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8QFRPSHQVDWHG� WKHUPRPHFKDQLFDO� HUURUV� LQ� ODVHU� WUDFNLQJ� LQWHUIHURPHWHUV� DUH� H[DPLQHG� E\
HYDOXDWLQJ�WKH�GLIIHUHQFH�EHWZHHQ�WUDFNLQJ�LQWHUIHURPHWHU�FRPSHQVDWLRQV�LQ�D�FRQWUROOHG�ODERUDWRU\
HQYLURQPHQW�YHUVXV�EHLQJ�FRPSHQVDWHG� LQ�D� IDFWRU\�HQYLURQPHQW�� �7KH�K\SRWKHVLV�XQGHU� WHVW�ZDV
WKDW�FRPSHQVDWLRQ�LQ�D�IDFWRU\�HQYLURQPHQW�GRHV�QRW�DGYHUVHO\�DIIHFW��DQG�PD\�DFWXDOO\�LPSURYH��WKH
XQFHUWDLQW\�RI�ODVHU�WUDFNHU�V\VWHPV�� �7KLV�K\SRWKHVLV�ZDV�FRQILUPHG�E\�PHDVXULQJ�D�VWDQGDUG��L�H��
OLQHDU� LQWHUIHURPHWHU�� XVLQJ� ODERUDWRU\�FRPSHQVDWHG� DQG� FHUWLILHG� LQVWUXPHQWV�� DQG� WKHQ
FRPSHQVDWLQJ�WKH�LQVWUXPHQW�LQ�WKH�IDFWRU\�HQYLURQPHQW�DQG�UH�PHDVXULQJ�WKH�VWDQGDUG���7KH�UHVXOWV
VKRZHG� WKDW� LQ�VKRS� FRPSHQVDWLRQ� JHQHUDWHV� OHVV� YDULDWLRQ� LQ� WKH� PHDVXUHPHQW� RI� WKH� VWDQGDUG
ZKHQ�FRPSDUHG�WR�WKH�ODERUDWRU\�FRPSHQVDWHG�DQG�FHUWLILHG�LQVWUXPHQWV���&HUWLILHG�ZHDWKHU�VWDWLRQV
DUH�XVHG�WR�FRPSHQVDWH�IRU�WKH�XQFRQWUROOHG�DWPRVSKHULF�HIIHFWV�RQ�WKH�UDQJH�PHDVXUHPHQW�� �7KH
VWDQGDUG�FDOLEUDWLRQ�PHDVXUHPHQWV� LQFOXGH���� WZR�IDFH�DQG���� WHPSHUDWXUH�FRPSHQVDWHG�VFDOH�EDU
SRVLWLRQV�� � 7KH� FRPSDULVRQ� RI� WZR�IDFH� UHVXOWV� VKRZHG� WKDW� LQ�VKRS� FRPSHQVDWLRQ� UHGXFHG� WKH
YDULDQFH� LQ� SRLQWLQJ�HUURU� LQGXFHG� E\� XQFRPSHQVDWHG� WKHUPDO�PHFKDQLFDO� FKDQJHV� IURP� WKH
ODERUDWRU\�� � 7KH� HIIRUW� GHPRQVWUDWHV� WKDW� VKRS� IORRU� FRPSHQVDWLRQ� RI� D� ODVHU� WUDFNHU� SURGXFHV� D
PRUH� UHOLDEOH� DQG�DFFXUDWH� LQVWUXPHQW� WKDQ�XVLQJ� WKH� VDPH� LQVWUXPHQW� FRPSHQVDWHG� DW� ODERUDWRU\
WHPSHUDWXUH� DQG� WKHQ� XVHG� DW� GLIIHUHQW� DPELHQW� WHPSHUDWXUHV�� � 7KH� UHVXOWV� VKRZ� XQFRPSHQVDWHG
WKHUPRPHFKDQLFDO�HUURUV�RI�ODVHU�WUDFNHU�V\VWHPV�SURGXFH�OHVV�WKDQ�RSWLPXP�DQJXODU�PHDVXUHPHQWV�
&RPSHQVDWLRQ�RQ�WKH�VKRS�IORRU�HOLPLQDWHV�PRVW�RI�WKHVH�HUURUV�

.H\ZRUGV�� Compensate, Calibrate, Certification, Laser Tracking Interferometer, and Uncertainty

1. INTRODUCTION
7KH� ORQJ�VWDQGLQJ�SUDFWLFH�RI�FDOLEUDWLQJ�PHWURORJ\� V\VWHPV� LQ� D� FRQWUROOHG� ODERUDWRU\�SULRU� WR� LWV
XVH�LQ�IDFWRU\�DSSOLFDWLRQV�LV�EHLQJ�FKDOOHQJHG���&RPSHQVDWLQJ�DQG�FDOLEUDWLQJ�RQ�WKH�IDFWRU\�IORRU�LV
SURYLGLQJ� LPSURYHG� XQFHUWDLQWLHV� DQG� JUHDWHU� V\VWHP� XWLOL]DWLRQ�� � 2SWLFDO� PHWURORJ\� V\VWHP
GHYHORSHUV�DUH� LQWHJUDWLQJ� VRIWZDUH�SURFHVVHV� WKDW� DUH�DEOH� WR� OHDG�RSHUDWRUV� WKURXJK�VSHFLILF�GDWD
FROOHFWLRQ�VWHSV� IRU�FRPSHQVDWLRQ�DOJRULWKPV�� �7KH�SURFHVV� VWDWLVWLFDOO\� VROYHV� IRU� HQYLURQPHQWDOO\
VHQVLWLYH� DOLJQPHQW� SDUDPHWHUV� DQG� WKHQ� SURYLGHV� D� UHSRUW� WKDW� GRFXPHQWV� WKH� KHDOWK� RI� WKH
DOLJQPHQW���7KLV�UHSRUW�SURYLGHV�D�PHFKDQLVP�IRU�HVWDEOLVKLQJ�D�FRQWUROOHG�WUDFHDEOH�SURFHVV�WKDW�FDQ
VDWLVI\� FHUWLILFDWLRQ� UHTXLUHPHQWV�� � 7KLV� SDSHU� GRFXPHQWV� WKH� WHVWV� DQG� UHVXOWV� IRU� RQH� SDUWLFXODU
RSWLFDO�PHWURORJ\�V\VWHP��/DVHU�7UDFNLQJ�,QWHUIHURPHWHUV�



2. LASER TRACKING INTERFEROMETER DESCRIPTION
$�ODVHU�WUDFNLQJ� LQWHUIHURPHWHU�V\VWHP�SURYLGHV�UHDO�WLPH�WKUHH�GLPHQVLRQDO�PHDVXUHPHQWV� LQ� ODUJH
YROXPHV�� � ,W� LV� SRUWDEOH� DQG� HDVLO\�PRYHG� WR� WKH�PHDVXUHPHQW� VLWH�� � /DVHU� WUDFNHUV� DUH� VSKHULFDO
PHDVXUHPHQW�V\VWHPV�WKDW�PHDVXUH�D�WKUHH�GLPHQVLRQDO�ORFDWLRQ�RI�D�UHWURUHIOHFWRU���,W�UHFRUGV�WKH
SRVLWLRQ�RI�WKH�UHWURUHIOHFWRU�XVLQJ�D�VLQJOH�EHDP�LQWHUIHURPHWHU��,)0���XVXDOO\�D�+H1H�ODVHU��WR�ILQG
LWV� UDQJH�ZKLOH� RSWLFDO� HQFRGHUV� WR� ILQG� WKH� KRUL]RQWDO� DQG� YHUWLFDO� DQJXODU� SRVLWLRQV�� � 7KH�PDMRU
FRPSRQHQWV�RI�WKH�V\VWHP�DUH�WKH�VHQVRU�XQLW��L�H���PHDVXUHPHQW�KHDG���WKH�ODVHU�WUDFNHU�FRQWUROOHU�
DQ�DSSOLFDWLRQ�SURFHVVRU��DQ�HQYLURQPHQWDO�PRQLWRU��DQG�WKH�UHWURUHIOHFWRU�>�@�

7KH�VHQVRU�XQLW�UHDGV�WKH�UDZ�DQJOHV�DQG�GLVWDQFHV�WR�WKH�UHWURUHIOHFWRU���7KH�ODVHU�WUDFNHU�KHDGV�XVH
HLWKHU�D�WLOWLQJ�PLUURU�RU�D�SULVP�WR� VWHHU� WKH�+H1H��,)0��DQG�D�SRVLWLRQ�VHQVLQJ�GLRGH� WR� WUDFN�D
UHWURUHIOHFWRU�� �7KH�UHODWLYH�GLVWDQFH�RI� WKH�UHWURUHIOHFWRU� IURP�D�NQRZQ� ORFDWLRQ� LV�GHWHUPLQHG�E\
FRXQWLQJ� WKH� +H1H� LQWHUIHUHQFH� IULQJHV�� � ,I� WKH� +H1H� EHDP� LV� EURNHQ� LW� ORVHV� WUDFN� RI� WKH
UHWURUHIOHFWRU�DQG�WKH�PHDVXUHPHQW�ZLOO�KDYH�WR�EH�UHSHDWHG�

7KH� DSSOLFDWLRQ�SURFHVVRU� LV� XVXDOO\� D�SHUVRQDO� FRPSXWHU� WKDW� FRQWDLQV� V\VWHP� DOLJQPHQW� URXWLQHV
�L�H��� WKH� QXPHULFDO� FRPSHQVDWLRQ� WKDW� FRUUHFWV� RSWLFDO�PHFKDQLFDO� DOLJQPHQW�� LQ� DGGLWLRQ� WR
SURYLGLQJ�WKH�KXPDQ�LQWHUIDFH�

7KH� ODVHU� WUDFNHU� FRQWUROOHU� FRQWDLQV� LWV� RZQ� FHQWUDO� SURFHVVLQJ� XQLW�ZKLFK� DSSOLHV� HQYLURQPHQWDO
FRUUHFWLRQV� WR� WKH� DQJOH� DQG� GLVWDQFH� YDOXHV� PHDVXUHG� E\� WKH� DQJOH� HQFRGHUV� DQG� ,)0�
(QYLURQPHQWDO� IDFWRUV� VXFK�DV�FKDQJHV� LQ�DWPRVSKHULF�SUHVVXUH�� WHPSHUDWXUH�� DQG�KXPLGLW\� DIIHFW
WKH� ZDYHOHQJWK� RI� WKH� ,)0� DQG� DUH� FRUUHFWHG� E\� WKH� FRQWUROOHU�� � $FFXUDWH� HQYLURQPHQWDO
PHDVXUHPHQWV�DUH�XVXDOO\�DXWRPDWLF�LQSXW�IURP�DQ�HQYLURQPHQWDO�PRQLWRU�

/DVHU� WUDFNHUV�GHSHQG�XSRQ�D� UHWURUHIOHFWRU� IRU�PHDVXUHPHQW�� �7KH�RSHQ�DLU� UHWURUHIOHFWRU�KDV� DQ

DFFHSWDQFH�DQJOH�RI�r��q�IRU�WUDFNLQJ���,W�ZDV�FKRVHQ�EHFDXVH�LW�GRHV�QRW�JHQHUDWH�UHIUDFWLRQ�HUURUV
OLNH�WKH�JODVV�SULVP�DQG�FRVWV�PXFK�OHVV�WKDQ�D�FDW�H\H�UHIOHFWRU�

3. PROCESS DECRIPTION
&ODVVLF� FDOLEUDWLRQ�SURFHGXUHV� UHTXLUH� WKDW� ODVHU� WUDFNHU� SRLQWLQJ� FRPSHQVDWLRQ� DQG� FDOLEUDWLRQ� EH
SHUIRUPHG� RQO\� LQ� D� PHWURORJ\� ODERUDWRU\�� � 7KLV� YHU\� VWDEOH� HQYLURQPHQW� SURYLGHV� SUHFLVH
FRPSHQVDWLRQ�IRU�TXDQWLI\LQJ�PHFKDQLFDO�HUURU���7KH�GUDZEDFN�RI� ODERUDWRU\�FRPSHQVDWLRQ� LV� WKDW
WKH�DFWXDO�XVH�WHPSHUDWXUH�FDQ�EH�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH�WHPSHUDWXUH�LQ�WKH�ODERUDWRU\��DQG
WKLV� LQGXFHV� PHDVXUHPHQW� HUURU�� ,Q� JHQHUDO�� WHPSHUDWXUH� FKDQJHV� FDXVH� PLFURVFRSLF� PHFKDQLFDO
FKDQJHV�LQ�WKH�SUHFLVH�WUDFNHU�SRLQWLQJ�KHDG���7KHVH�FKDQJHV�FDQ�EH�PHDVXUHG�DQG�FRPSHQVDWHG�RQ
WKH� VKRS� IORRU�� ZKLFK� DOORZV� WKH� ODVHU� WUDFNLQJ� V\VWHP� WR� PDNH� RSWLPXP� PHDVXUHPHQWV�� � ,Q
VXPPDU\�� WKLV� SDSHU� H[DPLQHV� WKH� EDODQFH� EHWZHHQ� WKH� FODVVLF� FRPSHQVDWLRQ�PHWKRG� DQG� WKH� LQ�
VKRS� FRPSHQVDWLRQ�PHWKRG�� � 7KH� FODVVLF� FRPSHQVDWLRQ�PHWKRG� KDV� ORZ� XQFHUWDLQWLHV� DVVRFLDWHG
ZLWK�WKH�ODERUDWRU\�FRPSHQVDWLRQ�DQG�D�KLJKHU�XQFHUWDLQW\�DVVRFLDWHG�ZLWK�WKHUPRPHFKDQLFDO�HUURUV
ZKHQ�XVHG�DW�D�GLIIHUHQW�DPELHQW�WHPSHUDWXUH���,Q�VKRS�FRPSHQVDWLRQ�KDV�D�KLJKHU�XQFHUWDLQW\�IRU
FDOLEUDWLRQ� LQ� DQ� XQFRQWUROOHG� HQYLURQPHQW� DQG� D� ORZHU� XQFHUWDLQW\� IRU� WKHUPRPHFKDQLFDO� HUURUV
EHFDXVH�ERWK�FRPSHQVDWLRQ�DQG�DFWXDO�XVH�DUH�DW�WKH�VDPH�WHPSHUDWXUH�



7R� FDOLEUDWH� DQ� LQVWUXPHQW� �L�H��� FRPSDULVRQ� WR� D� VWDQGDUG�1� D� UHIHUHQFH�PXVW� SURYLGH� D� GHILQLWLYH
UHVXOW�WKDW�FDQ�EH�UHSHDWHG�DQG�EH�VKRZQ�WUDFHDEOH�WR�DQ�DFFHSWHG�VWDQGDUG [1]���,Q�WKLV�WHVW��WKH�OLQHDU
LQWHUIHURPHWHU�ZLWK�WKH�FDOLEUDWHG�ZHDWKHU�VWDWLRQ�LV�WKDW�VWDQGDUG�

7UDFHDELOLW\�PHDQV�WKDW�D�FHUWDLQ�PHDVXUHPHQW�LV�UHODWHG�E\�GRFXPHQWHG�PHDQV�WR�WKH�GHILQLWLRQ�RI
WKH�XQLW�RI�WKH�PHDVXUDQG���,Q�RWKHU�ZRUGV��WKH�PHDVXUHPHQW�LV�WUXVWHG�EHFDXVH�WKH�XQLW�LV�GHILQHG
DQG� H[SUHVVHG� WKURXJK� FRPSDULVRQ� WR� D� VWDQGDUG�� � $GGLWLRQDOO\�� WKH� PHDVXUHPHQW� LQVWUXPHQW
FRQIRUPV�ZLWKLQ�WKH�GHILQLWLRQ�RI�WKLV�XQLW�WR�D�OLPLWHG�XQFHUWDLQW\>�@�>�@�

4. HYPOTHESIS
7KH�K\SRWKHVLV�XQGHU�WHVW�LV�WKDW�FRPSHQVDWLRQ�LQ�D�IDFWRU\�HQYLURQPHQW�GRHV�QRW�DGYHUVHO\�DIIHFW
DQG�PD\�DFWXDOO\�LPSURYH�WKH�XQFHUWDLQW\�RI�ODVHU�WUDFNHU�V\VWHPV���7HVW�WKH�K\SRWKHVLV�E\�PHDVXULQJ
D� VWDQGDUG� �L�H��� OLQHDU� LQWHUIHURPHWHU�� XVLQJ� ODERUDWRU\�FRPSHQVDWHG� LQVWUXPHQWV�� � )ROORZLQJ� WKLV�
WKH� LQVWUXPHQW� LV� FRPSHQVDWHG� LQ� WKH� IDFWRU\� HQYLURQPHQW� DQG� WKH� VWDQGDUG� LV� UHPHDVXUHG�� � 7KH
UHVXOW� VKRXOG� VKRZ� WKDW� LQ�VKRS�FRPSHQVDWLRQ�JHQHUDWHV� OHVV� YDULDWLRQ� LQ� WKH�PHDVXUHPHQW�RI� WKH
VWDQGDUG�ZKHQ�FRPSDUHG�WR�WKH�FDO�FHUW�ODERUDWRU\�FRPSHQVDWHG�DQG�FHUWLILHG�LQVWUXPHQWV�

3HUIRUPLQJ� PHDVXUHPHQWV� ZLWK� WKH� LQVWUXPHQWV� LQ� WZR� RULHQWDWLRQV� WHVWV� WKH� H[LVWHQFH� RI
WKHUPRPHFKDQLFDO� HUURU�� � 0HDVXUHPHQWV� ´LQ�OLQHµ� ZLWK� WKH� LQWHUIHURPHWHU� VWDQGDUG� VKRXOG� VKRZ
OLWWOH��LI�DQ\��WKHUPRPHFKDQLFDO�HUURU����0HDVXUHPHQWV�DGMDFHQW�WR�WKH�LQWHUIHURPHWHU�VWDQGDUG�VKRXOG
VKRZ�VXEVWDQWLDO�WKHUPRPHFKDQLFDO�HUURU�

5. METHOD
7KH� WHVW� H[DPLQHG� WKUHH� ODERUDWRU\�FRPSHQVDWHG� DQG� FDOLEUDWHG� ODVHU� WUDFNHU� V\VWHPV� �ZLWK

DFFXUDFLHV�RI����SSP��V��DJDLQVW�D�FHUWLILHG�OLQHDU�LQWHUIHURPHWHU��ZLWK�DQ�DFFXUDF\�RI���SSP��V��RQ
DQ����IRRW�ORQJ�WHVW�UDLO�LQ�D�VKRS�HQYLURQPHQW�WKDW�ZDV�DW�OHDVW����GHJUHHV�)DUHQKHLW�GLIIHUHQW�IURP
WKH� FRPSHQVDWLRQ� ODERUDWRU\� WHPSHUDWXUH�� �$� VHULHV� RI� GDWD�ZHUH� FROOHFWHG� LQ� ERWK� WKH� UDGLDO� DQG
ODWHUDO�RULHQWDWLRQV�UHODWLYH�WR�WKH�LQWHUIHURPHWHU�RQ�WKH�WHVW�UDLO���)LJXUHV���DQG���VKRZ�WKH�UDGLDO�WHVW
VHWXS�� ILJXUHV� �� DQG� �� VKRZ� WKH� ODWHUDO� WHVW� VHWXS�� � 7KH� ODVHU� WUDFNHU� V\VWHPV� ZHUH� WKHQ� LQ�VKRS
FRPSHQVDWHG�XVLQJ�WKH�VXSSOLHU·V�URXWLQH��DQG�WKH�WHVW�ZDV�UHSHDWHG�

$�FRUQHU�FXEH�KROGLQJ�IL[WXUH��L�H���WDUJHW�VOHG²VHH�ILJXUH����ZDV�PRYHG�ELGLUHFWLRQDOO\�DORQJ�WKH�UDLO
E\� DQ� RSHUDWRU� ZKR� VWRSSHG� DW� URXJKO\� ILYH�IRRW� LQFUHPHQWV�� )RXU� LQGHSHQGHQW� UXQV� ZHUH
FRPSOHWHG�� �(DFK� LQVWUXPHQW� XWLOL]HG� HQYLURQPHQWDO�ZDYHOHQJWK� FRPSHQVDWLRQ��$W� HDFK� VWRS�� WKH
OLQHDU� LQWHUIHURPHWHU�PHDVXUHG� WKH�DFWXDO�GLVWDQFH�PRYHG� IURP�WKH� LQLWLDO� UHIHUHQFH�� �7KH� V\VWHPV
XQGHU�WHVW� �WKH�/7'�����DQG�RU�WKH�60;�������PHDVXUHG�WKHLU� WDUJHWV�DW�HDFK�VWRS�� �7KH� WUDFNHU
PHDVXUHPHQWV�DQG�OLQHDU�LQWHUIHURPHWHU�PHDVXUHPHQWV�ZHUH�WKHQ�FRPSDUHG���)RXU�VHWV�RI�GDWD�ZHUH
FROOHFWHG���(DFK�LQVWUXPHQW�XWLOL]HG�HQYLURQPHQWDO�ZDYHOHQJWK�FRPSHQVDWLRQ�

7KH�WUDFNLQJ�LQWHUIHURPHWHUV�ZHUH�WKHQ�FRPSHQVDWHG�LQ�WKH�IDFWRU\��DQG�ZHUH�DJDLQ�FDOLEUDWHG�WR�D
VWDQGDUG²WKH� HQYLURQPHQWDOO\�FRPSHQVDWHG� OLQHDU� LQWHUIHURPHWHU�� 7KH� GLIIHUHQFH� EHWZHHQ� HDFK
WUDFNLQJ� LQWHUIHURPHWHU� DQG� OLQHDU� LQWHUIHURPHWHU� YHUVXV� WKH� OLQHDU� LQWHUIHURPHWHU� GLVWDQFH� ZDV

                                                          
1 IQWHUQDWLRQDO VWDQGDUGV GHILQH FDOLEUDWLRQ DV �WKH VHW RI RSHUDWLRQV ZKLFK HVWDEOLVK� XQGHU VSHFLILHG FRQGLWLRQV� WKH

UHODWLRQVKLS EHWZHHQ WKH YDOXHV LQGLFDWHG E\ WKH PHDVXULQJ LQVWUXPHQW DQG WKH FRUUHVSRQGLQJ NQRZQ YDOXHV RI D

PHDVXUDQG�� ,Q RWKHU ZRUGV� FDOLEUDWLRQ RI DQ LQVWUXPHQW YHULILHV WKH DFFXUDF\ RI WKH LQVWUXPHQW�
2 6LPSOH HUURU DQDO\VLV VKRZV WKDW LI WKH WRWDO LQFOXGHG DQJOH IRU PHDVXUHPHQW LV OHVV WKDQ � GHJUHHV� WKH XQFHUWDLQW\ RI
WKH WUDFNLQJ LQWHUIHURPHWHU LV GRPLQDWHG E\ WKH XQFHUWDLQW\ RI LW LQWHUIHURPHWHU� DQG QRW WKH XQFHUWDLQW\ RI WKH SRLQWLQJ

DQJOHV�



SORWWHG��VHH�GDWD�UHVXOWV�VHFWLRQ����7KHQ�D�FRPSDULVRQ�EHWZHHQ�FDOLEUDWLRQV�ZDV�PDGH�WR�DVFHUWDLQ�LI
FRPSHQVDWLRQ�LQ�D�IDFWRU\�HQYLURQPHQW�UHGXFHV�YDULDWLRQ�DQG�XQFHUWDLQW\�

Figure 1: Equipment setup for radial test

Figure 2: Radial test setup with 3 laser tracking interferometers.

7KH�RSHUDWRU�PRYHG�WKH�WDUJHW�VOHG�DORQJ�WHVW�EHG���7KH�WRWDO�GLVWDQFH�WUDYHOHG�ZDV�DSSUR[LPDWHO\���
IHHW�� �0HDVXUHPHQWV� IURP� WKH� WUDFNLQJ� LQWHUIHURPHWHUV�DQG� OLQHDU� LQWHUIHURPHWHU� LQVWUXPHQWV�ZHUH
WDNHQ�ELGLUHFWLRQDOO\�DW�DSSUR[LPDWHO\���IRRW�LQWHUYDOV�DORQJ�WKH�UDLO�



Figure 3: Target sled setup for lateral test.  (Lines-of-sight for three tracking
interferometers and the reference interferometer have been added.)

7KH�LQWHUIHURPHWHU�UDLO�DQG�WUDFNLQJ�LQWHUIHURPHWHUV�ZHUH�VHW�XS�DV�VKRZQ�LQ�ILJXUHV���DQG���VR�WKDW
LQLWLDO�PHDVXUHPHQWV�E\�WKH�WUDFNLQJ�LQWHUIHURPHWHUV�DUH�SULPDULO\�DQJXODU���3ODFHPHQW�RI�WKH�WUDFNLQJ
LQWHUIHURPHWHUV�ZHUH�VXFK�WKDW�WKH�WRWDO�DQJOH�VXEWHQGHG�E\�WKH�WUDFNHU�IURP�QHDU�HQG�WR�IDU�HQG�RI

WKH�UDLO�ZDV�DW�OHDVW����q�

Figure 4: Equipment setup for lateral test.



Figure 5: Lateral test setup of three laser tracking interferometers with the reference linear
interferometer in the foreground.

