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URERWV�KDYH�EHHQ�ODUJH�DQG�FXPEHUVRPH��RIWHQ�GHSHQGLQJ�RQ�H[WHUQDO�FRPSXWHUV�WR

SHUIRUP�FRPSOH[�FDOFXODWLRQV���3HUKDSV�WKH�ELJJHVW�SUREOHP�ZLWK�WRS�GRZQ�UHDVRQLQJ�LV

WKH�DPRXQW�RI�WLPH�UHTXLUHG�WR�FRPSXWH�HYHQ�VLPSOH�SODQV���,I�WKH�ZRUOG�FKDQJHV�IURP

ZKHQ�SODQQLQJ�LV�LQLWLDWHG�DQG�ZKHQ�LW�LV�FDUULHG�RXW��WKH�SODQ�PD\�IDLO���7KHVH�WLPH

UHVWUDLQWV�OHG�UHVHDUFKHUV�WR�OLPLW�WKH�URERW
V�HQYLURQPHQW��EXW�HYHQ�WKHQ�PRWLRQ�DW�VSHHGV

RI�RQH�IRRW�SHU�KRXU�ZDV�QRW�XQFRPPRQ��DQG�LQWHUDFWLYH�URERWV�ZHUH�HLWKHU�FRVW

SURKLELWLYH�RU�LPSRVVLEOH�

$�PRUH�ELRORJLFDOO\�IHDVLEOH�VROXWLRQ�LV�ERWWRP�XS�SURJUDPPLQJ���:LWK�WKLV

DSSURDFK��VHQVRULPRWRU�VNLOOV�UHSODFH�KLJKHU�OHYHO�WKRXJKW�SURFHVVHV�DV�WKH�EDVLV�IRU

LQWHOOLJHQFH���,QVSLUDWLRQ�FDPH�IURP�VWXG\LQJ�LQVHFWV��DQG�KRZ�WKH\�QDYLJDWH�LQ�UHDO�WLPH

LQ�FRPSOH[�HQYLURQPHQWV���)RU�H[DPSOH��D�IO\�EX]]LQJ�DURXQG�D�URRP�GRHV�QRW�NQRZ

ZKRVH�URRP�LW�LV�LQ��ZKHUH�WKH�H[LWV�DUH�ORFDWHG��RU�ZKDW�W\SHV�RI�IXUQLWXUH�DUH�LQ�WKH

URRP���,W�PHUHO\�DFWV�EDVHG�RQ�VHQVRU\�LQSXWV�VXFK�DV�KHDW��RGRU��VRXQG��OLJKW�LQWHQVLW\�

DQG�FRORU���$�IO\�GRHV�QRW�KDYH�WLPH�WR�FRPSXWH�D�FRPSOH[�SODQ�IRU�REMHFW�DYRLGDQFH

ZKLOH�IO\LQJ���5HVHDUFKHUV�DWWHPSWLQJ�WR�PRGHO�LQVHFWV
�DELOLW\�WR�TXLFNO\�DGMXVW�WR

HQYLURQPHQWDO�FKDQJH�GHYHORSHG�D�PRGHO�FDOOHG�VXEVXPSWLRQ�DUFKLWHFWXUH�

6XEVXPSWLRQ�DUFKLWHFWXUH�ZDV�GHYHORSHG�E\�'U��5RGQH\�%URRNV�DQG�WKH�0RELOH

5RERWV�*URXS�DW�WKH�0,7�$UWLILFLDO�,QWHOOLJHQFH�/DERUDWRU\���6LQFH�LWV�LQWURGXFWLRQ�LQ�WKH

ODWH�����
V��VXEVXPSWLRQ�DUFKLWHFWXUH�KDV�EHHQ�VWHDGLO\�JDLQLQJ�VXSSRUW�LQ�WKH�URERWLFV

ZRUOG���6XEVXPSWLRQ�DUFKLWHFWXUH�FRPELQHV�GLVWULEXWHG�UHDO�WLPH�FRQWURO�ZLWK�VHQVRU�

WULJJHUHG�EHKDYLRUV���,QVWHDG�RI�MXGJLQJ�WKH�UHOLDELOLW\�RI�VHQVRU�UHDGLQJV��VHQVRUV�DUH�GHDOW

ZLWK�LPSOLFLWO\�LQ�WKDW�WKH\�LQLWLDWH�EHKDYLRUV���6LQFH�VHQVLQJ�LV�VR�FORVHO\�OLQNHG�WR

DFWXDWLRQ��EHKDYLRUV�FDQ�EH�YLHZHG�DV�VLPSOH�UHIOH[HV���7KLV�LQWXLWLYH�OHDS�PHDQV�WKDW

VXEVXPSWLRQ�UHTXLUHV�QR�ZRUOG�PRGHO�DQG�WKHUHIRUH�LV�FRPSXWDWLRQDOO\�VLPSOH�
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%HKDYLRUV�DUH�OD\HUV�RI�FRQWURO�V\VWHPV�ZLWK�ORZHU�OHYHO�UHDO�WLPH�EHKDYLRUV��VXFK

DV��DYRLG�REMHFWV���RQ�WKH�ERWWRP�DQG�KLJKHU�OHYHO�JRDO�RULHQWHG�EHKDYLRUV��VXFK�DV��WUDFN

REMHFW���RQ�WKH�WRS���$SSURSULDWH�EHKDYLRUV�DUH�DFWLYDWHG�E\�VHQVRUV�DQG�UXQ�LQ�SDUDOOHO�

7KLV�DOORZV�FRQIOLFWLQJ�VHQVRU�UHDGLQJV�WR�EH�SDVVHG�RQ�DV�FRQIOLFWLQJ�EHKDYLRUV�

&RQIOLFWLQJ�EHKDYLRUV�DUH�WKHQ�UHVROYHG�E\�VXEVXPSWLRQ���)RU�D�JLYHQ�VWDWH��D�GRPLQDQW

EHKDYLRU�LV�GHWHUPLQHG�XVLQJ�SULRULWL]HG�DUELWUDWLRQ���,I�WZR�EHKDYLRUV�FRQIOLFW��WKHQ�WKH

KLJKHU�OHYHO�EHKDYLRU�VXEVXPHV�WKH�ORZHU�OHYHO��RWKHUZLVH��ERWK�EHKDYLRUV�RFFXU��FDOOHG

EHKDYLRU�IXVLRQ���

Avoid

Wander

Track Object

Flee Object

Sound Search

Sound Avoid

Light Search

Light Avoid

IR Detector

Photocell

Microphone

S

S

S

S Control

BehaviorsSensors

S = Suppressor Node

)LJXUH�����6XEVXPSWLRQ�$UFKLWHFWXUH�ZLWK�%HKDYLRU�)XVLRQ

0X/,5�ZDV�GHVLJQHG�WR�LPLWDWH�DQ�LQVHFW�DV�FORVHO\�DV�SRVVLEOH���,W�LV�KRSHG�WKDW

LQVLJKW�LQWR�LQWHUDFWLYH�URERWLFV�ZLOO�EH�JDLQHG�E\�FDUHIXO�DQDO\VLV�RI�0X/,5
V�EHKDYLRUV�

$V�EHKDYLRUV�DUH�DGGHG��FRPSOH[�QHZ�EHKDYLRUV�HPHUJH��WKHVH�QHZ�EHKDYLRUV�DUH�WKH

UHVXOWV�RI�EHKDYLRU�IXVLRQ�RU�WKH�FRPELQDWLRQ�RI�ORZHU�OHYHO�EHKDYLRUV�LQWR�PRUH�FRPSOH[

SDUDOOHO�KLJKHU�OHYHO�EHKDYLRUV���$QDO\VLV�RI�KRZ�LQVHFWV�LQWHUDFW�ZLWK�WKHLU�HQYLURQPHQW

SURYLGHV�D�JRRG�VWDUWLQJ�SRLQW�IRU�URERWLF�EHKDYLRUV�

7KH�GHVLJQ�IRU�0X/,5�ZDV�JXLGHG�E\�D�VLPSOH�VHW�RI�GHVLUHG�EHKDYLRUV�

%HKDYLRU������$YRLG�&ROOLVLRQV

%HKDYLRU������:DQGHU

%HKDYLRU������7UDFN�/LJKW���+LGH

%HKDYLRU������7UDFN�6RXQG���+LGH

%HKDYLRU������7UDFN�2EMHFW���)OHH

����������������������������������������������������������
����-RQHV���SS������������
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,Q�RUGHU�WR�UHDOL]H�WKHVH�EHKDYLRUV��SURFHVVRUV�ZHUH�ODLG�RXW�VR�WKDW�UHVSRQVH�WLPH

WR�VHQVRU\�LQSXW�ZRXOG�EH�PLQLPL]HG���(DFK�OHJ�SURFHVVRU�FRQWUROV�D�OHIW���ULJKW�SDLU�RI

OHJV���7KH�SURFHVVRU�ZDLWV�IRU�FRPPDQGV�IURP�WKH�FRQWURO�SURFHVVRU�RU�LQWHUUXSWV

JHQHUDWHG�E\�PRYHPHQW���6HQVRU\�LQSXW�LV�UHFHLYHG�DQG�DQDO\]HG�E\�D�GHGLFDWHG�VHQVRU\

SURFHVVRU���7KH�FRQWURO�SURFHVVRU�UHFHLYHV�VWDWH�LQIRUPDWLRQ�IURP�WKH�OHJ�SURFHVVRU�DQG

VHQVRU\�SURFHVVRU�DQG�LVVXHV�FRPPDQGV�EDVHG�RQ�DFWLYH�EHKDYLRUV�

7KH�UHVW�RI�WKLV�UHSRUW�H[SORUHV�WKH�LQWULFDFLHV�LQYROYHG�LQ�GHVLJQLQJ�DQG

LPSOHPHQWLQJ�D�ZDONLQJ�PRELOH�URERW���7KH�URERW
V�EDVLF�GHVLJQ�IURP�KDUGZDUH�WR

VRIWZDUH�LPSDFWV�UHVXOWDQW�EHKDYLRU��WKHUHIRUH��FDUHIXO�DQDO\VLV�RI�WKH�GHVLJQ�SURFHVV�DQG

WKH�UHDVRQV�IRU�GHVLJQ�FKRLFHV�ZLOO�EH�GLVFXVVHG���$IWHU�GHVLJQ��WKH�WKHRU\�EHKLQG�WKH

PLFURSURFHVVRUV�DQG�WKH�VRIWZDUH�WKH\�UXQ�LV�GLVFXVVHG���)LQDOO\��LPSOHPHQWDWLRQ�LVVXHV

ZLOO�EH�DGGUHVVHG�DQG�UHVXOWV�DQDO\]HG�
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'HVLJQ

:KHQ�WKLV�SURMHFW�ZDV�EHJLQQLQJ��VHYHUDO�JRDOV�ZHUH�VHW���7KHVH�JRDOV�JXLGHG�WKH

GHFLVLRQV�WKDW�\LHOGHG�0X/,5�RQ�ERWK�WKH�KDUGZDUH�DQG�VRIWZDUH�OHYHOV�

�����'HVLJQ�DQG�,PSOHPHQWDWLRQ�PXVW�EH�SRVVLEOH�LQ�RQH�VHPHVWHU�

�����7KH�ILQDO�GHVLJQ�PXVW�KDYH�VL[�OHJV�HDFK�ZLWK�WZR�GHJUHHV�RI�IUHHGRP�DQG

FDSDEOH�RI�YDULDEOH�VSHHGV�

�����7KH�URERW�PXVW�EH�VHOI�FRQWDLQHG�

�D���7KH�URERW�PXVW�LQWHUDFW�TXLFNO\�ZLWK�LWV�HQYLURQPHQW�

�E���7KH�URERW
V�FRQWURO�V\VWHP�PXVW�H[KLELW�DFWLRQV�LQGLFDWLYH�RI��KLJKHU

LQWHOOLJHQFH��

�����7KH�FRQWURO�V\VWHP�VKRXOG�EH�IDXOW�WROHUDQW�

�D����7KH�V\VWHP�VKRXOG�EH�HDVLO\�PRGLILHG�WR�DOORZ�WHVWLQJ�RI�QHZ�FRQWURO

V\VWHPV�DQG�DFWLRQV�

�E���7KH�KDUGZDUH�VKRXOG�EH�HDVLO\�H[WHQVLEOH�WR�VXSSRUW�QHZ�PRWLRQV�DQG

VHQVRUV�

)XUWKHUPRUH��VHYHUDO�GHVLUHG�EHKDYLRUV�ZHUH�DOVR�GHILQHG�

�����$YRLG�&ROOLVLRQV

�����:DQGHU

�����7UDFN�/LJKW���+LGH

�����7UDFN�6RXQG���+LGH

�����7UDFN�2EMHFW���)OHH

+DUGZDUH�

,W�ZDV�GHWHUPLQHG�WKDW�KDUGZDUH�GHVLJQ�VKRXOG�SURFHHG�LQ�WKH�IROORZLQJ�RUGHU�

OHJV��FKDVVLV��VHQVRUV��DQG�ILQDOO\�FKLS�OD\RXW�DQG�ZLULQJ���/HJ�GHVLJQ�EHJDQ�LQ�ODWH

6HSWHPEHU��������DOWKRXJK�UHVHDUFK�EHJDQ�DV�HDUO\�DV�WKH�VSULQJ�RI��������%H\RQG�WKH

JRDOV�VHW�IRU�WKH�RYHUDOO�V\VWHP��WKH�IROORZLQJ�JRDOV���UHTXLUHPHQWV�ZHUH�VHW�IRU�OHJ

GHVLJQ�

�����6LPSOH�PRGXODU�GHVLJQ��HDVLO\�UHSOLFDWHG��

�����4XLFN�DQG�HDV\�DFFHVV�WR�SDUWV�

�����9DULDEOH�VSHHG�DQG�JRRG�WRS�VSHHG�

�����+LJK�WRUTXH��WKH�OHJ�PXVW�EH�FDSDEOH�RI�VXSSRUWLQJ�DQG�PRYLQJ�WKH�URERW
V

ZHLJKW�

�����$V�ORZ�FXUUHQW�GUDZ�DV�SRVVLEOH�HVSHFLDOO\�ZKHQ�OHJ�LV�QRW�LQ�PRWLRQ�

�����6PDOO��FRPSDFW��DQG�OLJKW�

7KH�RULJLQDO�OHJ�GHVLJQ�ZDV�EDVHG�RQ�D�F\OLQGULFDO�WHOHVFRSLQJ�OHJ�ZKLFK�ZDV

FDSDEOH�RI�FRQWUDFWLQJ�DQG�H[SDQGLQJ�DORQJ�LWV�SULPDU\�OHQJWK���7KLV�OHQJWK�FKDQJH

HQDEOHG�WKH�OHJ�WR�EH�HDVLO\�OLIWHG�DQG�PRYHG�IRUZDUG���7KH�OHJ�ZDV�GHVLJQHG�LQ�WKUHH

SDUWV���DQ�RXWHU�VKHOO�ZKLFK�DWWDFKHG�WR�D�PRWRU�PRXQWHG�RQ�WKH�PDLQ�ERG\��DQ�LQQHU�VKHOO
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ZKLFK�PRYHG�XS�DQG�GRZQ�LQ�FKDQQHOV�VHW�LQVLGH�WKH�RXWHU�VKHOO��DQG�D�IL[HG�SURWUDFWLRQ

ZKLFK�SURYLGHG�WKH�OHJ
V�PDMRU�OHQJWK�

Foot
Switch

Main Leg
Length

Inner Shell

Outer Shell
Motor

Drive Screw

Chassis 
Attachment

)LJXUH�����7HOHVFRSLQJ�/HJ�'HVLJQ

)RUZDUG�PRWLRQ�ZDV�DFKLHYHG�E\�FRQWUDFWLQJ�WKH�OHJ�XQWLO�D�VHQVRU�LQGLFDWHG�IXOO

FRQWUDFWLRQ�KDG�RFFXUUHG��WKH�OHJ�ZDV�WKHQ�URWDWHG�IURP�WKH�EDVH�VR�WKDW�LW�SRLQWHG�VOLJKWO\

IRUZDUGV��ILQDOO\�WKH�OHJ�ZDV�H[SDQGHG�XQWLO�LW�UHDFKHG�PD[LPXP�H[SDQVLRQ�RU�WKH�IRRW

VHQVRU�LQGLFDWHG�WKDW�WKH�OHJ�ZDV�RQ�WKH�JURXQG���7KLV�GHVLJQ�ZDV�FKRVHQ�VLQFH�LW�PHW�WKH

GHILQHG�JRDOV�DQG�PLQLPL]HG�WKH�KDUGZDUH�DQG�VRIWZDUH�UHTXLUHG�IRU�ZDONLQJ���+RZHYHU�

RQFH�D�SURWRW\SH�ZDV�EXLOW��LW�ZDV�GLVFRYHUHG�WKDW�WKH�OHJ�WHQGHG�WR�EHFRPH�VWXFN�LQ�HLWKHU

WKH�FRPSUHVVHG�RU�H[SDQGHG�SRVLWLRQV�GXH�WR�IULFWLRQ�RQ�WKH�VFUHZ�FRQWDFWV���$OVR�

DWWDFKLQJ�WKH�OLPLW�VZLWFKHV�LQ�WKH�RXWHU�VKHOO�ZDV�GLIILFXOW�

$W�WKLV�SRLQW�LQ�WKH�GHVLJQ��QHZ�OHJ�GHVLJQV�ZHUH�FRQVLGHUHG���2QH�RI�WKH�PRUH

VLPSOH�VROXWLRQV�LV�VKRZQ�EHORZ��EXW�ZDV�UHMHFWHG�VLQFH�LW�DOORZV�RQO\�RQH�GHJUHH�RI

IUHHGRP�DQG�PDNHV�PXOWLSOH�JDLWV�GLIILFXOW�
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)LJXUH�����6LPSOH�/HJ�'HVLJQ

,Q�HDUO\�-DQXDU\�������DQRWKHU�VDWLVIDFWRU\�GHVLJQ�ZDV�SURSRVHG���7KLV�GHVLJQ�LV

TXLWH�VLPLODU�WR�WKH�GHVLJQV�XVHG�E\�*HQJKLV�DQG�$WWLOD��WZR�VL[�OHJJHG�URERWV�GHYHORSHG

DW�0,7����7KH�GHVLJQ�LV�PRUH�FRPSOH[�WKDQ�SUHYLRXV�GHVLJQV��\HW�VLPSOHU�WR�PDFKLQH���EXW

DOORZV�JUHDWHU�IOH[LELOLW\�DQG�FRQWURO�

Motor
Gearbox

Hip

Knee

Motor

Gearbox

Collar

Leg

Robot Chassis

Foot 
Switch

Occlusion Plates
(without optical sensor)

)LJXUH�����(DUO\�+LS���.QHH�/HJ�'HVLJQ
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7KLV�OHJ�GHVLJQ�FRQVLVWV�RI�RQH�'&�JHDUKHDG�PRWRU��WKH�KLS��ZLWK�LWV�IODWWHQHG

GULYH�VKDIW�SURWUXGLQJ�YHUWLFDOO\�GRZQ�IURP�WKH�FKDVVLV���7KLV�PRWRU�VZLQJV�WKH�OHJ�LQ�DQ

DUF�IURP�IURQW�WR�EDFN��SURYLGLQJ�IRUZDUG���EDFNZDUG�PRWLRQ�VLPLODU�WR�WKH�WHOHVFRSLQJ

OHJ���$Q�LGHQWLFDO�PRWRU��WKH�NQHH��LV�IL[HG�WR�WKH�VKDIW�RI�WKH�ILUVW��ZLWK�LWV�VKDIW

KRUL]RQWDO�DQG�SDUDOOHO�WR�WKH�VLGH�RI�WKH�URERW���7KLV�PRWRU�VZLQJV�WKH�OHJ�XS���GRZQ�LQ�DQ

DUF�RXW�WR�WKH�VLGH�RI�WKH�URERW���7KH�OHJ�LWVHOI�FRQVLVWV�RI�D�VROLG�VKDIW�IL[HG�E\�D�VHW�VFUHZ

WR�WKH�VKDIW�RI�WKH�NQHH�PRWRU���$�IRRW�VZLWFK�DW�WKH�HQG�RI�WKH�OHJ�SURYLGHV�XVHIXO

IHHGEDFN���$�FRPSOHWH�IRUZDUG�F\FOH�FRQVLVWV�RI�D�FRRUGLQDWHG�HIIRUW�EHWZHHQ�WKH�KLS�DQG

NQHH���)LUVW��WKH�OHJ�LV�UDLVHG�YLD�WKH�NQHH�PRWRU���7KHQ�WKH�OHJ�DVVHPEO\�LV�URWDWHG

IRUZDUGV�E\�WKH�KLS�PRWRU���)LQDOO\��WKH�OHJ�LV�ORZHUHG�E\�WKH�NQHH�PRWRU�XQWLO�LW�UHDFKHV�D

ORZHU�OLPLW�RU�WRXFKHV�WKH�IORRU�

(DUO\�DWWHPSWV�DW�PDFKLQLQJ�WKLV�OHJ�ZHUH�RQO\�PLQLPDOO\�VXFFHVVIXO�GXH�WR�WKH

VSDFH�FRQVWUDLQWV�LPSRVHG�E\�WKH�IHHGEDFN�PHFKDQLVPV���,W�ZDV�GHHPHG�GHVLUDEOH�WR

SURYLGH�IHHGEDFN�ZLWK�SRWHQWLRPHWHUV�VLQFH�WKH\�SURYLGH�FRQWLQXRXV�LQIRUPDWLRQ�ZKLFK

FDQ�WKHQ�EH�GLVFUHWHO\�VDPSOHG�YLD�DQ�$�'�FRQYHUWHU���+RZHYHU��QR�VXLWDEOH

SRWHQWLRPHWHUV�FRXOG�EH�IRXQG�WKDW�ZRXOG�HDVLO\�LQWHUIDFH�ZLWK�WKH�FKRVHQ�PRWRUV���$

GHFLVLRQ�ZDV�PDGH�WR�NHHS�WKH�PRWRUV�GXH�WR�WKH�KLJK�FRVW�RI�UHSODFLQJ�WKHP�

IXUWKHUPRUH��WKH�PRWRUV�DOUHDG\�LQ�VWRFN�KDG�ORZ�FXUUHQW�GHPDQGV�DQG�KLJK�WRUTXH�

,QIUDUHG�RSWLFDO�VHQVRUV�ZHUH�FKRVHQ�WR�UHSODFH�WKH�SRWHQWLRPHWHUV��RQH�SDLU�RQ�WKH�NQHH

DQG�RQH�SDLU�RQ�WKH�KLS���7KH\�SURYLGHG�OLPLW�LQIRUPDWLRQ�DQG�ORFDWLRQ�DW�GLVFUHWH�SRLQWV�

7KH�IROORZLQJ�LV�WKH�RFFOXVLRQ�SODWH�XVHG�LQ�WKH�RSWLFDO�VHQVRU�
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180°
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135°

112.5°
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°
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)LJXUH�����(DUO\�2FFOXVLRQ�3ODWH

$JDLQ��SUREOHPV�RFFXUUHG�GXULQJ�PDFKLQLQJ���7KH�VHQVRU�SODWHV�ZHUH�WRR

FRPSOLFDWHG�DQG�ODUJH�WR�EH�LQWHJUDWHG�LQWR�WKH�OHJ�GHVLJQ���7R�VLPSOLI\�WKH�GHVLJQ��WKH

IHHGEDFN�ORRS�IURP�WKH�NQHH�ZDV�UHSODFHG�ZLWK�WZR�OLPLW�VZLWFKHV��VSULQJ�ORDGHG�EUHDN�

EHIRUH�PDNH�6367���DQG�WKH�IHHGEDFN�ORRS�IURP�WKH�KLS�ZDV�UHSODFHG�ZLWK�D�VLPSOH

LQIUDUHG�RSWLFDO�VHQVRU�DQG�RQH�GRXEOH�WKURZ�OLPLW�VZLWFK��VSULQJ�ORDGHG�EUHDN�EHIRUH�

PDNH�63'7����7KH�UHVXOWLQJ�OHJ�GHVLJQ�LV�RSHQ�ORRS�GHVLJQ�ZKHQ�UDLVLQJ�WKH�OHJ��WKLV�ZDV

GHHPHG�DFFHSWDEOH�VLQFH�LW�LV�RQO\�LPSRUWDQW�WR�NQRZ�LI�WKH�OHJ�LV�XS��GRZQ��RU�KDV

WRXFKHG�WKH�IORRU��SURYLGHG�E\�WKH�IORRU�VZLWFK��

2WKHU�SUREOHPV�ZLWK�WKLV�GHVLJQ�LQYROYHG�DWWDFKLQJ�WKH�KLS�WR�WKH�NQHH���7KH

PRWRUV�KDYH�D�IODW�IDFH�ZLWK�WKUHH������WDSSHG�KROHV�IRU�PRXQWLQJ��WKH�VKDIW�SURWUXGHV

IURP�WKH�JHDUER[�QRUPDO�WR�WKLV�IDFH����7KH�HDUO\�GHVLJQV�KDG�D�SODWH�PRXQWHG�WR�WKH�IDFH

RI�WKH�NQHH�PRWRU�ZKLFK�H[WHQGHG�XS��EHQW���q��DQG�EROWHG�WR�D�FROODU�RYHU�WKH�JHDUER[�

7KH�FROODU�WKHQ�DWWDFKHG�YLD�D�VHW�VFUHZ�WR�WKH�VKDIW�RI�WKH�KLS�PRWRU���:KLOH�D�FROODU�ZDV

IRXQG�IRU�DQ�HDUO\�SURWRW\SH��LW�SURYHG�GLIILFXOW�WR�ILQG�HQRXJK�RI�WKH�H[DFW�VL]H�UHTXLUHG�

$�QHZ�GHVLJQ�ZDV�SURSRVHG�HDUO\�LQ�)HEUXDU\��������7KH�EDVLF�OHJ�GHVLJQ�ZDV

NHSW��EXW�WKH�VLPSOLILHG�IHHGEDFN�V\VWHP�ZDV�XVHG��DQG�D�IODW�SODWH�ZDV�LQWURGXFHG�IRU

PRXQWLQJ�WKH�KLS�PRWRU�WR�WKH�NQHH�PRWRU���7KH�SODWH�KDV�D�JURRYH�LQ�WKH�VLGH�ZKLFK�LV

PRXQWHG�DJDLQVW�WKH�JHDUER[���7R�FRQQHFW�WKH�WZR�PRWRUV��WKH�VKDIW�RI�WKH�KLS�PRWRU�LV

SLQFKHG�EHWZHHQ�WKH�SODWH�DQG�WKH�JHDUER[�RI�WKH�NQHH�PRWRU���7KH�SODWH�KDV�PRXQWLQJ
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KROHV�IRU�WKH�NQHH�OLPLW�VZLWFKHV��WKH�RSWLFDO�HQFRGHU�RFFOXVLRQ�SODWH��DQG�FDEOHV�DV�ZHOO

DV�KROHV�IRU�PRXQWLQJ�WR�WKH�NQHH�PRWRU�

Front View Top View

)LJXUH�����.QHH�0RXQWLQJ�3ODWH

8VLQJ�WKH�QHZ�GHVLJQ��D�SURWRW\SH�ZDV�RQFH�DJDLQ�EXLOW�DQG�WHVWHG���:KHQ�LW�ZDV

GHHPHG�DFFHSWDEOH��VL[�PRUH�FRSLHV�ZHUH�PDGH���([WUHPH�HIIRUW�ZDV�PDGH�WR�HQVXUH�WKDW

DOO�FRSLHV�ZHUH�LGHQWLFDO���7KH�SURWRW\SH�ZDV�NHSW�WR�EH�XVHG�IRU�WHVWLQJ�SXUSRVHV���7KH

IROORZLQJ�LV�DQ�LQ�GHSWK�DQDO\VLV�RI�WKH�OHJ�GHVLJQ�IURP�WKH�ERWWRP�XS�

7KH�IRRW�VZLWFK�LV�D�+DOO�HIIHFW�PLFURVZLWFK�DFWLYDWHG�E\�D�OHYHU�ZKLFK�GHSUHVVHV

D�EXWWRQ�RQ�WKH�VZLWFK�ERG\���7KLV�LV�PRXQWHG�DURXQG�WKH�OHJ�ZLWK�WZR������§������VFUHZV

WKURXJK������§�KROHV�WR�D�����§�[�����§�[������§�SODWH���7KH�IRRW�VZLWFK�PRXQWLQJ�SODWH�LV

FOHDUHG�QHDU�LWV�FHQWHU�IRU�D�����§������PDFKLQH�VFUHZ�ZKLFK�DWWDFKHV�LW�WR�WKH�ORZHU�OHJ�

7KH�VLGH�RI�WKH�IRRW�VZLWFK�PRXQWLQJ�SODWH�ZKLFK�FRQWDFWV�WKH�OHJ�KDV�D�JURRYH�PLOOHG�RQ

WKH�ORQJ�GLPHQVLRQ�WR�FUDGOH�WKH�����§�GLDPHWHU�VKDIW�

6-32 set screw
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7KH� OHJ� LWVHOI� LV�DQ�����§�GLDPHWHU�DOXPLQXP�URG�DSSUR[LPDWHO\����§� ORQJ�� �7KH

