �IXQFWLRQ XVHV D ZKLOH ORRS WR� � � � � � � � � � � � � � �
GUDZ D VHULHV RI DQJOHG OLQHV WKDW WRJHWKHU ORRN OLNH D FLUFOH WR XV� (DFK DQJOHG OLQH LV D GHJUHH� � � � � � � � � � � � � � � � � � � �
FKDQJH RI �� 7KDW LV� WKDW LI WKH FLUFOH LV EHLQJ GUDZQ FORFNZLVH� DQG WKH FXUUHQW DQJOH LV DW ���� LW� � � � � � � � � � � � � � � � � � � � �
ZLOO XVH WKH UDGLXV GHWHUPLQH WKH SRVLWLRQ DW DQ DQJOH RI ���� 7KHQ LW GHWHUPLQHV WKH OHQJWK DQG� � � � � � � � � � � � � � � � � �
DQJOH RI WKH OLQH QHHGHG WR PRYH LQWR WKLV SRVLWLRQ� ,W WKHQ SDVVHV WKLV �OLQH$QJOH �DQG �GLVWDQFH� � � � � � � � � � � � � � � � �
LQWR WKH �GUDZ$QJOHG/LQH�� �IXQFWLRQ� %\ FRQWLQXRXVO\ FDOFXODWLQJ WKLV �GUDZ$QJOHG/LQH�� �IXQFWLRQ� � � � � � � � � �
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DQG XSGDWLQJ WKH JOREDO DQJOH� D FLUFOH FDQ EH GUDZQ� 7KH �GUDZ&LUFOH�� IXQFWLRQ KDOWV ZKHQ WKH� � � � � � � � � � � � � � � �
ILQDO$QJOH ��LV�HTXDO�WR�WKH�JOREDO��DQJOH��

7KH �GUDZ$QJOHG/LQH ��� IXQFWLRQ LV WKH VLPSOHVW IXQFWLRQ WR H[SODLQ� EXW DOVR WKH ORQJHVW� � � � � � � � � � � � �
IXQFWLRQ RI WKH HQWLUH FRGHEDVH� *LYHQ D �OLQH$QJOH DQG �GLVWDQFH �� D OLQH LV GUDZQ RQ WKH� � � � � � � � � � � � � � � �
HWFK�D�VNHWFK WKDW PDWFKHV WKH �OLQH$QJOH DQG �GLVWDQFH� �8VLQJ VRPH VLPSOH WULJ� ,W WDNHV LQWR� � � � � � � � � � � � � �
DFFRXQW UHYHUVH GLUHFWLRQ FDOLEUDWLRQ� FDVHV ZKHUH WKH OLQH LV IXOO\ KRUL]RQWDO RU YHUWLFDO� DQG� � � � � � � � � � � � � �
DPELJXRXV VLQHV� 7KH KDUGHVW SDUW RI WKLV IXQFWLRQ LV PRYLQJ WKH WZR PRWRUV VHHPLQJO\� � � � � � � � � � � � � �
VLPXOWDQHRXVO\ WR GUDZ WKH DSSURSULDWH DQJOH� 6D\ WKH IXQFWLRQ ZDQWV WR PRYH DW DQ DUELWUDU\� � � � � � � � � � � � � � �
DQJOH� 8VLQJ VLQ DQG FRVLQH� ZH FDQ FDOFXODWH WKDW IRU HYHU\ [ KRUL]RQWDO PRWRU FDOOV ZH ZDQW WR� � � � � � � � � � � � � � � � � �
PDNH \ YHUWLFDO PRWRU FDOOV� )URP KHUH D �JOREDO$QJOH&RXQW YDULDEOH LV XVHG WKDW MXVW FRXQWV� � � � � � � � � � � � � � �
XSZDUGV� (YHU\ WLPH �JOREDO$QJOH&RXQW UHDFKHV D PXOWLSOH RI \ WKH PRWRU LV PRYHG KRUL]RQWDOO\�� � � � � � � � � � � � � �
(DFK WLPH �JOREDO$QJOH&RXQW UHDFKHV D PXOWLSOH RI [ WKH PRWRU LV PRYHG YHUWLFDOO\� 1RWLFH KRZ� � � � � � � � � � � � � � �
KRUL]RQWDO PRYHPHQWV DUH EDVHG RQ WKH YHUWLFDO FRPSRQHQW� DQG WKH YHUWLFDO PRYHPHQWV DUH� � � � � � � � � � � � �
EDVHG RQ WKH KRUL]RQWDO FRPSRQHQW� 7KH YDULDEOH �JOREDO$QJOH&RXQW LV JOREDO DQG LV UDUHO\ UHVHW�� � � � � � � � � � � � � �
VR WKDW WKH FRXQW GRHVQ¶W FKDQJH DV WKH GHVLUHG DQJOH FKDQJHV� 7KLV SURSHUW\ KHOSV WKH GUDZQ� � � � � � � � � � � � � � � �
FXUYHV�ORRN�VPRRWK��,Q�WKLV�ZD\��WKLV�IXQFWLRQ�LV�DEOH�WR�PRYH�WKH�WZR�PRWRUV�DW�YDULDEOH�UDWHV���

7KH �GUDZ3DWK�� IXQFWLRQ XVHV D ZKLOH ORRS WR GUDZ D VHULHV RI %H]LHU &XUYHV� %H]LHU� � � � � � � � � � � � � � �
&XUYHV DUH HVVHQWLDOO\ � FRRUGLQDWH SRLQWV� ZKHUH D FXUYH LV FDOFXODWHG EDVHG RQ D ZHLJKWHG� � � � � � � � � � � � � � �
DYHUDJH RI WKH � SRLQWV� 7KH FXUYH VWDUWV DW SRLQW �� DQG HQGV DW SRLQW �� :KHQ OHDYLQJ SRLQW �� LW� � � � � � � � � � � � � � � � � � � � �
LV WUDYHOLQJ LQ WKH GLUHFWLRQ RI SRLQW �� :KHQ DUULYLQJ DW SRLQW �� LW LV WUDYHOLQJ IURP WKH GLUHFWLRQ RI� � � � � � � � � � � � � � � � � � � �
SRLQW �� 7KH IXQFWLRQ ZRUNV E\ FDOFXODWLQJ WKH FXUUHQW DQG QH[W [�\ FRRUGLQDWH SRVLWLRQV� DQG� � � � � � � � � � � � � � �
WKHQ FDOFXODWLQJ WKH DQJOH DQG GLVWDQFH RI D OLQH WKDW FRQQHFWV WKHVH WZR SRLQWV� ,W WKHQ FDOOV WKH� � � � � � � � � � � � � � � � � �
GUDZ$QJOHG/LQH ��� IXQFWLRQ LQSXWWLQJ WKLV FDOFXODWHG �DQJOH DQG �GLVWDQFH� �'LUHFWLRQV IRU WKH� � � � � � � � � � �
EDWPDQ V\PERO DUH VWRUHG LQ WKH & FRGH� $GPLWWHGO\� GXH WR WLPH FRQVWUDLQWV WKLV IXQFWLRQ ZDV� � � � � � � � � � � � � � � �
QHYHU SURSHUO\ LPSOHPHQWHG DQG LV \HW WR EH GHEXJJHG� +DG WKLV IXQFWLRQ EHHQ SURSHUO\ ILQLVKHG� � � � � � � � � � � � � � �
WKH�PLFURFRQWUROOHU�ZRXOG�KDYH�EHHQ�DEOH�WR�GUDZ�DQ\�SDWK���
�� �
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)3*$�'HVLJQ��
7KH )3*$ KDV D VLPSOH EXW FUXFLDO UROH RI NHHSLQJ WUDFN RI ZKLFK SRVLWLRQ WKH VWHSSHU� � � � � � � � � � � � � � � �

PRWRU LV LQ� ,I WKH VWHSSHU PRWRU VKDIW DQG WKH )60 EHFRPH GHV\QFKURQL]HG� WKHQ WKH PRWRU ZLOO� � � � � � � � � � � � � � � � �
EX]] EXW QRW VSLQ� ,Q RUGHU IRU WKH PD]HV EHLQJ GUDZQ WR ORRN JRRG� WKH OLQHV QHHG WR OLQH EDFN� � � � � � � � � � � � � � � � � � � �
XS ZLWK WKHPVHOYHV� 7KXV LW
V FULWLFDO WKDW WKH OHQJWKV WUDYHOOHG E\ WKH HWFK�D�VNHWFK¶V FXUVRU� � � � � � � � � � � � � �
UHPDLQ�FRQVWDQW��,Q�WKLV�ZD\��WKH�WDVN�JLYHQ�WR�WKH�)3*$�LV�H[WUHPHO\�LPSRUWDQW���

�
)LJXUH���� )3*$�EORFN�GLDJUDP��OHIW� )60�IRU�PRWRU�ORJLF��ULJKW��

7KH )3*$ UHFHLYHV � ELWV RI LQIRUPDWLRQ IURP WKH PLFURFRQWUROOHU� �FON�� �PRWRU� DQG� � � � � � � � � � � � �
GLUHFWLRQ �� 7KH �PRWRU VLJQDO LV � IRU WKH KRUL]RQWDO PRWRU� DQG � IRU WKH YHUWLFDO PRWRU� :LWKLQ WKH� � � � � � � � � � � � � � � � � �
0RWRU )60� LW ZRUNV OLNH DQ HQDEOH� 7KXV WKH ELW LV LQYHUWHG ZKHQ LQSXWWHG LQWR WKH )60 PRGXOH� � � � � � � � � � � � � � � � � �
IRU PRWRU �� 7KH �GLUHFWLRQ ELW LQGLFDWHV ZKLFK GLUHFWLRQ WKH )60 VKRXOG PRYH� $ GLUHFWLRQ RI �� � � � � � � � � � � � � � � � �
LQGLFDWHV WKH WKH PRWRU VKRXOG VSLQ FORFNZLVH� ZKLOH D YDOXH RI � LQGLFDWHV FRXQWHUFORFNZLVH� 2Q� � � � � � � � � � � � � � �
WKH ULVLQJ HGJH RI WKH FON� WKH GLUHFWLRQ DQG PRWRU YDOXHV GHWHUPLQH LQ ZKLFK GLUHFWLRQ WKH PRWRU� � � � � � � � � � � � � � � � �
)60 VKRXOG WXUQ� 7KH FON JRHV KLJK HDFK WLPH WKH PLFURFRQWUROOHU¶V PRYH)3*$ IXQFWLRQ LV� � � � � � � � � � � � � �
FDOOHG��7KLV�DOORZV�WKH�)60�WR�DOZD\V�EH�LQ�V\QF�ZLWK�WKH�PLFURFRQWUROOHUV�FRPPDQGV���
�
0HFKDQLFDO�'HVLJQ��

)LUVW� D KRXVLQJ IRU WKH (WFK�$�6NHWFK ZDV FRQVWUXFWHG� VR WKDW WKH (WFK�$�6NHWFK ZRXOG� � � � � � � � � � � � �
EH LPPRELOH GXULQJ WKH PRWRU RSHUDWLRQV� ,W ZDV GHVLJQHG WR ILW WKH (WFK�$�6NHWFK YHU\ VQXJO\�� � � � � � � � � � � � � � �
VXFK WKDW WKH (WFK�$�6NHWFK ZDV DEOH WR EH LQVHUWHG DQG UHPRYHG ZLWK HDVH� EXW ZLWKRXW DQ\� � � � � � � � � � � � � � � �
H[WUD ZLJJOH URRP WR HQVXUH WKH PRVW DFFXUDF\ IRU WKH GUDZLQJ SURFHVV� 7KH VWUXFWXUH ZDV� � � � � � � � � � � � � � �
FUHDWHG RXW RI ZRRG PDFKLQHG DFFRUGLQJ WR PHDVXUHG VSHFLILFDWLRQV� DQG SXW WRJHWKHU XVLQJ� � � � � � � � � � � � �
VFUHZV���

1H[W� DQ DVVHPEO\ WR DWWDFK WKH PRWRUV WR WKH NQREV ZDV FUHDWHG� 7KHUH ZHUH PDQ\� � � � � � � � � � � � � � �
GHVLJQ LWHUDWLRQV IRU WKLV FRPSRQHQW� DV LW LV WKH PRVW HVVHQWLDO IRU DFFXUDWHO\ WUDQVODWLQJ� � � � � � � � � � � � � �
SURJUDPPHG FRGH RQWR WKH (WFK�$�6NHWFK VFUHHQ� ,W LV LPSHUDWLYH WR WKH TXDOLW\ RI WKH ILQDO UHVXOW� � � � � � � � � � � � � � � �
WKDW WKH PRWRUV DUH QRW DEOH WR VKLIW GXULQJ WKH GUDZLQJ SURFHVV E\ DQ\ GHJUHH RI IUHHGRP� DQG� � � � � � � � � � � � � � � � � �
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WKDW WKH PRWRUV DUH SHUIHFWO\ YHUWLFDOO\ SDUDOOHO WR WKH NQREV� 7KH ILUVW GHVLJQ XWLOL]HG D ��� JHDU� � � � � � � � � � � � � � � � �
VHW� RQH IRU HDFK NQRE �� RQH SDUW ZDV SUHVV ILW RQWR WKH (WFK�$�6NHWFK NQRE� DQG WKH RWKHU ZDV� � � � � � � � � � � � � � � � � � �
SUHVV ILW RQWR WKH PRWRU VKDIW� 7KHVH SDUWV ZHUH �' SULQWHG� DQG ZHUH SHUIHFWO\ DEOH WR EH� � � � � � � � � � � � � � � � �
VHFXUHO\ SUHVV ILW RQWR WKHLU UHVSHFWLYH SDUWV ZLWKRXW DQ\ VOLSSDJH� 8SRQ WHVWLQJ WKH JHDUV� LW� � � � � � � � � � � � � � �
EHFDPH FOHDU WKDW WKLV ZDV QRW D YLDEOH RSWLRQ� :KHQ WKH WHHWK ZHUH SUHVVHG WRJHWKHU VXFK WKDW� � � � � � � � � � � � � � � � �
QR VOLS RFFXUUHG� WKH WRUTXH QHHGHG WR URWDWH WKH NQRE ZDV WRR KLJK IRU WKH PRWRUV DQG VR WKH\� � � � � � � � � � � � � � � � � � �
GLGQ¶W WXUQ� EXW ZKHQ WKDW SUHVVXUH ZDV VOLJKWO\ UHOHDVHG� WKH JHDUV ZHUH XQDEOH WR FDWFK HDFK� � � � � � � � � � � � � � � �
RWKHU VHFXUHO\ DQG WKHUH ZDV D ORW RI VOLSSLQJ� 7KH QH[W LWHUDWLRQ XWLOL]HG WKH IDFW WKDW WKH JHDU� � � � � � � � � � � � � � � � � �
VWUXFWXUHV ZHUH DOUHDG\ YHU\ VHFXUHO\ SUHVV ILW RQWR WKHLU UHVSHFWLYH SDUWV� DQG WKH JHDUV ZHUH� � � � � � � � � � � � � � �
GLUHFWO\ WDSHG WR HDFK RWKHU VXFK WKDW WKH PRWRUV ZHUH QRZ SRVLWLRQHG GLUHFWO\ DERYH WKH� � � � � � � � � � � � � � �
(WFK�$�6NHWFK NQREV� 7KLV GHVLJQ SURGXFHG D PXFK EHWWHU RXWSXW� EXW ZDV VWLOO QRW LGHDO� � � � � � � � � � � � � �
EHFDXVH LW UHOLHG RQ WKH PRWRUV EHLQJ KHOG LPPRELOH XVLQJ RXU KDQGV� ZKLFK LQWURGXFHG KXPDQ� � � � � � � � � � � � � � �
HUURU� DQG WKDW WKH WDSH ZDV SHUIHFWO\ VHFXUH� ZKLFK LW ZDV QRW� ,W DOVR UHVWULFWHG WKH RULJLQDO� � � � � � � � � � � � � � � � �
LQWHQGHG GHVLJQ RI DOORZLQJ WKH XVHU WR PDQXDOO\ VROYH WKH SURGXFHG PD]H� VLQFH WKH PRWRUV� � � � � � � � � � � � � � �
ZHUH GLUHFWO\ DWWDFKHG WR WKH (WFK�$�6NHWFK� 7KH ILQDO GHVLJQ XWLOL]HG WKH VDPH LGHD RI GLUHFWO\� � � � � � � � � � � � � � �
DWWDFKLQJ WKH PRWRUV WR WKH NQREV DV WKH WDSH� H[FHSW WKH FRQQHFWLRQ ZDV PDGH XVLQJ PDJQHWV� � � � � � � � � � � � � � � �
DGKHUHG WR WKH UHVSHFWLYH JHDU VWUXFWXUH RI WKH NQREV DQG WKH PRWRUV� 7KH PDJQHWV FKRVHQ� � � � � � � � � � � � � � �
ZHUH VWURQJ HQRXJK WR SXOO WKH FHQWHU RI WKH PRWRUV LQWR DOLJQPHQW ZLWK WKH FHQWHU RI WKH NQRE�� � � � � � � � � � � � � � � � � �
ZKLOH DOVR DOORZLQJ WKHP WR EH HDVLO\ UHPRYHG IRU PDQXDO SOD\� 7KH PDJQHWV ZHUH DOVR VWURQJ� � � � � � � � � � � � � � � �
HQRXJK WKDW WKH\ GLG QRW VOLGH DJDLQVW HDFK RWKHU ZKHQ RQH ZDV URWDWHG� ZKLFK ZDV HVVHQWLDO DV� � � � � � � � � � � � � � � � �
RQO\ RQH ZRXOG EH URWDWHG E\ WKH PRWRU� DQG WKH RWKHU �DWWDFKHG WR WKH NQRE� ZRXOG EH URWDWHG� � � � � � � � � � � � � � � � � �
E\ WKH IULFWLRQ DQG PDJQHWLF DWWUDFWLRQ EHWZHHQ WKHP� 2QH FRQFHUQ ZDV WKDW WKH PDJQHWV ZRXOG� � � � � � � � � � � � � � �
LQWHUIHUH ZLWK WKH LQWHUQDO ZRUNLQJV RI WKH PRWRU� DV WKH\ UHO\ RQ JHQHUDWHG HOHFWURPDJQHWLF� � � � � � � � � � � � � �
ILHOGV��EXW�WKDW�ZDV�WKDQNIXOO\�QRW�WKH�FDVH��

�
)LJXUH����'�SULQWHG�NQRE�DQG�PRWRU�FDVLQJ�DWWDFKHG�ZLWK�PDJQHWV�

2QFH WKH PHWKRG RI DWWDFKLQJ WKH PRWRUV ZDV GHWHUPLQHG� WKHQ FDPH GHVLJQLQJ WKH� � � � � � � � � � � � � �
PHWKRG RI DWWDFKPHQW WR WKH IUDPH� 7KLV ZD\� WKH V\VWHP ZRXOG EH DEOH WR RSHUDWH� � � � � � � � � � � � � � �
LQGHSHQGHQWO\ ZLWKRXW XVLQJ RXU KDQGV WR KROG WKH PRWRUV VWLOO� 7KH ILUVW LGHD ZDV WR KDYH WKH� � � � � � � � � � � � � � � � �
PRWRUV DWWDFKHG WR KLQJHV WKDW IOLSSHG WKH PRWRUV RQ DQG RII WKH NQREV� VR WKDW WKH PRWRUV FRXOG� � � � � � � � � � � � � � � � � �

�



���

EH SXOOHG RII DQG VQDSSHG EDFN RQ ZKHQ QHHGHG� +RZHYHU� XSRQ KDQGOLQJ WKH PDJQHWV� WKLV� � � � � � � � � � � � � � �
PHFKDQLVP ZDV GHHPHG D VDIHW\ KD]DUG� DV LW FRXOG EH YHU\ SDLQIXO LI WKH PRWRUV ZHUH VZXQJ� � � � � � � � � � � � � � � � �
RQWR D ILQJHU� $V D UHVXOW� D SLYRWLQJ PHFKDQLVP ZDV FRQVWUXFWHG� WKDW ZRXOG KDYH D VWUXFWXUH� � � � � � � � � � � � � � � �
DWWDFKHG WR WKH IUDPH RQ D SLYRW SRLQW� DQG WKH PRWRUV ZRXOG EH DEOH WR VOLGH RQ DQG RII WKH� � � � � � � � � � � � � � � � � � � �
NQREV� 7KLV GHVLJQ PHDQW WKDW VRPH SUHFLVLRQ RQ FHQWHULQJ WKH PRWRUV KDG WR EH VDFULILFHG� DQG� � � � � � � � � � � � � � � �
WKH PRWRUV ZRXOG KDYH WR EH DGMXVWHG RQFH DWWDFKHG� EXW LW ZDV D QHFHVVDU\ WUDGHRII WR PDLQWDLQ� � � � � � � � � � � � � � � � �
VDIHW\��

)LQDOO\� WKH PRWRU ZDV DWWDFKHG WR WKH SLYRWLQJ VWUXFWXUH XVLQJ D VKHHW RI DFU\OLF WKDW ZDV� � � � � � � � � � � � � � � �
ODVHU�FXW�WR�SUHVV�ILW�DURXQG�WKH�PRWRU��DQG�WKHQ�VFUHZHG�RQWR�WKH�VWUXFWXUH��

�
)LJXUH���0RWRU�GLPHQVLRQV�VNHWFK��OHIW� &$'�GUDZLQJ�IRU�ODVHU�FXW��FHQWHU� )LQLVKHG�PRWRU�VHFXULQJ�

VWUXFWXUH�ZLWK�SLYRW�SRLQW��ULJKW��
�

5HVXOWV��
:H�DUH�YHU\�SOHDVHG�ZLWK�WKH�RXWFRPH�RI�RXU�GHYLFH��7KH�V\VWHP�LV�TXLWH�UREXVW��DQG�

VXFFHVVIXOO\�LQGHSHQGHQWO\�GUDZV�WKH�WKUHH�LQWHQGHG�PD]HV�UHOLDEO\��DQG�ZLWK�D�KLJK�OHYHO�RI�
SUHFLVLRQ��7KH�V\VWHP�ZDV�DEOH�WR�ERWK�GUDZ�WKH�LQLWLDO�OLQH��DV�ZHOO�DV�WUDFH�EDFN�RYHU�H[LVWLQJ�
OLQHV�WR�UHWXUQ�WR�D�FRPPRQ�VSRW�RQ�WKH�PD]H�DOPRVW�SHUIHFWO\��DQG�FHUWDLQO\�ZLWKRXW�LQWHUIHULQJ�
ZLWK�WKH�RYHUDOO�SOD\DELOLW\�RI�WKH�PD]H��8VHU�UHVSRQVH�ZDV�DOVR�YHU\�SRVLWLYH��LQ�ERWK�WKH�
VDWLVIDFWLRQ�JDLQHG�IURP�ZDWFKLQJ�WKH�(WFK�$�6NHWFK�VW\OXV�WUDFH�SHUIHFWO\�VWUDLJKW�OLQHV�DQG�
UHWXUQ�DORQJ�WKH�VDPH�H[DFW�SDWK��DQG�IURP�WKH�SOHDVXUH�JDLQHG�IURP�EHLQJ�DEOH�WR�SK\VLFDOO\�
PDQLSXODWH�WKH�NQREV�RI�WKH�(WFK�$�6NHWFK�DQG�FRPSOHWH�WKH�PD]H��$W�WKH�FRUH�RI�WKLV�SURMHFW��
ZH�DLPHG�WR�FUHDWH�D�V\VWHP�WKDW�EURXJKW�MR\�WR�SHRSOH�DQG�ZDV�IXQ�WR�RSHUDWH��VR�WKLV�ZDV�WKH�
PRVW�LPSRUWDQW�PHWULF�RI�VXFFHVV�IRU�XV��

1HYHUWKHOHVV��WKHUH�LV�VWLOO�PXFK�URRP�IRU�LPSURYHPHQWV�LI�WLPH�DQG�EXGJHW�DOORZHG��:H�
KDG�SURJUDPPHG�LQ�WZR�VWUHWFK�JRDO�ERQXV�PD]HV����RQH�ZDV�D�FLUFXODU�PD]H��DQG�WKH�RWKHU�
ZDV�D�PXFK�ODUJHU��PXFK�PRUH�FRPSOLFDWHG�PD]H��7KH�FLUFXODU�PD]H�ZDV�VXFFHVVIXO�RQFH��
ZKHQ�WKH�PRWRU�FDVLQJ�ZDV�ILUVW�DWWDFKHG�WR�WKH�IUDPH�EXW�VWLOO�KHOG�VHFXUH�E\�RXU�KDQGV��
+RZHYHU��ZH�ZHUH�QRW�DEOH�WR�UHSOLFDWH�WKLV�RQFH�WKH�VWUXFWXUH�ZDV�ILUPO\�DWWDFKHG��:H�EHOLHYH�
WKDW�WKLV�LV�GXH�WR�WKH�PRWRUV�QRW�EHLQJ�SHUIHFWO\�SHUSHQGLFXODU��DV�ZHOO�DV�WKH�IDFW�WKDW�WKH�
PRWRUV�ZHUH�EHFRPLQJ�OHVV�UHOLDEOH�DV�WKH\�FRQWLQXHG�WR�EH�XVHG��DQG�ZHUH�QRW�DEOH�WR�SURGXFH�
WKH�KLJK�OHYHO�RI�SUHFLVLRQ�QHHGHG�WR�GUDZ�D�FLUFXODU�VKDSH��:LWK�PRUH�SUHFLVH�PDFKLQLQJ�RI�
SDUWV��ZH�EHOLHYH�WKDW�ZH�FRXOG�FRQVWUXFW�D�VHFXUH�VWUXFWXUH�IRU�WKH�PRWRUV�WKDW�DOVR�HQVXUH�WKDW�

�



���

WKH\�DUH�SHUIHFWO\�FHQWHUHG�RYHU�WKH�NQRE��DQG�SHUIHFWO\�SHUSHQGLFXODU�WR�WKH�NQRE��JLYHQ�PRUH�
WLPH��

7KH�ODUJHU��PRUH�FRPSOLFDWHG�PD]H�UHTXLUHG�WKDW�WKH�GLVWDQFH�WUDYHOHG�IRU�HDFK�VSDFH�
KDG�WR�EH�VFDOHG�GRZQ��DQG�ZDV�SURJUDPPHG�ZLWK�a����LQVWUXFWLRQV��7KLV�PD]H�DOZD\V�VWDUWHG�
RII�VXFFHVVIXOO\��EXW�RQO\�HYHU�PDGH�LW�DERXW�D�WKLUG�RI�WKH�ZD\�WKURXJK�WKH�LQVWUXFWLRQV�EHIRUH�
WKH�PRWRUV�VWDUWHG�IDLOLQJ�WR�URWDWH�UHOLDEO\��:H�EHOLHYH�WKDW�LI�ZH�KDG�PRUH�H[SHQVLYH�DQG�UREXVW�
VWHSSHU�PRWRUV��WKLV�PD]H�FRXOG�EH�FRPSOHWHG��

�
)LJXUH���� &LUFXODU�PD]H��OHIW� 3DUWLDOO\�FRPSOHWHG�VFDOHG�PD]H��ULJKW��

2YHUDOO��WKH�V\VWHP�ZDV�YHU\�VXFFHVVIXO��DQG�PHW�DOO�RI�RXU�SURMHFW�VSHFLILFDWLRQV��2QFH�
ZH�VWDUWHG�DWWHPSWLQJ�VWUHWFK�JRDOV��ZH�VDZ�DOO�WKH�LPSURYHPHQWV�WKDW�FRXOG�EH�PDGH�WR�WKH�
V\VWHP�WKDW�ZH�ZRXOG�OLNH�WR�LPSOHPHQW�LI�JLYHQ�PRUH�WLPH��

�
)LJXUH���� &RPSOHWHG�VWUXFWXUH��

�



���

�
5HIHUHQFHV��
�

�� ³(/(*22���6HWV���%<-����8/1������9�6WHSSHU�0RWRU���8/1�����'ULYHU�%RDUG�IRU�$UGXLQR�´��$PD]RQ��
�� ³6WHSSHU�0RWRU�´��:LNLSHGLD���:LNLPHGLD�)RXQGDWLRQ�����'HF��������HQ�ZLNLSHGLD�RUJ�ZLNL�6WHSSHUBPRWRU��
�� ³6WHSSHU�0RWRU�,QWHUIDFLQJ�ZLWK������0LFURFRQWUROOHU��$7��6����´��&LUFXLW'LJHVW������-XO\�������

FLUFXLWGLJHVW�FRP�PLFURFRQWUROOHU�SURMHFWV�VWHSSHU�PRWRU�LQWHUIDFLQJ�ZLWK�������
�� ³8QLSRODU�6WHSSHU�0RWRU�YV�%LSRODU�6WHSSHU�0RWRUV�´��6LPSO\�6PDUWHU�&LUFXLWU\�%ORJ������0DU��������

ZZZ�FLUFXLWVSHFLDOLVWV�FRP�EORJ�XQLSRODU�VWHSSHU�PRWRU�YV�ELSRODU�VWHSSHU�PRWRUV���
�
%LOO�RI�0DWHULDOV��
�

3DUW� 6RXUFH� 9HQGRU�3DUW��� 3ULFH�

(WFK�$�6NHWFK� $PD]RQ� ����������������� �������

�[�6WHSSHU�0RWRUV�	�
�[�'ULYHUV�

(/(*22� ��%<-���VWHSSHU�PRWRU�
8/1����$�GULYHU�

�������

�[�����´�'LVF�0DJQHWV�
ZLWK�'RXEOH�6LGHG�

$GKHVLYH�

',<0$*�

�
�

+/0$*��� ������

�´�-XPSHU�ZLUHV� (/(*22� (/�&3����� ������

0LFUR3V�ERDUG���0XGG�
DQG�)3*$��

(���� 1�$� ������

:RRG�EHDPV��3O\ZRRG��
:RRG�VWDLQ�

0DFKLQH�6KRS� 1�$� ������

9DULRXV�VFUHZV� (QJLQHHULQJ�
6WRFNURRP�

1�$� ������

Ǫ´�&OHDU�$FU\OLF� 0DFKLQH�6KRS� 1�$� ������

�[�/('V�
�[����ȍ�5HVLVWRUV�

(QJLQHHULQJ�
6WRFNURRP�

1�$� ������

� �

�



���

$33(1',&(6��
(WFK�$�6NHWFK�PHDVXUHPHQWV��

�
0RWRU�PHDVXUHPHQWV��

�
0HDVXUHPHQWV�IRU��'�SULQWHG�NQRE�DQG�PRWRU�FDVLQJV��

� �

�



D:\MicroPs\Project\DrawMaze - Print Copy.c

Page 1

1   // code that draws maze on etch-e-sketch
2   // made by Martha Gao & Daniel Torres 
3   // dtowersm@gmail.com
4   // mgao@g.hmc.edu
5   // Saturday November 16th 2019
6   
7   #include "SAM4S4B.h"
8   #include <stdio.h>
9   #include <math.h>

10   
11   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
12   //-----------------------------------------------  Global Variables 

---------------------------------------------------//
13   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
14   
15   #define LOW 0 // Value to write a pin low (0 V)
16   #define HIGH 1 // Value to write a pin high (3.3 V)
17   #define PI 3.14159265
18   
19   // PINS that communicate with the FPGA
20   #define MOTOR_PIN 12
21   #define DIRECTION_PIN 13
22   #define CLK_PIN 14
23   
24   // Pins the communicate with the push buttons
25   #define BUTTON1_IN 17
26   #define BUTTON2_IN 20
27   #define BUTTON3_IN 23
28   #define BUTTON4_IN 26
29   #define BUTTON5_IN 29
30   
31   
32   // keeps track of how many more steps should be added for reversing direction
33   int INITIAL_OFFSET = 650;
34   // keeps track of how many steps should be present to start moving the motor
35   int REVERSE_OFFSET = 350;
36   // keeps track of how many steps should exist per unit of distance
37   int DISTANCE_COEFF = 650;
38   
39   // keeps track of how many more steps should be added for reversing direction
40   int RADIAL_INITIAL_OFFSET = 650;
41   // keeps track of how many steps should be present to start moving the motor
42   int RADIAL_REVERSE_OFFSET = 250;
43   // keeps track of how many steps should exist per unit of distance
44   int RADIAL_DISTANCE_COEFF = 650;
45   
46   // keeps track of the size of a degree step for making circles
47   // make this smaller to make circle more polished
48   double DEGREE_STEP = 1;
49   
50   // global variable keeps track of the last direction the stepper motor traveled in
51   int last[2] = {2,2};
52   
53   // global variable that keeps track of the angle for rotations
54   // goes from 0 to 359, with each change in one value being 5 degrees
55   // 0 is straight left
56   // 90 is straight up
57   // 180 is straight right
58   // 270 is straight down
59   double angle = 0;
60   
61   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
62   //-----------------------------------------------  Maze Encondings

---------------------------------------------------//
63   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
64   
65   // tests the directions are correct up down left right
66   char testmaze[4][2] =

- Microcontroller Code
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67   {"U1", "D1", "L1", "R1"};
68   
69   // tests the distances of the lines, make sure 2 is twice as long as 1 etc
70   char testmaze2[15][2] =
71   {"D1", "R1", "L1", "D1", "R2", "L2", "D1", "R3", "L3", "D1", "R4", "L4","D1","R1", "L1"};
72   
73   // tests changes in direction, to make sure the offset is correct
74   char testmaze3[10][2] =
75   { "L1", "R1", "L1", "R1", "L1", "R1", "L1", "R1", "L1", "R1"};
76   
77   // tests changes in direction, to make sure the offset is correct
78   char testmaze4[11][2] =
79   { "L1", "U1", "L1", "U1", "L1", "R1", "D1", "R1", "D2", "U1", "R1"};
80   
81   // saves directions of maze0
82   char maze0[47][2] = {
83   "R1",
84   "R1", "D1", "U1", "L1", "D2", "R3", "U2", "R1", "L1", "D2", "R3", "U2", "L1", "U1", "L2", "U2",
85   "D2", "R2", "U2", "D4", "L1", "R1", "U1", "R1", "U1",
86   "R1", "U1", "L1",
87   "U2", "L2", "D2", "U2", "L2", "D2", "L1", "U1", "D1", "R1", "U2", "L2", "D3", "R2", "D2", "U2", "L2",
88   "L1"};
89   
90   // saves the directions of maze1
91   char maze1[104][2] =
92   { "R2", "L1", "D2", "R4", "U1", "L3", "R3", "D1", "R2", "U1", "D1", "R1",
93   "U2","L3", "R1", "D1", "U1", "R1", "U1", "L3", "U2", "R1", "L1", "D3", "U1", "R2",
94   "U1", "L1", "R1", "U2", "L3", "D1", "U1", "R2", "U1", "D1", "R1", "D3", "R1","D1","R1","D2",
95   "R2", "U2", "L1", "U1", "L1", "U1", "L1", "R1", "D1", "R1", "D2", "U1", "R1", "U5", "L1", "D3",
96   "U3", "R1",
97   "R1", "U1", "L1", // END
98   "L1", "R1", "U1", "L3", "D1", "U1", "L2", "D1", "R1", "D1", "R1", "D2", "R1", "U3", "D3", "L1",

"U2",
99   "L1", "U1", "L1", "U1", "L4", "D2", "R3", "U1", "L2", "R2", "D1", "L3", "D4", "R2", "U1", "L1",

100   "U2", "D2", "R1", "D2", "U1", "L2",
101   "L1", //Begin
102   };
103   
104   char maze2[129][2] = { "R1",
105   "R2", "U1", "R1", "U1", "L1", "U1", "L1", "R1", "D1", "R1", "D1", "L1", "D1", "L2", "D1", "R5", "R5",
106   "U5", "L2", "D1", "R1", "D3", "L1", "U2", "D2", "R1", "U3", "L3", "U1", "D1", "R1", "D2", "L1",
107   "D1", "R1", "L1", "U1", "L1", "R2", "U2", "R1", "U3", "L1", "U2", "D1", "L3", "D2", "U1", "L2",
108   "U1", "D1", "L1", "D1", "U1", "R3", "U2", "D1", "R3", "D1", "R1", "D2", "R2", "U3",
109   "R1", "U1", "L1",
110   "L1", "R1", "U1", "L2", "D2", "R1", "D2", "U2", "L1", "U2", "L2", "D1", "L1", "R1", "U1", "L3", "D2",
111   "U1", "L2", "D1", "U1", "R2", "U1", "L3", "D5", "R2", "U1", "R1", "D2", "R1", "U1", "R1", "U2",
112   "R1", "L1", "D1", "R2", "D1", "U1", "L2", "D3", "R1", "L1", "U2", "L1", "D4", "L1", "R2", "L1",
113   "U3", "L1", "U2", "L1", "D1", "L2", "D2", "R1", "D1", "U1", "L1", "D1",
114   "L1" };
115   
116   
117   // saves directions for very long maze
118   char mazeLong[495][2] = {"R3", "D1", "U1", "L2", "D5", "R1", "U1", "D1", "L1", "D4", "R5", "U1", "L4",

"U1", "R1", "L1", "D1", "R2", "U3", "L1", "D1", "L1", "R1", "U1", "R3", "L1", "U1", "L1", "R1", "U1",
119   "R1", "L1", "U1", "L1", "D1", "U1", "L2", "D1", "R1", "D1", "U1", "L1", "U2", "D1", "R3", "D3", "L1",

"D3", "R2", "D1", "R6", "U2", "R1", "U3", "L1", "R1", "U2", "L1", "R5",
120   "L2", "U2", "R1", "U2", "L1", "U3", "D2", "L1", "D4", "L1", "R1", "U2", "L3", "D3", "U1", "R1", "U1",

"R1", "L1", "D1", "L1", "U3", "D1", "R4", "L1", "U2", "R1", "D1", "R1",
121   "D2", "L1", "D2", "L2", "D5", "R1", "D1", "L1", "R4", "L1", "U1", "R3", "D1", "R1", "L1", "U1", "L3",

"D1", "L2", "U1", "L2", "D2", "R6", "U1", "D1", "R3", "U4", "L1", "D2", "U1", "L5", "D1",
122   "U3", "L1", "D2", "U2", "R1", "D2", "R5", "U1", "R1", "U4", "L1", "D1", "U1", "R1", "U2", "L1", "R1",
123   "R1", "U1", "L1",
124   "L1", "U2", "D2", "L1", "D5", "R1", "D1", "L1", "R1", "U1", "L2", "D2", "L2", "U2", "L2", "R3", "D1",

"U1", "L1", "D2", "R3", "L1", "U5", "L1", "R1", "D1", "L2", "R2", "D2", "R1", "U3", "R1", "L1", "U1",
"L2",

125   "U2", "R1", "D1", "U1", "R1", "U1", "D1", "L3", "U2", "R4", "L2", "D1", "L1", "R1", "U4", "D1", "R1",
"U1", "R1", "L1", "U2", "L3", "R3", "D3", "L1", "D2", "L2", "U2", "R1", "D1", "U3", "R1", "L1", "D2" ,

126   "L1", "D1", "L2", "D1", "L4", "R1", "U1", "D2", "U1", "R3", "D1", "L2", "R1", "D2", "L1", "U1", "L2",
"D3", "U2", "L1", "U1", "D1", "R1", "U1", "R2", "D1", "R1", "U2", "R1", "U3", "D1", "R2", "D3", "R1",
"D2", "R2",

127   "U1", "R2",
128   "U5", "L1", "D1", "L1", "R1", "U1", "R1", "U4", "L1", "D2", "U2", "L5", "D1", "U1", "L2", "D1", "U1",
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"L4", "D1", "R3", "L1", "D2", "R1", "U1", "D1", "R1", "D2", "U2", "R2", "D1", "U1", "R1", "U1", "L3",
"R1", "U1",

129   "D1", "R2", "D1", "L5", "U2", "L2", "U1", "L5", "D1", "U1", "L1", "D3", "L1", "U2", "D3", "U1", "R1",
"U1", "R2", "U1", "R2", "D2", "R2", "D1", "U1", "R3", "U1", "D1", "R1", "U2", "L2", "D1",

130   "L2", "U2", "L2", "D5", "R2", "U1", "D1", "L2", "D2", "R2", "U1", "R1", "U1", "R3", "D1", "R1", "L1",
"U1", "L1", "U1", "L2", "R1", "U1", "L1", "R1", "D1", "R1", "D1", "L2", "D1", "R2", "L1",

131   "D2", "R4", "U1", "R3", "L1", "U2", "R1", "U1", "R2", "D1", "U1", "L2", "U2", "L2", "U1", "D1", "R2",
"D3", "L2", "U1", "L1", "R1", "D1", "R1",