Two sets of data with three Leica LTD-500 instruments and two sets with three SMX4500 laser
trackers were collected.  The two sets with the Leica instruments were at shop temperatures of 58
and 85 qF which is significantly different from the laboratory temperature (~68 qF).  The SMX
tracker tests were at 82 and 88 qF.

6. REFERENCE INTERFEROMETER TEST RESULTS
7KH�LQWHUIHURPHWHU�UDLO�WHVW�UHVXOWV�DUH�SUHVHQWHG�LQ�D�VHULHV�RI�FKDUWV�VKRZQ�LQ�ILJXUHV���WKURXJK����

2QO\� RQH� �WKH� ��� q)� WHPSHUDWXUH� VHW�� RI� WKH� IRXU� VHWV� RI� UHVXOWV� LV� VKRZQ�� � 7KH� RWKHU� WKUHH� VHWV
SUHVHQW� VLPLODU� UHVXOWV�� � )LJXUHV� �� DQG� �� UHSUHVHQW� WKH� GDWD� FROOHFWHG� IURP� WKH� WKUHH� ODERUDWRU\�
FRPSHQVDWHG� LQVWUXPHQWV� WKDW� ZHUH� LQ� DQ� ��� �)� VKRS� HQYLURQPHQW� DJDLQVW� WKH� UHIHUHQFH� OLQHDU
LQWHUIHURPHWHU���)LJXUHV���DQG���VKRZ�WKH�GDWD�FROOHFWHG�IURP�WKH�VDPH�WKUHH�LQVWUXPHQWV�IROORZLQJ
D�IXOO�FRPSHQVDWLRQ�DQG�FDOLEUDWLRQ�DJDLQVW� WKH�UHIHUHQFH� OLQHDU� LQWHUIHURPHWHU�� �)LJXUHV����DQG���
FRQWUDVW�WKH�ODERUDWRU\�YV��LQ�VKRS�IORRU�FRPSHQVDWLRQ�

5DGLDO�WHVW�GDWD�LV�VKRZQ�LQ�ILJXUHV���DQG�����7KH�ILJXUHV�VKRZ�WKH�GLVWDQFH�WUDYHOHG�E\�WKH�WDUJHW�VOHG
DV�PHDVXUHG�E\�WKH�UHIHUHQFH�LQWHUIHURPHWHU�RQ�WKH�[�D[LV�DJDLQVW�WKH�GLIIHUHQFH�HUURU�EHWZHHQ�WKH
UHIHUHQFH�PHDVXUHPHQW� DQG� ODVHU� WUDFNHU� V\VWHP� RQ� WKH� \�D[LV�� � 7KH� LQWHUIHURPHWHU� GLVWDQFH� ZDV
GHWHUPLQHG�XVLQJ�WKH�ILUVW�SRLQW�RQ�HDFK�UXQ�DV�WKH�UHIHUHQFH�

7KH�GDWD�LQ�WKH�ILJXUHV�LV�ERXQGHG�E\�LQWHUIHURPHWHU�VSHFLILFDWLRQ�OLQHV�RI�rPD[���������LQ��UDQJH�u
�SSP����,Q�HDFK�FDVH��ZLWK�ODERUDWRU\�DQG�LQ�VKRS�IORRU�FRPSHQVDWLRQ��WKH�WKUHH�V\VWHPV�XQGHU�WHVW
PHW� WKH� VSHFLILFDWLRQ�� � 7KLV� UHVXOW� ZDV� DQWLFLSDWHG� E\� WKH� K\SRWKHVLV� EHFDXVH� WKHUH� LV� OLWWOH
FRQWULEXWLRQ� WR� WKH� WKHUPRPHFKDQLFDO� SRLQWLQJ� HUURUV� IURP� LQ�OLQH�PHDVXUHPHQWV�� �$Q� LPSRUWDQW
VLGH�QRWH�LV�WKDW�WKH�LQWHUIHURPHWHU�LQ�WKH�ODVHU�WUDFNHU�PHHWV�WKH���SSP�VSHFLILFDWLRQ�



/DWHUDO� WHVW�GDWD� LV�VKRZQ� LQ�ILJXUHV���DQG���� �7KH�FKDUWV�DUH� IRUPDWWHG� OLNH� WKH� UDGLDO� WHVW� UHVXOWV�
7KH�SRLQW�FORVHVW� WR� WKH� JURXS�RI� WKUHH� WUDFNHUV�ZDV�XVHG� DV� WKH� UHIHUHQFH�SRLQW� IRU� FRPSDULVRQ�
7KLV� SRLQW� ZDV� FKRVHQ� EHFDXVH� LW� ZDV� WKH� SRLQW� RI� PLQLPDO� XQFHUWDLQW\� IRU� WKH� ODVHU� WUDFNHU
PHDVXUHPHQWV�� � &RQVHTXHQWO\�� WKH� FKDUW� VKRZV� WKH� HUURUV� RI� WKH� RWKHU� SRLQWV� UHODWLYH� WR� WKH
UHIHUHQFH�SRLQW���7KH�ODWHUDO�WHVW�FRQVLVWHG�RI�VL[�LQGHSHQGHQW�UXQV��GRZQ�DQG�EDFN��GRZQ�DQG�EDFN�
DQG�GRZQ�DQG�EDFN�

7KH� GDWD� LQ� WKH� ILJXUHV� LV� ERXQGHG� E\� V\VWHP� VSHFLILFDWLRQ� OLQHV� RI� ���SSP� FRPELQHG� ZLWK� WKH
LQWHUIHURPHWHU� XQFHUWDLQW\� DGGHG� LQ� TXDGUDWXUH�� � 7KH� XQFHUWDLQW\� UHODWLRQVKLS� LV

r � � � �2
2

2102 ppmdppmr LITR u�uu LQFKHV���:KHUH�U
75
�LV�WKH�UDQJH�EHWZHHQ�WKH�WUDFNHU�DQG�WKH

UHIOHFWRU� DQG� G
/,
� LV� WKH� GLVWDQFH� EHWZHHQ� WKH� WDUJHW� VOHG� DQG� WKH� UHIHUHQFH� LQWHUIHURPHWHU�� � 7KHVH

XSSHU� DQG� ORZHU� ERXQGLQJ� FXUYHV� UHSUHVHQW� WHVW� VSHFLILFDWLRQ� OLPLWV� �L�H��� WKH� FRPELQHG� WHVW
XQFHUWDLQW\�RI�WKH�ODVHU�WUDFNHU�DQG�WKH�OLQHDU�LQWHUIHURPHWHU��

7KH�ODWHUDO�WHVW�UHVXOWV�IRU�WKH�ODERUDWRU\�FRPSHQVDWHG�LQVWUXPHQWV��ILJXUH����VKRZV�WKH�PDMRULW\�RI
WKH� GDWD� ZLWKLQ� WKH� VSHFLILFDWLRQ� OLPLWV�� � +RZHYHU�� VRPH� RI� WKH� PHDVXUHPHQWV� DUH� RXWVLGH� WKH
VSHFLILFDWLRQ�OLPLW���)LJXUH���DOVR�VKRZV�WKUHH�JURXSV�RI�GDWD�DVVRFLDWHG�ZLWK�HDFK�WUDFNHU�IRU�WKH�ILUVW
KDOI�RI�WKH�GDWD�FROOHFWLRQ���7KLV�WHQGV�WR�LPSO\�WKDW�WKH�WKHUPDO�PHFKDQLFDO�HUURUV�PD\�EH�GLVWLQFW
IRU� HDFK� LQVWUXPHQW�� � 5HVXOWV� IURP� WKH� VDPH� LQVWUXPHQWV� DIWHU� SRLQWLQJ� FRPSHQVDWLRQ� �ILJXUH� ��
VKRZV�DOO�RI�WKH�PHDVXUHPHQWV�ZLWKLQ�WKH�VSHFLILFDWLRQ�OLPLWV�

)LJXUHV����DQG����DUH�KLVWRJUDPV�RI�WKH�UHODWLYH�SHUFHQWDJH�RI�WKH�VSHFLILFDWLRQ�XVHG�LQ�WKH�UDGLDO�DQG
ODWHUDO�WHVWV��UHVSHFWLYHO\���6LQFH�WKH�VSHFLILFDWLRQ�IRU�HDFK�WHVW�ZDV�D�IXQFWLRQ�RI�WKH�UDQJH�EHWZHHQ
WKH� WUDFNHUV� DQG� UHWUR�UHIOHFWRU�� WKH� UHODWLYH� SHUFHQWDJH� RI� WKH� VSHFLILFDWLRQ� SURYLGHV� D� FRQVLVWHQW
FULWHULRQ�IRU�FRPSDULQJ�WHVW�UHVXOWV�� �7KH�ILJXUHV�JURXS�DOO�WKUHH�WUDFNHUV�DQG�WKH�LQGHSHQGHQW�UXQV
WRJHWKHU� �WKRVH� VKRZQ� LQ� ILJXUHV� �� WKURXJK� ��� DQG� WKHQ� DOORZV� DQ� REMHFWLYH� WHVW� IRU� FRPSDULQJ
ODERUDWRU\�YHUVHV�VKRS�FRPSHQVDWLRQ�DQG�FDOLEUDWLRQ���7R�SURYLGH�D�FRQVLVWHQW�FRPSDULVRQ�WKH�DUHD
XQGHU�HDFK�FXUYH�ZDV�QRUPDOL]HG�

7KH�YHUWLFDO�OLQHV�LQ�WKH�UDGLDO�WHVW�KLVWRJUDP��ILJXUH�����PDUNV�ZKHUH�����RI�WKH�PHDVXUHPHQWV�DUH
WR� WKH� OHIW�RI� WKHVH� OLQHV�� �$V�H[SHFWHG� IURP�WKH�K\SRWKHVLV�� WKH�KLVWRJUDP�GDWD� IRU� WKH� UDGLDO� WHVW
VKRZV� UHODWLYHO\� OLWWOH� LPSURYHPHQW�� 7KH� ODWHUDO� WHVW� KLVWRJUDP� VKRZV� D� VLJQLILFDQW� LPSURYHPHQW�
:KHQ� WKH� LQVWUXPHQW�ZDV� FRPSHQVDWHG� LQ� WKH� VKRS�� ���� RI� WKH�PHDVXUHPHQW� XVHG� ���� RI� WKH
VSHFLILFDWLRQ���7KH�ODERUDWRU\�FRPSHQVDWHG�LQVWUXPHQWV�UHTXLUH�����RI�WKH�VSHFLILFDWLRQ�WR�FRQWDLQ
����RI�WKH�PHDVXUHPHQWV���:KLOH�WKH�ODERUDWRU\�FRPSHQVDWHG�LQVWUXPHQWV�ZHUH�QRW�RXWVLGH�RI�WKH
VSHFLILFDWLRQ�OLPLWV��DQ�LPSURYHPHQW�ZDV�UHDOL]HG�E\�FRPSHQVDWLQJ�WKH�LQVWUXPHQW�LQ�WKH�VKRS�



-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0 200 400 600 800 1000

Distance <inches>

E
rr

or
 <

in
ch

es
>

218Run1 218Run2 218Run3 218Run4 270Run1 270Run2 270Run3
270Run4 279Run1 279Run2 279Run3 279Run4 +2Sigma Spec' -2Sigma Spec'

Note: Upper and lower bounding lines represent the linear interferometer uncertainty of 2 ppm. 
The interferometer uncertainty is based on range from the interferometer.

Figure 6: Radial Test of 3 Trackers at
85 qF (Laboratory Compensated &

Calibrated Trackers at 68 qF)
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Figure 7: Lateral Test of 3 Trackers at
85 qF (Laboratory Compensated &

Calibrated Trackers at 68 qF)
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Note: Upper and lower bounding lines represent the linear interferometer uncertainty of 2 
ppm.  The interferometer uncertainty is based on range from the interferometer.

Figure 8: Radial Test of 3 Trackers
Trackers vs. Linear Interferometer at

85 qF (Shop Compensated & Calibrated
Trackers at 85 qF)
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Figure 9: Lateral Test of 3 Trackers vs.
Linear Interferometer at 85 qF

(Compensated & Calibrated in the Shop
at 85 qF)
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The vertical lines show the percentage of the specification that 
is requried to contain 95% of the measurements, i.e., 95% of 
the measurements are to the left of these lines.

Figure 10: Tracker Compensation
Histograms used at 85 qF Radial

Direction
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The vertical lines show the percentage of the specification that 
is requried to contain 95% of the measurements, i.e., 95% of 
the measurements are to the left of these lines.