WDSSHG�KROH�IRU� WKH�IRRW�VZLWFK�PRXQWLQJ�SODWH� LV�DERXW�����§�IURP�WKH� OHJ©V� ORZHU�HQG�

7KH������§�KROH� IRU� WKH� VKDIW� RI� WKH� NQHH�PRWRU� LV� ����§� XS� IURP� WKHUH� ����§� IURP� WKH

IORRU�LI�WKH�OHJ�LV�YHUWLFDO����7KH�OHJ�LV�IL[HG�WR�WKH�IODWWHG�VKDIW�RI�WKH�NQHH�PRWRU�ZLWK�D

����§������VHW�VFUHZ�WKURXJK�D�WDSSHG�KROH�LQ�WKH�WRS�HQG�RI�WKH�OHJ�

7KH�NQHH�KLS�MXQFWLRQ�LV�DFFRPSOLVKHG�ZLWK�D�IODW��§�[����§�[������§�DOXPLQXP

SODWH�ZLWK�KROHV�SRVLWLRQHG�DQG�FOHDUHG�IRU�PRXQWLQJ�WR�WKH�IDFH�RI�WKH�NQHH�JHDUER[���7KH

SODWH�KDV�D������§�JURRYH�LQ�WKH�VLGH�RI�WKH�SODWH�ZKLFK�LV�PRXQWHG�DJDLQVW�WKH�NQHH©V

JHDUER[���7KH�VKDIW�RI�WKH�KLS�PRWRU�FDQ�WKHQ�EH�SLQFKHG�EHWZHHQ�WKH�SODWH�DQG�WKH

JHDUER[���7KH�NQHH�KLS�SODWH�DOVR�KDV�WKUHH�����§�KROHV�ZLWKLQ�DQ�LQFK�RI�WKH�NQHH�VKDIW�

7ZR�RI�WKHVH��RQH�EHQHDWK�DQG�RQH�WR�WKH�ULJKW�RI�WKH�NQHH�VKDIW��KROG�XSSHU���ORZHU�OLPLW

VZLWFKHV�DQG�WKH�WKLUG�LV�FOHDUHG�IRU�IRRW�VZLWFK�ZLULQJ���7KHQ�RQH�ODVW�KROH�PXVW�EH�DGGHG

WR�WKH�NQHH�KLS�SODWH��D�KROH�WR�DFFRPPRGDWH�����§������PDFKLQH�VFUHZ�PXVW�EH�GULOOHG

DQG�WDSSHG�LQ�WKH�WRS�HGJH����§�IURP�WKH�JURRYH�IRU�WKH�KLS�VKDIW���7KLV�ODVW�KROH�LV�IRU

VHFXULQJ�WKH�KLS©V�RFFOXVLRQ�SODWH���7KH�KLS�PRWRU�LV�VLPSO\�PRXQWHG�E\�WKH�IDFH�RI�LWV

JHDUER[�WR�WKH�FKDVVLV��ZLWK�LWV�VKDIW�SURWUXGLQJ�EHORZ�WKH�ERG\�

7KH�PRVW�GLIILFXOW�SRUWLRQ�RI�WKH�OHJ�DVVHPEO\�LV�WKH�KLS�SRVLWLRQ�IHHGEDFN

LPSOHPHQWDWLRQ���&RQYHQLHQW�PDWHULDO�IRU�WKH�RSWLFDO�HQFRGHU�GLVN�LV������§�VKHHW

DOXPLQXP���,W�LV�LPSRUWDQW�WKDW�WKLV�GLVN�KDYH�D�FRQVWDQW�RXWHU�UDGLXV�RI�����§���$������DUF

RI�WKH�FLUFOH�PXVW�EH�FXW�WR�D�VPDOOHU�UDGLXV���7KH�HGJHV�RI�WKLV�DUF�WULJJHU�WKH�KLS�OLPLW

VZLWFK�DW�HLWKHU�HQG�RI�LWV�UDQJH�RI�PRWLRQ���2SSRVLWH�WKH�VPDOOHU�UDGLXV�DUF��WKH�GLVN�LV

VORWWHG�ZLWK�D�EDQGVDZ�DW�LQWHUYDOV�RI�DERXW�����WR�SXW���VORWV�LQ�D������DUF���7KH�KROH�DW

WKH�HQFRGHU�FHQWHU�LV�FOHDUHG�WR������§�IRU�WKH�KLS�VKDIW������§�IURP�WKLV��RQ�WKH�OLQH

LQFOXGLQJ�WKH�FHQWHU�DQG�SDUDOOHO�WR�WKDW�OLQH�GHILQHG�E\�WKH�OLPLW�VZLWFK�WULJJHU�FRUQHUV��D

KROH�LV�FOHDUHG�IRU�WKH������VFUHZ�ZKLFK�IL[HV�WKH�KLS�HQFRGHU�GLVN�WR�WKH�NQHH�KLS�SODWH�
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)LJXUH�����)LQDO�/HJ�'HVLJQ

2QFH�WKH�OHJ�GHVLJQ�ZDV�ZHOO�XQGHU�ZD\��GHVLJQ�RI�WKH�FKDVVLV�EHJDQ���6HYHUDO

FRQVLGHUDWLRQV�ZHUH�LQYROYHG�LQ�WKH�OD\RXW�RI�WKH�FKDVVLV���)LUVW��LW�ZDV�QHFHVVDU\�WR

GHWHUPLQH�ZKDW�VHQVRUV�ZRXOG�EH�XVHG�WR�HQVXUH�WKDW�WKH\�ZRXOG�KDYH�JRRG�FOHDUDQFH�

)XUWKHUPRUH��LW�ZDV�QHFHVVDU\�WR�HVWLPDWH�WKH�WRWDO�VL]H�RI�WKH�HOHFWURQLFV�WKDW�ZRXOG�EH

PRXQWHG�RQ�WKH�LQVLGH�RI�WKH�URERW���2WKHU�FRQVLGHUDWLRQV�VXFK�DV�EDWWHU\�VL]H��OHJ

ORFDWLRQ��DQG�EDODQFH�DOVR�LPSDFWHG�WKH�GHVLJQ���7KH�IURQW�RI�WKH�FKDVVLV�ZDV�JLYHQ�D

FXUYDWXUH�WR�SURYLGH�D�JRRG�VSUHDG�IRU�WKH�LQIUDUHG�HPLWWHUV���7KH�VLGHV�RI�WKH�FKDVVLV�ZHUH

GHVLJQHG�WR�EH�DV�KLJK�DV�WKH�PRWRUV�DQG�DOORZ�IRU�D�FRYHU���$OVR��DFFHVV�WR�WKH�FRQWURO

SURFHVVRU�ZDV�SURYLGHG�WKURXJK�D�GDWD�SRUW�DW�WKH�UHDU�RI�WKH�FKDVVLV�

7KH�FKDVVLV�ZDV�FXW�DQG�IRUPHG�IURP��������WKLFN�VKHHW�DOXPLQXP���-RLQWV�DUH

VHFXUHG�ZLWK�VKRUW������PDFKLQH�EROWV�DQG�QXWV���7KH�UHVXOWLQJ�VKDSH�LV�D�UHFWDQJOH�ZLWK

��q�DQJOHG�UHDU�FRUQHUV�DQG�D���q�DUF�RI�D�FLUFOH�DW�WKH�IURQW���)RU�VLPSOLFLW\��DOO�OHJV�DQG

PRXQW�UHJLRQV�RQ�WKH�FKDVVLV�DUH�LGHQWLFDO��WKH�ULJKW�VLGH�RI�WKH�URERW�LV�QRW�D�PLUURU�LPDJH

RI�WKH�OHIW���(DFK�OHJ�PRXQW�UHJLRQ�KDV�WKH�EDVLF�KROHV�IRU�PRXQWLQJ�WKH�KLS�PRWRU���)URP

D�WRS�VLGH�YLHZSRLQW��WKHUH�LV�D�������GLDPHWHU�KROH�IRU�WKH�OLPLW�VZLWFK�FHQWHUHG�������

ULJKW�RI�WKH�KLS�VKDIW�KROH���%HWZHHQ�WKHVH�KROHV�LV�DQRWKHU�������KROH�IRU�ZLULQJ�WR�WKH

NQHH�DQG�IRRW���$�UHFWDQJXODU�KROH�IRU�DQ��HDU��RI�WKH�RSWLFDO�VHQVRU�LV�������OHIW�RI�WKH

FHQWHU�RI�WKH�KLS�VKDIW�KROH��D�QHDUE\�KROH�DFFRPPRGDWHV�WKH�ZLUHV�IRU�WKLV�VHQVRU���:KHQ



��

WKH�HDU�RI�WKH�RSWLFDO�VHQVRU�LV�SXVKHG�WKURXJK�WKH�UHFWDQJXODU�KROH�DQG�WKH�KRXVLQJ�LV

IOXVK�DJDLQVW�WKH�XQGHUVLGH�RI�WKH�FKDVVLV��WKH�PRXQWHG�RFFOXVLRQ�SODWH�SDVVHV�VPRRWKO\

EHWZHHQ�WKH�VHQVRU�HPLWWHU�DQG�UHFHLYHU�DV�WKH�KLS�VKDIW�WXUQV���7KLV�ILUVW�GHVLJQ�SURYHG

DGHTXDWH��DQG�LW�ZDV�TXLFNO\�PDFKLQHG�DQG�EHQW�LQWR�VKDSH���VHH�$SSHQGL[�&�IRU�D

GLDJUDP�

:LWK�WKH�FKDVVLV�FRPSOHWH��GHVLJQ�PRYHG�WR�VHQVRU\�LQSXW���7KH�FKDVVLV�GHVLJQ

VSHFLILHG�ZKHUH�PRVW�VHQVRUV�ZRXOG�EH�ORFDWHG���7KH�PRUH�FRPSOH[�GHVLJQ�FRQVLGHUDWLRQV

LQFOXGHG�VHQVRU�UDQJH��VHQVRU�YDOLGDWLRQ��DQG�SRZHU�FRQVXPSWLRQ���7KH�GHVLJQ�DQG

EHKDYLRU�JRDOV�JXLGHG�WKH�VHQVRU�FKRLFHV���,QLWLDOO\��VL[�VHQVRUV�ZHUH�FKRVHQ���,QIUDUHG

SUR[LPLW\�VHQVRU��PLFURSKRQH��SKRWRFHOO��PLFUR�VZLWFK��VRQDU��DQG�3\URHOHFWULF�VHQVRU�

7KH�LQIUDUHG�SUR[LPLW\�VHQVRU�FRQVLVWV�RI�DQ�,5�HPLWWHU�DQG�UHFHLYHU�SDLU���7KH�HPLWWHU�LV

VLPSO\�D�����QP�,5�/('�ZKLFK�LV�SXOVHG�DW����.+]���7KH�UHFHLYHU�LV�WXQHG�YLD�D�3//�WR

GHWHFW�����QP�OLJKW�DW����.+]��WKH�6KDUS�*3�8��;�UHFHLYHU�ZDV�FKRVHQ�EHFDXVH�LW

LQFOXGHG�WKH�,5�SKRWRGHWHFWRU��3//��DQG�DQ�DPSOLILHU�LQ�D�VLQJOH�SDFNDJH���7KH�FKDVVLV

GHVLJQ�DOORZHG�VL[�GHWHFWRUV�WR�EH�PRXQWHG�RQ�WKH�IURQW�RI�WKH�URERW�DQG�WZR�RQ�HLWKHU

VLGH���7KH�UHGXQGDQW�VHQVRUV�KHOS�WKH�URERW�EH�IDXOW�WROHUDQW�VLQFH�RQO\�D�VPDOO�SHUFHQWDJH

RI�HPLWWHG�OLJKW�ZLOO�EH�UHIOHFWHG���7R�LQFUHDVH�WKH�HPLWWHG�VLJQDO�VWUHQJWK�DQG�IXUWKHU

LPSURYH�IDXOW�WROHUDQFH��WZR�HPLWWHUV�DUH�ORFDWHG�RQ�HLWKHU�VLGH�RI�D�UHFHLYHU���7KH�,5

VHQVRUV�DOORZ�%HKDYLRU���WR�EH�HDVLO\�DQG�UHOLDEO\�LPSOHPHQWHG���7KH�,5�HPLWWHU�/('V

UHTXLUH�DSSUR[LPDWHO\����P$�HDFK��WKHUHIRUH�DQ�LQWHUIDFH�ZDV�GHVLJQHG�WR�DOORZ�VHOHFWLYH

FRQWURO�RI�ZKLFK�HPLWWHUV�DUH�RQ�DW�D�JLYHQ�WLPH���7KH�����WLPHU�ZDV�FKRVHQ�WR�JHQHUDWH

WKH����.+]�SXOVHV�QHHGHG�WR�GULYH�WKH�/('V���7KH�PLFURSKRQH�DOORZV�WKH�URERW�WR

PRQLWRU�DQG�ORFDWH�VRXQGV�LQ�LWV�HQYLURQPHQW��WKLV�DOORZV�%HKDYLRU���WR�EH�HDVLO\

LPSOHPHQWHG���7ZR�XQLGLUHFWLRQDO�PLFURSKRQHV��WR�EH�PRXQWHG�DSSUR[LPDWHO\�VL[�LQFKHV

DSDUW��ZHUH�FKRVHQ�WR�DOORZ�WKH�URERW�WR�FDOFXODWH�VRXQG�GLUHFWLRQ�YLD�GLIIHUHQWLDO�VRXQG

LQWHQVLW\���(DFK�PLFURSKRQH�LV�DPSOLILHG�ZLWK�D�/0����RS�DPS�ZKLFK�LV�IHG�WR�WKH�$�'

SRUWV�RI�WKH�PLFURSURFHVVRU���3KRWRFHOOV�DOORZ�WKH�URERW�WR�GHWHFW�OLJKW��WZR�&G6�FHOOV

ZHUH�FKRVHQ�WR�DOORZ�GLIIHUHQWLDO�FDOFXODWLRQ�RI�OLJKW�LQWHQVLW\�WKHUHE\�DOORZLQJ�%HKDYLRU

��WR�EH�LPSOHPHQWHG�

7KH�UHPDLQLQJ�WKUHH�VHQVRUV�ZHUH�QRW�LPSOHPHQWHG�GXH�WR�FRVW�DQG�WLPH

FRQVLGHUDWLRQV��KRZHYHU��D�EULHI�GHVFULSWLRQ�RI�WKHLU�SXUSRVH�LV�LQFOXGHG���,Q�RUGHU�WR

LPSURYH�IDXOW�WROHUDQFH�LQ�%HKDYLRU����PLFUR�VZLWFKHV�ZHUH�LQFOXGHG�LQ�WKH�LQLWLDO�GHVLJQ�

7ZR�VZLWFKHV�ZRXOG�KDYH�EHHQ�PRXQWHG�RQ�WKH�OHIW�DQG�ULJKW�IURQW�SODWH�RI�WKH�FKDVVLV��D

�ZKLVNHU��DWWDFKHG�WR�WKH�VZLWFKHV�VLJQDOV�LPPDQHQW�FROOLVLRQV���7KH�ZKLVNHUV�DOORZ

GHWHFWLRQ�RI�REMHFWV�WKDW�GR�QRW�UHIOHFW�,5�OLJKW�YHU\�ZHOO���7R�HYHQ�IXUWKHU�LPSURYH

%HKDYLRU���DQG�WR�DLG�LQ�%HKDYLRU����D�VRQDU�VHQVRU�PRXQWHG�RQ�D�VWHSSHU�PRWRU�ZDV�DOVR
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LQFOXGHG�LQ�WKH�RULJLQDO�GHVLJQ���$�3RODURLG�6RQDU�5DQJLQJ�6\VWHP�ZDV�FKRVHQ�VLQFH�LW

FDQ�LQWHUIDFH�ZLWK�WKH�PLFURSURFHVVRU�ZLWK�RQO\�RQH�WUDQVLVWRU�DQG�WZR�LQYHUWHUV�DQG�ZDV

UHDGLO\�DYDLODEOH���7KH�V\VWHP�DOORZV�GLVWDQFH�GHWHUPLQDWLRQ�IURP������LQFKHV�WR�RYHU���

IHHW�ZLWK�DFFXUDF\�WR�ZLWKLQ�RQH�KDOI�LQFK���+RZHYHU��WKH�V\VWHP�GRHV�UHTXLUH�D�VSHFLDO

SRZHU�V\VWHP��DQG�FRQVLGHUDEOH�SURFHVVRU�WLPH���)LQDOO\��D�3\URHOHFWULF�VHQVRU�ZDV

GHVLUHG�WR�DOORZ�WKH�URERW�WR�LGHQWLI\�KXPDQ�KHDW�SDWWHUQV�ZKLFK�ZRXOG�DOORZ�%HKDYLRU��

WR�EH�HOHJDQWO\�LPSOHPHQWHG���3\URHOHFWULF�VHQVRUV�DUH�PRVW�FRPPRQO\�XVHG�LQ�,5�DODUP

V\VWHPV�VLQFH�WKH\�FDQ�GHWHFW�KHDW�VRXUFHV�LQ�WKH�KXPDQ�,5�UDQJH��IXUWKHUPRUH��WKH�VHQVRU

FDQ�GHWHFW�PRWLRQ�DQG�WKH�GLUHFWLRQ�RI�PRWLRQ���7KH�3\URHOHFWULF�VHQVRU�LQWHUIDFHV�HDVLO\

ZLWK�WKH�PLFURSURFHVVRU��EXW�KDV�D�SURKLELWLYH�FRVW�

7KH�ILQDO�VHQVRU�DUUDQJHPHQW�FRQVLVWHG�RI����,5�UHFHLYHUV��VL[�LQ�IURQW��DQG�WZR�RQ

ERWK�WKH�OHIW�DQG�ULJKW�VLGHV������,5�HPLWWHUV��VHYHQ�LQ�IURQW��DQG�IRXU�RQ�ERWK�WKH�OHIW�DQG

ULJKW�VLGHV���WZR�PLFURSKRQHV��PRXQWHG�GLUHFWO\�WR�WKH�IURQW�RI�WKH�URERW��HDFK�ZLWK�D

VHPL�SDUDEROLF�FRYHU���DQG�WZR�SKRWRFHOOV��PRXQWHG�KRUL]RQWDOO\�QH[W�WR�WKH

PLFURSKRQHV����7KHVH�VHQVRUV�SURYLGH�D�JRRG�FRPSURPLVH�EHWZHHQ�VHQVRU�LQIRUPDWLRQ�

DFFXUDF\��FRVW��DQG�GHYHORSPHQW�WLPH�

$V�PHFKDQLFDO�KDUGZDUH�GHVLJQ�SURJUHVVHG��FKRLFHV�QHHGHG�WR�EH�PDGH

FRQFHUQLQJ�WKH�PLFURSURFHVVRU�DQG�VXSSRUW�KDUGZDUH���%HIRUH�WKH�OHJ�GHVLJQ�ZDV

FRPSOHWH��D�GHFLVLRQ�ZDV�PDGH�WR�XVH�WKH�0RWRUROD������PLFURSURFHVVRU�WR�FRQWURO�WKH

OHJV���7KLV�GHFLVLRQ�ZDV�EDVHG�RQ�D�FRVW�YHUVXV�SHUIRUPDQFH�DQDO\VLV��WKH�����

PLFURSURFHVVRU�LQFOXGHV�EXLOW�LQ�KDUGZDUH�WR�KDQGOH�$�'�FRQYHUVLRQV��PXOWLSOH�WLPHG

LQWHUUXSWV��WLPHG�HYHQWV��DQG�LQWHUSURFHVVRU�FRPPXQLFDWLRQ�DV�ZHOO�DV�EHLQJ�ORZ�SRZHU

DQG�HDV\�WR�LQWHUIDFH���7KH�0��+&���(��VHULHV�PLFURSURFHVVRU�ZDV�FKRVHQ�VLQFH�LW

FRQWDLQV�����E\WHV�RQ�RQ�FKLS�UDP�DQG������E\WHV�((3520�ZKLFK�DOORZV�WKH

PLFURSURFHVVRU�WR�RSHUDWH�DORQH�ZLWKRXW�VXSSRUW���LQWHUIDFH�FKLSV���7KH�LQLWLDO

VSHFLILFDWLRQ�ZDV�IRU�RQH�FKLS�WR�FRQWURO�DOO�VL[�OHJV��KRZHYHU��LW�TXLFNO\�EHFDPH�DSSDUHQW

WKDW�HDFK�OHJ�FRXOG�UHTXLUH�D�ODUJH�SHUFHQWDJH�RI�WKH�SURFHVVRU
V�WLPH���)XUWKHUPRUH��WKH

QXPEHU�RI�H[WHUQDO�SLQV�RQ�HDFK�PLFURSURFHVVRU�ZDV�OLPLWHG���7KHUHIRUH��LW�ZDV�GHFLGHG

WKDW�HDFK�SDLU�RI�OHJV��OHIW���ULJKW��ZRXOG�EH�FRQWUROOHG�E\�D�VHSDUDWH������PLFURSURFHVVRU�

WKLV�GHFLVLRQ�DOORZV�FRQVLGHUDEOH�IOH[LELOLW\�ZLWK�D�PRGHUDWH�FRVW�LQFUHDVH�

$�VHSDUDWH������PLFURSURFHVVRU�ZDV�DOVR�FKRVHQ�WR�FRQWURO�WKH�VHQVRUV���7KLV

FKRLFH�DOORZV�IRU�VHQVRUV�WR�EH�HDVLO\�H[WHQGLEOH��ZKHQ�WKH�LQLWLDO�FKRLFH�ZDV�PDGH��WKH

WLPH�LQWHQVLYH�VRQDU�VHQVRU�ZDV�VWLOO�EHLQJ�FRQVLGHUHG����7KH�VHQVRU�SURFHVVRU�LV

UHVSRQVLEOH�IRU�GHWHFWLQJ�LPPDQHQW�FROOLVLRQV�DQG�QRWLI\LQJ�WKH�FRQWURO�SURFHVVRU�DV�ZHOO

DV�SHUIRUPLQJ�GLIIHUHQWLDO�VRXQG�DQG�OLJKW�LQWHQVLW\�FDOFXODWLRQV�
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)RU�WKH�FRQWURO�SURFHVVRU��D�'LJLWDO�6LJQDO�3URFHVVRU��'63��ZDV�LQLWLDOO\

FRQVLGHUHG��EXW�ZDV�HYHQWXDOO\�UHMHFWHG�GXH�WR�WKH�FRPSOH[LW\�RI�LQWHUIDFLQJ�WKH�SURFHVVRU

ZLWK�WKH�RWKHU�PLFURSURFHVVRUV�DQG�WKH�FRPSOH[LW\�LQ�HIIHFWLYHO\�SURJUDPPLQJ�WKH�GHYLFH�

$QRWKHU�0��+&���(��PLFURSURFHVVRU�ZDV�FKRVHQ���7KH�FRQWURO�SURFHVVRU�LV�FRQILJXUHG

LQ�DQ�H[SDQGHG�PRGH�ZKLFK�DOORZV�XS�WR���.�RI�H[WHUQDO�PHPRU\�WR�EH�XVHG�DOORZLQJ�IRU

FRPSOH[�FRQWURO�FRGH���$OO�PLFURSURFHVVRUV�DUH�FORFNHG�ZLWK�VHSDUDWH���0+]�FORFNV��ZLWK

D���0+]�EXV�IRU�PHPRU\�DFFHVV���,Q�DGGLWLRQ��WKH�RQ�FKLS�6HULDO�3HULSKHUDO�,QWHUIDFH

�63,��V\VWHP�FDQ�EH�XVHG�WR�DOORZ�VHULDO�PHVVDJH�SDVVLQJ�EHWZHHQ�SURFHVVRUV�

)RU�HDFK������PLFURSURFHVVRU��D�SULQWHG�FLUFXLW�ERDUG�FRQWDLQLQJ�DOO�HOHFWURQLFV

QHFHVVDU\�WR�UXQ�WKH�SURFHVVRU�ZDV�SXUFKDVHG���7KHVH�ERDUGV�FRQWDLQ�WKH�DGGLWLRQDO�ORJLF

IRU�DFFHVVLQJ�DGGLWLRQDO��RII�FKLS��PHPRU\��56����FRPPXQLFDWLRQ��UHVHWWLQJ�WKH

PLFURSURFHVVRU��DQG�KDQGOLQJ�FRQWURO�VLJQDOV���(DFK�ERDUG�YDVWO\�VLPSOLILHV�LQWHJUDWLQJ

WKH������LQWR�WKH�URERW�

,Q�RUGHU�WR�VLPSOLI\�PRWRU�FRQWURO�DQG�LQWHUIDFLQJ��/���%�IRXU�FKDQQHO�SXVK�SXOO

GULYHUV�ZHUH�FKRVHQ�WR�FRQWURO�WKH�PRWRUV���(DFK�LQWHJUDWHG�FLUFXLW�FDQ�EH�FRQILJXUHG�DV

WZR�IXOO�+�EULGJHV�ZLWK�D�PLQLPDO�DGGLWLRQ�RI�HLJKW�GLRGHV�SHU�FKLS���7KH�FKLSV�DOORZ

GLUHFW�LQWHUIDFLQJ�ZLWK�WKH������PLFURSURFHVVRU���(DFK�+�EULGJH�KDV�D�PRWRU�HQDEOH�DQG�D

GLUHFWLRQ�FRQWURO��DV�ZHOO�DV�D�VHSDUDWH�SRZHU�VXSSO\��XS�WR��$�SHU�FKDQQHO��IRU�GULYLQJ

WKH�PRWRUV���7KHUHIRUH��RQH�FKLS�FDQ�FRQWURO�D�FRPSOHWH�OHJ��DOORZLQJ�LQGHSHQGHQW�KLS�DQG

NQHH�PRWLRQV�

7KH�FRQWURO�SURFHVVRU�DOVR�UHTXLUHV�VHYHUDO�FKLSV�IRU�PHPRU\�LQWHUIDFH��ZKLFK

ZHUH�LQFOXGHG�LQ�WKH������SULQWHG�FLUFXLW�ERDUG������+&����'�7\SH�/DWFK�DQG���+&���

%XV�7UDQVFHLYHU�XVHG�WR�GHPXOWLSOH[�WKH�ORZ�DGGUHVV�ELWV�DQG�GDWD�DQG�WKH���+&���

%XIIHU�XVHG�WR�EXIIHU�WKH�KLJK�DGGUHVV�ELWV���7KHVH�FKLSV�FRQWURO�WKH�DGGUHVV�DQG�GDWD�IHG

WR�WKH������������.�5$0�DQG���&���������.�(3520���,Q�DGGLWLRQ��D�0$;����FKLS�LV

XVHG�WR�DOORZ�WKH�FRQWURO�SURFHVVRU�WR�FRPPXQLFDWH�ZLWK�D�UHPRWH�FRPSXWHU�YLD�D�56���

FRQQHFWLRQ�

7ZR�W\SHV�RI�3URJUDPPDEOH�$UUD\�/RJLF��3$/��FKLSV�ZHUH�XVHG�WR�SURYLGH

FXVWRP�IXQFWLRQV���7KHVH�FKLSV�KDQGOH�LQWHUUXSW�GHFRGLQJ��PHPRU\�GHFRGLQJ��63,

FRPPXQLFDWLRQ�GHFRGLQJ��DQG�RWKHU�VLPSOH�GHFRGLQJ�IXQFWLRQV���7KH�3$/��/��SURYLGHV

HLJKW�FRPELQDWRULDO�ORJLF�RXWSXWV��ZKLOH�WKH�3$/��5��KDV�IRXU�VXFK�RXWSXWV�DQG�IRXU

IOLS�IORS�RXWSXWV�
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6RIWZDUH�

'HVLJQ�IRU�WKH�VRIWZDUH�XVHG�WR�FRQWURO�WKH�OHJ�KDUGZDUH�EHJDQ�ZKLOH�WKH�OHJV

ZHUH�VWLOO�XQGHU�FRQVWUXFWLRQ���7R�VLPSOLI\�WKH�WHVWLQJ�SURFHVV��D�SURWRW\SH�OHJ�ZDV�EXLOW

DQG�LQWHUIDFHG�ZLWK�D�0RWRUROD�0��+&��(9%�(YDOXDWLRQ�%RDUG���7KH�ERDUG�DQG�LWV

VXSSRUW�VRIWZDUH�DOORZHG�HDV\�VLPXODWLRQV�RI�WKH�GHYHORSLQJ�VRIWZDUH�FRQWURO�V\VWHPV�

7R�PHHW�WKH�SUHYLRXVO\�VSHFLILHG�JRDOV��DVVHPEO\�ODQJXDJH�ZDV�FKRVHQ�WR�LPSOHPHQW�WKH

OHJ�VRIWZDUH���(DFK�OHJ�PLFURSURFHVVRU�LV�VHWXS�LQ�VLQJOH�FKLS�PRGH��ZKLFK�DOORZV�WKH

FRGH�VL]H�WR�EH�D�PD[LPXP�RI������E\WHV���7KH�RQ�FKLS�5$0�LV�RQO\�����E\WHV�DQG�PXVW

VDWLVI\�WKH�QHHGV�IRU�ERWK�YDULDEOHV�DQG�VWDFN�VSDFH��WKHUHIRUH��FDUHIXO�GHVLJQ�LV�QHHGHG�WR

DYRLG�VWDFN�RYHUIORZ�DQG�XQSUHGLFWDEOH�UHVXOWV�

&DUHIXO�FRQVLGHUDWLRQ�RI�WKH�KDUGZDUH�DYDLODEOH�IURP�WKH������PLFURSURFHVVRU�OHG

WR�WKH�FKRLFH�RI�DQ�LQWHUUXSW�GULYHQ�V\VWHP���7KH�0��+&���(��PLFURSURFHVVRU�KDV�VL[

JHQHUDO�H[WHUQDO�LQWHUUXSWV����,54���;,54��DQG�IRXU�,QSXW�&DSWXUH��,&��SLQV�ZKLFK�PD\�EH

FRQILJXUHG�DV�LQWHUUXSWV���(DFK�OHJ�PLFURSURFHVVRU�PXVW�FRQWURO�D�OHIW���ULJKW�SDLU�RI�OHJV

ZKLFK�PHDQV�HDFK�OHJ�FDQ�KDYH�D�PD[LPXP�RI���LGHQWLFDO�LQWHUUXSWV���7KH��;,54�OLQH�LV

XVHG�WR�LPSOHPHQW�IDXOW�WROHUDQW�V\VWHP�UHFRYHU\�DQG�WKH��,54�OLQH�LV�XQXVHG���8VLQJ�WKH

,&�LQSXWV�DV�LQWHUUXSWV��HDFK�OHJ�KDV�DQ�LQWHUUXSW�ZKLFK�LQGLFDWHV�WKDW�D�PRYHPHQW�OLPLW

�ULJKW���OHIW��XS���GRZQ��RU�IORRU��KDV�EHHQ�UHDFKHG�DQG�DQ�LQWHUUXSW�ZKLFK�LQGLFDWHV�WKDW�WKH

RSWLFDO�VHQVRU�XVHG�WR�WUDFN�KLS�PRYHPHQWV�KDV�WULJJHUHG���,Q�RUGHU�WR�GLIIHUHQWLDWH

EHWZHHQ�WKH�WKUHH�PRYHPHQW�OLPLWV��HDFK�OLPLW�VLJQDO�LV�DOVR�VHQW�WR�DQ�LQSXW�SLQ�RQ�WKH

PLFURSURFHVVRU���:KHQ�WKH�LQWHUUXSW�LV�WULJJHUHG��WKH�LQWHUUXSW�KDQGOHU�UHDGV�WKH�SLQV�WR

GHWHUPLQH�ZKLFK�OLPLW�V��WULJJHUHG�WKH�LQWHUUXSW�DV�VKRZQ�EHORZ�

Port B

Port C

Right Hip Direction Right Hip Enable Right Knee Direction Right Knee Enable Left Hip Direction Left Hip Enable Left Knee Direction Left Knee Enable

Bit
Active Interrupt

Bit
Control Function

7 6 5 4 3 2 1 0

- Right Hip Right Floor Right Knee - Left Hip Left Floor Left Knee
7 6 5 4 3 2 1 0