132   "D2", "L3", "U1", "L1", "D1", "L1", "R1", "U1", "R1", "D1",
133   "R1", "D1", "L1", "D2", "R1", "L1", "D1", "L1", "R3", "L1", "D1", "R2", "U2", "L1", "U2", "D1", "L1",

"R1", "D1", "R1", "D2", "R1", "D2", "L1", "D1", "U1", "R3", "L1", "D2", "R1", "D1", "U1", "L1", "U2",
"L1",

134   "U2", "L3", "U1", "L1", "U3", "L3", "D2", "L1", "U2", "D2", "R3", "U1", "L1", "R1", "D1", "L1", "D2",
"R2", "D1", "R3", "L1", "D1", "L1", "R1", "D2", "R2", "U1", "D3", "L2", "R1", "U1", "D1", "R1", "U2",
"L2", "D1",

135   "L1", "D2", "R4", "U2", "D2", "L4", "U4", "L1", "R1", "D2", "L2", "D1", "R1", "L1", "U1", "R3", "U4",
"L2", "U1", "L2", "U2", "L1", "U3", "L2", "D3", "L1"};

136   
137   // CW for Clockwise
138   // CC for counterclockwise
139   // Radius
140   // Final Angle ()
141   
142   // IN for traveling in
143   // OU for traveling out
144   // Distance to Travel
145   
146   
147   // draws concentric circles
148   // used for calibrating the in and out distance
149   char circletest1[17][6] =
150   { "CW6180", "CW6000",
151   "IN1000",
152   "CW5180", "CW5000",
153   "IN1000",
154   "CW4180", "CW4000",
155   "IN1000",
156   "CW3180", "CW3000",
157   "IN1000",
158   "CW2180", "CW2000",
159   "IN1000",
160   "CW1180", "CW1000"};
161   
162   // one of the mazes of the code
163   char circlemaze[64][6] =
164   { "CC6180",
165   "IN1000",
166   "CW5210", "CC5050", "CW5120",
167   "IN1000",
168   "CW4140", "CC4070", "CW4090",
169   "IN1000",
170   "CW3200", "CC3030",
171   "OU1000",
172   "CC4350", "CW4060", "CC4030",
173   "IN1000",
174   "CC3330",
175   "OU1000",
176   "CC4310", "CW4340",
177   "OU1000",
178   "CW5040", "CC5250",
179   "IN100",
180   "CW4300", "CC4250",
181   "OU100",
182   "CC5220", "CW5340",
183   "IN1000",
184   "CC4330",
185   "IN1000",
186   "CC3290",
187   "IN1000",
188   "CC2090", "CW2120",
189   "IN1000",
190   "CC1030",
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191   "OU1000",
192   "CW2080", "CC2310", "CW2030",
193   "IN1000",
194   "CC1140", "CW1120",
195   "OU1000",
196   "CW2290",
197   "OU1000",
198   "CC3210",
199   "OU1000",
200   "CC4140", "CW4240", "CC4210",
201   "IN1000",
202   "CW3090",
203   "OU1000",
204   "CW4120",
205   "OU1000",
206   "CW5180",
207   "OU1000",
208   "CC6010",};
209   // a series of coordinate points that generate bezier curves
210   // that draw the batman symbol
211   double batManSymbol[74] =
212   { 0,0, 0,0.5, 1,1.75, 2,1.75,
213   1, 1.25, 2, 0.5, 3, 0.75,
214   3.13, 0.88, 3.25, 1.25, 3.25, 1.5,
215   3.25, 1.25, 3.25, 1, 3.5, 1,
216   3.75, 1, 3.75, 1.25, 3.75, 1.5,
217   3.75, 1.25, 3.88, 0.88, 4, 0.75,
218   5, 0.5, 6, 1.25, 5, 1.75,
219   6, 1.75, 7, 0.5, 7, 0,
220   6, 0.25, 5.25, 0.25, 5.25, -0.5,
221   4.25, 0, 3.63, -1, 3.5, -1.25,
222   3.37, -1, 2.75, 0, 1.75, -0.5,
223   1.75, 0.25, 0.5, 0.25, 0, 0};
224   
225   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
226   //------------------------------------------ Motor Moving Function 

-----------------------------------------------//
227   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
228   
229   // initializes the Pins
230   int pinInit() {
231   // initilialize pins that talk to FPGA
232   pioPinMode(MOTOR_PIN, PIO_OUTPUT);
233   pioPinMode(DIRECTION_PIN, PIO_OUTPUT);
234   pioPinMode(CLK_PIN, PIO_OUTPUT);
235   
236   // initialize pins used to check for button presses
237   pioPinMode(BUTTON1_IN, PIO_INPUT);
238   pioPinMode(BUTTON2_IN, PIO_INPUT);
239   pioPinMode(BUTTON3_IN, PIO_INPUT);
240   pioPinMode(BUTTON4_IN, PIO_INPUT);
241   pioPinMode(BUTTON5_IN, PIO_INPUT);
242   return 1;
243   }
244   
245   // this move function delivers the instructions 
246   // to the FPGA. The FPGA's FSM's control the individual motors in this case
247   // motor tells the FPGA which motor to move
248   // direction tells the motor which direction to move in
249   // 0 means clockwise, 1 means counterclockwise
250   int moveFPGA (int motor, int direction) {
251   // write the pins
252   pioDigitalWrite(MOTOR_PIN, motor);
253   pioDigitalWrite(DIRECTION_PIN, direction);
254   // the FPGA's FSM changes states on the rising edge of the clk pin
255   pioDigitalWrite(CLK_PIN, HIGH);
256   // wait for the motor to move;
257   tcDelayMicroseconds(800);
258   pioDigitalWrite(CLK_PIN, LOW);
259   return 1;
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260   }
261   
262   
263   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
264   //------------------------------------------  Line Drawing Functions  

-------------------------------------------------//
265   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
266   
267   // helper function used to calibrate the distance of the verticle and horizontal components
268   // of the draw angled line function 
269   // distance is the intended travel distance 
270   double angledComponentDistanceCalibration(double distance) {
271   double output = RADIAL_INITIAL_OFFSET; // base value to make the motor start moving
272   output += (distance-1) * RADIAL_DISTANCE_COEFF; // add amount per step
273   return output;
274   }
275   // helper function that draws a line in the cardinal directions
276   int drawStraightLine(int motor, int direction, double duration) {
277   int d = 0;
278   while(d < duration) {
279   // move the motor
280   moveFPGA(motor,direction);
281   // update the last direction the motor traveled in
282   last[motor] = direction;
283   // gives time to let the motor move
284   ++d;
285   }
286   return 1;
287   }
288   
289   // global Angle Count is just a counter, it is a global variable used 
290   // to determine how often each motor should move relative to one another
291   // by making the variable global the count is saved between function calls
292   // which makes the function more consistent for smaller circles
293   unsigned int globalAngleCount = 0;
294   
295   // helper function draws lines in non-cardinal directions
296   // used both to draw small steps of the circle and for the radial lines of the radius
297   // argueably the most important function of in this file
298   int drawAngledLine(double distance, double lineAngle) {
299   
300   // keeps track of the the direction of each motor
301   // 0 is clockwise
302   // 1 is counter clockwise
303   int motorDirection[2] = {0,0};
304   if ( (lineAngle <= 90) || (lineAngle >= 270))
305   motorDirection[0] = 1;
306   if (lineAngle >= 180)
307   motorDirection[1] = 1;
308   
309   // reverse direction calibration!
310   if (last[0] != motorDirection[0]) //horizontal
311   drawStraightLine(0, motorDirection[0], RADIAL_REVERSE_OFFSET);
312   if (last[1] != motorDirection[1]) // verticle
313   drawStraightLine(1, motorDirection[1], RADIAL_REVERSE_OFFSET);
314   
315   // cases in which the line is horizontal or verticle
316   if (lineAngle == 90) {
317   drawStraightLine(1, 0, angledComponentDistanceCalibration(distance));
318   } else if (lineAngle == 180) {
319   drawStraightLine(0, 0, angledComponentDistanceCalibration(distance));
320   } else if (lineAngle == 270) {
321   drawStraightLine(1, 1, angledComponentDistanceCalibration(distance));
322   } else if (lineAngle == 0) {
323   drawStraightLine(0, 1, angledComponentDistanceCalibration(distance));
324   } else {
325   // modify triangleLineAngle to be between 0 and 90 to avoid ambiguous sine
326   double triangleLineAngle = lineAngle;
327   if (triangleLineAngle > 90 && triangleLineAngle <= 180)
328   triangleLineAngle = 180 - triangleLineAngle;
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329   else if (triangleLineAngle > 180 && triangleLineAngle <= 270)
330   triangleLineAngle = triangleLineAngle - 180;
331   else if (triangleLineAngle > 270)
332   triangleLineAngle = 360 - triangleLineAngle;
333   
334   // get horizontal and verticle components of the triangle
335   double horizontalSlope = cos(PI * triangleLineAngle / 180);
336   double verticleSlope = sin(PI * triangleLineAngle / 180);
337   
338   // determine the distance needed to be traveled in the horizontal and veritcal directions
339   // takes into account the last direction each motor turned in
340   int horizontalDistance = angledComponentDistanceCalibration(distance * horizontalSlope);
341   int verticleDistance = angledComponentDistanceCalibration(distance * verticleSlope);
342   
343   // used to determine how often in the global Angle count 
344   // each motor should turn, 
345   // horizontalCountRatio is based on verticleSlope
346   // verticleCountRation is based on hoizontalSlope
347   // they are based on the opposite component
348   int horizontalCountRatio = 1000 * verticleSlope;
349   int verticleCountRatio = 1000 * horizontalSlope;
350   
351   // used to know how many steps the while loop should take, 
352   // d goes up every time a motor is moved, once the total distance each motor needs to travelled
353   // is satisfied, the while loop will break 
354   int d = 0;
355   int totalDistance = verticleDistance + horizontalDistance;
356   
357   // while loop to move the motor
358   while(d <= totalDistance) {
359   // move horizontal motor
360   if (globalAngleCount%horizontalCountRatio == 0) {
361   moveFPGA(0, motorDirection[0]);
362   ++d;
363   }
364   // move verticle motor
365   if (globalAngleCount%verticleCountRatio == 0){
366   moveFPGA(1, motorDirection[1]);
367   ++d;
368   }
369   // global Angle Count is just a counter, it is a global variable used 
370   // to determine how often each motor should move relative to one another
371   // by making the variable global the count is saved between function calls
372   // which makes the function more consistent for smaller circles
373   ++globalAngleCount;
374   }
375   }
376   // update last direction each motor moved
377   last[0] = motorDirection[0];
378   last[1] = motorDirection[1];
379   return 1; // returns one for debugging puposes 
380   }
381   
382   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
383   //------------------------------------------   Straight Maze Maker 

---------------------------------------------------//
384   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
385   
386   
387   // helper function that decodes the direction from
388   // the list of instructions
389   // 0 is clockwise
390   // 1 is counterclockwise
391   int decodeDirection(char in[2]) {
392   if (in[0] == 'L') {
393   return 1;
394   }
395   if (in[0] == 'D') {
396   return 1;
397   }
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398   return 0;
399   }
400   
401   // helper function that decodes which motor should
402   // be used based on the list of instructions
403   int decodeMotor(char in[2]) {
404   if (in[0] == 'U') {
405   return 1;
406   }
407   if (in[0] == 'D') {
408   return 1;
409   }
410   return 0;
411   }
412   
413   // helper function that decodes the duration from
414   // the list of instructions
415   int decodeDuration(char in[2], int motor, int direction) {
416   int output = INITIAL_OFFSET; // base value to make the motor start moving
417   int x = in[1]-'0'; // the -'0' is to convert from char to int
418   --x; // so that the distance coefficient only effects duration>1
419   output += (x * DISTANCE_COEFF); // add amount per step
420   return output;
421   }
422   
423   int drawStraightMaze( char maze[][2], int arraylength) {
424   int i = 0;
425   while(i < arraylength) {
426   // get values from list
427   int motor = decodeMotor(maze[i]);
428   int direction = decodeDirection(maze[i]);
429   int duration = decodeDuration(maze[i], motor, direction);
430   
431   // goes in opposite direction if needed
432   if (last[motor] != direction) {
433   drawStraightLine(motor, direction, REVERSE_OFFSET);
434   }
435   // draw instructions straight line 
436   drawStraightLine(motor, direction, duration);
437   ++i;
438   }
439   return 1;
440   }
441   
442   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
443   //------------------------------------------ Round Maze Maker 

---------------------------------------------------//
444   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
445   
446   
447   
448   // helper function returns the final angle of the circle instruction 
449   int decodeFinalAngle(char in[6]) {
450   return (in[3] - '0')*100 + (in[4] - '0')*10 + (in[5] - '0'); // the -'0' is for converting from a 

char into an int
451   }
452   
453   // helper function that returns the radius of the circle instruction
454   double decodeRadius(char in[6]) {
455   return in[2] - '0'; // the -'0' is for converting from a char into an int
456   }
457   
458   // helper function that returns the distance of the radial line instruction
459   double decodeRadialDistance(char in[6]) {
460   return in[2] - '0'; // the -'0' is for converting from a char into an int
461   }
462   
463   // 0 for clockwise
464   // 1 for counterclockwise
465   // 2 for in
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466   // 3 for out
467   int decodeCircleInstruction(char in[6]) {
468   if ( in[1] == 'W') return 0;
469   if ( in[1] == 'C') return 1;
470   if ( in[1] == 'N') return 2;
471   if ( in[1] == 'O') return 3;
472   else return 4; // this should never happen
473   }
474   
475   // helper function sets the angle of the global variable 
476   // called to change angle after motor is moved
477   // 0 for clockwise
478   // 1 for counterclockwise
479   int setAngle(int rotationDirection) {
480   if (rotationDirection == 0)
481   angle = angle + DEGREE_STEP;
482   if (rotationDirection == 1)
483   angle = angle - DEGREE_STEP;
484   // wrap around for the angles, makes sure it stays between
485   // 0 and 360
486   if (angle >= 360)
487   angle = angle - 360;
488   if (angle < 0)
489   angle = angle + 360;
490   return 1;
491   }
492   
493   // helper function that draws a circle based on the circle instructions
494   int drawCircle(int instruction, double radius, int finalAngle) {
495   // function works by making straight lines in DEGREE_STEP's
496   // function continues to go until the final angle is reached
497   while (angle != finalAngle) {
498   // use trig to determine the angle of line drawn
499   // clockwise
500   double lineAngle = angle + DEGREE_STEP/2 + 90;
501   // counter clockwise angle
502   if (instruction == 1){
503   lineAngle = angle + (180-DEGREE_STEP)/2 + 180;
504   }
505   lineAngle = fmod(lineAngle,360);
506   // use trig to determine the distance of the line drawn
507   // d = 2*r*cos(beta)
508   // beta is the bigger angle of an isoleses triangle
509   // beta = (180 - DEGREE_STEP)/2
510   double lineDistance = 2 * radius * cos ( (180 - DEGREE_STEP) * PI / 360);
511   // draw said line
512   drawAngledLine(lineDistance, lineAngle);
513   // update the global variable angle after it's moved a degree
514   setAngle(instruction);
515   }
516   return 1;
517   }
518   
519   // draws the maze based on array of instructions for circle maze
520   // first type of instructruction is a circle drawing
521   // [0:1] CW for Clockwise, CC for counterclockwise
522   // [2]   Radius
523   // [3:5] Final Angle
524   // second type of instruction is a radial line drawing
525   // [0:1] IN for traveling in, OU for traveling out
526   // [2]   Distance to Travel
527   // [3:5] No relavant information stored
528   int drawRoundMaze(char maze[][6], int arraylength) {
529   globalAngleCount = 0;
530   int i = 0; // keeps track of instruction number 
531   while(i < arraylength - 1) {
532   int instruction = decodeCircleInstruction(maze[i]);
533   double radius = decodeRadius(maze[i]);
534   int finalAngle = decodeFinalAngle(maze[i]);
535   // if instruction is a rotation
536   if (instruction < 2) {
537   drawCircle(instruction, radius, finalAngle);
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538   }
539   // if instruction is a radial movement 
540   if (instruction > 1) {
541   double radialDistance = decodeRadialDistance(maze[i]);
542   double radialAngle = angle;
543   // if radially in, we want to switch direction
544   if (instruction == 2) {
545   // add 180 as we want the angle to be in the opposite direction as angle
546   radialAngle = fmod((radialAngle + 180), 360);
547   }
548   drawAngledLine(radialDistance, radialAngle);
549   }
550   // move to next instruction
551   ++i;
552   }
553   return 1;
554   }
555   
556   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
557   //------------------------------------  Bezier curve Drawing Functions