Figure 11: Tracker Compensation
Histograms used at 85 qF Lateral

Direction



7KH�UDGLDO�WHVW�GDWD��ILJXUHV���DQG����GRFXPHQW�DQG�FRQILUP�WKDW�WKH�V\VWHP·V�LQWHUIHURPHWHU�LV�D���
SSP� LQVWUXPHQW�� �7KLV� WHVW�GDWD� HVWDEOLVKHV� WKH� RSSRUWXQLW\� IRU� WKH� V\VWHP·V� LQWHUIHURPHWHU� WR� EH
XVHG�WR�FDOLEUDWH�WKH����SSP�FRRUGLQDWH�PHDVXUHPHQW�VSHFLILFDWLRQ�

$� VHULHV� RI� VWDWLVWLFDO� WHVWV� DUH� SHUIRUPHG� RQ� WKH� GDWD� IRUPLQJ� WKH� WZR� KLVWRJUDPV� WR� FRQILUP� RU
UHMHFW�WKH�K\SRWKHVLV�� �$Q�)�WHVW��VHH�WDEOH����LV�XVHG�WR�\LHOG�WKH�RQH�WDLOHG�SUREDELOLW\�RI�ZKHWKHU
WKH�YDULDQFHV�LQ�GLIIHUHQW�SRSXODWLRQV�DUH�WKH�VDPH�RU�VLJQLILFDQWO\�GLIIHUHQW�>�@��7KH�)�WHVW�FRPSDUHV
WKH�YDULDQFHV�RI�WZR�VHWV�RI�GDWD�REWDLQHG�IURP�WKH�WZR�PHWKRGV�WR�HVWDEOLVK�WKHLU�UHODWLYH�SUHFLVLRQ�

7KH�)�VWDWLVWLF�LV�FDOFXODWHG�XVLQJ�WKH�UHODWLRQVKLS�
2
2

2
1 ssF  ���:KHUH

2
1s LV�WKH�YDULDQFH�IRU�WKH�VKRS�

FRPSHQVDWHG�LQVWUXPHQW�DQG�
2
1s LV�WKH�YDULDQFH�IRU�WKH�ODERUDWRU\�FRPSHQVDWHG�LQVWUXPHQWV���7KH�)

VWDWLVWLF� LV� FRPSDUHG� WR�D� WDEXODWHG�YDOXH�DW� D� VSHFLILHG�FRQILGHQFH� OHYHO�����DQG�1�����GHJUHHV
IUHHGRP���,I�WKH�FDOFXODWHG�YDOXH�LV�VPDOOHU�WKDQ�WKH�WDEXODWHG�YDOXH�WKHQ�V

�
LV�PRUH�SUHFLVH�WKDQ�V

�
�

2WKHUZLVH� WKHUH� LV�QR�VLJQLILFDQW�GLIIHUHQFH�DQG� WKH�YDOXHV� DUH� FRQVLVWHQW��7KH� FRQILGHQFH� OHYHO� LV
����IRU�DOO�WKH�DQDO\VLV�SUHVHQWHG��L�H���WKH�DOSKD�YDOXH�LV�RQH�PLQXV�WKH�FRQILGHQFH�LQWHUYDO��

ShopCalLateral LabCalLateral ShopCalRadial LabCalRadial
Mean (percentage of the spec) 0.20865 0.361249 0.223525 0.365796
Variance 0.034452 0.098223 0.040792 0.060166
Observations 324 276 216 213
df 323 275 215 212
F 0.350754 0.677988
F Critical one-tail 1.211697 1.253268

Table 1: F-Test Two-Sample for Variances results using a 95% Confidence Interval

7KH� YDOXH� RI� )� VKRXOG� IDOO� EHORZ� WKH� )� FULWLFDO� YDOXHV� IRU� WKH� WDLO�� � 7KH� WHVW� K\SRWKHVLV� LV�
´FRPSHQVDWLRQ� LQ� D� IDFWRU\� HQYLURQPHQW� GRHV� QRW� DGYHUVHO\� DIIHFW� DQG�PD\� DFWXDOO\� LPSURYH� WKH
XQFHUWDLQW\�RI�ODVHU�WUDFNHU�V\VWHPV�µ��8VLQJ�WKH�SHUFHQWDJH�RI�WKH�VSHFLILFDWLRQ�IRU�WKH�ODVHU�WUDFNHU
V\VWHPV�� WKH�)�WHVW� UHVXOWV� LQ� WDEOH� �� FRQILUPHG� WKH� WHVW� K\SRWKHVLV� WKDW� VKRS� IORRU� FRPSHQVDWLRQ
GRHV�QRW�DGYHUVHO\�HIIHFW�SHUIRUPDQFH��DQG�VKRZHG�WKDW�VKRS�FRPSHQVDWLRQ�VLJQLILFDQWO\�LPSURYHV
V\VWHP�SHUIRUPDQFH�

7. TWO-FACE MEASUREMENT TEST RESULTS
7KH� FRPSHQVDWLRQ� SHUIRUPHG� LQ� WKH� VKRS� RSWLPL]HV� WKH� WUDFNHU·V� SRLQWLQJ� V\VWHP� IRU� WKH� VOLJKW
PHFKDQLFDO� FKDQJHV� WKDW�ZHUH� LQGXFHG� LQ� WKH�PHDVXUHPHQW� KHDG�E\� WKH� WHPSHUDWXUH� FKDQJH�� � 7R

TXDQWLI\�WKH�SRLQWLQJ�LPSURYHPHQW�D�VHULHV�RI�WZR�IDFH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�EHIRUH�DQG
DIWHU�WKH�FRPSHQVDWLRQ�LQ�WKH�VKRS���7ZR�IDFH�PHDVXUHPHQWV�DUH�PDGH�E\�SRLQWLQJ�WKH�V\VWHP�WR�D
IL[HG�UHIOHFWRU� IURP�D�IL[HG�VWDWLRQ� LQ� IDFH�RQH�DQG�WKHQ�UHYHUVLQJ� WKH� WUDFNHU�DQG�SRLQWLQJ� WR� WKH
VDPH�SRLQW�LQ�IDFH�WZR���7ZR�IDFH�PHDVXUHPHQWV�WR�D�IL[HG�ORFDWLRQ�VKRXOG�JLYH�WKH�VDPH�SRLQWLQJ

ZLWK�RQO\� UDQGRP�GLIIHUHQFHV�� � 7KH� WZR�IDFH� WROHUDQFH� IRU� XVH� LQ� WKH� VKRS� LV� ������q�ZLWKLQ� WKH
SRLQWLQJ�HQYHORSH���7KH�ODERUDWRU\�FRPSHQVDWLRQ�DQG�VKRS�FRPSHQVDWLRQ�WZR�IDFH�GDWD�LV�VKRZQ�LQ
ILJXUH����
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Figure 12: Two-Face Comparison, Lab vs. Shop Compensation of Laser Trackers at 85 qF