)LJXUH�����,QWHUUXSW�'H�0XOWLSOH[LQJ

��7KH�FRGH�PXVW�EH�FDUHIXOO\�GHVLJQHG�WR�DOORZ�SURSHU�KDQGOLQJ�RI�FRLQFLGHQW

WULJJHUV���,Q�RUGHU�WR�IDFLOLWDWH�TXLFN�KDQGOLQJ�RI�LQWHUUXSW�URXWLQHV��WKH�OHJ�FRGH�XVHV�WKH

ZDLW��:$,��LQVWUXFWLRQ�WR�ZDLW�IRU�DQ�LQWHUUXSW�ZKHQ�LW�KDV�QRWKLQJ�HOVH�WR�GR��WKH�ZDLW

LQVWUXFWLRQ�SUHSDUHV�IRU�DQ�LQWHUUXSW�E\�SUH�VWRULQJ�DOO�GDWD�VR�WKDW�WKHUH�LV�YLUWXDOO\�QR

GHOD\�LQ�VHUYLFLQJ�DQ�LQWHUUXSW�

7KH�WLPHU�RYHUIORZ��72)��LQWHUUXSW��DQ�LQWHUQDO�LQWHUUXSW��LV�XVHG�WR�WHOO�WKH

PLFURSURFHVVRU�WKDW�D�VSHFLILHG�SHULRG�RI�WLPH�KDV�HODSVHG���8VLQJ�WKH�72)�LQWHUUXSW�DQG

IRXU�2XWSXW�&RPSDUH��2&��SLQV��LW�LV�SRVVLEOH�WR�HDVLO\�LPSOHPHQW�SXOVH�ZLGWK

PRGXODWLRQ��3:0����8VLQJ�3:0�DOORZV�0X/,5�WR�FRQVHUYH�SRZHU�ZKLOH�GULYLQJ�WKH
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OHJV�LQ�DQ�HIILFLHQW�PDQQHU���7KH�2&�SLQV�DUH�VLPLODU�WR�WKH�����
V�,&�SLQV���7KHVH�SLQV

DOORZ�IRU�WKH�RXWSXW�VWDWH�RI�D�SLQ�WR�EH�FKDQJHG�ZKHQ�DQ�LQWHUQDO�VWDWH�PHHWV�D�SUH�

GHILQHG�WULJJHU�VWDWH�DQG�WR�RSWLRQDOO\�JHQHUDWH�DQ�LQWHUQDO�LQWHUUXSW���7R�LPSOHPHQW

3:0��WKH�OHJ�FRGH�VHWV�WKH�72)�LQWHUUXSW�WR�WULJJHU�ZLWK�D�SHULRG�RI��������PV�RU

DSSUR[LPDWHO\������WLPHV�VHFRQG���:KHQ�DQ�RYHUIORZ�RFFXUV��WKH������JHQHUDWHV�DQ

LQWHUUXSW�ZKLFK�WXUQV�RQ�WKH�PRWRU�RXWSXW�DQG�UHVHWV�WKH�2&�WR�RFFXU�DW�VRPH�SHUFHQWDJH

RI�WKH��������PV�SHULRG��WKHRUHWLFDOO\�WKLV�SHUFHQWDJH�LV�UHSUHVHQWHG�E\�D����ELW�YDOXH

EHWZHHQ�>��������@��EXW�LQWHUUXSW�RYHUKHDG�DQG�PLQLPDO�UHTXLUHG�PRWRU�WRUTXH�QHFHVVLWDWH

D�PLQLPXP�RI����������:KHQ�WKH�2&�VWDWH�PDWFKHV�WKH�WULJJHU�VWDWH��PRWRU�RXWSXW�LV

KDOWHG���7KLV�LPSOHPHQWDWLRQ�GHILQHV�3XOVH�:LGWK�5DWLR�IURP�����WR������

7KH�RSWLFDO�KLS�VHQVRU�SURGXFHV�LQWHUUXSWV�ZKHQHYHU�WKH�KLS�URWDWHV�WKURXJK�D�VORW

LQ�WKH�RFFOXVLRQ�SODWH���7KH�SODWH�ZDV�GHVLJQHG�WR�FRQWDLQ��Q�HYHQO\�VSDFHG�VORWV�WR�DOORZ

VLPSOH�HUURU�FKHFNLQJ��LQ�WKH�FXUUHQW�GHVLJQ�Q� ������+RZHYHU��WKH�XVH�RI�WKH�RSWLFDO

VHQVRU�GRHV�SUHVHQW�VHYHUDO�SUREOHPV�ZKLFK�KDYH�UHPDLQHG�XQVROYHG�LQ�WKLV

LPSOHPHQWDWLRQ���7KH�PDLQ�SUREOHP�LV�WKDW�WKH�V\VWHP�FDQQRW�WHOO�WKH�GLIIHUHQFH�EHWZHHQ

FORFNZLVH�DQG�FRXQWHU�FORFNZLVH�URWDWLRQ���7KH�PRWRU
V�URWDWLRQ�LV�FRQWUROOHG�E\�DQ�RXWSXW

IURP�WKH�PLFURSURFHVVRU���%\�FRQWUROOLQJ�WKH�PRWRU
V�GLUHFWLRQ�RI�URWDWLRQ��WKH

PLFURSURFHVVRU�DVVXPHV�WKDW�WKH�LQWHUUXSWV�IURP�WKH�KLS�VHQVRU�DUH�RFFXUULQJ�LQ�WKH�VDPH

GLUHFWLRQ��KRZHYHU��LI�IRU�VRPH�UHDVRQ�WKH�KLS�URWDWHV�LQ�WKH�RSSRVLWH�GLUHFWLRQ��GXH�WR

VOLSSDJH�RU�ZHLJKW�ZKHQ�WKH�KLS�LV�QRW�PRYLQJ��WKHQ�WKH�V\VWHP�VWLOO�DVVXPHV�WKDW�WKH

URWDWLRQ�LV�LQ�WKH�RULJLQDO�GLUHFWLRQ���)XUWKHUPRUH��LI�WKH�KLS�VWRSV�ZKLOH�FHQWHUHG�RQ�D�VORW

LQ�WKH�RFFOXVLRQ�SODWH��WKHQ�PLQXWH�IOXFWXDWLRQV�FDQ�FUHDWH�IDOVH�LQWHUUXSWV���'XH�WR�WKHVH

OLPLWDWLRQV��WKH�RSWLFDO�KLS�VHQVRU�LV�QRW�UHOLHG�RQ�E\�WKH�PDLQ�FRQWURO�V\VWHP���+RSHIXOO\�

IXWXUH�LPSOHPHQWDWLRQV�ZLOO�EH�DEOH�WR�FRUUHFW�WKHVH�SUREOHPV�

2QFH�WKH�OHJ�PLFURSURFHVVRU�FRGH�KDG�EHHQ�GHYHORSHG�DQG�WHVWHG��GHVLJQ�PRYHG

WR�WKH�VHQVRU�PLFURSURFHVVRU���7KH�IRXU�,&�LQWHUUXSWV�ZHUH�XVHG�WR�QRWLI\�WKH�SURFHVVRU

ZKHQ�WKH�,5�GHWHFWRUV�LQGLFDWH�D�QHDUE\�REMHFW���2QH�LQWHUUXSW�FRQQHFWV�WR�WKH�,5�GHWHFWRUV

RQ�WKH�OHIW�VLGH�RI�WKH�URERW��RQH�WR�WKH�GHWHFWRUV�RQ�WKH�ULJKW�VLGH��RQH�WR�KDOI�WKH�GHWHFWRUV

RQ�WKH�IURQW�ULJKW�VLGH��DQG�WKH�RWKHU�WR�WKH�GHWHFWRUV�RQ�WKH�IURQW�OHIW�VLGH���:KHQ�DQ

REMHFW�LV�GHWHFWHG��LQWHUUXSW�FRGH�LV�QRWLILHG��ZLWK�WKLV�FRQILJXUDWLRQ�WKHUH�LV�QR�QHHG�WR

FRQWLQXDOO\�SROO�WKH�,5�GHWHFWRUV�WR�LPSOHPHQW�REMHFW�DYRLGDQFH���7KH�PLFURSKRQHV�DQG

SKRWRFHOOV�DUH�SROOHG�DW�FRQVWDQW�LQWHUYDOV���7KH�FRGH�UHDGV�D�YDOXH�IURP�WKH�OHIW

PLFURSKRQH�RU�SKRWRFHOO�DQG�WKHQ�IURP�WKH�ULJKW���7KH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�YDOXHV

LV�XVHG�WR�LQGLFDWH�WKH�GLUHFWLRQ�RI�WKH�VRXQG���OLJKW�VRXUFH���$�UXQQLQJ�DYHUDJH�RI�WKH

VRXQG���OLJKW�OHYHOV�LV�PDLQWDLQHG�WR�DOORZ�EDFNJURXQG�QRLVH�WR�EH�HOLPLQDWHG���:KHQ�WKH

LQSXW�LV�DERYH�D�YDULDEOH�WKUHVKROG�YDOXH��DQG�ODVWV�ORQJHU�WKDQ�D�PLQLPXP�GHOD\���WKH
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VHQVRU�PLFURSURFHVVRU�QRWLILHV�WKH�FRQWURO�PLFURSURFHVVRU�WKDW�DQ�DSSURSULDWH�DFWLRQ

QHHGV�WR�EH�WDNHQ���,Q�RUGHU�WR�FRQVHUYH�SRZHU��WKH�VHQVRU�PLFURSURFHVVRU�DOVR�HQDEOHV�WKH

,5�HPLWWHUV�RQO\�ZKHQ�DYRLGDQFH�LV�QHHGHG��IRU�H[DPSOH��WKH�OHIW���ULJKW�VLGH�HPLWWHUV�DUH

RQO\�QHHGHG�EHIRUH�0X/,5�DWWHPSWV�WR�WXUQ�OHIW�RU�ULJKW����7KH�FRGH�IRU�SROOLQJ�WKH

PLFURSKRQHV�DQG�SKRWRFHOOV�ZDV�RSWLPL]HG�WR�EH�DV�IDVW�DV�SRVVLEOH�WR�DOORZ�IRU�D�KLJK

VDPSOLQJ�IUHTXHQF\��|����.+]��ZKLFK�E\�WKH�1\TXLVW�7KHRUHP�PHDQV�IUHTXHQFLHV�XS�WR

DERXW���.+]�PD\�EH�VDPSOHG��

'XH�WR�WKH�FRGH�VL]H�UHVWULFWLRQV�RQ�WKH�OHJ�DQG�VHQVRU�PLFURSURFHVVRUV��WKH

FRQWURO�PLFURSURFHVVRU�PXVW�PDNH�DOO�GHFLVLRQV���7KH�OHJ�DQG�VHQVRU�PLFURSURFHVVRUV

SDVV�LQIRUPDWLRQ�WR�WKH�FRQWURO�PLFURSURFHVVRU�YLD�WKH������63,�V\VWHP���7KH�FRQWURO

PLFURSURFHVVRU�WKHQ�VHQGV�FRPPDQGV�WR�VRPH�VXEVHW�RI�WKH�PLFURSURFHVVRUV���7KH�63,

V\VWHP�LV�D�VHULDO�FRQQHFWLRQ�VKDUHG�E\�DOO�SURFHVVRUV���,Q�RUGHU�WR�VHQG�LQIRUPDWLRQ��D

SURFHVVRU�PXVW�ILUVW�EHFRPH�PDVWHU�ZKLOH�WKH�RWKHU�SURFHVVRUV�EHFRPH�VODYHV���7KH�ILYH

PLFURSURFHVVRUV�DUH�WKXV�OLQNHG�LQ�D�PXOWLSOH�PDVWHU���PXOWLSOH�VODYH�V\VWHP���&RQIOLFWLQJ

PDVWHUV�DUH�SUHYHQWHG�YLD�KDUGZDUH�VXSSRUW�LQ�WKH�3$/��/����7R�EHFRPH�PDVWHU�D

SURFHVVRU�FKHFNV�WR�VHH�LI�DQ\�RWKHU�SURFHVVRU�LV�FXUUHQW�PDVWHU���,I�RQH�LV��WKHQ�WKH�PDVWHU

WR�EH�HQWHUV�D�VSLQ�ORFN�XQWLO�PDVWHU\�LV�IUHH���2QFH�PDVWHU\�LV�IUHH��WKH�PLFURSURFHVVRU

DVVHUWV�WKH�PDVWHU�SLQ�ZKLFK�WHOOV�WKH�UHPDLQLQJ�SURFHVVRUV�WKDW�LW�LV�PDVWHU���:KHQ�WKH

PDVWHU�VHQGV�GDWD�WKH�VODYHV�TXHXH�RII�LWV�FORFN��DOORZLQJ�GDWD�WUDQVIHU�DSSURDFKLQJ����

0ELWV���VHF����:KHQ�GDWD�LV�UHFHLYHG�DQ�63,�LQWHUUXSW�LV�JHQHUDWHG���:LWKLQ�WKH�LQWHUUXSW

URXWLQH��WKH�UHFHLYLQJ�SURFHVVRUV�FKHFN�WKDW�WKH�GDWD�ZDV�DGGUHVVHG�WR�WKHP���,I�QRW��LW�LV

LJQRUHG��RWKHUZLVH�WKH�GDWD�LV�VWRUHG�LQ�D�FRPPDQG�TXHXH�WR�EH�DFWHG�XSRQ�RQ�WKH�QH[W

FRPPDQG�FKHFN���8VLQJ�DQ�LQWHUUXSW�GULYHQ�V\VWHP�LQVXUHV�WKDW�D�SURFHVVRU�FDQQRW�PLVV

FRPPDQGV���:KHQ�WKH�FRPPDQG�LV�SURFHVVHG��DQ\�DGGLWLRQDO�LQIRUPDWLRQ�QHHGHG�LV�UHDG�

7KLV�LV�DFWXDOO\�D�UDFH�FRQGLWLRQ�DQG�FRXOG�UHVXOW�LQ�SUREOHPV�LI�PXOWLSOH�LQWHUUXSWV�RFFXU

EHIRUH�WKH�UHFHLYLQJ�SURFHVVRU�FDQ�UHDG�WKH�GDWD���7KH�ZRUVW�FDVH�RI�WKLV�UDFH�FRQGLWLRQ

RFFXUV�ZKHQ�WKH�FRQWURO�SURFHVVRU�WHOOV�D�OHJ�SURFHVVRU�WR�QRWLI\�LW�ZKHQ�D�OLPLW�LQWHUUXSW

LV�JHQHUDWHG���,I�WKH�OHJ�SURFHVVRU�UHFHLYHV�D�QHZ�FRPPDQG�DQG�WKHQ�JHQHUDWHV�WKH�OLPLW

LQWHUUXSW��ZKLFK�GLVDEOHV�WKH�63,�LQWHUUXSW��EHIRUH�LW�FDQ�UHDG�LQ�WKH�GDWD�IRU�WKH�QHZ

FRPPDQG��WKH�OHJ�SURFHVVRU�ZDLWV�WR�EHFRPH�PDVWHU�ZKLOH�WKH�FRQWURO�SURFHVVRU�LV

VHQGLQJ�WKH�GDWD���7KLV�DGGLWLRQDO�GDWD�LV�ORVW��RQFH�WKH�OHJ�SURFHVVRU�VHQGV�LWV�QRWLILFDWLRQ

WR�WKH�FRQWURO�SURFHVVRU��LW�ZDLWV�IRU�WKH�DGGLWLRQDO�GDWD�ZKLFK�KDV�EHHQ�ORVW�UHVXOWLQJ�LQ�D

GHDGORFN���7KH�SUREDELOLW\�RI�VXFK�D�VLWXDWLRQ�LV�ORZ��DQG�WKH�FRQWURO�SURFHVVRU�FDQ�UHVHW

WKH�GHDGORFNHG�SURFHVVRU��EXW�D�EHWWHU�63,�DOJRULWKP�ZRXOG�EH�D�PRUH�SUDFWLFDO�VROXWLRQ�

7KH�FRQWURO�SURFHVVRU
V�FRGH�ZDV�ZULWWHQ�LQ�&�WR�IDFLOLWDWH�FRGH�UHDGDELOLW\�DQG

PRGLILFDWLRQ���7KH�FRGH�LPSOHPHQWV�D�VXEVXPSWLRQ�DUFKLWHFWXUH�ZKLFK�UHTXHVWV
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LQIRUPDWLRQ�IURP�WKH�RWKHU�SURFHVVRUV�DQG�DFWLYDWHV�EHKDYLRUV�EDVHG�RQ�WKLV�LQIRUPDWLRQ�

7KH�FRQWURO�SURFHVVRU�PDNHV�DOO�PRWLRQ�GHFLVLRQV�DQG�LV�UHVSRQVLEOH�IRU�LPSOHPHQWLQJ

FRRUGLQDWHG�PRYHPHQW�XVLQJ�KDUGFRGHG�ZDONLQJ�SDWWHUQV���7KH�FRQWURO�SURFHVVRU�VHQGV

PHVVDJHV�WR�RWKHU�SURFHVVRUV�YLD�63,�DQG�RSWLRQDOO\�WR�D�UHPRWH�FRPSXWHU�RYHU�D�56����

OLQN�YLD�WKH�6HULDO�&RPPXQLFDWLRQV�,QWHUIDFH��6&,����7KH�6&,�V\VWHP�DOORZV�D�XVHU�WR

PRQLWRU�EHKDYLRUV�LPSOHPHQWHG�E\�WKH�FRQWURO�SURFHVVRU��JHW�UHJLVWHU�DQG�PHPRU\�GXPSV

IURP�DQ\�SURFHVVRU��DV�ZHOO�DV�GRZQORDG�QHZ�FRGH�WR�UHSODFH�WKH�RSHUDWLQJ�FRGH�RI�DQ\

SURFHVVRU���7KH�6&,�LQWHUIDFH�DOORZV�TXLFN�GHEXJJLQJ�DQG�FRGH�UHSODFHPHQW���7KH�FRQWURO

SURFHVVRU�VXSSRUWV�WKH�IROORZLQJ�6&,�FRPPDQGV�


�
 6HOHFW�0DLQ�3URFHVVRU


�
 6HOHFW�)URQW�/HJ�3URFHVVRU


�
 6HOHFW�0LGGOH�/HJ�3URFHVVRU


�
 6HOHFW�%DFN�/HJ�3URFHVVRU


�
 6HOHFW�6HQVRU�3URFHVVRU


�
 $OO�/HJV


$
 $OLYH��3LQJ�3URFHVVRU�


'
 �6WDUW�$GGUHVV!����E\WHV! 'RZQORDG


(
 �6WDUW�$GGUHVV! ([HFXWH


+
 +DOW�0RWLRQ


/
 �/�5�%!�����!�����! 0RYH�/HJ


0
 �6WDUW�$GGUHVV!����E\WHV! 'XPS�0HPRU\


3
 �/�5�%! 5HWULHYH�/HJ�3RVLWLRQ


5
 'XPS�5HJLVWHUV


6
 5HWULHYH�6HQVRU�,QIRUPDWLRQ


"
 &RPPDQG�/LVW

7KH�XVHU�PXVW�ILUVW�FKRRVH�D�SURFHVVRU��DQG�WKHQ�PD\�XVH�WKH�FRPPDQGV�WR�FKDQJH

WKH�VWDWH�RI�WKDW�SURFHVVRU���,Q�RUGHU�WR�SUHYHQW�XVHU�PLVWDNHV��WKH�FRGH�LQ�WKH

PLFURSURFHVVRU�ZKLFK�LPSOHPHQWV�FRGH�UHSODFHPHQW�FDQQRW�EH�UHSODFHG���7KLV�HQVXUHV

WKDW�D�SURJUDPPHU�PLVWDNH�FDQQRW�SHUPDQHQWO\�GLVDEOH�WKH�V\VWHP���)XUWKHUPRUH��LI�WKH

FRQWURO�SURFHVVRU�FDQ�GHWHUPLQH�WKDW�DQRWKHU�SURFHVVRU�LV�QRW�UHVSRQGLQJ��LW�FDQ�UHVHW�WKDW

SURFHVVRU�YLD�WKH��;,54�LQWHUUXSW�OLQH�

:KLOH�PXFK�FDUH�ZDV�WDNHQ�LQ�WKH�GHVLJQ�RI�WKH�VRIWZDUH�FRQWURO�V\VWHP��VHYHUDO

SUREOHPV�H[LVW�ZKLFK�VKRXOG�EH�VXPPDUL]HG�DJDLQ���)LUVW��LW�LV�SRVVLEOH�IRU�D�SURFHVVRU�WR

EHFRPH�GHDGORFNHG�GXH�WR�D�UDFH�FRQGLWLRQ�LQ�WKH�PHVVDJH�SDVVLQJ�FRGH���6HFRQG��WKH

RSWLFDO�KLS�VHQVRU�PD\�QRW�EH�UHOLDEOH�GXH�WR�WKH�GLVFUHWH�QDWXUH�RI�WKH�VLJQDO���5HSODFLQJ

WKLV�VHQVRU�ZLWK�D�FRQWLQXRXV�GHYLFH�VXFK�DV�D�SRWHQWLRPHWHU�ZRXOG�VROYH�WKLV�SUREOHP�

/DVW��LW�LV�SRVVLEOH�IRU�WKH�URERW
V�,5�GHWHFWRUV�WR�PLVV�REMHFWV�FDXVLQJ�D�FROOLVLRQ���7KLV�LV
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GXH�WR�WKH�IDFW�WKDW�QRW�DOO�REMHFWV�UHIOHFW�LQIUDUHG�OLJKW�ZHOO��DGGLQJ��ZKLVNHUV��WR�WKH

IURQW�RI�WKH�URERW�ZRXOG�PRVW�OLNHO\�UHVXOW�LQ�D�PRUH�SHUIHFW�VROXWLRQ���,W�LV�LPSRUWDQW�WR

VWUHVV�WKH�QHFHVVLW\�IRU�IDXOW�WROHUDQW�V\VWHPV�LQ�WKH�GHVLJQ�RI�D�URERWLF�V\VWHP���0DQ\

PDOIXQFWLRQV�FDQ�RFFXU�LQ�D�V\VWHP�WKDW�LV�VXEMHFWHG�WR�XQNQRZQ�FRQGLWLRQV���:KLOH�FDUH

ZDV�WDNHQ�WR�LPSOHPHQW�D�IDXOW�WROHUDQW�V\VWHP��LPSURYHPHQWV�DUH�DOZD\V�SRVVLEOH�
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7KHRU\

+DUGZDUH�

7KH�0��+&���(��PLFURSURFHVVRU�FRQVLVWV�RI����GLVWLQFW�SDUWV���0RGH�&RQWURO�

&ORFN�/RJLF��7LPHU�6\VWHP��%XV�([SDQVLRQ���3DUDOOHO�,�2�0XOWLSOH[HU��6HULDO�3HULSKHUDO

,QWHUIDFH��6HULDO�&RPPXQLFDWLRQ�,QWHUIDFH��((3520��5$0��DQG�WKH�&38���7KH������LV

DYDLODEOH�LQ�D�QXPEHU�RI�GLIIHUHQW�SDFNDJHV��WKLV�SURMHFW�XVHG�WKH����SLQ�3/&&����6HH

$SSHQGL[�%�IRU�D�SLQRXW�GLDJUDP���7KH������KDV�����LQVWUXFWLRQV��UHTXLULQJ�IURP���WR���

F\FOHV������UHJLVWHUV��RQH����ELW�WLPHU�����LQWHUUXSW�VRXUFHV��DQ�HLJKW�FKDQQHO����ELW�$�'

FRQYHUWHU��XS�WR����ELWV�RI�,�2��FRQILJXUDWLRQ�GHSHQGHQW���DQG�VXSSRUWV�VL[�DGGUHVVLQJ

PRGHV��,PPHGLDWH��'LUHFW��([WHQGHG��,QGH[HG��,QKHUHQW��DQG�5HODWLYH����2I�WKH���

UHJLVWHUV��WZR�DUH�JHQHUDO�SXUSRVH��WZR�DUH����ELW�LQGH[�UHJLVWHUV��WKUHH�PRUH�LPSOHPHQW

WKH�VWDFN�SRLQWHU��SURJUDP�FRXQWHU��DQG�FRQGLWLRQ�FRGH�UHJLVWHUV�ZKLOH�WKH�UHVW�DUH�XVHG�DV

RXWSXW��FRQWURO��DQG�VWDWXV�UHJLVWHUV���7KH�EDVLF�SURJUDPPLQJ�PRGHO�IROORZV��

Accumulator A

Double Accumulator D

A:B

D

7 0

15

Accumulator B7 0

0

Index Register X IX15 0

Index Register Y IY15 0

Stack Pointer SP15 0

Program Counter PC15 0

CCRS X H I N Z V C

Carry
Overflow
Zero
Negative
I Interrupt Mask
Half Carry
X Interrupt Mask
Stop Disable

)LJXUH�����������3URJUDPPLQJ�0RGHO

$FFXPXODWRUV�$�DQG�%�DUH�JHQHUDO�SXUSRVH���ELW�UHJLVWHUV��WKH\�FDQ�DOVR�EH�WUHDWHG

DV�D�VLQJOH����ELW�UHJLVWHU��'����,QGH[�5HJLVWHUV�;�DQG�<�SURYLGH�D����ELW�LQGH[LQJ�YDOXH

WKDW�FDQ�EH�DGGHG�WR�DQ���ELW�RIIVHW�SURYLGHG�LQ�DQ�LQVWUXFWLRQ�WR�FUHDWH�DQ�HIIHFWLYH

DGGUHVV���7KH\�PD\�DOVR�EH�XVHG�DV�FRXQWHUV�RU�WHPSRUDU\�VWRUDJH�UHJLVWHUV�

7KH������LV�FDSDEOH�RI�RSHUDWLQJ�LQ�IRXU�PRGHV���6LQJOH�&KLS��([SDQGHG�

%RRWVWUDS��DQG�6SHFLDO�7HVW���%RRWVWUDS�PRGH�LV�XVHG�WR�GRZQORDG�LQLWLDO�VWDUWXS�FRGH�WR�D

FKLS���6SHFLDO�7HVW�PRGH�ZDV�QRW�XVHG�LQ�WKLV�SURMHFW���7KH�OHJ�DQG�VHQVRU�SURFHVVRUV�UXQ

����������������������������������������������������������
����+&�����0��+&���(�6HULHV���0RWRUROD���S������
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LQ�6LQJOH�&KLS�PRGH�ZKLOH�WKH�FRQWURO�SURFHVVRU�UXQV�LQ�([SDQGHG�PRGH���7KH�PHPRU\

PDS�IRU�WKH�WKUHH�PRGHV�LV�VKRZQ�EHORZ��

0x0000

0x1000

0xF800

0xFFFF

0xBFC0

0xBF00

0xBFFF

0x00FF

0x103F

0xFFC0

Single Chip Expanded Bootstrap

Interrupt Vectors

2048 bytes EEPROM

Special Mode Interrupt Vectors

Boot ROM

64 byte Register Block

256 bytes RAM

EXT

EXT

)LJXUH�����������0HPRU\�0DS

$IWHU�D�UHVHW��HLWKHU�([WHUQDO�WKURXJK�WKH��5(6(7�SLQ�RU�D�3RZHU�2Q�5HVHW���DOO

V\VWHP�YDOXHV�DUH�VHW�WR�D�GHIDXOW�VWDWH�DQG�WKH�V\VWHP�MXPSV�WR�WKH�DGGUHVV�VWRUHG�LQ�WKH

UHVHW�YHFWRU�ORFDWHG�HLWKHU�WKH�,QWHUUXSW�9HFWRU�7DEOH��6LQJOH�&KLS�RU�([SDQGHG�PRGH��RU

WKH�6SHFLDO�0RGH�,QWHUUXSW�9HFWRU�7DEOH��%RRWVWUDS�RU�6SHFLDO�7HVW�PRGH����7KH�DGGUHVV

IRU�DOO�LQWHUUXSW�URXWLQHV�DUH�VWRUHG�LQ�WKHVH�WDEOHV���:KHQ�DQ�LQWHUUXSW�RFFXUV�LW�LV�VHUYLFHG

IROORZLQJ�D�KDUGZDUH�SULRULW\�ZKLFK�HQVXUHV�FRUUHFW�KDQGOLQJ�RI�PXOWLSOH�LQWHUUXSWV���6L[

RI�WKH����LQWHUUXSWV�DUH�QRQ�PDVNDEOH�DQG�DUH�KDQGOHG�LQ�WKH�IROORZLQJ�RUGHU����5(6(7�

&ORFN�0RQLWRU�UHVHW��&23�ZDWFKGRJ�UHVHW���;,54��,OOHJDO�RSFRGH�LQWHUUXSW��6RIWZDUH

,QWHUUXSW��6:,����7KH�UHPDLQ����LQWHUUXSWV�PD\�EH�VHOHFWLYHO\�HQDEOHG�YLD�VRIWZDUH��DQG

DUH�KDQGOHG�LQ�WKH�IROORZLQJ�RUGHU����,54��5HDO�WLPH�LQWHUUXSW��57,���,&�������2&�����,&��

7LPHU�2YHUIORZ��72)���3XOVH�$FFXPXODWRU�RYHUIORZ��3XOVH�$FFXPXODWRU�LQSXW��63,��6&,�

$Q\�RQH�RI�WKHVH�LQWHUUXSWV�PD\�EH�JLYHQ�WKH�KLJKHVW�SULRULW\��KRZHYHU��IRU�0X/,5��WKH

GHIDXOW�SULRULW\�LV�RSWLPDO��FKDQJLQJ�WKH�SULRULW\�ZLOO�FDXVH�VHULRXV�SUREOHPV����,QWHUUXSW

WLPLQJ�DQG�RUGHULQJ�RI�DOO�&38�UHJLVWHUV�RQ�WKH�VWDFN�DUH�VKRZQ�LQ�WKH�IROORZLQJ

GLDJUDP��

����������������������������������������������������������
����LELG���S������
����LELG���SS��$����������
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E