-----------------------------------------------//
558   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
559   
560   // helper function, takes in two positions and finds the angle between them
561   double angleFromPosition(double x1, double x2, double y1, double y2) {
562   double delta_x = x2-x1;
563   double delta_y = y2-y1;
564   
565   // direction each component of the vector
566   int direction_x = 1;
567   int direction_y = 1;
568   if(delta_x < 0)
569   direction_x = 0;
570   if(delta_y < 0)
571   direction_y = 0;
572   
573   // calculate triangle angle
574   double B_angle;
575   if (delta_x != 0) {
576   B_angle = 180*atan(fabs(delta_y)/fabs(delta_x))/PI;
577   } else {
578   B_angle = 90;
579   }
580   // translate into global angle of line
581   if (direction_x & direction_y)
582   B_angle = 180 - B_angle;
583   if (!direction_x & !direction_y)
584   B_angle = 360 - B_angle;
585   if (direction_x & !direction_y)
586   B_angle += 180;
587   
588   return angle;
589   }
590   
591   // helper function, takes in two positions and finds the distance bewteen them
592   double distanceFromPosition(double x1, double x2, double y1, double y2) {
593   double delta_x = x2-x1;
594   double delta_y = y2-y1;
595   // pythagoras 
596   return sqrt(delta_x*delta_x + delta_y*delta_y);
597   }
598   
599   // giving four points, draws a curved line that starts at point 0 and ends at point 3. When leaving 

point 0,
600   // it travels in the direction of point 1. When arriving at point 3, it is traveling from the direction 

of point 2.
601   // this function allows the assembly to draw any curved 
602   int drawBezierCurve(double x0, double y0, double x1, double y1, double x2, double y2, double x3, double

y3) {
603   for(int t = 0; t < 10; ++t) {
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604   // taken from formula used to calculate a cubic bezier curve
605   // it's essentially a weighted average of the 3 points based on t. As we varry t, we go through the 

curve
606   double B_x = x0*pow((1-(t/10)), 3) + 3*x1*pow((t/10)*(1-(t/10)),2) +

3*x2*(1-(t/10))*pow((t/10),2) + x3*pow((t/10),3);
607   double B_y = y0*pow((1-(t/10)), 3) + 3*y1*pow((t/10)*(1-(t/10)),2) +

3*y2*(1-(t/10))*pow((t/10),2) + y3*pow((t/10),3);
608   
609   // figure out what the next position in the curve is 
610   int n = t + 1;
611   double B_x_next = x0*pow((1-(n/10)), 3) + 3*x1*pow((n/10)*(1-(n/10)),2) +

3*x2*(1-(n/10))*pow((n/10),2) + x3*pow((n/10),3);
612   double B_y_next = y0*pow((1-(n/10)), 3) + 3*y1*pow((n/10)*(1-(n/10)),2) +

3*y2*(1-(n/10))*pow((n/10),2) + y3*pow((n/10),3);
613   
614   // use this information to determine 
615   double lineAngle = angleFromPosition(B_x, B_x_next, B_y, B_y_next);
616   double distance = distanceFromPosition(B_x, B_x_next, B_y, B_y_next);
617   
618   drawAngledLine(distance, lineAngle);
619   }
620   return 1;
621   }
622   
623   // Draws a Series of Bezier Curves
624   int drawPath(double path[], int arrayLength) {
625   // so every Bezier Curve needs a starting and ending point. But for a continuous path, the ending 

point of one Bezier Curve,
626   // is the starting point of the next Bezier Curve. Each point is two elements of path[]. Thus for 

every instruction, the i
627   // needs to be incremented by 6, (aka for 3 points)
628   for(int i = 0; i < arrayLength-1; i = i + 6) {
629   drawBezierCurve(path[i], path[i+1], path[i+2], path[i+3], path[i+4], path[i+5], path[i+6],

path[i+7]);
630   }
631   return 1;
632   }
633   
634   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
635   //------------------------------------------ Main Functions  

-----------------------------------------------//
636   /////////////////////////////////////////////////////////////////////////////////////////////////////////

////////////////
637   
638   // Main Function Runs loop to check for input
639   int main(void) {
640   // initialize clock
641   samInit();
642   // initialize pins
643   pioInit();
644   // initialize clock
645   tcDelayInit();
646   // initialize pins that are used
647   pinInit();
648   
649   // while loop that checks for button presses
650   while(1) {
651   // Draws Easy Maze
652   if (pioDigitalRead(BUTTON1_IN)== PIO_HIGH) {
653   drawStraightMaze(maze0, 47);
654   }
655   // Draws Medium Maze
656   if (pioDigitalRead(BUTTON2_IN)== PIO_HIGH) {
657   drawStraightMaze(maze1, 103);
658   }
659   // Draws Hard Maze
660   if (pioDigitalRead(BUTTON3_IN)== PIO_HIGH) {
661   drawStraightMaze(maze2, 129);
662   }
663   // Draws Circle Maze
664   if (pioDigitalRead(BUTTON4_IN) == PIO_HIGH) {
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665   drawRoundMaze(circletest1, 65);
666   }
667   // Draws Long Maze
668   if (pioDigitalRead(BUTTON5_IN) == PIO_HIGH) {
669   // shrinks the size of the maze drawing
670   INITIAL_OFFSET = 500;
671   DISTANCE_COEFF = 500;
672   
673   drawStraightMaze(mazeLong, 495);
674   
675   // return offsets to orriginal values
676   INITIAL_OFFSET = 650;
677   DISTANCE_COEFF = 650;
678   }
679   }
680   }
681   
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1   /////////////////////////////////////////////////// 
2   // Motor Control Function for dual stepper motors 
3   // HMC E155 Dec 7th 2018 
4   // dtowersm@gmail.com 
5   // written by Daniel Torres and Martha Gao
6   /////////////////////////////////////////////////// 
7   
8   module motor_control(input logic motor, direction, clk,
9   output logic [0:3] a_coil, // controls left motor

10   output logic [0:3] b_coil); // controls right motor                
11   
12   
13   // 0 for left motor, 1 for right motor
14   motor_fsm left_motor(clk, ~motor, direction, a_coil);
15   motor_fsm right_motor(clk, motor, direction, b_coil);
16   endmodule
17   
18   
19   // clk turns on the motor allowing it to go to next state
20   // direction tells the states which direction to go in
21   // 0 means clockwise, 1 means counter clockwise
22   module motor_fsm(input logic clk, motor, direction,
23   output logic [0:3] coil);
24   // define states of FSM
25   typedef enum logic[2:0]{S0, S1, S2, S3, S4, S5, S6, S7} statetypes;
26   statetypes state, nextstate;
27   
28   // only one motor is moved at a time, 
29   // so the enable is crucial
30   always_ff@(posedge clk)
31   if (motor) state <= nextstate;
32   
33   // next state logic
34   // direction being 1 makes the motor move 
35   // in the counter clockwise direction
36   always_comb
37   case(state)
38   S0: if(direction) nextstate <= S7;
39   else nextstate <= S1;
40   S1: if(direction) nextstate <= S0;
41   else nextstate <= S2;
42   S2: if(direction) nextstate <= S1;
43   else nextstate <= S3;
44   S3: if(direction) nextstate <= S2;
45   else nextstate <= S4;
46   S4: if(direction) nextstate <= S3;
47   else nextstate <= S5;
48   S5: if(direction) nextstate <= S4;
49   else nextstate <= S6;
50   S6: if(direction) nextstate <= S5;
51   else nextstate <= S7;
52   S7: if(direction) nextstate <= S6;
53   else nextstate <= S0;
54   default: nextstate <= S0;
55   endcase
56   // assign logic
57   // turn on the correct coils depending on the state
58   assign coil[0] = (state == S5) || (state == S6) || (state == S7);
59   assign coil[1] = (state == S3) || (state == S4) || (state == S5);
60   assign coil[2] = (state == S1) || (state == S2) || (state == S3);
61   assign coil[3] = (state == S7) || (state == S0) || (state == S1);
62   endmodule

- FPGA Code