7KH� WZR�IDFH� UHVXOWV� VKRZ� WKDW� HDFK� RI� WKH� ODVHU� WUDFNHU� LQVWUXPHQWV�ZHUH� RXW�RI�WROHUDQFH�ZKHQ

XVHG�ZLWK�DQ�DOLJQPHQW�SHUIRUPHG�DW�D�ODERUDWRU\�WHPSHUDWXUH�RI�a���q)�DQG�WKHQ�XVHG�DW�WKH�VKRS

WHPSHUDWXUH�RI����q)���7KH����q)�WHPSHUDWXUH�GLIIHUHQFH�KDG�LQGXFHG�SRLQWLQJ�PLVDOLJQPHQWV�LQ�WKH
KHDG� ZKLFK� ZHUH� XS� WR� VHYHQ� WLPHV� WKH� DFFHSWDEOH� WROHUDQFH�� � 3HUIRUPLQJ� WKH� DOLJQPHQW� DW� WKH
ZRUNLQJ�WHPSHUDWXUH�LQ�WKH�VKRS�DQG�WKHQ�FKHFNLQJ�HDFK�WZR�IDFH�PHDVXUHPHQW�\LHOGHG�DFFHSWDEOH
UHVXOWV�

,W� VKRXOG� EH� SRLQWHG� RXW� WKDW� DOWKRXJK� WKH� WZR�IDFH� PHDVXUHPHQWV� ZHUH� RXW�RI�WROHUDQFH�� WKH
PHDVXUHPHQWV� RI� WKH� LQWHUIHURPHWHU� ZHUH� ZLWKLQ� WROHUDQFH�� � 7KLV� PD\� LQGLFDWH� WKDW� WKH� WZR�IDFH
PHDVXUHPHQWV� DUH� PRUH� VHQVLWLYH� WR� WKHUPRPHFKDQLFDO� FKDQJH� WKDQ� PHDVXUHPHQWV� RI� D� OHQJWK
VWDQGDUG�� � 7KLV� PD\� EH� DQ� DUHD� RI� IXWXUH� LQYHVWLJDWLRQ� WKDW� FDQ� VLPSOLI\� WKH� LQ�VKRS� FDOLEUDWLRQ
SURFHVV�

8. CONCLUSIONS
$Q�DQDO\VLV�RI�WKH�FROOHFWHG�GDWD�FRQILUPHG�WKH�WHVW�K\SRWKHVLV�WKDW�VKRS�IORRU�FRPSHQVDWLRQ�GRHV
QRW�DGYHUVHO\�DIIHFW�SHUIRUPDQFH��DQG�LW�VKRZHG�WKDW� LQ�VKRS�FRPSHQVDWLRQ�VLJQLILFDQWO\� LPSURYHV
V\VWHP�SHUIRUPDQFH�

,Q� JHQHUDO�� WKHVH� UHVXOWV� DUH� QRW� GLIILFXOW� WR� H[SODLQ�� � ,Q�VKRS� FRPSHQVDWLRQ�� ZKLFK� KDV� ODUJHU
XQFHUWDLQW\� IRU� FDOLEUDWLRQ� LQ� DQ� XQFRQWUROOHG� HQYLURQPHQW� DQG� ORZHU� XQFHUWDLQW\� IRU



WKHUPRPHFKDQLFDO�HUURUV��KDV�D� VPDOOHU�RYHUDOO�XQFHUWDLQW\� WKDQ� WKH�FODVVLF�FRPSHQVDWLRQ�PHWKRG�
7KH�ORZ�XQFHUWDLQWLHV�DUH�DVVRFLDWHG�ZLWK�WKH�ODERUDWRU\�FRPSHQVDWLRQ�DQG�WKH�KLJKHU�XQFHUWDLQW\�LV
DVVRFLDWHG� ZLWK� WKHUPRPHFKDQLFDO� HUURUV� ZKHQ� WKH� LQVWUXPHQW� LV� XVHG� DW� D� GLIIHUHQW� DPELHQW
WHPSHUDWXUH�� � %\� FRPSHQVDWLQJ� WKH� LQVWUXPHQW� LQ� LWV� HQYLURQPHQW� EHIRUH� EHLQJ� XVHG�� EHWWHU
PHDVXUHPHQWV� DUH� H[SHFWHG�� � 7KH� FRQXQGUXP� LQ� WKLV� FDVH� LV� WKDW� WKHVH� LPSURYHG� LQ�VKRS
FRPSHQVDWLRQV� ZRXOG� WUDGLWLRQDOO\� EH� LQYDOLG� EHFDXVH� WKH\� ZHUH� QRW� SHUIRUPHG� LQ� D� PHWURORJ\
ODERUDWRU\�

7KH�VHULHV�RI�WZR�IDFH�PHDVXUHPHQWV�DQG�WKH�V\VWHP·V�HQYLURQPHQWDOO\�FRPSHQVDWHG�LQWHUIHURPHWHU
SURYLGHG�WKH�PHDQV�RI�FRPSHQVDWLQJ�DQG�FDOLEUDWLRQ�RQ�WKH�VKRS�IORRU���%\�QRWLQJ�WKDW�WKH�WUDFNHU
XVHG�LQ�WKH�LQ�OLQH�PRGH�LV�ZLWKLQ�WKH�XQFHUWDLQW\�RI�WKH�LQWHUIHURPHWHU�VWDQGDUG��D�OHQJWK�VWDQGDUG
FDQ�EH�PDGH�IRU�FDOLEUDWLQJ�WUDFNHU�PHDVXUHPHQWV�ZKHUH�WKHUH�DUH�ODUJH�H[FXUVLRQV�RI�WKH�SRLQWLQJ
KHDG�

2SWLFDO� PHWURORJ\� V\VWHPV� �H�J��� 7UDFNHUV�� DUH� GHVLJQHG� WR� EH�� DQG� WKH� V\VWHP� GHYHORSHUV
UHFRPPHQG�WKH\�EH��FRPSHQVDWHG�DQG�FDOLEUDWHG�LQ�WKH�HQYLURQPHQW�LQ�ZKLFK�WKH\�DUH�XVHG�� �7KH
SURFHVV�DQG�GDWD�VKRZQ� LQ� WKLV�SDSHU�GHPRQVWUDWH� WKH�SURFHVV� LV� VWDEOH�DQG� WUDFHDEOH� �L�H���YLD� WKH
LQWHUIHURPHWHU��WR�PHDVXUHPHQW�VWDQGDUGV�
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