Processor
Setup
Time

!Interrupt

OP OP+1 SP SP-1 SP-2 SP-3 SP-4 SP-5 SP-6 SP-7 SP-8 SP-8 VA VA+1 PCAddress

Data

R/!W

OP -- PCL PCH IYL IYH IXL IXH B A CCR -- MSB LSB OP

OP = Opcode
SP = Stack Pointer
VA = Vector Address
PC = New Program Counter

0HPRU\�/RFDWLRQ &38�5HJLVWHUV

63 3&/

63�� 3&+

63�� ,</

63�� ,<+

63�� ,;/

63�� ,;+

63�� $&&$

63�� $&&%

63�� &&5

)LJXUH������,QWHUUXSW�7LPLQJ�DQG�5HJLVWHU�WR�6WDFN�$OORFDWLRQ

:KHQ�D�XVHU�UHTXHVWV�D�UHJLVWHU�GXPS��WKH�PDLQ�SURFHVVRU�KDV�WKH�LQGLFDWHG

SURFHVVRU�VHQG�LWV�UHJLVWHUV�LQ�WKLV�VDPH�RUGHU���)XUWKHUPRUH��D�SUH�HPSWLYH�PXOWLWDVNLQJ

V\VWHP�FDQ�EH�HDVLO\�LPSOHPHQWHG�RQ�WKH��������7KH�&38
V�VWDWH�FDQ�WKHQ�EH�VWRUHG

VLPSO\�E\�FDXVLQJ�DQ�LQWHUUXSW��FKRRVLQJ�D�QHZ�VWDFN��DQG�UHWXUQLQJ���7KH�,QWHUDFWLYH�&

�,&��FRPSLOHU�XVHV�WKLV�PHWKRG��DYDLODEOH�YLD�DQRQ\PRXV�IWS�IURP�WKH�0,7�0HGLD

/DERUDWRU\�VHUYHU�FKHUXSDNKD�PHGLD�PLW�HGX����)XWXUH�SURMHFWV�ZRXOG�EHQHILW�IURP�XVLQJ

D�PXOWLWDVNLQJ�VXEVXPSWLRQ�DUFKLWHFWXUH�

,Q�RUGHU�WR�VSHHG�LQWHUUXSW�SURFHVVLQJ��OHJ�DQG�VHQVRU�FRGH�SUH�VWRUHV�WKH�&38

UHJLVWHUV�RQ�WKH�VWDFN�XVLQJ�WKH�ZDLW��:$,��LQVWUXFWLRQ���7KH�ZDLW�LQVWUXFWLRQ�SXVKHV�WKH

UHJLVWHUV�RQ�WKH�VWDFN�EXW�GRHV�QRW�UHWXUQ�XQWLO�LW�UHFHLYHV�DQ�LQWHUUXSW���:KHQ�WKH�LQWHUUXSW

RFFXUV��LW�PD\�EH�LPPHGLDWHO\�VHUYLFHG�E\�ILQGLQJ�WKH�9HFWRU�$GGUHVV�DQG�MXPSLQJ�WR�LW�

8VH�RI�WKH�ZDLW�LQVWUXFWLRQ�FXWV�WKH�GHOD\�WLPH�WR�VHUYLFH�DQ�LQWHUUXSW�IURP����F\FOHV�WR�D

W\SLFDO�YDOXH�RI���F\FOHV�

6HULDO�FRPPXQLFDWLRQ�ZLWK�DQ�H[WHUQDO�FRPSXWHU�LV�SURYLGHG�WKURXJK�D�XQLYHUVDO

DV\QFKURQRXV�UHFHLYHU���WUDQVPLWWHU��8$57��RQ�ERDUG�WKH��������7KH�8$57�VHQGV�FRQWURO

VLJQDOV�WR�WKH�0$;����ZKLFK�WXUQV�WKH�VLJQDOV�LQWR�56����VLJQDOV���7KH�FRQWURO

SURFHVVRU�PD\�WKHQ�EH�FRPPXQLFDWHG�ZLWK�GLUHFWO\�XVLQJ�$6&,,�FRQWURO�FRGHV���7KH
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WLPLQJ�GLDJUDP�IRU�WKH�6&,�LQWHUIDFH�LV�SUHVHQWHG�EHORZ��127(���7KLV�LV�QRW�DQ�56���

WLPLQJ�GLDJUDP���

TxD PIN

STOP BIT NEXT
START BIT

TDRE

TRANSFER TO
Tx SHIFTER

Tx CLOCK

TDRE

TRANSFER TO
Tx SHIFTER

Tx CLOCK

PH2

INSET: Expanded Timing Diagram

)LJXUH������6HULDO�&RPPXQLFDWLRQ�,QWHUIDFH��6&,��7LPLQJ

,QWHUSURFHVVRU�FRPPXQLFDWLRQV�DUH�LPSOHPHQWHG�XVLQJ�WKH�63,�V\VWHP���7KH�63,

FRPPDQGV�DUH�D�VXEVHW�RI�WKH�6&,�FRPPDQGV���3URFHVVRUV�FRPPXQLFDWH�WKURXJK�D�RQH�

ZD\�VHULDO�VWUHDP��WKH�FRQQHFWLRQ�LV�DFWXDOO\�IXOO�GXSOH[��EXW�LQ�WKLV�LPSOHPHQWDWLRQ��RQO\

WKH�PDVWHU�SURFHVVRU�VHQGV�GDWD����,Q�RUGHU�WR�VHQG�GDWD��D�SURFHVVRU�PXVW�ILUVW�EHFRPH�D

�0DVWHU����7KH�SURFHVV�RI�EHFRPLQJ�D�PDVWHU�LV�KDQGOHG�LQ�KDUGZDUH�ZLWK�D�3$/��/��

7R�EHFRPH�D�PDVWHU��D�SURFHVVRU�FKHFNV�LI�DQ\RQH�HOVH�LV�PDVWHU�E\�UHDGLQJ�WKH�YDOXH�RQ

WKH��66��6ODYH�6HOHFW��SLQ���,I��66�LV�KLJK��WKHQ�WKH�SURFHVVRU�LV�IUHH�WR�EHFRPH�PDVWHU��LH�

LW�LV�QRW�FXUUHQWO\�D�VODYH����7KH�SURFHVVRU�WKHQ�DVVHUWV�6��LWV�SURFHVVRU�VHOHFW�SLQ��SLQ�3'�

IRU�WKH�OHJ�DQG�VHQVRU�SURFHVVRUV��SLQ�3$��IRU�WKH�FRQWURO�SURFHVVRU���ZKLFK�JRHV�WR�WKH

3$/��/����7KH�3$/�WKHQ�SHUIRUPV�WKHVH�FRPELQDWRULDO�ORJLF�RSHUDWLRQV�WR�VHOHFW�WKH

RWKHU�SURFHVVRUV�

�66FRQWURO  � ���6IURQW�OHJV ��6PLGGOH�OHJV ��6EDFN�OHJV ��6VHQVRU
�66IURQW�OHJV  �6FRQWURO ��6PLGGOH�OHJV ��6EDFN�OHJV ��6VHQVRU
�66PLGGOH�OHJV  �6FRQWURO ��6IURQW�OHJV ��6EDFN�OHJV ��6VHQVRU
�66EDFN�OHJV  �6FRQWURO ��6IURQW�OHJV ��6PLGGOH�OHJV ��6VHQVRU
�66VHQVRU  �6FRQWURO ��6IURQW�OHJV ��6PLGGOH�OHJV ��6EDFN�OHJV

:KHQ�D�SURFHVVRU�LV�D�VODYH��LWV��66�SLQ�JRHV�ORZ��LI�WKH�PDVWHU
V��66�SLQ�JRHV�ORZ�

LW�LV�HUURQHRXVO\�EHLQJ�VHOHFWHG�DV�D�VODYH��WKLV�FDQ�RQO\�KDSSHQ�LI�WZR�SURFHVVRUV�UHTXHVW

WR�EH�PDVWHU�VLPXOWDQHRXVO\����,Q�WKLV�FDVH��ERWK�SURFHVVRUV�63,�V\VWHPV�DUH�UHVHW�DQG

����������������������������������������������������������
����+&�����0��+&���5HIHUHQFH�0DQXDO���0RWRUROD���S�������
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QHLWKHU�EHFRPHV�PDVWHU��WKLV�LV�GRQH�WR�SUHYHQW�/DWFK�8S�ZKLFK�FDQ�RFFXU�LI�ERWK

SURFHVVRUV�WU\�WR�GULYH�WKH�63,�V\VWHP����,Q�RUGHU�WR�SURFHHG�WKH\�PXVW�ERWK�UHVHW�WKHLU�63,

V\VWHPV�DQG�WU\�DJDLQ���7R�IXUWKHU�UHGXFH�WKH�FKDQFH�RI�GDPDJH�GXH�WR�PXOWLSOH�SURFHVVRUV

EHFRPLQJ�PDVWHUV��WKH�63,�V\VWHP�LV�FRQILJXUHG�LQ�:LUHG�25�PRGH���,Q�:LUHG�25�PRGH�

QR�DFWLYH�KLJK�VLJQDOV�DUH�SURGXFHG����.�UHVLVWRUV�EHWZHHQ�DOO�63,�DQG�6&,�OLQHV�DQG

SRZHU�SURGXFHV�KLJK�VLJQDOV�ZKHQ�WKH�OLQH�LV�QRW�DFWLYHO\�EHLQJ�SXOOHG�ORZ���7KH�WLPLQJ

GLDJUDP�IRU�WKH�63,�V\VWHP�LV�VKRZQ�EHORZ��

SCK (CPOL=0)

MOSI

MISO

!SS

SCK Cycle # 1 2 3 4 5 6 87

from Master

from Slave

)LJXUH������6HULDO�3HULSKHUDO�,QWHUIDFH��63,��7LPLQJ

7KH�����
V�WLPLQJ�V\VWHP�LV�XVHG�WR�LPSOHPHQW�3XOVH�:LGWK�0RGXODWLRQ�IRU�OHJ

PRWRU�FRQWURO���7KH������FRQWDLQV�D����ELW�WLPHU�ZKLFK�FDQ�JHQHUDWH�DQ�LQWHUUXSW�ZKHQ�LW

RYHUIORZV��ZKHQ�WKH�WLPHU�JRHV�IURP�������EDFN�WR������:KHQ�UXQQLQJ�ZLWK�DQ���0+]

FORFN��WKH�WLPHU�RYHUIORZV�HYHU\��������PV���:KHQ�WKH�WLPHU�RYHUIORZV��WKH�LQWHUUXSW

URXWLQH�WXUQV�DOO�DFWLYH�PRWRUV�RQ�ZKLOH�VHWWLQJ�WKH�DSSURSULDWH�2&�YDOXHV�WR�WXUQ�WKH

PRWRUV�RII�ZKHQ�WKH�V\VWHP�FORFN�UHDFKHV�WKH�YDOXH�VWRUHG�LQ�WKH�2&�UHJLVWHU���7R

JHQHUDWH�HQRXJK�WRUTXH�WR�WULJJHU�WKH�OLPLW�VZLWFKHV��WKHVH�YDOXHV�PXVW�EH�JUHDWHU�WKDQ�RU

HTXDO�WR���������7KH�IROORZLQJ�LV�D�GLDJUDP�RI�WKH�3:0�ZDYHIRUP��LW�VKRXOG�EH�QRWHG

WKDW�WKH�IUHTXHQF\�QHYHU�FKDQJHV��MXVW�WKH�RQ���RII�WLPHV�ZKLFK�GHILQH�WKH�GXW\�F\FOH���

On

Off
100%

90%

80%

70%

60%

50%

40%

30%

Duty Cycle

)LJXUH������3XOVH�:LGWK�0RGXODWLRQ��3:0��ZDYHIRUP

/���%�LQWHJUDWHG�FLUFXLWV�DUH�XVHG�WR�LPSOHPHQW�+�EULGJHV���(DFK�FLUFXLW�FDQ�EH

XVHG�WR�LPSOHPHQW�WZR�IXOO�+�EULGJHV���7KH�HQDEOH�SLQ�RI�HDFK�+�EULGJH�LV�WKH�ORJLF�$1'

RI�WKH�0RWRU�(QDEOH�IURP�3RUW�%�DQG�WKH�3:0�HQDEOH�IURP�3RUW�$���7KLV�LPSOHPHQWDWLRQ

����������������������������������������������������������
����+&�����0��+&���(�6HULHV���0RWRUROD���S������
����0F&RPE���S������
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VLPSOLILHV�PRWRU�FRQWURO�E\�DOORZLQJ�WKH�3:0�WLPLQJ�VRIWZDUH�WR�EH�UXQQLQJ

FRQWLQXRXVO\���$�VHSDUDWH�VXEURXWLQH�LV�XVHG�WR�VHW�WKH�3RUW�%�0RWRU�(QDEOH�SLQ�KLJK�RU

ORZ�

7KH�,QSXW�&DSWXUH�DQG�2XWSXW�&RPSDUH�SLQV�XVHG�WR�UHJLVWHU�OHJ�LQWHUUXSWV�DQG

LPPLQHQW�FROOLVLRQV�DQG�FUHDWH�WKH�3:0�ZDYHIRUPV�KDYH�WKH�IROORZLQJ�WLPLQJ��

PH2

ICx PIN

ICxF PIN

TIMER COUNT

E

N-1 N N+1 N+2 N+3 N+4

READ TICx (HI) READ TICx (LO)

PH2

OCx PIN

OCxF

TIMER COUNT

E

N-1 N N+1 N+2 N+3 N+4

WRITE TOCx (HI) WRITE TOCx (LO)

COMPARE
ENABLE

MATCH

PREVIOUS PIN STATE NEW PIN STATE

)LJXUH������,QSXW�&DSWXUH��,&��DQG�2XWSXW�&RPSDUH��2&��7LPLQJ

7KH�3RUW�%�SLQV�XVHG�WR�LPSOHPHQW�0RWRU�(QDEOH�DQG�'LUHFWLRQ�&RQWURO�DUH�RXWSXW

RQO\���5HDGLQJ�3RUW�%�ZLOO�UHWXUQ�DQ���ELW�YDOXH�UHSUHVHQWLQJ�WKH�VWDWH�RI�WKH�SLQ��EXW�WKLV

LV�DQ�LQWHUQDO�YDOXH���3RUW�&�LV�DQ�LQSXW�RXWSXW�SRUW��LW�LV�XVHG�WR�GHWHUPLQH�ZKLFK

����������������������������������������������������������
����+&�����0��+&���5HIHUHQFH�0DQXDO���0RWRUROD���SS���������������
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LQWHUUXSW�V��RFFXUUHG�ZKHQ�DQ�,&�LQWHUUXSW��3RUW�$��RFFXUV���6HH�$OVR���)LJXUH�����7KH

WLPLQJ�IRU�UHDGV���ZULWHV�LV�VKRZQ�EHORZ��

MCU READ OF PORT

E

PORTS
A,C*,D

PORT E

*FOR NON-LATCHED OPERATION OF PORT C

tPDH

tPDSU

tPDSU

tPDH

MCU WRITE TO PORT

E

PORTS
B,C,D

PORT A

tPWD

PREVIOUS PORT DATA

PREVIOUS PORT DATA

NEW DATA VALID

NEW DATA VALID

tPWD

)LJXUH������3RUW�5HDG���:ULWH�7LPLQJ

7KH�WLPLQJ�IRU�SRUW�UHDGV���ZULWHV�DQG�LQWHUUXSWV�LV�H[WUHPHO\�FULWLFDO��DQ\�FKDQJHV

WR�WKH�LQWHUUXSW�V\VWHP�PXVW�HQVXUH�WKDW�UDFH�FRQGLWLRQV�GR�QRW�RFFXU���:LWK�WKH�XVH�RI�WKH

ZDLW�LQVWUXFWLRQ��WKH�GHOD\�IRU�SURFHVVLQJ�DQ�LQWHUUXSW�LV�UHGXFHG�WR�DSSUR[LPDWHO\�WKUHH

F\FOHV��ZKLOH�LW�WDNHV�D�PLQLPXP�RI�IRXU�F\FOHV��PD[LPXP�RI�HLJKW��IRU�GDWD�WR�EHFRPH

VWHDG\�IRU�D�SRUW�UHDG���7KLV�PHDQV�WKDW�LQWHUUXSW�URXWLQHV�WKDW�UHDG�FRPPRQ�VLJQDOV��WKH

VDPH�VLJQDO�WKDW�FDXVHG�WKH�LQWHUUXSW�LV�DOVR�EHLQJ�UHDG��VKRXOG�ZDLW�D�PLQLPXP�RI�WKUHH

F\FOHV�EHIRUH�UHDGLQJ�WKH�YDOXH�WR�DYRLG�DQ\�FKDQFH�RI�UHDGLQJ�D�EDG�YDOXH�

7KH�$QDORJ�WR�'LJLWDO�V\VWHP����FKDQQHO����ELW��LV�EXLOW�LQWR�3RUW�(�RI�WKH������

7KH�V\VWHP�LV�FDSDEOH�RI�UHDGLQJ�IURP�XS�WR�HLJKW�GLIIHUHQW�VRXUFHV��RQH�DW�D�WLPH����7KH

$�'�V\VWHP�LQFOXGHV�D�VDPSOH�DQG�KROG�FLUFXLW�WR�UHGXFH�WKH�UHTXLUHG�H[WHUQDO�FLUFXLWU\�

(DFK�FRQYHUVLRQ�LV�D�VHTXHQFH�RI�HLJKW�FRPSDULVRQ�RSHUDWLRQV��EHJLQQLQJ�ZLWK�WKH�PRVW

VLJQLILFDQW�ELW��06%����$�VXFFHVVLYH�DSSUR[LPDWLRQ�UHJLVWHU��6$5��LV�XVHG�WR�VWRUH�WKH

UHVXOW�RI�HDFK�VXFFHVVLYH�FRPSDULVRQ���:KHQ�D�FRQYHUVLRQ�LV�FRPSOHWH��WKH�FRQWHQWV�RI

6$5�DUH�WUDQVIHUUHG�WR�WKH�DSSURSULDWH�UHVXOW�UHJLVWHU���7KHUH�DUH�IRXU�UHVXOW�UHJLVWHUV��DQG

WKH������FDQ�EH�LQLWLDOL]HG�WR�SHUIRUP�XS�WR�IRXU�FRQVHFXWLYH�FRQYHUVLRQV���:KHQ�WKHVH

DUH�FRPSOHWH��WKH�FRQYHUVLRQ�FRPSOHWH�IODJ��&&)��LV�VHW���7KH�WLPLQJ�IRU�WKH�$�'

FRQYHUVLRQ�VHTXHQFH�LV�VKRZQ�EHORZ���

����������������������������������������������������������
����+&�����0��+&���(�6HULHV���0RWRUROD���SS��$�����$����
����LELG���S�������
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SAMPLE ANALOG INPUT SUCCESSIVE APPROXIMATION SEQUENCE
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CHANNEL

AND UPDATE ADR1
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)LJXUH������$QDORJ�WR�'LJLWDO��$�'��7LPLQJ

7KH�$�'�V\VWHP�LV�XVHG�IRU�PRQLWRULQJ�VRXQG�DQG�OLJKW�LQWHQVLWLHV���7ZR

PLFURSKRQHV�DQG�WZR�SKRWRFHOOV�DUH�PRQLWRUHG�FRQWLQXRXVO\���7KH�$�'�LV�LQLWLDOL]HG�WR

SHUIRUP�IRXU�FRQVHFXWLYH�UHDGV���OHIW�PLFURSKRQH��ULJKW�PLFURSKRQH��OHIW�SKRWRFHOO��DQG

ULJKW�SKRWRFHOO���2QFH�WKH�YDOXHV�KDYH�EHHQ�UHDG��WKH�&&)�IODJ�LV�VHW��DQG�WKH�V\VWHP�PD\

EHJLQ�SURFHVVLQJ�WKH�UHVXOWV���$W�DQ\�WLPH�GXULQJ�WKH�FRQYHUVLRQ��WKH�,5�V\VWHP�FDQ

JHQHUDWH�DQ�LQWHUUXSW��LI�WKLV�KDSSHQV�D�YDULDEOH�LV�VHW�ZKLFK�GLVFDUGV�WKH�LQWHQVLW\�YDOXHV

DQG�WKH�FRQWURO�SURFHVVRU�LV�QRWLILHG�RI�WKH�LQWHUUXSW�

7KH�FRQWURO�SURFHVVRU�LV�WKH�RQO\�V\VWHP�WKDW�XVHV�WKH�����
V�H[SDQGHG�PRGH���,Q

H[SDQGHG�PRGH��XS�WR���.�RI�H[WHUQDO�PHPRU\�PD\�EH�DFFHVVHG���7KH�PHPRU\�LV

RYHUODLG�E\�WKH�LQWHUQDO�UHJLVWHUV��5$0��DQG�((3520�DV�VKRZQ�HDUOLHU���7KH�LQWHUQDO

5$0�LV�OHIW�DFWLYH�VLQFH�LW�KDV�D�IDVWHU�DFFHVV�WLPH�DQG�PD\�EH�XVHG�IRU�LPSRUWDQW

YDULDEOHV���7KH�ORZHU���.�RI�H[WHUQDO�PHPRU\�LV�ILOOHG�ZLWK�D����������VWDWLF�5$0

PRGXOH���7KLV�DOORZV�IRU�H[WHQVLYH�YDULDEOHV�RU�SRVVLEO\�IRU�DQ�HQWLUH�QHZ�FRQWURO�V\VWHP

WR�EH�GRZQORDGHG���7KH�XSSHU���.�RI�H[WHUQDO�PHPRU\�LV�ILOOHG�ZLWK�D���&������

(3520�PRGXOH�VHDWHG�LQ�D�7(;722/�=HUR�,QVHUWLRQ�)RUFH�,&�VRFNHW�IRU�HDV\�DFFHVV�

7KH�(3520�LV�XVHG�WR�KROG�SHUPDQHQW�FRSLHV�RI�WKH�FRQWURO�FRGH���7KH�WLPLQJ�IRU

DFFHVVLQJ�ERWK�PHPRU\�PRGXOHV�LV�VKRZQ�EHORZ���

E

R/!W, Address

Address/Data
Read

Write

AS

Address

Address

Data

Data

)LJXUH������([SDQGHG�0RGH�5HDG���:ULWH�7LPLQJ
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,Q�DGGLWLRQ�WR�WKH�SUHYLRXVO\�PHQWLRQHG�LQWHJUDWHG�FLUFXLWV��VL[�3$/��5��FLUFXLWV

DUH�XVHG�WR�SURYLGH�LQWHUUXSW�VLJQDOV�WR�WKH�OHJ�SURFHVVRUV�DV�ZHOO�DV�VRPH�RWKHU�IXQFWLRQV�

7KH�3$/V�DUH�QHHGHG�VLQFH�WKH�LQWHUUXSW�JHQHUDWHG�E\�D�OLPLW�VZLWFK�PXVW�ODVW�DW�PRVW�IRU

RQH�(�FORFN�F\FOH���7KLV�DOORZV�IRU�DOO�OLPLW�VZLWFKHV�WR�WULJJHU�LQWHUUXSWV�ZKLOH�RWKHUV�DUH

VWLOO�EHLQJ�KHOG�GRZQ���7KH�ORJLF�IRU�WKH�3$/�LV�VKRZQ�EHORZ�

8'B2SSB'LUB2XW� ��8'B2SSB'LUB,Q

)%B2SSB'LUB2XW� ��)%B2SSB'LUB,Q

8'BLQW�'  �8SB'QB,QW

)ORRUBLQW�'  �)ORRUB,QW

)%BLQW�'  �)ZGB%NZGB,QW

,QWU�'  ���8'BLQW�	�8SB'QB,QW������)ORRUBLQW�	�)ORRUB,QW���

�����)%BLQW�	�)ZGB%NZGB,QW�

7KH�ILUVW�WZR�YDOXHV�DUH�XVHG�E\�WKH�GLUHFWLRQ�LQSXWV�RI�WKH�/���%�LQWHJUDWH�FLUFXLW

WR�FUHDWH�D�+�EULGJH���7KH�QH[W�WKUHH�YDOXHV�DUH�LQSXWV�WR�'�IOLS�IORSV�IURP�WKH�WKUHH�OLPLW

VZLWFKHV��8S���'RZQ��)ORRU��DQG�)RUZDUG���%DFNZDUG����7KH�ODVW�HQWU\�LV�WKH�JHQHUDWHG

LQWHUUXSW�VLJQDO�ZKLFK�LV�KLJK�IRU�RQO\�RQH�(�FORFN�

(DFK�+�EULGJH�FRQWUROV�D�VLQJOH�PRWRU���7KH�ULJKW�DQG�OHIW�VLGHV�RI�WKH�URERW�KDYH

VHSDUDWH�SRZHU�VXSSOLHV���,Q�RUGHU�WR�GHWHUPLQH�WKH�EDWWHU\�FKDUDFWHULVWLFV�UHTXLUHG�IRU

ZRUVW�FDVH�DFWLYLW\��WKH����PRWRUV�XVHG�LQ�WKH�OHJV�ZHUH�PHDVXUHG�IRU�UXQQLQJ�FXUUHQW�DQG

VWDOO�FXUUHQW�IRU�WKUHH�YROWDJHV���7KH�DYHUDJH�DQG�PD[LPXP�YDOXHV�ZHUH�WKHQ�SORWWHG�WR

GHWHUPLQH�WKH�PRWRU�FKDUDFWHULVWLFV����6HH�)LJXUH����QH[W�SDJH���,W�LV�WKHRUHWLFDOO\�SRVVLEOH

IRU�DOO�PRWRUV�RQ�RQH�KDOI�RI�WKH�URERW�WR�EH�RSHUDWLQJ�DW�WKH�VDPH�WLPH���7KHUHIRUH��WKH

EDWWHU\�PXVW�SURYLGH�IURP�����P$��DW��9��WR�����P$��DW���9��PD[LPXP��IXUWKHUPRUH��LI

D�PRWRU�EHFRPHV�VWDOOHG��LW�ZLOO�DSSUR[LPDWHO\�GRXEOH�LWV�FXUUHQW�GUDZ���(YHQ�WKRXJK�WKH

PRWRU�ZLOO�RQO\�EH�VWDOOHG�PRPHQWDULO\��WKH�EDWWHU\�VKRXOG�EH�DEOH�WR�KDQGOH�WKH�LQFUHDVHG

FXUUHQW�GUDZ�GXH�WR�VWDOOLQJ���$�EDWWHU\�ZLWK������P$�WR������P$�SHU�KRXU�ZRXOG�EH

LGHDO���6LQFH�WKH�URERW�KDV�D�VWHDG\�FXUUHQW�GUDLQ��LW�LV�DOPRVW�FRQWLQXDOO\�PRYLQJ��

UHFKDUJHDEOH�EDWWHULHV�DUH�D�QHFHVVLW\���*HOOHG�HOHFWURO\WH��*HO�&HOO��EDWWHULHV�DUH�WKH�EHVW�

RIIHULQJ�D�QHDUO\�FRQVWDQW�GLVFKDUJH�UDWH�XQWLO�FRPSOHWHO\�GLVFKDUJHG��EXW�DUH�H[SHQVLYH

DQG�GLIILFXOW�WR�ILQG���1LFNHO�FDGPLXP��1L&DG��EDWWHULHV�DUH�WKH�QH[W�EHVW�WKLQJ��RIIHULQJ�D

FRQVWDQW�GLVFKDUJH�UDWH�XQWLO�DSSUR[LPDWHO\�Ù�ZD\�GLVFKDUJHG�ZKHQ�LW�EHFRPHV�OLQHDUO\

GHFUHDVLQJ���1L&DG�EDWWHULHV�DUH�FKHDS�DQG�HDV\�WR�ILQG���7ZR����9����$�KU�1L&DG

EDWWHULHV�ZHUH�SXUFKDVHG�IRU�WKH�URERW�IURP�D�KREE\�VWRUH��WKH\�DUH�W\SLFDOO\�XVHG�IRU

5HPRWH�&RQWURO�FDUV����$�4XLFN�FKDUJHU�ZDV�DOVR�SXUFKDVHG�ZLWK�WKH�EDWWHULHV�WR�DOORZ



��

WKHP�WR�EH�UHFKDUJHG�ZLWKLQ����PLQXWHV��WKH�UHFKDUJH�VHTXHQFH�IRU�WKH�3DQGD�4XLFN

&KDUJHU�LV�DV�IROORZV������PLQ��TXLFN�FKDUJH������PLQ��FKDUJHU�FRRO�GRZQ���7KLV�LV

UHSHDWHG�IRU�DOO�EDWWHULHV����2QH�QRWH�DERXW�1L&DG�LV�WKDW�WKH\�FDQ�GHYHORS�PHPRULHV�LI

UHFKDUJHG�WRR�VRRQ��WKH�EDWWHULHV�VKRXOG�EH�UHFKDUJHG�RQO\�DIWHU�WKH\�HQWHU�WKH�OLQHDUO\

GHFUHDVLQJ�GLVFKDUJH�VWDWH���)XUWKHUPRUH��DOORZLQJ�D�1L&DG�EDWWHU\�WR�FRPSOHWHO\

GLVFKDUJH�PD\�GDPDJH�LW��WKHUHIRUH��WKH�EDWWHU\�VKRXOG�EH�UHFKDUJHG�DV�VRRQ�DV�LW�FDQ�EH

GHWHUPLQHG�WKDW�LW�KDV�HQWHUHG�WKH�OLQHDU�UHJLRQ�
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$YJ��5XQQLQJ�&XUUHQW��P$�

0D[�5XQQLQJ�&XUUHQW��P$�

$YJ��6WDOO�&XUUHQW��P$�

0D[�6WDOO�&XUUHQW��P$�

)LJXUH������0RWRU�&XUUHQW�5HTXLUHPHQWV

%LRORJLFDO�%DVLV�

:KHQ�GHVLJQLQJ�D�ZDONLQJ�URERW�DQG�LQYHVWLJDWLQJ�PRGHV�RI�PRWLRQ��LW�VHHPV

SUXGHQW�WR�H[DPLQH�WKH�ZDONHUV�ZLWK�WKH�PRVW�H[SHULHQFH���%LRORJLFDO�ZDONHUV�KDYH�VSHQW

PLOOHQQLD�RSWLPL]LQJ�WKHLU�JDLWV�IRU�VSHHG��VWDELOLW\��DQG�DGDSWDELOLW\�DQG�WKHUHIRUH�SURYLGH

WKH�EHVW�JXLGDQFH�IRU�WKH�GHVLJQ�SURFHVV�

6LQFH�EHIRUH�������VFLHQWLVWV�KDYH�EHHQ�VWXG\LQJ�WKH�ORFRPRWLRQ�RI�DQLPDOV�WKDW

PRYH�ZLWK�WZR��IRXU��DQG�VL[�OHJV���0X\EULGJH��ZKRVH�VWXGLHV�DUH�FODVVLFV�LQ�WKH�ILHOG�

DQDO\]HG�WKH�JDLWV�RI�KRUVHV�DQG�KXPDQV�XVLQJ�VXFFHVVLYH�SKRWRJUDSKV���6L[W\�\HDUV�ODWHU�

WZR�<XJRVODYLDQ�VFLHQWLVWV�XVHG�WKH�ILUVW�PDWKHPDWLFDO�PHWKRGV�IRU�JDLW�GHVFULSWLRQ�

IUDPLQJ�OHJJHG�PRWLRQ�LQ�WHUPV�RI�ILQLWH�OLPE�VWDWHV�¤�SODQWHG�RU�UDLVHG���6LQFH�WKHQ



��

IRUPXODV��JUDSKLF�UHSUHVHQWDWLRQV��DQG�VSHFLILF�WHUPLQRORJLHV�KDYH�HYROYHG�WR�GHILQH�DQG

IXUWKHU�WKH�VWXG\�RI�JDLWV�

7KH�PDMRU�W\SHV�RI�JDLWV�GHYHORSHG�WKURXJK�REVHUYDWLRQ�DQG�H[SHULPHQWDWLRQ�E\

LQYHVWLJDWRUV�DUH�HLWKHU�SHULRGLF�RU�QRQ�SHULRGLF���3HULRGLF�JDLWV�LQFOXGH�WKRVH�WKDW�RFFXU

QDWXUDOO\�DQG�SURYLGH�RSWLPDO�VSHHG�DQG�VWDELOLW\��DV�ZHOO�DV�D�IHZ�GHYHORSHG�IRU�ZDONLQJ

PDFKLQHV���1RQ�SHULRGLF�JDLWV�GR�QRW�DSSHDU�LQ�QDWXUH��WKHVH�DUH�DOO�VSHFLDO�SXUSRVH

KXPDQ�LQYHQWLRQV�FUHDWHG�IRU�DSSOLFDWLRQ�LQ�WKH�DIRUHPHQWLRQHG�PDFKLQHV���6RQJ�DQG

:DOGURQ�RIIHU�D�FODVVLILFDWLRQ�VFKHPH�IRU�WKHVH�JDLWV�IURP�D�PHFKDQLFDO�UDWKHU�WKDQ

ELRORJLFDO�VWDQGSRLQW���7KH�ZDYH�JDLW�VKRZQ�EHORZ�FRUUHVSRQGV�WR�WKH�PHWDFKURQDO�RQH

IRU�LQVHFWV���

Periodic Non-periodic

Dexterous
Periodic

Continuous
Follow-the-Leader

Wave

Equal
Phase

Backward
Wave

Backward
Equal Phase

Discontinuous
FTL

Precision
Footing Free

)LJXUH������*DLW�&ODVVLILFDWLRQ

,Q�WKH�GHYHORSPHQW�RI�WKLV�SURMHFW��HPSKDVLV�KDV�IDOOHQ�RQ�WKH�SHULRGLF�JDLWV��DV

WKHVH�SURPLVH�WR�EH�HDVLHU�WR�LPSOHPHQW�DQG�ZLOO�UHPDLQ�WUXH�WR�WKH�¦LQVHFW�HPXODWLRQ§

JRDOV�RI�WKH�SURMHFW���:LOVRQ©V������UHYLHZ�RI�LQVHFW�ZDONLQJ�VKHGV�OLJKW�RQ�WKH�VSHFLILF

PDQLIHVWDWLRQV�RI�DQG�SK\VLRORJLFDO�UHDVRQV�IRU�SHULRGLF�JDLWV�LQ�WKH�ELRORJLFDO�ZRUOG�

,Q�WKH�QDWXUDO�ZRUOG��SHULRGLF�IRUPV�RI�ORFRPRWLRQ�FDQ�EH�IXUWKHU�GLYLGHG�LQWR

OHJOHVV�DQG�OHJJHG�FDWHJRULHV���7KH�IRUPHU�LQFOXGHV�¦HLWKHU�XQGXODWRU\�RU�SHULVWDOWLF�ZDYHV

ZKLFK�PRYH�IURP�DQWHULRU�WR�SRVWHULRU�DV�WKH�DQLPDO�PRYHV�IRUZDUG��WKH�ZDYHV�PRYH

RSSRVLWH�WR�WKH�GLUHFWLRQ�RI�ORFRPRWLRQ�§����7KH�ODWWHU�PD\�LQFOXGH�XQGXODWLRQV�RI�WKH

ZKROH�ERG\��EXW�WKHVH�XQGXODWLRQV��DV�ZHOO�DV�WKH�ZDYH�RI�OLPE�DFWLYDWLRQ��PRYH�DORQJ�WKH

ERG\�LQ�WKH�GLUHFWLRQ�RI�PRWLRQ��ZKLFK�KH�WHUPV�PHWDFKURQDO����7KHVH�SKHQRPHQD�DUH

JHQHUDOL]HG��HYHQ�WR�WKH�OHYHO�RI�SURWR]RDQV���7KRVH�ZLWK�VLPSOH�IODJHOOD�IROORZ�WKH

¦OHJOHVV§�PRGHO��ZKHUHDV�WKRVH�ZLWK�FRPSOH[�IODJHOOD�DFW�DV�¦OHJJHG§�FUHDWXUHV���7KH�UHVW

RI�WKH�DQLPDO�ZRUOG�LV�UHDGLO\�FODVVLILHG�E\�WKHVH�PHDQV�DV�ZHOO��ILVK�ILW�WKH�OHJOHVV�PROG�

WHWUDSRGV�XVH�PHWDFKURQDO�ZDYHV�RI�OLPE�PRYHPHQW��DW�OHDVW�DW�ORZ�VSHHGV���DQG

DUWKURSRGV�IROORZ�D�PHWDFKURQDO�SDWWHUQ�ZLWK�RSSRVLWH�DSSHQGDJHV�SDLUHG�

����������������������������������������������������������
����6RQJ���S�����
����:LOVRQ���S������
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:LOVRQ�QRWHV��¦,QVHFWV�DUH�QR�H[FHSWLRQ��EXW�WKH�VPDOOHU�QXPEHU�RI�OHJV�WHQGV�WR

REVFXUH�WKLV�EDVLF�IDFW���6XSHUILFLDO�H[DPLQDWLRQ�RI�WKH�JDLWV�RI�LQVHFWV�UHYHDOV�D

EHZLOGHULQJ�DVVRUWPHQW�RI�GLIIHUHQW�SDWWHUQV�§����7KH�JDLWV�DSSDUHQWO\�GLIIHU�DPRQJ

VSHFLHV��PD\�DOWHU�IRU�D�VLQJOH�LQVHFW�DW�GLIIHUHQW�VSHHGV��DQG�FKDQJH�GHSHQGLQJ�XSRQ�WKH

QXPEHU�RI�OHJV�DOORFDWHG��RU�DYDLODEOH��IRU�ZDONLQJ���7KH�DSSDUHQW�SODVWLFLW\��SODVWL]LWlW�

DV�LQWURGXFHG�E\�%HWKH��RI�LQVHFWV©�QHUYRXV�V\VWHPV�WR�DOORZ�WKH�REVHUYHG�GHJUHH�RI

DGDSWDWLRQ��HYHQ�FRPSHQVDWLRQ�IRU�DPSXWDWLRQV��KDV�LQ�SDUW�GULYHQ�WKH�TXHVW�IRU

XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�DW�ZRUN�

([WHQVLYH�REVHUYDWLRQ�DQG�PDWKHPDWLFDO�DQDO\VLV���H[SODQDWLRQ�RI�WKH�JDLWV�RI

LQVHFWV�SUHFHGHG�WUXH�SK\VLRORJLFDO�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�DW�ZRUN���2XW�RI

WKHVH�LQLWLDO�LQTXLULHV�HPHUJHG�DQ�DSSDUHQW�VHW�RI�UXOHV�IRU�WKH�FRRUGLQDWLRQ�RI�LQVHFW

PRWLRQ���

����$�ZDYH�RI�SURWUDFWLRQV��IRUZDUG�PRYHPHQWV�RI�WKH�OHJV�UHODWLYH�WR�WKH

ERG\��UXQV�IURP�SRVWHULRU�WR�DQWHULRU��DQG�QR�OHJ�SURWUDFWV�XQWLO�WKH�RQH

EHKLQG�LV�SODFHG�LQ�D�VXSSRUWLQJ�SRVLWLRQ��

����&RQWUDODWHUDO�OHJV�RI�WKH�VDPH�VHJPHQW�DOWHUQDWH�LQ�SKDVH�

$QG�LI��EDVHG�RQ�VWXG\�RI�&DUDXVLXV�PRURVXV��WKH�IXUWKHU�VLPSOLI\LQJ�DVVXPSWLRQ

LV�PDGH�WKDW�SURWUDFWLRQ�WLPH�LV�FRQVWDQW��RQH�FDQ�IXUWKHU�VSHFLI\�WKDW�

����3URWUDFWLRQ�WLPH�LV�FRQVWDQW�

����)UHTXHQF\�YDULHV�¤�UHWUDFWLRQ�WLPH�PXVW�GHFUHDVH�DV�IUHTXHQF\�LQFUHDVHV�

����7KH�LQWHUYDOV�EHWZHHQ�VWHSV�RI�WKH�KLQG�OHJ�DQG�PLGGOH�OHJ�DQG�EHWZHHQ�WKH

PLGGOH�OHJ�DQG�WKH�IRUHOHJ�DUH�FRQVWDQW��ZKLOH�WKH�LQWHUYDO�EHWZHHQ�WKH

IRUHOHJ�DQG�KLQG�OHJ�VWHSV�YDULHV�LQYHUVHO\�ZLWK�IUHTXHQF\�

)ROORZLQJ�WKHVH�ILYH�VLPSOH�UXOHV�DOORZV�RQH�WR�ORJLFDOO\�UHFRQVWUXFW�WKH�SDWWHUQV

REVHUYHG�LQ�LQVHFWV��ZDWFKLQJ�D�KLJK�GHJUHH�RI�FRPSOH[LW\�GHYHORS�IURP�D�IHZ�VLPSOH

FRQVWUDLQWV���,Q�WKH�IROORZLQJ�SDWWHUQV��WKH�ODEHOV�5[�UHIHU�WR�WKH�5LJKW�VLGH�RI�WKH�LQVHFW

DQG�[�VSHFLILHV�WKH�OHJ�QXPEHU��WKH�ODEHOV�/[�UHIHU�WR�WKH�/HIW�VLGH�DV�VKRZQ�LQ�WKH�ILJXUH�

����������������������������������������������������������
����LELG���S������
����LELG���S������
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)LJXUH������*DLW�/DEHOV

5XOHV���DQG���JLYH�XV�D�EDVLF�SDWWHUQ�IRU�WKH�PRWLRQ�RI�VL[�OHJV���7KH�VORZHVW

YHUVLRQ�ORRNV�OLNH�

,� }5��5��5�}}}}}�5��5��5�}}}}}

}}}}}}/��/��/�}}}}}�/��/��/�

¤�WKH�ZDYH�SURFHHGV�SRVWHULRU�WR�DQWHULRU�DQG�WKH�VLGHV�DOWHUQDWH�LQ�SKDVH�

6SHHGLQJ�WKLV�SDWWHUQ�XS�UHTXLUHV�VRPH�RI�WKH�OHJ�DFWLRQV�WR�RYHUODS�WHPSRUDOO\�

FRPSOLFDWLQJ�WKH�DSSHDUDQFH�RI�WKH�JDLW�

,,� }5��5��5�}}�5��5��5�}}�5��5��5�

}}}}�/��/��/�}}�/��/��/�}}}

1RZ�WKH�ILUVW�DQG�ODVW�OHJ�DFWLRQV�RQ�DOWHUQDWH�VLGHV�RFFXU�VLPXOWDQHRXVO\�

$QRWKHU�VSHHG�XS�JLYHV�

,,,� 5��5��5���5��5��5���5��5��5��

/��/��/���/��/��/���/��/��/��

7KLQJV�KDYH�JRWWHQ�YHU\�WLJKW�KHUH��DQG�D�SDWWHUQ�RI�V\QFKURQRXV�GLDJRQDO�SDLUV

GHYHORSV���7KLV�LV�VLJQLILFDQW�LQ�WKDW�LW�UHSURGXFHV��WKURXJK�WKH�VLPSOH�PRGHO��D�SDWWHUQ

GRFXPHQWHG�LQ�LQVHFWV���2QH�PRUH�VSHHG�XS�\LHOGV�

,9� �5��5���5�5���5���5�5���5���5�5��

/��/�/���/���/�/���/���/�/���/�

ZKLFK�LV�DQ�¦DOWHUQDWLQJ�WULSRG§�JDLW���7KH�OHJV�SDLUHG�LQ�SDUHQWKHVHV�DFWLYDWH

VHTXHQWLDOO\��EXW�WKH�PRYHPHQWV�RFFXU�VR�QHDU�RQH�DQRWKHU�LQ�WLPH�WKDW�WKH\�DSSHDU

VLPXOWDQHRXV���(DFK�IURQW���KLQG�SDLU�RQ�RQH�VLGH�DFWLYDWHV�LQ�DSSDUHQW�V\QFKURQL]DWLRQ

ZLWK�WKH�PLGGOH�OHJ�RQ�WKH�RSSRVLWH�VLGH���:LOVRQ�QRWHV�WKDW�¦>I@RU�FRFNURDFKHV�QR�KLJKHU

VSHHG�JDLW�KDV�HYHU�EHHQ�UHSRUWHG�§

7KLV�ZRXOG�VHHP�WR�EH�WKH�OLPLW�RI�WKLV�PRGHO��EXW�:HQGOHU�UHSRUWV�WKDW�LQ�WKH

VWLFN�LQVHFW�WKH�GHOD\�EHWZHHQ�WKH�IURQW�DQG�KLQG�OHJ�RQ�HDFK�VLGH�FDQ�EH�OHVV�WKDQ�]HUR�



��

ZKLFK�\LHOGV�D�QRQ�PHWDFKURQDO�VHTXHQFH�}5���5���5���5���5���5��}���:LOVRQ�SRLQWV

RXW�WKDW�WKLV�FDQ�EH�FRXQWHG�DV�DQ�RYHUODS�RI�WKH�EDVLF�PHWDFKURQDO�VHTXHQFH�

5���5�����5�
���5�����5� 5�

���5�����5���5�

������������������������������
9� 5��5����5�5���5���5�5���5���5�

DQG�WKDW�WKHVH�¦VHTXHQWLDO�SDWWHUQV�KDYH�EHHQ�REVHUYHG�LQ�LQVHFWV���7R�>KLV@

NQRZOHGJH��QR�RWKHU�SDWWHUQV��XVLQJ�VL[�OHJV��KDYH�EHHQ�UHSRUWHG�IRU�VWUDLJKW�IRUZDUG

ZDONLQJ���$�FKDUDFWHULVWLF�RI�WKH�PRGHO�LV�WKDW�WKH�LQVHFW�DOZD\V�VWDQGV�RQ�DW�OHDVW�WKUHH

OHJV�ZKLFK�HQFORVH�WKH�YHUWLFDO�D[LV�WKURXJK�WKH�FHQWHU�RI�JUDYLW\�§��

7KH�PRGHO�RXWOLQHG�DERYH�LV�H[FHOOHQW�IRU�GHYHORSLQJ�D�EDVLF�XQGHUVWDQGLQJ�RI

LQVHFW�ORFRPRWLRQ�DQG�FDQ�EH�DSSOLHG�ZLWK�PLQLPDO�HUURU�WR�PRVW�DGXOW�LQVHFWV�ZDONLQJ

ZLWK�VL[�OHJV���7KHUH�DUH�RI�FRXUVH�PRGLILFDWLRQV�ZKLFK�ZRXOG�PDNH�LW�PRUH�UHDOLVWLF�DQG

EH\RQG�WKRVH��H[FHSWLRQV�DQG�GHYLDWLRQV���2QH�LV�WKDW�WKH�LQWHUYDO�EHWZHHQ�DQ\�WZR

DGMDFHQW�OHJV�PD\�DOVR�YDU\�ZLWK�IUHTXHQF\��QRW�MXVW�WKH�LQWHUYDO�EHWZHHQ�WKH�IRUH�DQG

KLQG�OHJV����+XJKHV©��������PRUH�FRPSOH[�PRGHO�WDNHV�WKLV�LQWR�DFFRXQW����$QRWKHU�LV�WKDW

LQVHFWV�GR�QRW�DOZD\V�ZDON�ZLWK�VL[�OHJV���6RPH�KROG�WKH�IURQW�RU�UHDU�OHJV�XS�DQG�ZDON

ZLWK�WKH�RWKHU�IRXU���2WKHU�LQVHFWV�XVH�WKHLU�XQGHUVLGH�DV�D�SRLQW�RI�VXSSRUW���,QVHFWV��VXFK

DV�JUDVVKRSSHUV��ZKLFK�KDYH�RQH�SURSRUWLRQDOO\�ODUJH�VHW�RI�OHJV�PD\�VWHS�LQ�SKDVH�ZLWK

WKH�RGG�SDLU��EXW�DW�ORZHU�IUHTXHQF\�

$GGLWLRQDOO\��¦>W@KHUH�LV�DSSDUHQW�HVFDSH�IURP�WKH�FRQGLWLRQ��¨QR�OHJ�SURWUDFWV�XQWLO

WKH�RQH�EHKLQG�LV�SODFHG�LQ�D�VXSSRUWLQJ�SRVLWLRQ�©�DW�WKH�KLJKHVW�UXQQLQJ�IUHTXHQFLHV�§��

&KDQJLQJ�FRQGLWLRQV�VXFK�DV�WXUQLQJ�RU�DPSXWDWLRQ�PD\�DOVR�UHVXOW�LQ�GHYLDWLRQV�IURP�WKLV

UXOH�DW�QRUPDO�VSHHGV���+RZHYHU��HYHQ�DPSXWDWLRQ�GRHV�QRW�DOZD\V�UHVXOW�LQ�DQ

H[FHSWLRQDO�JDLW�

6WXGLHV�RI�GRXEOH�DPSXWHH�LQVHFWV�VKRZ�WKDW�DV�D�JHQHUDO�UXOH��UHPRYDO�RI�DQ\�WZR

OHJV��RQH�IURP�HDFK�VLGH��FDXVHV�WKH�LQVHFW�WR�DGRSW�WKH�GLDJRQDO�SDLUV�JDLW�RI�D�WHWUDSRG�

1R�OHDUQLQJ�SHULRG�LV�UHTXLUHG�DQG�WKH�SKHQRPHQRQ�PD\�DSSHDU�WR�EH�SDUW�RI�VRPH

FRPSOH[�ZDONLQJ�ORJLF��D�UDSLG�DGDSWDWLRQ�RU�SHUKDSV�SODVWLFLW\�LQ�WKH�QHUYRXV�V\VWHP�

&ORVHU�H[DPLQDWLRQ��KRZHYHU��UHYHDOV�WKDW�QHZ�JDLWV�PD\�EH�DGDSWDWLRQV�RI�H[LVWLQJ�JDLWV�

7KLV�LV�PRVW�REYLRXV�LQ�WKH�FDVH�ZKHUH�WKH�VHFRQG�OHJ�RQ�HDFK�VLGH�LV�UHPRYHG�

7KH�UHVXOWLQJ�JDLWV�REVHUYHG�DUH�HDVLO\�GHULYHG�IURP�LQWDFW�DQLPDO�OHJ�VHTXHQFHV�,�DQG�,,

����������������������������������������������������������
����LELG���S���������HPSKDVLV�DGGHG�
����LELG���S������
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DERYH���,Q�IDFW��,,�WUDQVODWHV�GLUHFWO\�WR�D�GLDJRQDO�SDLUV�JDLW��,,D��XSRQ�UHPRYDO�RI�WKH

PLGGOH�SDLU�RI�OHJV�

,D� }5��5��5�}}}}}}5��5��5�}}}

}}}}}}/��/��/�}}}}}}/��/�

,,D� }5��5��5�}}5��5��5�}}5��5��5�
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&ORVH�REVHUYDWLRQ�RI�WKH�DPSXWHH�RIWHQ�UHYHDOV�WKDW�WKH�VWXPSV�FRQWLQXH�WR

RVFLOODWH�LQ�QRUPDO�SKDVH�UHODWLYH�WR�WKH�RWKHU�OHJV���$Q�LQHIILFLHQW�IRUP�RI�JDLW�,9�FDQ

HYHQ�EH�HOLFLWHG�E\�VWDUWOLQJ�LQVHFW�DPSXWHHV���7KH�UHVXOWLQJ�JDLW�PRYHV�WKH�LQWDFW�OHJV�RQ

HDFK�VLGH�LQ�V\QFKURQ\��VR�WKDW�WKH�ERG\�URFNV�EDFN�DQG�IRUWK��LQ�PDQ\�FDVHV�GUDJJLQJ�WKH

XQGHUVLGH�DQG�KLQGHULQJ�SURJUHVV���7KH�FRFNURDFK�PD\�H[HFXWH�WKH�RQO\�HIIHFWLYH�SRVW�

DPSXWDWLRQ�YHUVLRQ�RI�WKH�DOWHUQDWLQJ�WULSRG�VFKHPH��,9D���WKH�SDLU�RI�OHJV�RQ�HDFK�VLGH

F\FOHV�IDVW�HQRXJK�WR�DUUHVW�ERG\�UROO�EHIRUH�WKH�DEGRPHQ�GUDJV�

,9D� ��5����5���5�5���5���5�5���5���5�5��
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7KH�QH[W�VWHS�LV�WR�GHWHUPLQH�KRZ�WKHVH�GHVFULSWLYH�¨UXOHV©�DUH�DFWXDOO\�PDQLIHVWHG

LQ�D�ELRORJLFDO�PHFKDQLVP�RI�FRRUGLQDWLRQ���/RRNLQJ�DW�WKLV�PRGHO��D�VLPSOH�H[SODQDWLRQ

PLJKW�EH�WKDW�HDFK�OHJ�RQ�D�VLGH�WULJJHUV�WKH�QH[W�PRVW�DQWHULRU�OHJ��ZLWK�WKH�IRUHOHJ

WULJJHULQJ�WKH�KLQG�DJDLQ���7KLV�UHTXLUHV�VWULFW�DGKHUHQFH�WR�UXOH���DERYH��DQG�GRHV�QRW

H[SODLQ�JDLW�9���5HVWUDLQLQJ�RQH�OHJ�RI�D�ZDONLQJ�LQVHFW�TXLFNO\�HOLPLQDWHV�WKLV

PHFKDQLVP�DV�D�SRVVLELOLW\���WKH�RWKHU�ILYH�OHJV�FRQWLQXH�WR�VWHS�LQ�UHJXODU�SDWWHUQV��HYHQ

ZLWKRXW�WKH�¦WULJJHU§�SUHVXPDEO\�UHTXLUHG�IURP�WKH�VWLOO�OHJ���7KHVH�GDWD�VXJJHVW�WKDW�HDFK

VHJPHQW�KDV�DQ�RVFLOODWRU\�PHFKDQLVP�ZKHUHE\�VHWV�RI�OHJV�FDQ�IXQFWLRQ�VHPL�

LQGHSHQGHQWO\�RI�WKH�RWKHUV�

([SHULPHQWDO�ELRORJLVWV�KDYH�JDWKHUHG�SK\VLRORJLFDO�DQG�QHXURORJLFDO�GDWD�WKDW

RIIHU�EHWWHU�LQVLJKW�LQWR�WKHVH�PHFKDQLVPV���/HJV�RI�DQ�LVRODWHG�VHJPHQW�FDQ�VWHS

DOWHUQDWHO\���7KLV�VHHPV�WR�FRUUHVSRQG�WR�WKH�DQDWRPLFDO�DUUDQJHPHQW�RI�WKH�DUWKURSRG

FHQWUDO�QHUYRXV�V\VWHP�DV�VKRZQ�EHORZ�
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Brain

MA MA MA

MA MA MA

Ganglia

Afferents Motor units

S

S

S

S

Other sensory neurons
incl. sight, smell

pacemakers

)LJXUH������%LRORJLFDO�1HWZRUN

��7KH�EDVLF�VWUXFWXUH�FRQVLVWV�RI�D�EUDLQ�DW�WKH�DQWHULRU�HQG�RI�WKH�PDLQ�QHUYH

FKRUG��IROORZHG�IXUWKHU�GRZQ�WKH�FKRUG�E\�D�VHULHV�RI�JDQJOLD�¤�FROOHFWLRQV�RI�PRWRU�DQG

VHQVRU\�QHXURQ�FHOO�ERGLHV���7KHUH�LV�JHQHUDOO\�D�JDQJOLRQ�IRU�HDFK�VHJPHQW�DORQJ�WKH

OHQJWK�RI�WKH�DQLPDO��ZKLFK�PD\�KRXVH�WKH�V\QFKURQL]LQJ�V\QDSVHV�IRU�DOWHUQDWLQJ�DFWLYLW\

RI�RSSRVLWH�OHJV���,QWHUHVWLQJO\��¦HYHQ�DIWHU�VDJLWWDO�JDQJOLRQLF�KHPLVHFWLRQ�D�VLQJOH�OHJ

FDQ�VWHS�UK\WKPLFDOO\�§����&XWWLQJ�D�JDQJOLRQ�LQ�KDOI�IURP�WKH�GRUVDO�WR�YHQWUDO�DORQJ�WKH

DQLPDO©V�ORQJLWXGLQDO�FHQWHUOLQH�WKXV�IXUWKHU�VXEGLYLGHV�WKH�QRGH�LQWR�WZR�JURXSV�RI

QHXURQV�ZLWK�GHGLFDWHG�LQWHUQDO�FORFNV��RQH�SHU�OHJ����7KHVH�LQWHUQDO�FORFNV�DUH�NQRZQ�WR

QHXURELRORJLVWV�DV�SDFHPDNHUV�RU�FHQWUDO�SDWWHUQ�JHQHUDWRUV��&3*V����&3*V�DUH�PDQLIHVW

DV�QHJDWLYH�IHHGEDFN�FKHPLFDO�F\FOHV�ZLWKLQ�QHXURQV�ZKLFK�DOWHU�PHPEUDQH�SURSHUWLHV

DQG�FKDQJH��WKH�FHOO©V�H[FLWDELOLW\�

$VVXPLQJ�WKDW�JDQJOLD�FRRUGLQDWH�HDFK�OHJ�SDLU��WKHUH�PXVW�DOVR�EH�D�PHFKDQLVP

E\�ZKLFK�LQWHUJDQJOLRQLF�VLJQDOV�DUH�SDVVHG�WR�UHVXOW�LQ�RUJDQL]HG�JDLWV���$Q�DQDORJRXV

V\VWHP�KDV�EHHQ�VWXGLHG�LQ�WKH�FUD\ILVK�����&UD\ILVK�VZLPPHUHWV��ORFDWHG�YHQWUDOO\�LQ�SDLUV

DORQJ�WKH�DEGRPHQ��EHDW�PHWDFKURQDOO\���,I�WKH�DEGRPLQDO�SRUWLRQ�RI�WKH�QHUYH�FRUG�LV

GLVVHFWHG�IURP�WKH�FUD\ILVK�DQG�LVRODWHG�IURP�DQ\�VRXUFH�RI�LQSXW��D�UK\WKP�RI�DFWLYLW\�OLNH

WKH�QRUPDO�RQH�FRQWLQXHV�LQ�WKH�PRWRU�QHXURQV���7KH�DFWLYLW\�UHSHDWV�DW�DERXW�����+]�

VSUHDGLQJ�IURP�WKH�UHDU�IRUZDUG�ZLWK�D�GHOD\�RI�DERXW�����PV�EHWZHHQ�JDQJOLD���7KH

GLUHFWLRQ�RI�VSUHDG�VXJJHVWV�WKDW�WKH�ILIWK��SRVWHULRU��DEGRPLQDO�JDQJOLRQ�GULYHV�WKH

RWKHUV���+RZHYHU��WKH�UK\WKPLF�DFWLYLW\�SHUVLVWV�DIWHU�UHPRYDO�RI�WKH�ILIWK��IRXUWK��DQG�HYHQ

WKH�WKLUG�JDQJOLD���'HVSLWH�WKH�DXWRQRPRXV�DFWLYLW\�DQG�FRRUGLQDWLRQ�RI�WKHVH�JDQJOLD��WKH

JURXS�FDQ�DOVR�EH�FRQWUROOHG�E\�QHXURQV�ORFDWHG�LQ�DQWHULRU�UHJLRQV�ZKLFK�KDYH�D[RQV

VWUHWFKLQJ�GRZQ�LQWR�WKH�DEGRPHQ���7KHVH�DQWHULRU�¦FRQWURO§�QHXURQV�QHHG�QRW�KDYH�ILULQJ

IUHTXHQFLHV�UHODWHG�WR�WKH�UK\WKP�RI�WKH�VZLPPHUHWV�

$QRWKHU�VLPLODU�PHFKDQLVP�FRRUGLQDWHV�WKH�EUHDWKLQJ�RI�LQVHFWV���¦(DFK�JDQJOLRQ

RI�WKH�DEGRPHQ�DQG�WKRUD[�LV�FDSDEOH�RI�UK\WKPLF�UHVSLUDWRU\�FRQWURO�LQ�WKH�DEVHQFH�RI

����������������������������������������������������������
����LELG���S��������IURP�7HQ�&DWD��������
����:LOVRQ���S��������DQG�+HUULFN��LQIRUPDO�REVHUYDWLRQV�
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SHULSKHUDO�IHHGEDFN�§����7KHLU�LQWULQVLF�UDWHV�DUH�GLIIHUHQW��EXW�ZKHQ�FRXSOHG�LQ�WKH�LQVHFW

WKH�IDVWHVW�JDQJOLRQ�GULYHV�WKH�UHVW�DQG�WKH\�RVFLOODWH�LQ�V\QFKURQ\�

$�VFKHPH�OLNH�WKHVH�FDQ�HDVLO\�EH�LPDJLQHG�IRU�WKH�FRQWURO�RI�LQVHFW�ORFRPRWLRQ�DV

ZHOO���0RWRU�JDQJOLRQ�PD\�EH�FRXSOHG�E\�LQKLELWLRQ�RU�H[FLWDWLRQ��XQLGLUHFWLRQDOO\�RU

UHFLSURFDOO\��DQG�UHFHLYH�FRQWURO�LQSXW�IURP�DQWHULRU�ORFDWLRQV�GHPDQGLQJ�FKDQJHV�LQ

VSHHG�RU�GLUHFWLRQ���$�ORRVH�FRXSOLQJ�ZRXOG�DOORZ�WKH�IDVWHVW�JDQJOLRQ�WR�GULYH�WKH�JURXS

XQGHU�QRUPDO�FRQGLWLRQV���$V�WKH�H[FLWDWRU\�VLJQDO�SURSDJDWHG�IRUZDUG�LW�ZRXOG�JHQHUDWH

WKH�PHWDFKURQDO�ZDYH�RI�DFWLYLW\�FRPPRQO\�REVHUYHG���$V�IDVWHU�DFWLRQ�ZDV�UHTXLUHG�

VWURQJHU�FRQWURO�VLJQDOV�IURP�WKH�DQWHULRU�ZRXOG�GULYH�WKH�YDULRXV�VHJPHQWV�LQWR�FORVHU

FRRUGLQDWLRQ���(DFK�QRGH�&3*�ZRXOG�UHJXODWH�WKH�VHJPHQW�WR�SUHYHQW�UHFLSURFDO

H[FLWDWLRQV�IURP�UHVXOWLQJ�LQ�UXQDZD\�IUHTXHQFLHV�

2QH�ODVW�IDFWRU��RI�REYLRXV�LPSRUWDQFH�LQ�WKH�JDLW�DGDSWDWLRQV�RI�¦RGG§�DPSXWHH

LQVHFWV��LV�SURSULRFHSWLYH�IHHGEDFN���3URSULRFHSWLRQ�OLWHUDOO\�PHDQV�¦VHQVLQJ�RQH©V�RZQ§�

DQG�LV�DSSOLHG�LQ�QHXURSK\VLRORJ\�WR�WKH�QHXURQDO�WUDQVGXFWLRQ�RI�LQIRUPDWLRQ�DERXW

PXVFOH�VWUHWFK�DQG�PRWLRQ���6WDWLF�REVHUYDWLRQV�RI�LQVHFWV�VKRZ�WKDW�SURSULRFHSWLYH

IHHGEDFN�PHFKDQLVPV�DFW�WR�PDLQWDLQ�SRVWXUH�DQG�VWDELOLW\���,Q�DW�OHDVW�RQH�VSHFLHV��KDLU

RQ�WKH�OHJV�SURYLGHV�WKH�QHFHVVDU\�IHHGEDFN�����/RDGLQJ�WKH�DQLPDO�GRHV�QRW�FKDQJH�LWV

SRVWXUH�XQWLO�WKH�DSSDUHQW�OLPLW�RI�LWV�PXVFXODU�UHVLVWDQFH�LV�UHDFKHG��ZKHQ�UDSLG�DQG

FRPSOHWH�FROODSVH�UHVXOWV���+RZHYHU��ZKHQ�WKH�KDLUV�DUH�UHPRYHG�IURP�WKH�LQVHFW©V�OHJV�LWV

VWDQGLQJ�KHLJKW�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�ORDGLQJ��PRUH�ZHLJKW�SXVKHV�LWV�ERG\

FORVHU�WR�WKH�JURXQG����2VFLOODWRU\�LQSXWV�UHYHDO� S̈KDVLF�UHIOH[�HIIHFWV©��RI�ZKLFK�:LOVRQ

WUHDWV�RQHV�LQ�JUDVVKRSSHUV��ORFXVWV��DQG�FDWHUSLOODUV�����+RZHYHU��KLV�WUHDWPHQW�RI�WKH

SKDVLF�DQG�WRQLF�FRPSRQHQWV�RI�SURSULRFHSWLYH�UHIOH[HV�LQ�FRFNURDFKHV�LV�PXFK�PRUH

LQWULJXLQJ�

$�VXGGHQ�DQG�PDLQWDLQHG�FKDQJH�RI�SRVLWLRQ�LPSRVHG�XSRQ

WKH�OHJ�UHVXOWV�LQ�JUHDWO\�DOWHUHG�UDWH�RI�ILULQJ�RI�WKH�PRWRU

QHXURQV�ZKLFK�WKHQ�DGDSW�WR�D�QHZ�VWHDG\�UDWH�ZKLFK�LV

VRPH�IXQFWLRQ�RI�WKH�SRVLWLRQ���7KH�QHXURPRWRU�FKDQJHV

UHVLVW�WKH�LPSRVHG�PRYHPHQW�RI�WKH�OHJ���:LWK�RVFLOODWRU\

LQSXW��WKH�UHVSRQVH�LV�DOVR�RVFLOODWRU\�DW�IUHTXHQFLHV�ZHOO

DERYH����>+]@���7KH�PD[LPXP�PRWRU�RXWSXW�RFFXUV�EHIRUH

WKH�H[WUHPH�SRVLWLRQ�LV�UHDFKHG�DQG�WKH�SKDVH�RI�WKH�RXWSXW

LV�FRQVWDQW�RYHU�WKH�ZKROH�IUHTXHQF\�UDQJH�IRXQG�LQ

ZDONLQJ��XS�WR����>+]@����

����������������������������������������������������������
����:LOVRQ���S������
����LELG���S������
����LELG���SS����������
����LELG���S������



��

7KH�RSSRVLWH�OHJ�RI�WKH�VDPH�VHJPHQW�DOZD\V�UHVSRQGV�V\QFKURQRXVO\�DQG����

GHJUHHV�RXW�RI�SKDVH���2FFDVLRQDOO\�DFWLYLW\�LQ�DGMDFHQW�VHJPHQWV�LV�DOVR�WULJJHUHG���6XFK

PRYHPHQWV�DUH�DOZD\V�LQ�SKDVH�RU�����GHJUHHV�RXW�RI�SKDVH��YDU\LQJ�LQ�VLJQ�ZLWKLQ�D

JLYHQ�WULDO���7KLV�SURSULRFHSWLYH�UHIOH[�OLQN�EHWZHHQ�VHJPHQWV�LV�ZHDN�DQG�LV�QRW�OLNHO\

IXQGDPHQWDO�WR�ZDONLQJ�FRRUGLQDWLRQ���+RZHYHU��IHHGEDFN�ZLWKLQ�WKH�VHJPHQW�ZLOO�SURYH

HVVHQWLDO�WR�JHQHUDWLQJ�FRPSOH[��¦LQWHOOLJHQW§�JDLWV�

7KH�FRRSHUDWLYH�V\QWKHVLV�RI�WKH�WZR�V\VWHPV��&3*�V\QFKURQL]DWLRQ�DQG

SURSULRFHSWLYH�UHIOH[HV��WKDW�:LOVRQ�K\SRWKHVL]HG�IURP�WKH�NQRZOHGJH�DYDLODEOH�DW�WKDW

WLPH�LV�FRQVLVWHQW�ZLWK�PRUH�UHFHQW��H[WHQVLYH�UHVHDUFK�RQ�WKH�FRFNURDFK�E\�.HLU�3HDUVRQ

HW�DO���:LOVRQ�FRQFHLYHG�RI�D�IXQGDPHQWDO�ZDONLQJ�SDWWHUQ�JHQHUDWHG�LQ�WKH�JDQJOLD�

GULYHQ�IURP�WKH�SRVWHULRU�DQG�IUHTXHQF\�FRQWUROOHG�IURP�WKH�DQWHULRU���7KLV�PHFKDQLVP

ZRXOG�JHQHUDWH�WKH�ILYH�JDLWV�FRPPRQO\�REVHUYHG�LQ�KH[DSRG�ZDONLQJ���3URSULRFHSWLYH

IHHGEDFN�ZRXOG�WKHQ�DGMXVW�EDVLF�JDLWV�WR�PDLQWDLQ�SRVWXUH�DQG�DGMXVW�WR�FKDQJHV�LQ

WHUUDLQ���7KLV�FRXOG�H[SODLQ�JDLWV�RI�DPSXWHHV��ZLWK�OHJV�UHPRYHG��WKH�UHPDLQLQJ�OHJV�PD\

KDYH�WR�UHIUDLQ�IURP�SURWUDFWLQJ�DW�WKH�¨QRUPDO©�WLPH�DQG�ZDLW�XQWLO�WKH�QH[W�LQ�WDFW�OHJ

EHJLQV�WR�EHDU�VRPH�RI�WKH�ORDG���7KLV�ZRXOG�DFFRXQW�IRU�WKH�DGRSWLRQ�RI�WKH�GLDJRQDO�

SDLUV�JDLW�LQ�GRXEOH�DPSXWHH�KH[DSRGV���)XUWKHUPRUH��YDULDWLRQV�LQ�JUDGH�FDQ�EH

DXWRPDWLFDOO\�DGMXVWHG�IRU��DV�HDFK�OHJ�LV�UHTXLUHG�WR�EHDU�PRUH��UHWUDFW�IRU�D�ORQJHU�SHULRG

RI�WLPH��ZKHQ�FOLPELQJ�RU�OHVV��UHWUDFW�TXLFNO\��ZKHQ�GHVFHQGLQJ���7KH�V\VWHP�HYHQ�GHDOV

ZHOO�ZLWK�VOLSSDJH�¤�D�VOLS�PHDQV�WKDW�WKH�OHJ�LV�QR�ORQJHU�VXSSRUWLQJ�WKH�ERG\��VR�RWKHU

OHJV�ZDLW�WR�SURWUDFW�ZKLOH�WKH�VOLSSHG�OHJ�SURWUDFWV�TXLFNO\�WR�LWV�QH[W�IRRWLQJ�

3HDUVRQ�HW�DO��UHYHDOHG�PRUH�GHWDLOV�RI�ORFRPRWLYH�FRQWURO�LQ�LQVHFWV���7KHUH�LV�D

SDFHPDNHU�IRU�HDFK�OHJ���$OO�VL[�SDFHPDNHUV�DUH�FRXSOHG�WKURXJK�UHFLSURFDO�V\QDSVHV�

ZLWK�WKH�FORVHVW�FRXSOLQJ�EHWZHHQ�SDFHPDNHUV�RI�WKH�VDPH�VHJPHQW���¦7KHVH�����VLJQDOV�DUH

WKH�QHXUDO�EDVLV�IRU�WKH�PDJQHWLF�HIIHFWV��WKH�SKDVH�GHSHQGHQW�DFFHOHUDWLRQV�DQG

GHFHOHUDWLRQV�RI�WKH�SDFHPDNHUV�§����7KH�FRXSOLQJ�FRRUGLQDWHV�WKH�RVFLOODWLRQV�RI�WKH�OHJV�

PDLQWDLQLQJ�IXQFWLRQDO�FRKHUHQFH�ZKLFK�LV�PDQLIHVW�DV�ZDONLQJ�JDLWV���5HIOH[�IHHGEDFN

IURP�SURSULRFHSWLYH�DIIHUHQWV��VHQVRU\�WUDQVGXFWLRQ�QHXURQV��DGMXVWV�WKH�GXUDWLRQ�DQG

IUHTXHQF\�RI�PRWRU�QHXURQ�DFWLYLW\�E\�GLUHFW�V\QDSVH�RU�WKURXJK�LQWHUQHXURQV���7KH�V\VWHP

ZKLFK�JHQHUDWHV�DQG�DGMXVWV�EDVLF�JDLWV�LV�FRQWUROOHG�IURP�D�KLJKHU�OHYHO�E\�D�VLQJOH

FRPPDQG�VLJQDO���$�ZHDN�FRPPDQG�VLJQDO�UHVXOWV�LQ�VORZ��ORRVHO\�PDQDJHG�JDLWV���$

VWURQJ�RQH�FRPPDQGV�IDVW��WLJKWO\�V\QFKURQL]HG�JDLWV���7KH�EHKDYLRUDO�FXOPLQDWLRQ�RI�WKLV

QHWZRUN�LV��DV�QRWHG�DW�WKH�RXWVHW��SKHQRPHQDO���,QVHFW�ZDONLQJ�LV�SXUSRVHIXO�DQG

PHWKRGLF�WR�D�GHJUHH��\HW�LW�UHPDLQV�VLPXOWDQHRXVO\�YHU\�DGDSWLYH��WR�WKH�SRLQW�RI

����������������������������������������������������������
����LELG���S������
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DSSHDULQJ�LQWHOOLJHQW���*HQHUDWLQJ�FRPSOH[LW\�OLNH�WKLV�IURP�D�QHWZRUN�RI�VLPSOH

PHFKDQLVPV�LV�VR�HIIHFWLYH�LQ�QDWXUH�WKDW�5RGQH\�%URRNV�HW�DO�GHYHORSHG�VXEVXPSWLRQ

DUFKLWHFWXUH�WR�DFFRPSOLVK�WKH�VDPH�WKLQJ�LQ�PDQ�PDGH�V\VWHPV�

7KLV�SURMHFW�IROORZV�:LOVRQ�DQG�%URRNV��DSSO\LQJ�OHVVRQV�IURP�ELRORJ\�WR�DQ

H[SHULPHQW�LQ�URERWLFV���$�VHULHV�RI�WKUHH�SURFHVVRUV�DFW�DV�JDQJOLD��HDFK�FRQWUROOLQJ�D�SDLU

RI�OHJV���6ZLWFKHV�RQ�WKH�OHJV�SURYLGH�SURSULRFHSWLYH�IHHGEDFN�WR�WKH�VHJPHQW©V

¦JDQJOLRQ§��KHOSLQJ�WR�DGMXVW�IRU�PLQRU�YDULDWLRQV�LQ�WHUUDLQ���7KH�JDQJOLD�SURFHVVRUV�DUH

OLQNHG�E\�D�FRPPRQ�HOHFWULFDO�¦V\QDSVH§�WR�WKH�PDLQ�SURFHVVRU��WKH�EUDLQ�DV�VKRZQ

EHORZ�

Main Processor

Sensor Processor Foreleg Processor Midleg Processor Hindleg Processor

photo-
cells

IR
ranging

micro-
phones

L1 R1 L2 R2 L3 R3

Commands

Feedback

)LJXUH������(OHFWURQLF�1HWZRUN�5HSUHVHQWDWLRQ

6LJQDOV�IURP�WKH�EUDLQ�UHTXHVW�OHJ�PRYHPHQWV�ZLWK�VLPSOH�FRGHV�WR�DGMXVW�VSHHG

DQG�GLUHFWLRQ���$�VLQJOH�VLJQDO�PD\�EH�DGGUHVVHG�WR�RQH�RU�PRUH�SURFHVVRU��DOORZLQJ

V\QFKURQL]DWLRQ�RI�PRWLRQ�DW�YDU\LQJ�OHYHOV�RI�FRPSOH[LW\���)LQDOO\��WKHUH�LV�DQ�¦H\HV�DQG�

HDUV§�SURFHVVRU�ZKLFK�KDQGOHV�,5�UDQJLQJ��YLVLEOH�OLJKW�VHQVRUV��DQG�VRQLF�VWLPXOL���7KLV

SURFHVVRU�KDQGOHV�WKH�LQSXW�DQG�UHGXFHV�LW�WR�DQ�DERYH���EHORZ�WKUHVKROG�PHVVDJH�ZLWK

EDVLF�GLUHFWLRQDO�LQIRUPDWLRQ���7KH�PDLQ�SURFHVVRU�DFFHSWV�PHVVDJHV�IURP�WKH�VHQVRU

JDQJOLRQ�WR�LQFRUSRUDWH�LQWR�LWV�FRQWURO�GHFLVLRQV��DQG�LQ�WXUQ�PD\�FRPPDQG�WKH�JDQJOLRQ

WR�KHLJKWHQ�RU�UHGXFH�LWV�VHQVLWLYLW\�WR�DQ\�VWLPXOXV���$V�LQ�WKH�ELRORJLFDO�VWUXFWXUH��EDVLF

IXQFWLRQ�UHVSRQVLELOLW\�LV�GLVWULEXWHG�RYHU�D�QXPEHU�RI�VXEVHUYLHQW�V\VWHPV�DQG

FRRUGLQDWLRQ�LV�DFFRPSOLVKHG�WKURXJK�EHKDYLRU�IXVLRQ�DW�D�KLJKHU�OHYHO�

6RIWZDUH�

6XEVXPSWLRQ�DUFKLWHFWXUH�LV�HDVLO\�LPSOHPHQWHG�XVLQJ�WKH�&�ODQJXDJH���(DFK

EHKDYLRU�LV�LPSOHPHQWHG�DV�D�VXEURXWLQH���(DFK�EHKDYLRU�VXEURXWLQH�LV�FDOOHG�LQ�UHYHUVH

RUGHU�RI�SUHFHGHQFH��ORZHVW�WR�KLJKHVW����,Q�D�VLPSOH�V\VWHP��VXEVXPSWLRQ�PD\�EH

LPSOHPHQWHG�SDVVLYHO\��ZKHQ�DQ�DFWLYH�ORZHU�OHYHO�EHKDYLRU�FRQIOLFWV�ZLWK�DQ�DFWLYH

KLJKHU�OHYHO�EHKDYLRU��WKH�KLJKHU�OHYHO�EHKDYLRU�VXEVXPHV�WKH�ORZHU�OHYHO�EHKDYLRU�E\

RYHUULGLQJ�DQ\�FRQIOLFWV���)RU�H[DPSOH��LI�7UDFN�2EMHFW�KDV�D�KLJKHU�SUHFHGHQFH�WKDQ�/LJKW

6HDUFK��DQG�ERWK�DUH�DFWLYDWHG��/LJKW�6HDUFK�ZLOO�EH�FDOOHG�ILUVW��VHWWLQJ�DQ\�FRQWURO�ELWV
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QHHGHG�WR�LQVWUXFW�WKH�FRQWURO�SURFHVVRU�WR�FKDQJH�GLUHFWLRQ�RU�PRYH���:KHQ�7UDFN�2EMHFW

LV�FDOOHG��LW�ZRXOG�PHUHO\�UHVHW�DQ\�RI�WKH�FRQWURO�ELWV�WKDW�DUH�LQ�FRQIOLFW���1RQ�FRQIOLFWLQJ

EHKDYLRUV��RU�QRQ�FRQIOLFWLQJ�SDUWV�RI�EHKDYLRUV��DUH�OHIW�DORQH���7KLV��VXPPDWLRQ��RI

EHKDYLRUV�LV�FDOOHG�EHKDYLRU�IXVLRQ�

0RUH�FRPSOH[�LPSOHPHQWDWLRQV�RI�VXEVXPSWLRQ�DUFKLWHFWXUH�FDQ�GHILQH�VXE�

EHKDYLRU�SUHFHGHQFHV�DV�ZHOO�DV�WKH�PRUH�JOREDO�SURFHGXUH�SUHFHGHQFH���6XE�EHKDYLRU

SUHFHGHQFHV�ZRXOG�DOORZ�D�ORZHU�OHYHO�EHKDYLRU�WR�VXEVXPH�VRPH�VPDOO�SDUW�RI�D�KLJKHU

OHYHO�EHKDYLRU�

&RPSOH[�EHKDYLRUV�FDQ�EH�FUHDWHG�WKURXJK�EHKDYLRU�IXVLRQ���$V�ORZHU�OHYHO

EHKDYLRUV�DUH�DGGHG��D�PRUH�FRPSOH[�DQG�UREXVW�FRQWURO�V\VWHP�ZLOO�HYROYH���0X/,5
V

FRQWURO�V\VWHP�LV�EDVHG�XSRQ�WKH�PRUH�VLPSOH�SDVVLYH�LPSOHPHQWDWLRQ�RI�VXEVXPSWLRQ

DUFKLWHFWXUH���7KH�IROORZLQJ�EHKDYLRUV�ZHUH�LPSOHPHQWHG��LQ�UHYHUVH�SUHFHGHQFH��

:DQGHU��/LJKW�$YRLG��/LJKW�6HDUFK��6RXQG�$YRLG��6RXQG�6HDUFK��$YRLG�2EMHFW���$YRLG

2EMHFW�KDV�WKH�KLJKHVW�SUHFHGHQFH�VLQFH�LW�LV�GHVLUDEOH�WR�KDYH�WKH�URERW�DYRLG�UXQQLQJ

LQWR�REMHFWV���,W�LV�SRVVLEOH�IRU�WKLV�FRQILJXUDWLRQ�WR�FDXVH�D�EHKDYLRUDO�RVFLOODWLRQ�ZKHUH

WKH�URERW�PRYHV�WRZDUGV�D�OLJKW���VRXQG�VRXUFH��WKHQ�KDV�WR�DYRLG�DQ�REMHFW��WKHQ�DWWHPSWV

WR�PRYH�WRZDUGV�WKH�VRXUFH�DJDLQ�RQO\�WR�KDYH�WR�DYRLG�WKH�VDPH�REMHFW�DJDLQ��HWF���7KLV

FDQQRW�EH�KHOSHG�ZLWK�VXFK�D�VLPSOH�PRGHO��KRZHYHU��LQFUHDVLQJ�WKH�QXPEHU�RI�EHKDYLRUV

ZRXOG�KHOS�WKH�URERW�UHVSRQG�DSSURSULDWHO\�WR�VXFK�VLWXDWLRQV�E\�EHFRPLQJ�ERUHG��HWF�
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,PSOHPHQWDWLRQ

7ZR�PDMRU�PHFKDQLFDO�SUREOHPV�ZHUH�HQFRXQWHUHG�XSRQ�PRXQWLQJ�WKH�OHJV�WR�WKH

FKDVVLV���)LUVW��WKH�PLGGOH�OHJ�VKRXOG�EH�DEOH�WR�IXOO\�H[WHQG�ZKHQ�WKH�IURQW�RU�UHDU�OHJ�LV

LQ�WKH�VDPH�GLUHFWLRQ���7KH�RFFOXVLRQ�SODWH�ZKLFK�WULJJHUV�WKH�KLS�OLPLW�VZLWFK�VKRXOG

WULJJHU�MXVW�EHIRUH�WKH�OHJ�DVVHPEOLHV�FRPH�LQWR�FRQWDFW���(DUO\�WHVWV�VKRZHG�WKDW�WKLV�ZDV

QRW�WKH�FDVH���)RU�ERWK�VLGHV�RI�WKH�URERW��OHJV�URWDWLQJ�FORFNZLVH��DW�WKH�KLS��H[SHULHQFHG

PHFKDQLFDO�LQWHUIHUHQFH�IURP�WKH�PHFKDQLVP�RI�WKH�VXEVHTXHQW�PRWRU�RQ�WKH�VDPH�VLGH�

7KLV�LQWHUIHUHQFH�LV�DQ�DUWLIDFW�RI�WKH�PRGXODU�OHJ�GHVLJQ�SURFHVV���WKH�RULJLQDO�UDQJH�RI

PRWLRQ�DOORZHG�E\�WKH�RFFOXVLRQ�SODWHV�ZDV�WRR�JUHDW�IRU�LQFRUSRUDWLRQ�LQWR�WKLV�FKDVVLV

GHVLJQ���7KH�SUREOHP�ZDV�VROYHG�E\�FXVWRPL]LQJ�WKH�RFFOXVLRQ�SODWHV�WR�SUHYHQW

LQWHUIHUHQFH��

Right Front / Left Rear
Occlusion Plate

30° 60°

Middle Occlusion Plate

30°

Left Front / Right Rear
Occlusion Plate

60° 30°30°

)LJXUH������0RGLILHG�2FFOXVLRQ�3ODWHV

7KLV�UHGHVLJQ�VSHFLDOL]HV�WKH�KDUGZDUH�WR�VRPH�H[WHQW��EXW�WKHUH�DUH�VWLOO�RQO\�WKUHH

GLIIHUHQW�RFFOXVLRQ�SODWH�JHRPHWULHV���7KH�QHZ�IURQW�RFFOXVLRQ�SODWHV�KDYH�D�����IRUZDUG

UDQJH�RI�PRWLRQ�EXW�RQO\�����EDFNZDUG�UDQJH�RI�PRWLRQ���7KH�PLGGOH�RFFOXVLRQ�SODWHV

KDYH�D�����IRUZDUG�DQG�����EDFNZDUG�UDQJH�RI�PRWLRQ���)LQDOO\��WKH�UHDU�RFFOXVLRQ�SODWHV

KDYH�D�����IRUZDUG�UDQJH�RI�PRWLRQ�DQG�D�����EDFNZDUG�UDQJH���7KHVH�QHZ�OLPLWV�SUHYHQW

WKH�OHJV�IURP�LQWHUIHULQJ�ZKHQ�WKH�OHJV�DUH�IXOO\�H[WHQGHG���7KH�QHZ�RFFOXVLRQ�SODWHV

VLPSOLI\�WKH�LPSOHPHQWDWLRQ�RI�ZDONLQJ�JDLWV�E\�HQVXULQJ�WKDW�WKH�OLPLW�VZLWFKHV�FDQ�EH

WULJJHUHG�DQG�WKH�OHJV�FDQQRW�EHFRPH�WDQJOHG�

7KH�VHFRQG�SUREOHP�ZDV�GXH�WR�D�IDLOXUH�WR�FDOFXODWH�WKH�DYDLODEOH�WRUTXH�RI�WKH

PRWRUV�DW�WKH�VHOHFWHG�YROWDJH���7KH�SUREOHP�ZDV�WKDW�WKH�RULJLQDO�OHJV�ZHUH

DSSUR[LPDWHO\�����LQFKHV�LQ�OHQJWK�DQG�WKH�NQHH�PRWRUV�ZHUH�XQDEOH�WR�OLIW�WKH�URERW�IURP

D�IODW�VWDUWLQJ�SRVLWLRQ���7KLV�SUREOHP�ZDV�VROYHG�E\�VKRUWHQLQJ�WKH�OHJV�WR�DSSUR[LPDWHO\

��LQFKHV�DQG�UXQQLQJ�WKH�EDWWHULHV�LQ�VHULHV�����9ROWV����+RZHYHU�WKLV�PHDQV�WKDW�RQO\�KDOI

WKH�FXUUHQW�LV�DYDLODEOH��OLPLWLQJ�WKH�JDLWV�WKDW�PD\�EH�HIILFLHQWO\�LPSOHPHQWHG���7R�VROYH
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WKLV�SUREOHP��WKH�OHJV�ZHUH�VKRUWHQHG�IXUWKHU��WKH�IRRW�PLFURVZLWFK
V�WULJJHU�OHYHO�ZDV

FXUYHG�DURXQG�WKH�IRRW��DQG�WKH�IRRW�ZDV�URXQGHG�WR�WKH�LQVLGH�DV�VKRZQ�EHORZ�

Angled Foot

M
ic

ro
sw
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ch

Curved Switch Lever

3 1
2 "

1
2 "

)LJXUH������0RGLILHG�)RRW

7KHVH�IDFWRUV�DLGHG�0X/,5�LQ�IXOO\�VXSSRUWLQJ�LWV�ZHLJKW�HYHQ�ZLWK�DOO�OHJV�DOPRVW

IXOO\�H[WHQGHG���7KH�DQJOHG�IRRW��VXJJHVWHG�E\�3KLO�%UDQGHQEHUJHU��UHGXFHV�IULFWLRQ�ZKHQ

0X/,5�LV�DWWHPSWLQJ�WR�VWDQG�XS���7KH�FXUYHG�VZLWFK�WULJJHU�DOVR�UHGXFHV�IULFWLRQ�DQG

LPSURYHV�EDODQFH�

3UREOHPV�RFFXUUHG�LQ�WKH�ZLULQJ�GXH�WR�D�GLVWULEXWHG�JURXQG���'LVWULEXWHG�JURXQGV

RFFXU�ZKHQ�D�ODUJH�FXUUHQW�LV�SRXUHG�LQWR�WKH�JURXQG�ZKLFK�FDXVHV�ORFDO�SHDNV�LQ�WKH

JURXQG���7KHVH�SHDNV�FDXVH�WKH�JURXQG�DW�RQH�ORFDWLRQ�WR�GLIIHU�IURP�WKH�JURXQG�DW

DQRWKHU���7KH�V\PSWRPV�FDXVHG�E\�D�GLVWULEXWHG�JURXQG�SUREOHP�FDQ�EH�TXLWH�VHULRXV�

IDOVH�LQWHUUXSWV��PHPRU\�FRUUXSWLRQ��HWF���2EVHUYDWLRQ�VKRZHG�WKDW�WKH�SUREOHP�RFFXUUHG

RQO\�ZKHQ�WKH�PRWRUV�ZHUH�UXQQLQJ���%\�LQFUHDVLQJ�WKH�FXUUHQW�FDUU\LQJ�FDSDELOLW\�IURP

WKH�JURXQGV�ORFDWHG�QHDU�WKH�PRWRUV�DQG�E\�DWWHPSWLQJ�WR�KDYH�DV�FRPPRQ�D�JURXQG�DV

SRVVLEOH��LH��DOO�JURXQG�ZLUHV�FRQQHFW�LQ�D�VLQJOH�ORFDWLRQ��WKLV�SUREOHP�ZDV�PLQLPL]HG�

7KH�FRGH�SUHVHQWHG�LQ�$SSHQGL[�$�UHSUHVHQWV�WKH�H[WHQW�RI�WKH�WHVWHG�FRGH�DW�WKH

WLPH�RI�SULQWLQJ���7KLV�FRGH�VKRXOG�EH�FRQVLGHUHG�UHOLDEOH�DQG�FDQ�EH�XVHG��DV�SUHVHQWHG�

LQ�IXWXUH�SURMHFWV���7KH�63,�LQWHUSURFHVVRU�FRPPXQLFDWLRQ�FRGH�ZDV�WHVWHG�XVLQJ�PXOWLSOH

0��+&��(9%�ERDUGV�DQG�WKH�OHJ�FRQWURO�FRGH�ZDV�DOVR�WHVWHG�RQ�D�0��+&��(9%
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ERDUG�XVLQJ�WKH�SURWRW\SH�OHJ���7KH�VHQVRU�FRGH�ZDV�VLPLODUO\�WHVWHG�DQG�VXEMHFWHG�WR�ERWK

UHDO�DQG�VLPXODWHG�LQSXWV���$�SUREOHP�ZLWK�WKH�LQIUDUHG�VHQVRUV�SUHYHQWHG�WKHLU�WHVWLQJ�

7KH�6KDUS�*3�8��;�,5�GHWHFWRU�ORRNV�IRU�OLJKW�PRGXODWHG�ZLWK�D����.+]�FDUULHU

FHQWHUHG�DURXQG������+]��VLJQDOV�QRW�FRQIRUPLQJ�WR�WKHVH�VSHFLILFDWLRQV�DUH�UHMHFWHG

LQFUHDVLQJ�WKH�VLJQDO�WR�QRLVH�UDWLR���$�/0����WLPHU�FKLS�ZDV�XVHG�WR�LPSOHPHQW�WKHVH

WLPLQJ�FRQVWUDLQWV��EXW�WKH�VHQVRUV�LJQRUHG�DOO�VLJQDOV�HPLWWHG���7KH�RXWSXW�VLJQDO�ZDV

H[DPLQHG�ZLWK�DQ�RVFLOORVFRSH�WR�FRQILUP�WKDW�WKH�VLJQDO�ZDV�FRUUHFW���2QH�SUREOHP�FRXOG

EH�WKDW�WKH�/('V�SXUFKDVHG�HPLW�OLJKW�DURXQG�����QP��6WHUOLQJ�(OHFWURQLFV�FODLPHG�WKDW

WKHVH�/('V�ZRXOG�ZRUN�ZLWK�WKH�GHWHFWRU��EXW�DQRWKHU�VRXUFH�VXJJHVWHG�XVLQJ�����QP

/('V��WKH�GHWHFWRU�DQG�/('V�DUH�DOVR�DYDLODEOH�IURP�5DGLR�6KDFN��6WHUOLQJ�(OHFWURQLFV

GRHV�QRW�SURYLGH�VFKHPDWLFV�IRU�WKH�GHWHFWRU����6LQFH�WKH�GHWHFWRU�ZRXOG�QRW�UHVSRQG�WR

WKH�,5�VLJQDO��WKH�,5�FRGH�ZDV�QRW�WHVWHG�ZLWK�UHDO�VLJQDOV��KRZHYHU��LW�ZDV�WHVWHG�XVLQJ

VLPXODWHG�VLJQDOV�
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5HVXOWV

7LPH�FRQVWUDLQWV�SUHYHQWHG�WHVWLQJ�0X/,5�DV�D�ZKROH���$W�WKH�WLPH�RI�SULQWLQJ��WKH

VXEVXPSWLRQ�FRQWURO�FRGH�KDG�QRW�EHHQ�WHVWHG�DQG�VRPH�ZLUH�ZUDSSLQJ�VWLOO�UHPDLQHG�WR

EH�FRPSOHWHG���+RZHYHU��VXEV\VWHPV�ZHUH�WHVWHG�DQG�SURYLGHG�HQFRXUDJLQJ�UHVXOWV�

8VLQJ�WKH�ILQDO�OHJ�GHVLJQ�SURWRW\SH�DQG�D�0��+&��(9%�ERDUG��WKH�OHJ�FRQWURO

VRIWZDUH�ZDV�H[WHQVLYHO\�WHVWHG���6HYHUDO�SUREOHPV��ERWK�VRIWZDUH�DQG�KDUGZDUH��ZHUH

LGHQWLILHG�DQG�FRUUHFWHG���7KH�ILQDO�FRQWURO�FRGH�ZDV�H[WUHPHO\�IDXOW�WROHUDQW�DQG�UREXVW�

$�KDUGZDUH�SUREOHP�ZKHUH�WKH�OLPLW�VZLWFKHV�JHQHUDWHG�IDOVH�LQWHUUXSWV�ZDV�LGHQWLILHG

DQG�ORFDOL]HG��EXW�DQDO\VLV�ZLWK�DQ�RVFLOORVFRSH�DQG�RWKHU�VLPLODU�KDUGZDUH�IDLOHG�WR

H[SODLQ�WKH�SUREOHP���)LQDOO\��WKH�VRIWZDUH�ZDV�FKDQJHG�WR�LJQRUH�LQWHUUXSWV�RFFXUULQJ

ZLWKLQ�D�IL[HG�WLPH�SHULRG�DIWHU�PRYHPHQW�LV�LQLWLDWHG��WKLV�VROXWLRQ�SURYHG�TXLWH

HIIHFWLYH���1H[W��OHJ
V�UDQJH�RI�PRWLRQ�ZDV�WHVWHG�DQG�EDVLF�ZDONLQJ�SDWWHUQV�ZHUH�WHVWHG�

)URP�WKHVH�WHVWV��LW�ZDV�FRQFOXGHG�WKDW�D�FRPSOHWH�V\VWHP�ZRXOG�EH�FDSDEOH�RI

FRRUGLQDWHG�ZDONLQJ�

7KH�63,�LQWHUSURFHVVRU�FRPPXQLFDWLRQ�V\VWHP�ZDV�WHVWHG�XVLQJ�PXOWLSOH

0��+&��(9%�ERDUGV���'DWD�UDWHV�IURP�����0ELWV���VHF�WR�����0ELWV���VHF�ZHUH�UHFRUGHG

XVLQJ�D�VSHFWUXP�DQDO\]HU���7KH�FRPPXQLFDWLRQ�V\VWHP�GHYHORSHG�DQG�WKH�VRIWZDUH

URXWLQHV�FDQ�EH�UHOLDEO\�XVHG�LQ�IXWXUH�SURMHFWV���7KH�63,�V\VWHP�RSHUDWHV�LQ�:LUHG�25

PRGH�WR�UHGXFH�WKH�SRVVLELOLW\�RI�SURFHVVRU�ODWFK�XS�LQ�FDVH�RI�D�VHULRXV�SURJUDPPLQJ

HUURU�

7KH�FRPSOHWHG�OHJV��ZLWK�PRGLILHG�IHHW�DQG�RFFOXVLRQ�SODWHV��ZHUH�DWWDFKHG�WR�WKH

FKDVVLV���$Q�DOWHUQDWLQJ�WULSRG�ZDONLQJ�JDLW�ZDV�H[DPLQHG�E\�PDQXDOO\�RSHUDWLQJ�WKH�KLS

DQG�NQHH�PRWRUV���7KH�DXWKRUV
�SODQ�WR�FRQWLQXH�ZRUNLQJ�RQ�WKH�FRQWURO�FRGH�DQG�KRSH�WR

DFKLHYH�DQ�DXWRQRPRXV�V\VWHP�EHIRUH�JUDGXDWLRQ���,Q�DQ\�FDVH��WKHVH�UHVXOWV�DUH

HQFRXUDJLQJ�DQG�LQGLFDWH�WKDW�WKH�GHVLJQ�ZDV�VRXQG�DQG�VKRXOG�PHHW�DOO�GHVLJQ�JRDOV

�ZLWK�WKH�SRVVLEOH�H[FHSWLRQ�RI�JRDO����
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&RQFOXVLRQV

7KLV�SURMHFW�ZDV�DQ�H[SHULHQFH�LQ�UHDO�ZRUOG�HQJLQHHULQJ���$W�WKH�EHJLQQLQJ�RI�WKLV

SURMHFW��WKH�HQYLVLRQHG�UHVXOW�ZDV�TXLWH�GLIIHUHQW�IURP�ZKDW�ZDV�DFWXDOO\�LPSOHPHQWHG�

)RU�H[DPSOH��WKH�RULJLQDO�SURFHVVRU�FKRLFH�ZDV�WKH�������WKLV�ZDV�WKHQ�UHMHFWHG�LQ�IDYRU

RI�D�'63��IRU�UXQQLQJ�D�FRPSOH[�QHXUDO�QHWZRUN���WKLV�ZDV�WKHQ�UHMHFWHG�LQ�IDYRU�RI�WKH

�����GXH�WR�SULFH�SHUIRUPDQFH�FRQVLGHUDWLRQV���)URP�D�PRUH�PHFKDQLFDO�SRLQW�RI�YLHZ�

PDQ\�OHJ�SURWRW\SHV�ZHUH�GHYHORSHG�DQG�UHMHFWHG���(YHQ�WKH�ILQDO�OHJ�GHVLJQ�HYROYHG�RYHU

WLPH�WR�PHHW�DOO�WKH�GHVLJQ�JRDOV���5HDO�UHVHDUFK�DQG�GHYHORSPHQW�LV�D�WULDO�DQG�HUURU

SURFHVV���*UDQWHG��PDQ\�HUURUV�FDQ�EH�DYRLGHG�ZLWK�SURSHU�UHVHDUFK��EXW�VRPH�DUH

LQHYLWDEOH�

7KH�FRPSOHWHG�V\VWHP�VKRXOG�SURYLGH�DQ�H[FHOOHQW�EDVLV�IRU�IXWXUH�SURMHFWV���7KH

KDUGZDUH�DQG�VRIWZDUH�DUH�KLJKO\�PRGXODU�DOORZLQJ�HDV\�H[WHQVLRQ�DQG�PRGLILFDWLRQ�

7KH�DXWKRUV�KRSH�WKDW�VWXGHQWV�ZLOO�WDNH�DGYDQWDJH�RI�WKH�V\VWHP�DQG�WKDW�LW�ZLOO�HYROYH

RYHU�WLPH���,Q�WKH�IROORZLQJ�VHFWLRQ�PDQ\�VXJJHVWLRQV�IRU�IXWXUH�SURMHFWV�DUH�PDGH���6RPH

FRPH�IURP�WKH�RULJLQDO�GHVLJQ��RWKHUV�ZHUH�FRQFHLYHG�DORQJ�WKH�ZD\���$�IXOO\�HTXLSSHG

V\VWHP�ZLOO�SURYLGH�D�UREXVW�URERW�FDSDEOH�RI�PDQ\�EHKDYLRUV�ZLWK�KLJK�IDXOW�WROHUDQFH�

7KLV�SURMHFW�ZDV�D�UHDOL]DWLRQ�RI�D�GUHDP�ORQJ�WUDSSHG�LQ�WKH�IX]]\�UHFHVVHV�RI�WKH

VXEFRQVFLRXV�PLQG���7KH�JUHDWHVW�WKULOO�ZDV�ZDWFKLQJ�WKH�SURWRW\SH�OHJ�EHKDYH�DV

LQVWUXFWHG�E\�WKH�0��+&��(9%�ERDUG��RQFH�WKLV�KDG�EHHQ�DFKLHYHG��WKH�UHVW�ZDV�EXW�D

PDWWHU�RI�WLPH���+RSHIXOO\�DQ\RQH�ZLWK�VLPLODU�GUHDPV�ZLOO�EH�DEOH�WR�H[SHULHQFH�WKH�MR\V

RI�VXFFHVVIXO�URERWLF�GHYHORSPHQW�
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)XWXUH�3URMHFWV

0X/,5�ZDV�GHVLJQHG�WR�EH�HDVLO\�PRGLILHG���7KH�PHFKDQLFDO�KDUGZDUH�LV�PRGXODU

DOORZLQJ�IRU�FKDQJHV�WR�EH�HDVLO\�LQWURGXFHG���7KUHH�RI�WKH�HDVLHVW�DGGLWLRQV�DUH�D�WRS��D

FRDW�RI�SDLQW��DQG�D�SHUPDQHQW�EDWWHU\�PRXQW�WR�NHHS�WKH�EDWWHULHV�IURP�VOLGLQJ���7KH�SDLQW

LV�SXUHO\�FRVPHWLF��EXW�WKH�WRS�PD\�SURYLGH�JUHDWHU�VWDELOLW\�DQG�ZLOO�GHILQLWHO\�RIIHU�PRUH

SURWHFWLRQ�WR�WKH�HOHFWURQLFV�ZKLOH�WKH�EDWWHU\�PRXQW�PD\�LPSURYH�VWDELOLW\���&DUH�VKRXOG

EH�WDNHQ�LQ�GHFLGLQJ�ZKHUH�WR�PRXQW�WKH�EDWWHULHV�VR�WKDW�0X/,5
V�VWDELOLW\�LV�PD[LPL]HG

DQG�WKH�FHQWHU�RI�JUDYLW\�LV�PDLQWDLQHG�EHWZHHQ�WKH�PLGGOH�OHJV���0RUH�FRPSOH[�DGGLWLRQV

LQFOXGH�DGGLQJ��ZKLVNHUV��RU��IHHOHUV��WR�WKH�OHIW�DQG�ULJKW�VLGHV�RI�WKH�IURQW�SODWH���7KH

ZKLVNHUV�ZLOO�UHGXFH�0X/,5
V�FKDQFHV�RI�UXQQLQJ�LQWR�REMHFWV�WKDW�GR�QRW�UHIOHFW�LQIUDUHG

OLJKW���6RQDU�PD\�DOVR�EH�DGGHG���7KH�3RODURLG�6RQDU�5DQJLQJ�6\VWHP�LQWHUIDFHV�HDVLO\

ZLWK�WKH������DQG�SURYLGHV�H[FHOOHQW�GLVWDQFH�GHWHUPLQDWLRQ��IURP�������WR�RYHU���
�ZLWK

DFFXUDF\�WR�r�×�����7KH�EDVLF�VFKHPDWLF�LV�VKRZQ�EHORZ�

Polaroid Board

Pwr

Pwr

VSW

FLG

XLG

XDCR

XDCR GND

10K

1K
TIP120

10K

10K

PA4

PA2

PA1

30° 60°

)LJXUH������3RODURLG�5DQJLQJ�6\VWHP

7KH�3RODURLG�%RDUG�KDV�VL[�FDEOHV�ZKLFK�DUH�ZLUHG�DV�IROORZV���<HOORZ�DQG

2UDQJH�WR��9&&��%URZQ�WR�*1'��5HG��96:��WR�3$���%OXH��;/*��WR�3$���DQG�*UHHQ

�)/*��WR�3$����96:�LV�VHW�KLJK�WR�VHQG�D��SLQJ���WR�HOLPLQDWH�HUURUV��IRXU�SXOVHV�DUH�VHQW

DW�������������DQG����.+]�#����9����7KH�3RODURLG�%RDUG�ZLOO�VHW�)/*�KLJK�ZKHQ�WKH

SLQJ�LV�VHQW���2QFH�WKLV�KDSSHQV�WKH�FRGH�VKRXOG�EHJLQ�WLPLQJ���:KHQ�WKH�UHWXUQ�SLQJ�LV

GHWHFWHG��WKH�;/*�OLQH�ZLOO�JR�KLJK���$W�WKLV�WLPH��WKH�V\VWHP�VKRXOG�VWRS�WLPLQJ���7KH

'LVWDQFH�WUDYHOHG�LV�WKHQ���' 6FDOH
7 7I L

 �
�

�
��ZKHUH�7I���7L� �WKH�WRWDO�WLPH���6FDOH�LV�D

IXQFWLRQ�RI�WHPSHUDWXUH��WKH�VSHHG�RI�VRXQG�F
7HPS

 ��� �
���

� �P�V��ZKHUH�7HPS�LV�WKH

WHPSHUDWXUH�LQ�.HOYLQ�

$�3\URHOHFWULF�VHQVRU��ZLWK�)UHVQHO�OHQV��FDQ�EH�DGGHG�WR�DOORZ�0X/,5�WR�GHWHFW

DQG�WUDFN�KXPDQV���3\URHOHFWULF�VHQVRUV�DUH�VHQVLWLYH�WR�WKH�,5�ZDYHOHQJWK�HPLWWHG�E\

KXPDQV���7KH�(OWHF�������GLIIHUHQWLDO�S\URHOHFWULF�VHQVRU�ZLWK�EXLOW�LQ�DPSOLILHU
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LQWHUIDFHV�GLUHFWO\�WR�RQH�RI�WKH�����
V�$�'�SLQV���$V�DQ�REMHFW�PRYHV�DFURVV�WKH�VHQVRUV

ILHOG��WKH�YROWDJH�ZLWK�VZLQJ�IURP�SRVLWLYH�WR�QHJDWLYH�RU�YLFH�YHUVD���7KLV�YROWDJH�VZLQJ

LQGLFDWHV�WKH�REMHFWV�GLUHFWLRQ�RI�PRWLRQ�

7HPSHUDWXUH�JDXJHV�FDQ�EH�DGGHG�HDVLO\�IURP�D�YDULHW\�RI�KDUGZDUH���%RWK�GLJLWDO

DQG�DQDORJ�GHYLFHV�DUH�UHDGLO\�DYDLODEOH���6WUDLQ�JDXJHV�FDQ�EH�DGGHG�WR�WKH�IHHW�WR

LQGLFDWH�WKH�GHJUHH�RI�VWDELOLW\�RI�D�IRRW��LQWHUIDFLQJ�VWUDLQ�JDXJHV�WR�WKH�$�'�SRUWV�RI�WKH

OHJ�SURFHVVRUV�LV�VWUDLJKWIRUZDUG���7R�LPSURYH�EDODQFH�DQG�DOORZ�0X/,5�WR�QDYLJDWH

XQHYHQ�WHUUDLQV��D�PHUFXU\�OHYHO�VHQVRU�FRXOG�EH�DGGHG���$V�WKH�DQJOH�EHWZHHQ�WKH�QRUPDO

WR�WKH�FKDVVLV�DQG�JURXQG�YDULHV�WKH�PHUFXU\�VKLIWV��DOORZLQJ�FXUUHQW�WR�IORZ�WKURXJK

FRQWDFWV�LQ�WKH�VHQVRU���7KLV�LQIRUPDWLRQ�FDQ�EH�XVHG�E\�WKH�FRQWURO�SURFHVVRU�WR�FRQWURO

EDODQFH���0RUH�FRPSOH[�EDODQFLQJ�FDQ�EH�DFKLHYHG�WKURXJK�J\URVFRSHV�

2QH�ODVW�KDUGZDUH�VHQVRU�DGGLWLRQ�WKDW�ZRXOG�SURYH�PRVW�XVHIXO�LV�DQ�,5�EHDFRQ

DQG�D�SRZHU�PRQLWRU���$V�SRZHU�GURSV��VRIWZDUH�ZRXOG�FDXVH�0X/,5�WR�VHDUFK�RXW�WKH�,5

EHDFRQ���0X/,5�ZRXOG�QDYLJDWH�WR�WKH�EHDFRQ�DQG�GRFN�DW�D�UHFKDUJLQJ�EDVH�ORFDWHG

EHORZ�WKH�VHQVRU���$�VLPSOHU�GHVLJQ�PLJKW�MXVW�KDYH�0X/,5�GHWHFW�ORZ�SRZHU�FRQGLWLRQV

DQG�VRXQG�D�ZDUQLQJ�

$�PDMRU�DGGLWLRQ�ZRXOG�EH�WR�UHGHVLJQ�WKH�FRPPXQLFDWLRQ�V\VWHP���&XUUHQWO\�

0X/,5�XVHV�WKH�63,�V\VWHP�IRU�LQWHUSURFHVVRU�FRPPXQLFDWLRQ���$�EHWWHU�V\VWHP�PLJKW

KDYH�D�PHPRU\�PDSSHG�FRPPXQLFDWLRQV�V\VWHP���7KLV�ZRXOG�DOVR�UHTXLUH�UHZULWLQJ�WKH

FRQWURO�VRIWZDUH��EXW�WKH�EHQHILWV�ZRXOG�EH�TXLWH�QRWLFHDEOH�

)XUWKHU�GHYHORSPHQW�RI�WKH�VHQVHV�LV�TXLWH�SRVVLEOH�HYHQ�ZLWKRXW�KDUGZDUH

DGGLWLRQV���6LQFH�VXEVXPSWLRQ�DUFKLWHFWXUH�LV�PRGXODU��QHZ�EHKDYLRUV�FDQ�EH�DGGHG�RQ�WRS

RI�WKH�ROG�EHKDYLRUV�ZLWKRXW�GLIILFXOW\���$QRWKHU�SRVVLELOLW\�ZRXOG�EH�WR�UHZULWH�WKH

FRQWURO�FRGH�XVLQJ�)X]]\�/RJLF��ZKLFK�LV�TXLWH�VLPLODU�LQ�DSSOLFDWLRQ�WR�VXEVXPSWLRQ

DUFKLWHFWXUH����7R�LQFUHDVH�WKH�ELRORJLFDO�IHDVLELOLW\��PRUH�UHVSRQVLELOLW\�FRXOG�EH�RII�

ORDGHG�WR�WKH�OHJ�SURFHVVRUV���7KH�ZRXOG�HQDEOH�0X/,5�WR�RSHUDWH�PRUH�HIILFLHQWO\�DQG

LQFUHDVH�IDXOW�WROHUDQFH�

$Q�LQWHUHVWLQJ�RSWLRQ�LV�WR�LPSOHPHQW�PXOWL�WDVNLQJ�LQ�WKH�FRQWURO�SURFHVVRU���9HU\

OLWWOH�FRGH�LV�QHFHVVDU\�WR�LPSOHPHQW�PXOWL�WDVNLQJ�RQ�WKH��������7KH�V\VWHP�WLPHU�LV�XVHG

WR�PHDVXUH�WKH�WLPH�JLYHQ�WR�DQ\�RQH�SURFHVV��ZKHQ�WLPH�KDV�H[SLUHG�WKH�V\VWHP�VZLWFKHV

WDVNV�E\�VDYLQJ�WKH�FXUUHQW�WDVN
V�UHJLVWHUV��LQFOXGLQJ�WKH�VWDFN�SRLQWHU��DQG�WKHQ�UHORDGLQJ

WKH�QH[W�WDVNV�UHJLVWHUV���$V�ORQJ�DV�HQRXJK�PHPRU\�LV�DYDLODEOH�IRU�PXOWLSOH�VWDFNV��WKH

V\VWHP�LV�TXLWH�VLPSOH���127(���7KHUH�LV�QR�PHPRU\�SURWHFWLRQ�DYDLODEOH�LQ�WKH������

ZKLFK�FRXOG�EH�D�SUREOHP�LI�WKH�VWDFN�RYHUIORZV���,Q�DGGLWLRQ�WR�WKH�V\VWHP�WLPHU

SURFHGXUH��D�PLQLPXP�RI�IRXU�URXWLQHV�DUH�QHHGHG���QHZBSURFHVV��3,'���NLOO��3,'���XVOHHS
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�PV���DQG�ZDLW��RFFXUUHQFH����,QWHUDFWLYH�&�LPSOHPHQWV�PXOWL�WDVNLQJ��WKH�ELQDULHV�DQG

VRXUFH�FRGH�DUH�ERWK�DYDLODEOH�IURP�0,7�

2WKHU�SURMHFWV�LQYROYH�FRPELQLQJ�SUHYLRXV�6HQLRU�'HVLJQ�3URMHFWV���)RU�H[DPSOH�

DQ�LQWHUIDFH�FRXOG�EH�FUHDWHG�WR�FRQWURO�0X/,5�IURP�WKH�9LUWXDO�5HDOLW\�V\VWHP�GHYHORSHG

E\�0DUN�7RSLQND��
����DQG�H[WHQGHG�E\�0DUN�5LHIIHO��
������2U�D�VLPSOH�LPSOHPHQWDWLRQ

RI�*LUD\�3XOWDU
V��
����/LQHDU�3UHGLFWLYH�&RGLQJ�FRXOG�EH�LPSOHPHQWHG�RQ�HLWKHU�WKH

VHQVRU�SURFHVVRU�RU�WKH�FRQWURO�SURFHVVRU�WR�KDYH�0X/,5�UHFRJQL]H�EDVLF�FRPPDQG

ZRUGV���2WKHU�SURMHFWV�DUH�FHUWDLQO\�SRVVLEOH��WKH�RQO\�OLPLWDWLRQ�EHLQJ�WKH�GHVLJQHU
V

LPDJLQDWLRQ�

,Q�DQ\�DGGLWLRQ��IDXOW�WROHUDQFH�VKRXOG�EH�FRQVLGHUHG���7KH�&RPSXWHU�2SHUDWLQJ

3URSHUO\��&23��LQWHUUXSW�FRXOG�EH�XVHG�WR�HQVXUH�WKDW�WKH�V\VWHP�LV�VWLOO�UXQQLQJ�FRUUHFWO\�

)XUWKHU�SUHFDXWLRQV�VKRXOG�EH�HDV\�WR�DGG�
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$FNQRZOHGJPHQWV

0DQ\�SHRSOH�ZHUH�YLWDO�LQ�KHOSLQJ�JHW�WKLV�SURMHFW�IURP�WKH�LQVSLUDWLRQ�VWDJH�WR�WKH

ILQDO�VWDJH���:H�ZRXOG�OLNH�WR�WKDQN�RXU�DGYLVRUV�6LOYLR�(EHUKDUGW�DQG�(ULN�&KHHYHU�IRU

WKHLU�JXLGDQFH�DQG�VXJJHVWLRQV�DV�ZHOO�DV�WKH��XVXDOO\��JHQWOH�SUHVVXUH�WR�NHHS�WKLQJV

PRYLQJ���&KDUOLH�:KLWH�ZDV�D�JUHDW�KHOS�LQ�REWDLQLQJ�SDUWV�IURP�PDQ\�FRPSDQLHV�ZLWK

ZKRP�WKH�(QJLQHHULQJ�'HSDUWPHQW�KDG�QRW�SUHYLRXVO\�GHDOW���$QG�ILQDOO\��ZH�ZRXOG�OLNH

WR�WKDQN�*UDQW�6PLWK�IRU�KLV�LQYDOXDEOH�KHOS�LQ�WKH�PDFKLQLQJ�SURFHVV�

:LWKRXW�WKH�KHOS�RI�WKHVH�SHRSOH��WKLV�SURMHFW�ZRXOG�QHYHU�KDYH�JRWWHQ�SDVW�WKH

IX]]\�GUHDP�OLNH�VWUDQGV�RI�WKRXJKW�IURP�ZKLFK�LW�ZDV�FRQFHLYHG���7KDQN�\RX�IRU�\RXU

KHOS�DQG�WLPH�
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$SSHQGL[�$���6RIWZDUH�&RQWURO�6\VWHPV

>127(���$OO�FRGH�KDV�EHHQ�UHPRYHG�IURP�WKLV�RQOLQH�GRFXPHQW���3OHDVH�FRQWDFW�WKH

DXWKRU�IRU�PRUH�LQIRUPDWLRQ�@
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!WE
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!OE
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GND
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Sensor Master Select
Front Legs Master Select

Middle Legs Master Select
Rear Legs Master Select

Control Master Select
Reset Button Down

Reset Button Up
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Rear Legs !SS
Control !SS
!RESET
RAM Select
EPROM Select

GND

201
192

3 18

4 17

5 16

6 15

7 14

8 13

9 12

10 11

PA
L

16R
4

Vcc

!OE

E
Up/Down Direction

Forward/Backward Direction
Up/Down Limit

!Floor Limit
Forward/Backward Limit

(no connection)
(no connection)

IR Hip Tick

!Up/Down Direction
!Forward/Backward Direction
Up/Down Interrupt
Floor Interrupt
Forward/Backward Interrupt
Multiplexed Interrupt
(no connection)
!IR Hip Tick

)LJXUH������3LQRXW�'LDJUDPV����RI���
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201
192

3 18

4 17

5 16

6 15

7 14

8 13

9 12

10 11

74H
C

245

Vcc

B7

DIR

GND

A0
A1
A2
A3
A4
A5
A6
A7

!G
B0
B1
B2
B3
B4
B5
B6

GND

201
192

3 18

4 17

5 16

6 15

7 14

8 13

9 12

10 11

74H
C

541

Vcc

Y7

!G1
A0
A1
A2
A3
A4
A5
A6
A7

!G2
Y0
Y1
Y2
Y3
Y4
Y5
Y6

201
192

3 18

4 17

5 16

6 15

7 14

8 13

9 12

10 11

74H
C

573

Vcc

C

!OC

GND

0D
1D
2D
3D
4D
5D
6D
7D

0Q
1Q
2Q
3Q
4Q
5Q
6Q
7Q

161
152

3 14

4 13

5 12

6 11

7 10

8 9
M

A
X

232

C1+ Vcc

RxD (in)RxD (out)

V+
C1-
C2+
C2-

V-
TxD (out)

GND
TxD2 (out)
RxD2 (out)
RxD2 (in)
TxD2 (in)
TxD (in)

161
152

3 14

4 13

5 12

6 11

7 10

8 9

L
293B

Enable 1 Vss

Enable 2Vs

Input 1
Output 1

GND
GND

Output 2
Input 2

Input 4
Output 4
GND
GND
Output 3
Input 3

161
152

3 14

4 13

L
M

386

Gain Gain
Input (-)
Input (+)

GND

Bypass
Vs
Vout

141
132

3 12

4 11

5 10

6 9

7 8

L
M

556

Discharge 1 Vcc
Threshold 1
Control V 1

Reset 1
Output 1
Trigger 1

GND

Discharge 2
Threshold 2
Control V 2
Reset 2
Output 2
Trigger 2

141
132

3 12

4 11

5 10

6 9

7 8

74L
S

00

1A Vcc
1B
1Y
2A
2B
2Y

GND

4B
4A
4Y
3B
3A
3Y

141
132

3 12

4 11

5 10

6 9

7 8

74L
S

08

1A Vcc
1B
1Y
2A
2B
2Y

GND

4B
4A
4Y
3B
3A
3Y

141
132

3 12

4 11

5 10

6 9

7 8
74L

S
132

1A Vcc
1B
1Y
2A
2B
2Y

GND

4B
4A
4Y
3B
3A
3Y

)LJXUH������3LQRXW�'LDJUDPV����RI���
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8
9

10
11
12
13
14
15
16
17
18
19
20

46
45
44
43
42
41
40
39
38
37
36
35
34

21 22 23 24 25 26 27 28 29 30 31 32 33

7 6 5 4 3 2 1 52 51 50 49 48 47

M68HC811E2FN20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

74
H

C
57

3

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

74
H

C
24

5

281
272
263
254
245
236

7 22
8 21
9 20

10 19
11 18
12 17
13 16
14 15

62256-10

281
272
263
254
245
236

7 22
8 21
9 20

10 19
11 18
12 17
13 16
14 15

27C
256-15

10K

0.1uF
10K

10K

8 MHz
18pF

74H
C

132

141
132
123
114
105
96

7 8

201
192
183
174
165
156

7 14
8 13
9 12

10 11

PA
L

16L
8

0.1uF

10K

16

1

15

2

14

3

13

4

12

5

11

6 7

10

8

9

MAX232
1uF

1uF

GND

TxD
RxD

20

1

19

2

18

3

17

4

16

5

15

67

14

8

13

9

12

10

11

74HC541

10K

10K

10K

8
9

10
11
12
13
14
15
16
17
18
19
20

46
45
44
43
42
41
40
39
38
37
36
35
34

21 22 23 24 25 26 27 28 29 30 31 32 33

7 6 5 4 3 2 1 52 51 50 49 48 47

M68HC811E2FN

10K

10K

8 MHz
18pF

10K

100
0.1uF 10K

Sensors

Control Processor

14

1

13

2

12

3

11

4

10

5

9

6 7

8

74LS00

141
132
123
114
105
96

7 8

74L
S

08

33K

L
M

556

141
132
123
114
105
96

7 8

560K

17K0.0015uF

0.001uF

L
M

386

81
72
63
54

Mic 2.2K

0.001uF

L
M

386

81
72
63
54

Mic 2.2K

0.001uF

10uF 10uF

14

1

13

2

12

3

11

4

10

5

9

6 7

8

74LS00

Front !SS
Front Select

Middle Select
Rear Select Middle !SS

Rear !SS

Data
Serial Clock

0.1uF
+ 4.7uF

6.3V

2K

)LJXUH������:LULQJ�'LDJUDP����RI���
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8
9

10
11
12
13
14
15
16
17
18
19
20

46
45
44
43
42
41
40
39
38
37
36
35
34

21 22 23 24 25 26 27 28 29 30 31 32 33

7 6 5 4 3 2 1 52 51 50 49 48 47

M68HC811E2FN

10K

10K

8 MHz
18pF

10K

100
0.1uF 10K

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

PA
L

16
R

4

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011
PA

L
16

R
4

161
152
143
134
125
116

7 10
8 9

L
293B

141
132
123
114
105
96

7 8

74L
S

08

Left Hip Motor (+)

Left Hip Motor (-)

Left Knee Motor (+)

Left Knee Motor (-)

1K

1K

Limit Switches

161
152
143
134
125
116

7 10
8 9

L
293B

Right Hip Motor (+)

Right Hip Motor (-)

Right Knee Motor (+)

Right Knee Motor (-)

Front Legs

8
9

10
11
12
13
14
15
16
17
18
19
20

46
45
44
43
42
41
40
39
38
37
36
35
34

21 22 23 24 25 26 27 28 29 30 31 32 33

7 6 5 4 3 2 1 52 51 50 49 48 47

M68HC811E2FN

10K

10K

8 MHz
18pF

10K

100
0.1uF 10K

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

PA
L

16
R

4

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

PA
L

16
R

4

161
152
143
134
125
116

7 10
8 9

L
293B

141
132
123
114
105
96

7 8

74L
S

08

Left Hip Motor (+)

Left Hip Motor (-)

Left Knee Motor (+)

Left Knee Motor (-)

1K

1K

Limit Switches

161
152
143
134
125
116

7 10
8 9

L
293B

Right Hip Motor (+)

Right Hip Motor (-)

Right Knee Motor (+)

Right Knee Motor (-)

Middle Legs

Front Select
Data

Serial Clock
Front !SS

Middle !SS
Middle Select

470

4.7K

470

4.7K

470

4.7K

470

4.7K

)LJXUH������:LULQJ�'LDJUDP����RI���
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8
9

10
11
12
13
14
15
16
17
18
19
20

46
45
44
43
42
41
40
39
38
37
36
35
34

21 22 23 24 25 26 27 28 29 30 31 32 33

7 6 5 4 3 2 1 52 51 50 49 48 47

M68HC811E2FN

10K

10K

8 MHz
18pF

10K

100
0.1uF 10K

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

PA
L

16
R

4

20 1
19 2
18 3
17 4
16 5
15 6

714
813
912

1011

PA
L

16
R

4

161
152
143
134
125
116

7 10
8 9

L
293B

141
132
123
114
105
96

7 8

74L
S

08

Left Hip Motor (+)

Left Hip Motor (-)

Left Knee Motor (+)

Left Knee Motor (-)

1K

1K

Limit Switches

161
152
143
134
125
116

7 10
8 9

L
293B

Right Hip Motor (+)

Right Hip Motor (-)

Right Knee Motor (+)

Right Knee Motor (-)

Rear Legs

Rear Select
Data

Serial Clock
Rear !SS

470

4.7K

470

4.7K

)LJXUH������:LULQJ�'LDJUDP����RI���
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3LQ &DEOH�&RORU 'HVFULSWLRQ

� %ODFN '%��3LQ��

� :KLWH '%��3LQ��� �5HFHLYH�'DWD��5['�

� *UD\ '%��3LQ��� �7UDQVPLW�'DWD��7['�

� 3XUSOH '%��3LQ��

� %OXH '%��3LQ��� �*URXQG��*1'�

� *UHHQ '%��3LQ��

� <HOORZ '%��3LQ��

� 2UDQJH '%��3LQ��

� 5HG '%��3LQ��

�� %URZQ �QRW�FRQQHFWHG�

�� %ODFN �QRW�FRQQHFWHG�

�� :KLWH �QRW�FRQQHFWHG�

�� *UD\ �QRW�FRQQHFWHG�

�� 3XUSOH �QRW�FRQQHFWHG�

�� %OXH �QRW�FRQQHFWHG�

�� *UHHQ �QRW�FRQQHFWHG�

7DEOH�����6HULDO�&RPPXQLFDWLRQV�&RQQHFWRU�:LULQJ

3LQ &DEOH�&RORU 'HVFULSWLRQ

� %ODFN +LS�0RWRU����

� :KLWH +LS�0RWRU����

� *UD\ ,5�5HFHLYHU�*1'

� 3XUSOH ,5�5HFHLYHU�9FF

� %OXH ,5�(PLWWHU�*1'

� *UHHQ ,5�(PLWWHU�9FF

� <HOORZ ,5�2XWSXW

� 2UDQJH +LS�/LPLW�6ZLWFK�9FF

� 5HG +LS�/LPLW�6ZLWFK�2XWSXW

�� %URZQ �QRW�FRQQHFWHG�

�� %ODFN .QHH�0RWRU����

�� :KLWH .QHH�0RWRU����

�� *UD\ .QHH�/LPLW�6ZLWFK�9FF

�� 3XUSOH .QHH�/LPLW�6ZLWFK�2XWSXW

�� %OXH )RRW�6ZLWFK�9FF

�� *UHHQ )RRW�6ZLWFK�*1'

�� <HOORZ )RRW�6ZLWFK�2XWSXW

�� 2UDQJH �QRW�FRQQHFWHG�

�� 5HG �QRW�FRQQHFWHG�

�� %URZQ �QRW�FRQQHFWHG�

7DEOH�����/HJ�&RQQHFWRU�:LULQJ
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3LQ &DEOH�&RORU 'HVFULSWLRQ

� %ODFN /HIW�0LFURSKRQH�2XWSXW

� :KLWH /HIW���5LJKW�0LFURSKRQH�*URXQG

� *UD\ 5LJKW�0LFURSKRQH�2XWSXW

� 3XUSOH �QRW�FRQQHFWHG�

� %OXH /HIW�3KRWRFHOO�2XWSXW

� *UHHQ /HIW���5LJKW�3KRWRFHOO�*URXQG

� <HOORZ 5LJKW�3KRWRFHOO�2XWSXW

� 2UDQJH �QRW�FRQQHFWHG�

� 5HG /HIW�)URQW�,5�3RZHU

�� %URZQ /HIW�)URQW�,5�*URXQG

�� %ODFN 5LJKW�)URQW�,5�3RZHU

�� :KLWH 5LJKW�)URQW�,5�*URXQG

�� *UD\ �QRW�FRQQHFWHG�

�� 3XUSOH �QRW�FRQQHFWHG�

�� %OXH /HIW�6LGH�,5�3RZHU

�� *UHHQ /HIW�6LGH�,5�*URXQG

�� <HOORZ 5LJKW�6LGH�,5�3RZHU

�� 2UDQJH 5LJKW�6LGH�,5�*URXQG

�� 5HG �QRW�FRQQHFWHG�

�� %URZQ �QRW�FRQQHFWHG�

�� %ODFN /HIW�)URQW�,5�'HWHFWRU����IURP�FHQWHU�WR�RXWVLGH�

�� :KLWH /HIW�)URQW�,5�'HWHFWRU��

�� *UD\ /HIW�)URQW�,5�'HWHFWRU��

�� 3XUSOH /HIW�)URQW�,5�'HWHFWRU�3RZHU

�� %OXH /HIW�)URQW�,5�'HWHFWRU�*URXQG

�� *UHHQ �QRW�FRQQHFWHG�

�� <HOORZ �QRW�FRQQHFWHG�

�� 2UDQJH �QRW�FRQQHFWHG�

�� 5HG �QRW�FRQQHFWHG�

�� %URZQ 5LJKW�)URQW�,5�'HWHFWRU����IURP�FHQWHU�WR�RXWVLGH�

�� %ODFN 5LJKW�)URQW�,5�'HWHFWRU��

�� :KLWH 5LJKW�)URQW�,5�'HWHFWRU��

�� *UD\ 5LJKW�)URQW�,5�'HWHFWRU�3RZHU

�� 3XUSOH 5LJKW�)URQW�,5�'HWHFWRU�*URXQG

�� %OXH �QRW�FRQQHFWHG�

�� *UHHQ �QRW�FRQQHFWHG�

�� <HOORZ �QRW�FRQQHFWHG�

�� 2UDQJH �QRW�FRQQHFWHG�

�� 5HG /HIW�6LGH�,5�'HWHFWRU����IURP�IURQW�WR�EDFN�

�� %URZQ /HIW�6LGH�,5�'HWHFWRU��

�� %ODFN /HIW�6LGH�,5�'HWHFWRU�3RZHU
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�� :KLWH /HIW�6LGH�,5�'HWHFWRU�*URXQG

�� *UD\ �QRW�FRQQHFWHG�

�� 3XUSOH �QRW�FRQQHFWHG�

�� %OXH 5LJKW�6LGH�,5�'HWHFWRU����IURP�IURQW�WR�EDFN�

�� *UHHQ 5LJKW�6LGH�,5�'HWHFWRU��

�� <HOORZ 5LJKW�6LGH�,5�'HWHFWRU�3RZHU

�� 2UDQJH 5LJKW�6LGH�,5�'HWHFWRU�*URXQG

�� 5HG �QRW�FRQQHFWHG�

�� %URZQ �QRW�FRQQHFWHG�

7DEOH�����6HQVRU�&RQQHFWRU�:LULQJ
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Front Plate

Base Plate

6"

2"

1"
2"

60°

1"

60°

60°

7 7
16" 7 7

16"

1
2 "

32
23"

1
2 "

2"

3 1
2 "

3 1
2 "

3" 12"

1115
16"

)LJXUH������&KDVVLV�'HVLJQ
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$SSHQGL[�'���3DUWV��0DQXIDFWXUHUV��DQG�3ULFH�/LVW

&RPSDQ\ 3KRQH�1XPEHU

�����4XDQWLW\ 2UGHU�1XPEHU 'HVFULSWLRQ 3ULFH����HDFK�

&*1�&RPSDQ\ ��������������

� 0��+&���(� 0LFURFRQWUROOHU �����

� &*1���� %DVLF�+&���VPDUW�VRFNHW �����

� &*1�������� 56����([SDQGHG�PRGH �����

VPDUW�VRFNHW

6WHUOLQJ�(OHFWURQLFV ��������������

� /���% +�EULGJH�LQWHJUDWHG�FLUFXLW ����

�� 6KDUS�*3�8��; ,5�UHFHLYHU�XQLW ����

�� */��� ����QP�,5�/(' ����

$OOLHG�+REELHV ��������������

� 3DQGD�4XLFN�&KDUJHU EDWWHU\�FKDUJHU �����

� 3URJUHVVLYH�7HFK���� ���9����$�KU�1L&DG�EDWWHU\ �����

� 7DPL\D�%DWWHU\�&DEOH EDWWHU\�FRQQHFWRU ����

'LJL�.H\ ��������������

� 3����1' PLQL�5HG�/(' ���������

� 3����1' PLQL�*UHHQ�/(' ���������

� 3����1' PLQL�$PEHU�/(' ���������

� �0�����1' 7(;722/�=HUR�,QVHUWLRQ �����

)RUFH�,&�6RFNHW

� 650�����/&��1' ���.����.�[����&026 �����

6WDWLF�5$0������QV�

� ��&�������-�1' ���.����.�[����&026 ����

(3520������QV�

� '0��/6��1�1' $1'�JDWH ����

� '0��/6��1�1' 1$1'�JDWH ����

� /0���1���1' /RZ�9ROWDJH�$XGLR�3RZHU ����

$PSOLILHU

� /0���&1�1' 'XDO�7LPHU ����
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�� �1���� ��9��$�5HFWLILHU ���������

� %&�$$/�1' ��$$�EDWWHU\�KROGHU ����

� 3�����1' (OHFWUHW�&RQGHQVHU ����

0LFURSKRQH�&DUWULGJH

�� &.1�����1' 0RPHQWDU\�2II�0RPHQWDU\ ����

63'7�7RJJOH�6ZLWFK

� &.�����1' 2Q�2Q�63'7�3XVKEXWWRQ ����

6ZLWFK

� ('�����1' ���SLQ�6WULS�6RFNHW ����

� &.5��*�1' ���SLQ�6RFNHW�&RQQHFWRU ����

� &.5��*�1' ���SLQ�6RFNHW�&RQQHFWRU ����

� &.5��*�1' ���SLQ�6RFNHW�&RQQHFWRU ����

� &+:��*�1' ���SLQ�3URWHFWHG�+HDGHU ����

� &+:��*�1' ���SLQ�3URWHFWHG�+HDGHU ����

� &+:��*�1' ���SLQ�3URWHFWHG�+HDGHU ����

� ('�����1' ��SLQ�'XDO�,Q�/LQH�:LUH ����

:UDS�6RFNHW

� ('�����1' ���SLQ�'XDO�,Q�/LQH�:LUH ����

:UDS�6RFNHW

� ('�����1' ���SLQ�'XDO�,Q�/LQH�:LUH ����

:UDS�6RFNHW

� ('�����1' ���SLQ�'XDO�,Q�/LQH�:LUH ����

:UDS�6RFNHW

� ('�����1' ���SLQ�'XDO�,Q�/LQH�:LUH ����

:UDS�6RFNHW

� $�����1' '%��)HPDOH�&RQQHFWRU ����

1HZDUN�(OHFWURQLFV ��������������

� ��)����������� +RQH\ZHOO�3ODVWLF ����

'DUOLQJWRQ�2SWR�6ZLWFK

+	5�&RPSDQ\ ��������������

�� 70��075���� *HDUKHDG�0RWRU����9'& ����

����530

6ZDUWKPRUH�&ROOHJH�(QJLQHHULQJ�'HSDUWPHQW

� �������� ���.����.�[����6WDWLF�5$0

� &G6�3KRWRFHOO
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� 3$/��/� 3URJUDPPDEOH�/RJLF�$UUD\

� 3$/��5� 3URJUDPPDEOH�/RJLF�$UUD\

� ����:�5HVLVWRU

�� �.�:�5HVLVWRU

� �.�:�5HVLVWRU

� ���.�:�5HVLVWRU

� ���.�:�5HVLVWRU

�� ��.�:�5HVLVWRU

� ��.�:�5HVLVWRU

� ��.�:�5HVLVWRU

� ���.�:�5HVLVWRU

�� ������P)�&DSDFLWRU

� �������P)�&DSDFLWRU

� ���P)�&DSDFLWRU

� 2Q�2Q��3'7�6ZLWFK

� ������ZLUH�5LEERQ�&DEOH

� �
����ZLUH�5LEERQ�&DEOH

� �
����ZLUH�5LEERQ�&DEOH

� $$�EDWWHU\

� +DOO�(IIHFW�0LFURVZLWFK

�� /('�+ROGHU



��

*ORVVDU\

$�' $QDORJ�WR�'LJLWDO�FRQYHUWHU���$�GHYLFH�ZKLFK�VDPSOHV

DQDORJ�VLJQDOV�DQG�FRQYHUWV�WKHP�WR�D�GLJLWDO�YDOXH�E\

VDPSOLQJ��WKH�FRQYHUVLRQ�KDV�D�IL[HG�UHVROXWLRQ��

DIIHUHQW $�SULPDU\�VHQVRU\�QHXURQ�ZKLFK�WUDQVGXFHV�D�VWLPXOXV�LQWR

DQ�HOHFWURFKHPLFDO�VLJQDO�

$, $UWLILFLDO�,QWHOOLJHQFH���7KH�VWXG\�RI�FUHDWLQJ�PDFKLQHV�RU

FRPSXWHU�SURJUDPV�ZKLFK�H[KLELW�VLJQV�RI�KLJKHU

LQWHOOLJHQFH�

EHKDYLRU $Q�DFWLRQ�RU�SURFHVV�ZKLFK�LV�DFWLYDWHG�E\�VHQVRU\�LQSXW�

&23 &RPSXWHU�2SHUDWLQJ�3URSHUO\���$Q�SHULRGLFDOO\�JHQHUDWHG

LQWHUUXSW�ZKLFK�WHVWV�LI�WKH�PLFURSURFHVVRU�LV�VWLOO�RSHUDWLQJ

FRUUHFWO\�

&3* &HQWUDO�3DWWHUQ�*HQHUDWRU���1HXURQDO�FORFN�RU�SDFHPDNHU

DEOH�WR�RVFLOODWH�LQ�WKH�DEVHQFH�RI�VWLPXODWLRQ�

&38 &HQWUDO�3URFHVVLQJ�8QLW���7KH�VXE�V\VWHP�UHVSRQVLEOH�IRU

UHDGLQJ�DQG�H[HFXWLQJ�FRGH�

'63 'LJLWDO�6LJQDO�3URFHVVRU���$�SURFHVVRU�FDSDEOH�RI

SHUIRUPLQJ�IDVW�RSHUDWLRQV�RQ�GLJLWDO�VLJQDOV�

(3520 (UDVDEOH�3URJUDPPDEOH�5HDG�2QO\�0HPRU\���0HPRU\�WKDW

PD\�EH�SURJUDPPHG�DQG�WKHQ�UHDG���7KH�PHPRU\�PD\�EH

WRWDOO\�HUDVHG�E\�H[SRVXUH�WR�XOWUD�YLROHW�OLJKW�

((3520 (OHFWULFDOO\�(UDVDEOH�3URJUDPPDEOH�5HDG�2QO\�0HPRU\�

0HPRU\�WKDW�PD\�EH�SURJUDPPHG�XVLQJ�KLJK�HOHFWULFDO

YROWDJHV���/RZHU�YROWDJHV�DUH�XVHG�WR�DOORZ�WKH�PHPRU\�WR

EH�UHDG�

JDQJOLRQ��SO���D� $�NQRW�OLNH�PDVV�RI�QHUYRXV�WLVVXH�FRQVLVWLQJ�RI�QHUYH�FHOO

ERGLHV�ZKLFK�WUDQVPLW���UHFHLYH�QHUYH�LPSXOVHV�

KLS 7KH�SDUW�RI�WKH�OHJ�PRXQWHG�WR�WKH�FKDVVLV�ZKLFK�DOORZV�WKH

OHJ�WR�URWDWH�IRUZDUGV���EDFNZDUGV�SURSHOOLQJ�WKH�URERW�

,& ,QSXW�&DSWXUH���$������IXQFWLRQ�ZKLFK�JHQHUDWHV�DQ

LQWHUUXSW�RU�FKDQJHV�WKH�YDOXH�RQ�DQ�H[WHUQDO�SLQ�ZKHQ�DQ

LQWHUQDO�VWDWH�PDWFKHV�D�VSHFLILHG�VWDWH�

,QWHUDFWLYH�& $������VSHFLILF�LPSOHPHQWDWLRQ�RI�WKH�&�ODQJXDJH�ZKLFK

DOORZV�PXOWL�WDVNLQJ���,QWHUDFWLYH�&�LV�DYDLODEOH�YLD

DQRQ\PRXV�IWS�IURP�WKH�0,7�0HGLD�/DERUDWRU\�VHUYHU

FKHUXSDNKD�PHGLD�PLW�HGX�
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LQWHUQHXURQ $�QHXURQ�ZKLFK�SURFHVVHV�DQG�WUDQVPLWV�VLJQDOV�DPRQJ

RWKHU�QHXURQV�

LQWHUUXSW $�VLJQDO�ZKLFK�FDXVHV�WKH�SURFHVVRU�WR�VDYH�LWV�VWDWH�DQG

EHJLQ�H[HFXWLRQ�RI�D�VSHFLDO�VHFWLRQ�RI�FRGH���,QWHUUXSWV�DUH

JHQHUDOO\�XVHG�WR�KDQGOH�H[WHUQDO�HYHQWV�HIILFLHQWO\�

,5 ,QIUD5HG�

NQHH 7KH�SDUW�RI�WKH�OHJ�PRXQWHG�EHORZ�WKH�URERW
V�ERG\�ZKLFK

DOORZV�WKH�OHJ�WR�OLIW���ORZHU�

/(' /LJKW�(PLWWLQJ�'LRGH

PHWDFKURQDO 3URSDJDWLQJ�IRUZDUG��LH��LQ�WKH�GLUHFWLRQ�RI�PRWLRQ��

0,7 0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\

0X/,5 0XOWL�/HJJHG�,QWHUDFWLYH�5RERW�

2& 2XWSXW�&RPSDUH���$������IXQFWLRQ�ZKLFK�JHQHUDWHV�DQ

LQWHUUXSW�RU�VHWV�D�IODJ�ZKHQ�D�VSHFLILHG�H[WHUQDO�VWDWH

FKDQJH�RFFXUV�

3$/ 3URJUDPPDEOH�$UUD\�/RJLF���$�GHYLFH�ZKLFK�PD\�EH

SURJUDPPHG�E\�HOHFWULFDOO\�EORZLQJ�IXVHV�WR�FUHDWH�VSHFLILF

FRPELQDWRULDO�ORJLF�DUUDQJHPHQWV�

SHULVWDOWLF 2I�FRQWUDFWLRQV�DQG�GLODWLRQV�UHVXOWLQJ�LQ�IRUZDUG�PRWLRQ�

SURSULRFHSWLRQ /LWHUDOO\��VHQVH�RI�RQH
V�RZQ����,Q�QHXURELRORJ\��D�VHQVH�RI

PXVFOH�WHQVLRQ�DQG�PRWLRQ�

3:0 3XOVH�:LGWK�0RGXODWLRQ���$�PHWKRG�IRU�FRQWUROOLQJ�PRWRU

VSHHG�ZKLOH�FRQVHUYLQJ�HQHUJ\�

5$0 5DQGRP�$FFHVV�0HPRU\���0HPRU\�WKDW�PD\�EH�UHDG��

ZULWWHQ�DW�DQ\�ORFDWLRQ�

UHJLVWHU 6SHFLDO�RQ�FKLS�PHPRU\�XVHG�IRU�KROGLQJ�LQWHUPHGLDU\

GDWD�

VDJLWWDO ,Q�GLVVHFWLRQ��D�SODQH�RI�GLYLVLRQ�GHILQHG�E\�D�GRUVDO�WR

YHQWUDO�DQG�DQ�DQWHULRU�WR�SRVWHULRU�OLQH�

6&, 6HULDO�&RPPXQLFDWLRQ�,QWHUIDFH���7KH������VXE�V\VWHP

ZKLFK�DOORZV�FRPPXQLFDWLRQ�ZLWK�DQRWKHU�FRPSXWHU�RYHU�D

VHULDO�OLQN�

63'7 6LQJOH�3ROH��'RXEOH�7HUPLQDO�6ZLWFK�

63, 6HULDO�3HULSKHUDO�,QWHUIDFH���7KH������VXE�V\VWHP�ZKLFK

DOORZV�LQWHUSURFHVVRU�FRPPXQLFDWLRQ�RU�H[WHUQDO�SHULSKHUDO

FRQWURO���7KH�63,�VXE�V\VWHP�XVHV�D�0DVWHU���6ODYH

KDQGVKDNLQJ�SURWRFRO�ZKLFK�DOORZV�RQO\�RQH�V\VWHP�WR

FRQWURO�WKH�63,�GDWD�OLQH�



*ORVVDU\

��

6367 6LQJOH�3ROH��6LQJOH�7HUPLQDO�6ZLWFK�

6XEVXPSWLRQ�$UFKLWHFWXUH $�ERWWRP�XS�SURJUDPPLQJ�PRGHO�ZKLFK�DOORZV�EHKDYLRUV

WR�EH�HDVLO\�LPSOHPHQWHG���%HKDYLRUV�KDYH�SULRULWLHV��D

KLJKHU�SULRULW\�EHKDYLRU�ZLOO�VXEVXPH�D�ORZHU�SULRULW\

FRQIOLFWLQJ�EHKDYLRU���1RQH�FRQIOLFWLQJ�EHKDYLRUV�IXVH

�EHKDYLRU�IXVLRQ��WR�FUHDWH�QHZ�PRUH�FRPSOH[�EHKDYLRUV�

VZLPPHUHW ,Q�FUD\ILVK��RQH�RI�D�VHW�RI�VPDOO�SDGGOH�OLNH�DSSHQGDJHV

ORFDWHG�XQGHU�WKH�DEGRPHQ�ZKLFK�DLG�LQ�VZLPPLQJ�

72) 7LPHU�2YHUIORZ���$Q�LQWHUUXSW�JHQHUDWHG�ZKHQ�WKH������RQ�

FKLS�WLPHU�JRHV�IURP�LWV�PD[LPXP����ELW�YDOXH���������WR

����)RU�WKH�VHWWLQJV�XVHG�LQ�WKLV�LPSOHPHQWDWLRQ��WKH�WLPHU

RYHUIORZV�HYHU\��������PV�

8$57 8QLYHUVDO�$V\QFKURQRXV�5HFHLYHU���7UDQVPLWWHU���$�����

VXE�V\VWHP�ZKLFK�FRQWUROV�RXWSXW�IURP�WKH�6&,�
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%LEOLRJUDSK\

'
$QJHOR����7KH�FRPLQJ�RI�WKH�5RERW�$QW����&DUQHJLH�0HOORQ�8QLYHUVLW\�$OXPQL

0DJD]LQH��-XO\�������

'HU\��0DUN����7HUPLQDWRUV����5ROOLQJ�6WRQH��-XQH�����������

'HZGQH\��$��.����,QVHFWRLGV�,QYDGH�D�)LHOG�RI�5RERWV����6FLHQWLILF�$PHULFDQ��-XO\��������

)UHHGPDQ��'DYLG�+����,QYDVLRQ�RI�WKH�,QVHFW�5RERWV����'LVFRYHU��0DUFK��������

+&�����0��+&���(�6HULHV���7HFKQLFDO�'DWD���0RWRUROD�������

,QWHUQDWLRQDO�-RLQW�&RQIHUHQFH�RQ�1HXUDO�1HWZRUNV���9ROXPH�,���,(((�������

-RQHV��-RVHSK�/��DQG�$QLWD�0��)O\QQ���0RELOH�5RERWV���,QVSLUDWLRQ�WR�,PSOHPHQWDWLRQ�

$.�3HWHUV�������

.URWNRY��(��3���5��*��6LPPRQV��DQG�:��/��:KLWWDNHU����$PEOHU���3HUIRUPDQFH�RI�D�6L[�

/HJJHG�3ODQHWDU\�5RYHU����,QWHUQDWLRQDO�$VWURQDXWLFDO�)HGHUDWLRQ�������

/XGHPDQ��/RQQLH�&���)XQGDPHQWDOV�RI�'LJLWDO�6LJQDO�3URFHVVLQJ���-RKQ�:LOH\��6RQV�

�����

0DFKLQH�,QWHOOLJHQFH�DQG�$XWRQRP\�IRU�$HURVSDFH�6\VWHPV���(GLWHG�E\���(ZDOG�+HHU�DQG

+HQU\�/XP���$PHULFDQ�,QVWLWXWH�RI�$HURQDXWLFV�DQG�$VWURQDXWLFV�������

0��+&�����5HIHUHQFH�0DQXDO���0RWRUROD�������

0F&RPE��*RUGRQ���7KH�5RERW�%XLOGHU
V�%RQDQ]D���7DE�%RRNV�������

0RQDVWHUVN\��5LFKDUG����7KH�,QIHUQR�5HYLVLWHG����6FLHQFH�1HZV���9ROXPH������

3RROH��+DUU\�+���)XQGDPHQWDOV�RI�5RERWLFV�(QJLQHHULQJ��������

7KH�5RERW
V�'LOHPPD���(GLWHG�E\���=HQRQ�:��3\O\VK\Q���$EOH[�3XEOLVKLQJ�������

5DLEHUW��0DUF�+���/HJJHG�5RERWV�7KDW�%DODQFH���0,7�3UHVV�������

5RERW�'HVLJQ�+DQGERRN���65,�,QWHUQDWLRQDO���(GLWHG�E\���*HUU\�%��$QGHHQ��������

5RERW�0RWLRQ���3ODQQLQJ�DQG�&RQWURO���(GLWHG�E\���0LFKDHO�%UDG\�>HW�DO�@��������

5RVHQWKDO��'RQDOG�$��DQG�0DUN�'��-RKQVWRQ����$�6\VWHP�$UFKLWHFWXUH�IRU�D�+LJKO\

$XWRQRPRXV�0DUV�5RYHU����,QWHUQDWLRQDO�$VWURQDXWLFDO�)HGHUDWLRQ�������
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6FKRQGRUI��6WHYHQ�<��DQG�-RKQ�(��*LOEHUW����'HVLJQ�RI�D�)LYH�.LORJUDP�0DUV�0LFUR�

5RYHU����,QWHUQDWLRQDO�$VWURQDXWLFDO�)HGHUDWLRQ�������

6HOYHUVWRQ��$OOHQ�,����$�FRQVLGHUDWLRQ�RI�LQYHUWHEUDWH�FHQWUDO�SDWWHUQ�JHQHUDWRUV�DV

FRPSXWDWLRQDO�GDWD�EDVHV����1HXUDO�1HWZRUNV��9ROXPH������������

6RQJ��6KLQ�0LQ�DQG�.HQQHWK�-��:DOGURQ���0DFKLQHV�WKDW�:DON���7KH�$GDSWLYH

6XVSHQVLRQ�9HKLFOH��������

7KHRU\�DQG�3UDFWLFH�RI�5RERWV�DQG�0DQLSXODWRUV���3URFHHGLQJV�RI�5R0DQ6\�
����WKH�)LIWK

&,60�,)7R00�6\PSRVLXP���(GLWHG�E\���0RUHFNL��%LDQFKL��.HG]LRU��������

7RGG��'DYLG�-���:DONLQJ�PDFKLQHV���$Q�,QWURGXFWLRQ�WR�/HJJHG�5RERWV��������

:DOOLFK��3DXO����6LOLFRQ�%DELHV����6FLHQWLILF�$PHULFDQ��-XO\�������

:LOVRQ��'RQDOG�0����,QVHFW�:DONLQJ��LQ�7KH�2UJDQL]DWLRQ�RI�$FWLRQ���$�1HZ�6\QWKHVLV�

(GLWHG�E\�&�5��*DOOLVWHO���/DZUHQFH�(UOEDXP�$VVRFLDWHV�������

:RONRPLU��5LFKDUG����:RUNLQJ�WKH�EXJV�RXW�RI�D�QHZ�EUHHG�RI�
LQVHFW
�URERWV��

6PLWKVRQLDQ��-XQH�������
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,QGH[

$�'���������������¤������

DIIHUHQWV��������

DVVHPEO\�ODQJXDJH����

EHKDYLRU�IXVLRQ�����������

EHKDYLRUV���¤��������¤������¤������

ERWWRP�XS�SURJUDPPLQJ���

FRPPXQLFDWLRQ

LQWHUSURFHVVRU��������¤����������

UHPRWH��������

&3*��������

GHVLJQ

FKDVVLV�������¤��

FRQWURO

VRIWZDUH����

OHJ���¤��

KLS�������

NQHH�������¤������¤��

VRIWZDUH����¤������

VHQVRU���

KDUGZDUH����¤������

VRIWZDUH����¤������

IDXOW�WROHUDQFH����

IRRW�VZLWFK�PRXQWLQJ�SODWH����

JDLWV����¤��

DOWHUQDWLQJ�WULSRG����

ELRORJLFDO��������

LQVHFW����¤��

FODVVLILFDWLRQ����

GLDJRQDO�SDLUV����¤������

PHWDFKURQDO������������

GHILQHG����

UXOHV����

VWXG\����¤��

JDQJOLRQ����¤����������

JRDOV������

LQVLJKW���

OHJ�GHVLJQ���

+�EULGJH������������

LQSXW�FDSWXUH��������

LQWHUUXSWV��������������������¤������

0��+&��(9%�(YDOXDWLRQ�%RDUG����

PHPRU\�PDS��������

RFFOXVLRQ�SODWH�������
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RSHQ�ORRS�GHVLJQ����

RSHUDWLQJ�PRGHV����

RXWSXW�FRPSDUH��������

SDFHPDNHU����

SRVWXUH����

SUH�HPSWLYH�PXOWLWDVNLQJ����

SURFHVVRU�RUJDQL]DWLRQ������������������

3URJUDPPDEOH�$UUD\�/RJLF����������������

SURSULRFHSWLYH�IHHGEDFN��������

GHILQHG����

SXOVH�ZLGWK�UDWLR����

3:0��������¤������

UHJLVWHUV��������

VHQVRULPRWRU�VNLOOV���

VHQVRUV����¤������

VWDELOLW\����

VXEVXPSWLRQ�DUFKLWHFWXUH������¤���������¤������

WLPHU�RYHUIORZ��������

WUDGLWLRQDO�URERWLFV���

ZDLW��������

ZRUOG�PRGHOLQJ�DQG�SODQQLQJ���


