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7KLV�FKDSWHU�UHYLHZV�DQG�FRPSDUHV�UDPS�GHVLJQ�DV�SUDFWLFHG�FXUUHQWO\�E\� WKH�7H[DV

'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��7['27��DQG�E\�WKH�$PHULFDQ�$VVRFLDWLRQ�RI�6WDWH�+LJKZD\

DQG� 7UDQVSRUWDWLRQ� 2IILFLDOV� �$$6+72��� � ,Q� DGGLWLRQ�� LW� VHHNV� WR� GHYHORS� D� FRQFLVH

XQGHUVWDQGLQJ�RI�WKH�DVVXPSWLRQV�WKDW�FRXOG�SRWHQWLDOO\�OHDG�WR�OLPLWDWLRQV�DQG�GHILFLHQFLHV�LQ

FXUUHQW�GHVLJQ�SUDFWLFHV�� � ,QFOXGHG�DV�SDUW�RI� WKLV�HIIRUW� LV�D� UHYLHZ�RI� WKH� UHVHDUFK� WKDW�KDV

SURYLGHG�WKH�IRXQGDWLRQ�IRU�WKHVH�FXUUHQW�GHVLJQV�

7KH�UHYLHZ�RI�FXUUHQW�VWDQGDUGV�LV�EDVHG�SULPDULO\�RQ� WKH�+LJKZD\�'HVLJQ�'LYLVLRQ

2SHUDWLRQV�DQG�3URFHGXUHV�0DQXDO��LVVXHG�E\�WKH�7H[DV�6WDWH�'HSDUWPHQW�RI�+LJKZD\V�DQG

3XEOLF�7UDQVSRUWDWLRQ��QRZ�7['27���DQG�$$6+72©V�������DQG�������SXEOLFDWLRQ��$�3ROLF\

RQ�*HRPHWULF�'HVLJQ� RI�+LJKZD\V� DQG� 6WUHHWV�� � 7KH� VWDQGDUGV�ZLWKLQ� WKH�2SHUDWLRQV� DQG

3URFHGXUHV�0DQXDO�DUH�JHQHUDOO\�FRQVLGHUHG�E\�7['27�WR�EH�WKH�ORZHVW�DFFHSWDEOH�GHVLJQ

OLPLWV�� � $FFRUGLQJO\�� D� KLJKHU� WKDQ�PLQLPXP� GHVLJQ� VWDQGDUG� VKRXOG� EH� XWLOL]HG� ZKHUHYHU

IHDVLEOH�� � 7KH� 7['27� JXLGH� LV� QRW� WR� EH� FRQVLGHUHG� LQIOH[LEOH� DQG� LV� QRW� D� VXEVWLWXWH� IRU

HQJLQHHULQJ� MXGJPHQW�� � ,W� PD\� EH� SRVVLEOH� WR� GHYLDWH� IURP� VWDQGDUGV� ZLWK� DSSURYDO� IURP

JRYHUQLQJ�DXWKRULWLHV�

$$6+72©V�$�3ROLF\�RQ�*HRPHWULF�'HVLJQ�RI�+LJKZD\V�DQG�6WUHHWV� �������ZLOO� EH

UHIHUUHG�WR�WKURXJKRXW�WKLV�WH[W�DV�WKH�$$6+72�PDQXDO��RU�VLPSO\�$$6+72����7KH�RIILFLDO

SRVLWLRQ� RI� 7['27� UHJDUGLQJ� $$6+72�� DFFRUGLQJ� WR� WKH� 2SHUDWLRQV� DQG� 3URFHGXUHV

0DQXDO��LV�DV�IROORZV�

7KH� $PHULFDQ� $VVRFLDWLRQ� RI� 6WDWH� +LJKZD\� DQG� 7UDQVSRUWDWLRQ� 2IILFLDOV

�$$6+72��KDV�HVWDEOLVKHG�YDULRXV�VWDQGDUGV��SROLFLHV��JXLGHV��HWF���UHODWLQJ�WR

KLJKZD\�SUDFWLFH�� � 7KHVH� DUH� DSSURYHG� UHIHUHQFHV� WR� EH� XVHG� LQ� FRQMXQFWLRQ

ZLWK�WKLV�0DQXDO��KRZHYHU��VLQFH�$$6+72�SROLFLHV�DQG�JXLGHOLQHV�UHSUHVHQW

QDWLRQZLGH� JXLGHOLQHV� ZKLFK� GR� QRW� DOZD\V� VDWLVI\� 7H[DV� FRQGLWLRQV�� WKH

LQVWUXFWLRQV�LQ�WKLV�0DQXDO�VKDOO�WDNH�SUHFHGHQFH�RYHU�$$6+72�VWDQGDUGV�

:KHQ�QHFHVVDU\�IRU�D�SDUWLFXODU�SURMHFW��JHRPHWULF� OD\RXWV�DUH�VXEPLWWHG�E\�7['27

WR� WKH� )HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ�� RU� )+:$� �IHGHUDO�DLG� SURMHFWV��� IRU� DSSURYDO� DQG

FRRUGLQDWLRQ�

'(6,*1�%$6,&6

7R� UHYLHZ� WKH� HIIHFW� RI� UDPS�DQG� IUHHZD\�GHVLJQ� VSHHG�RQ� WKH�SK\VLFDO� OD\RXW� RI� D

UDPS�LW�LV�ILUVW�QHFHVVDU\�WR�UHYLHZ�VHYHUDO�GHVLJQ�FRQFHSWV�� �$FFRUGLQJO\��EHIRUH�GLVFXVVLQJ

FXUUHQW�7['27�DQG�$$6+72�UDPS�GHVLJQ�SUDFWLFHV�� WKH�IROORZLQJ�FRQFHSWV�DUH�SUHVHQWHG�

GHVLJQ� VSHHG�� VDIH� VWRSSLQJ� VLJKW� GLVWDQFH�� KRUL]RQWDO� FXUYDWXUH�� DQG� YHUWLFDO� FXUYDWXUH�

:KLOH� WKH� FRQFHSWV� GLVFXVVHG� DSSO\� WR� GHVLJQ� LQ� JHQHUDO�� VRPH� RI� WKH� PLQLPXPV� DQG



�

DVVXPSWLRQV� SUHVHQWHG� LQ� WKH� IROORZLQJ� GLVFXVVLRQ� SHUWDLQ� WR� ¦RSHQ� URDG� FRQGLWLRQV�§� � ,Q

JHQHUDO�WKHVH�PLQLPXPV�DOVR�DSSO\�WR�UDPS�GHVLJQ��EXW�DQ\�GLIIHUHQFHV�ZLOO�EH�KLJKOLJKWHG�LQ

WKH�UDPS�GHVLJQ�VHFWLRQ�

'HILQLWLRQ�RI�'HVLJQ�6SHHG

$FFRUGLQJ�WR�WKH�2SHUDWLRQV�DQG�3URFHGXUHV�0DQXDO�

'HVLJQ�VSHHG�LV�WKH�PD[LPXP�VDIH�VSHHG�WKDW�FDQ�EH�PDLQWDLQHG�RYHU�D�VSHFLILHG

VHFWLRQ�RI�KLJKZD\�ZKHQ�WKH�GHVLJQ�IHDWXUHV�RI�WKH�KLJKZD\�JRYHUQ���$OO�IDFLOLWLHV

VKRXOG�EH�GHVLJQHG�ZLWK�DOO�HOHPHQWV� LQ�EDODQFH��FRQVLVWHQW�ZLWK�DQ�DSSURSULDWH

GHVLJQ� VSHHG�� � 'HVLJQ� HOHPHQWV� VXFK� DV� VLJKW� GLVWDQFH�� YHUWLFDO� DQG� KRUL]RQWDO

DOLJQPHQW��ODQH�ZLGWKV��URDGVLGH�FOHDUDQFH��VXSHUHOHYDWLRQ��HWF��DUH�LQIOXHQFHG�E\

GHVLJQ� VSHHG�� � ,W� LV� WKHUHIRUH� LPSRUWDQW� WKDW� DQ� DSSURSULDWH� GHVLJQ� VSHHG� EH

VHOHFWHG�

'HVLJQ�VSHHG� LV�JHQHUDOO\� LQGLFDWLYH�RI� WKH� W\SH�RI�RSHUDWLRQ� H[SHFWHG�RQ� D� IDFLOLW\�

)UHHZD\V� W\SLFDOO\� KDYH� GHVLJQ� VSHHGV� UDQJLQJ� EHWZHHQ� ��� DQG� ���� NP�K��ZKHUHDV� ORZHU�

OHYHO�IDFLOLWLHV�VXFK�DV�DUWHULDOV�DQG�FROOHFWRUV�KDYH�ORZHU�GHVLJQ�VSHHGV��VD\����WR����NP�K�

7KH�GLUHFW�LQIOXHQFH�RI�GHVLJQ�VSHHG�RQ�WKH�JHRPHWULF�FKDUDFWHULVWLFV�RI�D�IDFLOLW\�ZLOO�EH�VHHQ

WKURXJKRXW�WKLV�UHSRUW�

6DIH�6WRSSLQJ�6LJKW�'LVWDQFH

2QH�RI�WKH�PRVW�EDVLF�LPSDFWV�RI�GHVLJQ�VSHHG�RQ�IDFLOLW\�JHRPHWULFV�PD\�EH�VHHQ�LQ

WKH� UHTXLUHPHQWV� IRU� VDIH� VWRSSLQJ� VLJKW� GLVWDQFH�¥� WKDW� LV�� WKH�PLQLPXP�YLVLEOH� URDGZD\

GLVWDQFH�UHTXLUHG�IRU�D�GULYHU�WR�VWRS�KLV�KHU�YHKLFOH���6LJKW�GLVWDQFH�VKRXOG�SURYLGH�WKH�GULYHU

VXIILFLHQW�WLPH�WR�JDWKHU�LQIRUPDWLRQ��SURFHVV�LW��SHUIRUP�WKH�UHTXLUHG�FRQWURO�DFWLRQV��IDFWRU

LQ� WKH�YHKLFOH©V� UHVSRQVH� WLPH��DQG�HYDOXDWH� WKH�DSSURSULDWHQHVV�RI�SRVVLEOH� UHVSRQVHV� �����

6WRSSLQJ�VLJKW�GLVWDQFH�LV�W\SLFDOO\�FRQVLGHUHG�D�VXP�RI�WZR�GLVWDQFHV��QDPHO\��WKH�GLVWDQFH

WUDYHOHG�IURP�WKH�LQVWDQW�WKH�GULYHU�VHHV�WKH�REMHFW�WR�WKH�LQVWDQW�WKH�GULYHU�DSSOLHV�WKH�EUDNHV

�UHDFWLRQ�WLPH���LQFOXGLQJ�WKH�GLVWDQFH�WKH�YHKLFOH�WUDYHOV�GXULQJ�EUDNLQJ�

7KH�ILUVW�SRUWLRQ�RI� WKH�VWRSSLQJ�VLJKW�GLVWDQFH� LV�FRPPRQO\�UHIHUUHG� WR�DV� WKH�3,-5

�SHUFHSWLRQ�� LGHQWLI\�� MXGJPHQW�� DQG� UHDFWLRQ�� RU� 3,(9� �SHUFHSWLRQ�� LGHQWLI\�� HYROXWLRQ�

YROLWLRQ��WLPH�������6LPSO\�VWDWHG��WKLV�LV�WKH�WLPH�UHTXLUHG�WR�VHH�WKH�REMHFW��LGHQWLI\�WKH�QHHG

WR� VWRS�� DQG� WKHQ� SK\VLFDOO\� DSSO\� WKH� EUDNHV�� � 'XULQJ� WKLV� WLPH� WKH� YHKLFOH� WUDYHOV� DW� D

FRQVWDQW�VSHHG�D�GLVWDQFH�RI�

'S  ��������W��Y� �����
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ZKHUH

Y  LQLWLDO�VSHHG�

W  3,-5�WLPH��DQG

G  GLVWDQFH��PHWHUV��

9DULRXV�VWXGLHV�FRQGXFWHG�WR�PHDVXUH�WKH�3,-5�WLPH�IRU�LQGLYLGXDOV�KDYH�GHWHUPLQHG

WKDW� DQ� LQGLYLGXDO©V� 3,-5� WLPH� GHSHQGV� RQ�PDQ\� IDFWRUV�� LQFOXGLQJ� WLPH� RI� GD\�� DJH� RI� WKH

LQGLYLGXDO�� GULYHU� DWWHQWLRQ�� DQG� WKH� FRPSOH[LW\� RI� WKH� VLWXDWLRQ�� � $� UHDFWLRQ� WLPH� RI� ���

VHFRQGV� KDV� EHHQ� DGRSWHG� E\� $$6+72� ���� DQG� LV� VXEVHTXHQWO\� XWLOL]HG� LQ� 7['27©V

2SHUDWLRQV�DQG�3URFHGXUHV�0DQXDO�����LQ�WKH�FDOFXODWLRQ�RI�VWRSSLQJ�VLJKW�GLVWDQFHV�� �7KLV

WLPH�LV�EDVHG�RQ�UHVHDUFK�LQ�ZKLFK����SHUFHQW�RI�WKH�GULYHUV�VWXGLHG�KDG�3,-5�WLPHV�WKDW�IHOO

EHORZ�����VHFRQGV��������DQG�����

7KH� VHFRQG� SRUWLRQ� RI� WKH� UHTXLUHG� VWRSSLQJ� VLJKW� GLVWDQFH� LV� WKH� EUDNLQJ� GLVWDQFH�

ZKLFK�LV�GHWHUPLQHG�DV�IROORZV�����

����� JI

XY
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��

E
r

�
 �����

ZKHUH

GE  EUDNLQJ�GLVWDQFH��PHWHUV��

Y  LQLWLDO�VSHHG�RI�YHKLFOH��NP�K��

X  ILQDO�VSHHG�RI�YHKLFOH��NP�K��

I  FRHIILFLHQW�RI�IRUZDUG�UROOLQJ�RU�VNLGGLQJ�IULFWLRQ��DQG

J  JUDGH��H[SUHVVHG�DV�D�GHFLPDO�

)RU�VWRSSLQJ�VLJKW�GLVWDQFH��X�� WKH� ILQDO�VSHHG�ZLOO�HTXDO���� �$V�ZLWK� WKH�3,-5� WLPH�

PDQ\� VWXGLHV� KDYH� EHHQ� FRQGXFWHG� WR� PHDVXUH� WKH� FRHIILFLHQW� RI� IULFWLRQ�� :KLOH� WKH

FRHIILFLHQW�RI�IULFWLRQ�FKDQJHV�DV�WKH�YHKLFOH�GHFHOHUDWHV�IURP�WKH�LQLWLDO�VSHHG�WR�]HUR��WKH�I�LQ

WKLV�IRUPXOD�LV�D�VLQJOH�HTXLYDOHQW�YDOXH� WKDW� UHSUHVHQWV� WKH�HQWLUH�VSHHG�FKDQJH�� �7DEOH����

EHORZ�SURYLGHV�WKH�I�XVHG�LQ�WKH�VWRSSLQJ�VLJKW�GLVWDQFH�FDOFXODWLRQ�IRU�YDULRXV�GHVLJQ�VSHHGV

����� �7KH�LQLWLDO�VSHHG� LV�SUHIHUDEO\� WKH�GHVLJQ�VSHHG��DOWKRXJK� WKH�PLQLPXP�VWRSSLQJ�VLJKW

GLVWDQFH�PD\�EH�EDVHG�RQ�WKH�DQWLFLSDWHG�UXQQLQJ�VSHHG�IRU�D�SDUWLFXODU�GHVLJQ�VSHHG���7KH�I

KDV�EHHQ�IRXQG�WR�EH�LQIOXHQFHG�E\�WKH�FRQGLWLRQ�RI�WKH�URDG�VXUIDFH��ZHW��GU\��LFH��HWF����W\SH

RI�SDYHPHQW� VXUIDFH�� DLU� SUHVVXUH� LQ� WLUHV�� WLUH�ZHDU�� DQG� WLUH� WUHDG�SDWWHUQV�� �7KH� I©V� LQ� WKH

WDEOH�EHORZ�DUH�IRU�ZHW�FRQGLWLRQV�WKDW�JRYHUQ�VWRSSLQJ�VLJKW�GLVWDQFH�DQG�VKRXOG�FRYHU�VXFK
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WKLQJV�DV�DOO� VLJQLILFDQW�SDYHPHQW�VXUIDFHV�� OLNHO\� ILHOG�FRQGLWLRQV��ZRUQ�DQG�QHZ� WLUHV�� DQG

PRVW�WUHDG�DQG�WLUH�FRPSRVLWLRQV�����

7DEOH�������6WRSSLQJ�VLJKW�GLVWDQFH��ZHW�SDYHPHQWV�

$VVXPHG %UDNLQJ 6WRSSLQJ

'HVLJQ 6SHHG IRU %UDNH 5HDFWLRQ &RHIILFLHQW 'LVWDQFH 6LJKW 'LVWDQFH

6SHHG &RQGLWLRQ 7LPH 'LVWDQFH RI )ULFWLRQ RQ /HYHO IRU 'HVLJQ

�NP�K� �NP�K� �V� �P� I �P� �P�

�� ����� ��� ��������� ���� ������� ���������

�� ����� ��� ��������� ���� ��������� ���������

�� ����� ��� ��������� ���� ��������� ���������

�� ����� ��� ��������� ���� ��������� ���������

�� ����� ��� ��������� ���� ��������� ����������

�� ����� ��� ��������� ���� ��������� �����������

�� ����� ��� ��������� ���� ���������� �����������

��� ������ ��� ��������� ���� ���������� �����������

��� ������ ��� ��������� ���� ����������� �����������

��� ������ ��� ��������� ���� ����������� �����������

 9DOXHV RI FRHIILFLHQW RI IULFWLRQ JHQHUDOO\ DSSUR[LPDWH FXUYHV � DQG �� �FRHIILFLHQW

RI IULFWLRQ IRU ZHW�3& FRQFUHWH DQG ZHW�SODQW PL[HV� VKRZQ LQ )LJXUH ,,,��$�

6RXUFH� 7DEOH ,,,��� ���� $$6+72� 5HI� �� S� ����

$ORQJ�ZLWK�I��7DEOH�����OLVWV�FDOFXODWHG�UHDFWLRQ�DQG�EUDNLQJ�GLVWDQFH��GS�DQG�GE��DQG

VWRSSLQJ�VLJKW�GLVWDQFH�IRU�YDULRXV�GHVLJQ�VSHHGV��ZKHUH�VWRSSLQJ�VLJKW�GLVWDQFH�LV�GS���GE�

7KH� XSSHU�FDOFXODWHG� VWRSSLQJ� VLJKW� GLVWDQFH� YDOXHV� DUH� EDVHG� RQ� GHVLJQ� VSHHG�� ZKLOH� WKH

ORZHU�YDOXHV�DUH�EDVHG�RQ�DYHUDJH�UXQQLQJ�VSHHG�� �)RU�VWRSSLQJ�VLJKW�GLVWDQFH�FDOFXODWLRQV�

WKH�KHLJKW�RI�WKH�REMHFW�LV�FRQVLGHUHG�WR�EH�����PP�DERYH�WKH�JURXQG�DQG�WKH�KHLJKW�RI�WKH

GULYHU©V�H\H�LV�DVVXPHG�WR�EH�������PP�DERYH�WKH�JURXQG����DQG����� �7KH�DVVXPHG�GULYHU©V

H\H�KHLJKW�KDV�GHFUHDVHG�IURP�HDUOLHU�HGLWLRQV�RI�$$6+72�����

&RQFHUQV� DERXW� WKH� FXUUHQW� VWRSSLQJ� VLJKW� GLVWDQFH� FULWHULD� KDYH� EHHQ� H[SUHVVHG� LQ

YDULRXV�VWXGLHV��������2QH�LVVXH�LV�WKDW�WKH�EUDNH�UHDFWLRQ�WLPH�RI�����VHFRQGV�LV�EDVHG�RQ���

SHUFHQW� RI� WKH� GULYHU� SRSXODWLRQ� LQ� D� ����� VWXG\�� � 7RGD\�� D� ODUJHU� SRUWLRQ� RI� WKH� GULYLQJ

SRSXODWLRQ�FRQVLVWV�RI�HOGHUO\�GULYHUV��ZLWK�WKDW�SRUWLRQ�DQWLFLSDWHG�WR�LQFUHDVH���7KHUHIRUH��LW

KDV�EHHQ� VXJJHVWHG� WKDW� D�EUDNH� UHDFWLRQ� WLPH�RI����� VHFRQGV�EH�XVHG� WR�EHWWHU� DFFRXQW� IRU

HOGHUO\�GULYHUV���&RQFHUQ�KDV�DOVR�EHHQ�UDLVHG�DV�WR�WKH�IULFWLRQ�IDFWRUV�XVHG�LQ�VWRSSLQJ�VLJKW

GLVWDQFH�FDOFXODWLRQV�� �7KHVH� IDFWRUV� DUH�EDVHG�RQ� VWXGLHV�RI�SDVVHQJHU�YHKLFOHV�XQGHUWDNHQ

EHWZHHQ������DQG��������7UXFN�WLUH�EUDNLQJ�FDSDELOLW\�LV� W\SLFDOO\�����WKDW�RI�SDVVHQJHU�FDU

WLUHV��WKLV�PD\�QHHG�WR�EH�EHWWHU�UHIOHFWHG�LQ�GHVLJQ�VWDQGDUGV���$GGLWLRQDOO\��WKH�VLGH�IULFWLRQ

YDOXHV�ZHUH�GHWHUPLQHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�YHKLFOH�LV�RQ�D�WDQJHQW�VHFWLRQ�RI�URDGZD\�
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$Q�DOLJQPHQW�WKDW�LV�FXUYHG�LPSRVHV�D�JUHDWHU�GHPDQG�RQ�WKH�WLUHV�DQG�LQFUHDVHV�WKH�UHTXLUHG

EUDNLQJ�GLVWDQFH������

+RUL]RQWDO�&XUYHV

$�KRUL]RQWDO�FXUYH�LV�RQH�RI�WKH�WZR�SULPDU\�W\SHV�RI�FXUYHV��KRUL]RQWDO�DQG�YHUWLFDO��

7KH�KRUL]RQWDO�FXUYH�VWDQGDUGV�UHSUHVHQW�WKH�PD[LPXP�GHJUHH�RI�FXUYH��RU�PLQLPXP�UDGLXV�

0RVW�FLYLO�HQJLQHHUV�DUH�IDPLOLDU�ZLWK�WKH�EDVLF�IRUPXOD�IRU�KRUL]RQWDO�FXUYDWXUH�

���5

9
IH

�

 � �����

ZKHUH

H  UDWH�RI�VXSHUHOHYDWLRQ��GHFLPDO�SHUFHQW��

I  VLGH�IULFWLRQ�IDFWRU�

9  YHKLFOH�VSHHG��NP�K���DQG

5  UDGLXV�RI�FXUYH��P��

)LJXUH�����VKRZV�WKH�EDVLF�UHODWLRQVKLSV�IRU�D�FLUFXODU�KRUL]RQWDO�FXUYH��ZKLOH�)LJXUH

����VKRZV�RQH�GHULYDWLRQ�RI�(TXDWLRQ�����

P.I.

ET T

L

C

D/2

P.C.
M100 ft arc

D

P.T.

R

θ/2θ/2

M = R[1 - cos(θ/2)]
E = R[(sec(θ/2)) - 1]
D = 5729.58/R
T = R tan(θ/2)
L = 100 θ/D
C = 2R sin(θ/2)

θ

)LJXUH�������+RUL]RQWDO�FXUYH�EDVLF�HOHPHQWV
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θ + α

Ft Fc

W

Fn

Turn

θ α

Ft

θ
1

e

So

(Design approximation)

where

= weight of vehicle
= superelevation rate, decimal percent
= acceleration due to the force of gravity, m/s/s
= radius of circular curve, m
= speed of vehicle, Km/h

= side friction factor =
Force tangential to pavement surface, Ft
Force normal to pavement surface, Fn

W
e
g
R
v

f

 tan (θ + α) =

Fc

Ft
Fn

= = centrifugal force
g R

W v2

 tan θ +  tan α
 1 - (tan θ)(tan α)

 tan θ = e
1

 tan α = = f

 tan (θ + α) =  tan θ +  tan α
 1 - (tan θ)(tan α)W

g R
W v2

g R
v2

= = tan (θ + α) =

e + f
1 - ef

=
g R
v2

e + f =
127 R

v2

e + f
1 - ef

=

)LJXUH�������'HULYDWLRQ�RI�KRUL]RQWDO��FLUFXODU��FXUYH

$Q� LQVWDQFH� RI� (TXDWLRQ� ����� DV� JLYHQ� E\�$$6+72� ����� LV� URXJKO\� DV� IROORZV�� � $

YHKLFOH� WUDYHOLQJ�RQ�D�QRQVXSHUHOHYDWHG�FXUYH�GHYHORSV� WKH� I� QHFHVVDU\� WR� UHVLVW� FHQWULIXJDO

IRUFH��SURYLGHG� WKLV� I� LV� OHVV� WKDQ� WKH�PD[LPXP�DWWDLQDEOH�� �$�YHKLFOH� WUDYHOLQJ� DW� FRQVWDQW

VSHHG�RQ�D�FXUYH�ZLWK�DQ�H�VXFK�WKDW�I�LV�]HUR�WKHRUHWLFDOO\�UHTXLUHV�QR�VWHHULQJ�IRUFH��EHFDXVH

WKH�FHQWULIXJDO�IRUFH�LV�EDODQFHG�E\�WKH�ZHLJKW�RI�WKH�YHKLFOH���:KHQ�D�YHKLFOH�LV�WUDYHOLQJ�DW�D
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VSHHG�RWKHU�WKDQ�WKH�EDODQFH�VSHHG��I�LV�GHYHORSHG�DV�VWHHULQJ�HIIRUW�LV�DSSOLHG�WR�SUHYHQW�WKH

YHKLFOH�IURP�PRYLQJ�WR�WKH�LQVLGH�RU�RXWVLGH�RI�WKH�FXUYH�

$$6+72�KDV�HVWDEOLVKHG�OLPLWLQJ�YDOXHV�RI�H�DQG�I�IRU�GLIIHUHQW�GHVLJQ�VSHHGV���7KH

PD[LPXP�VXSHUHOHYDWLRQ�LV�FRQVWUDLQHG�E\�SUDFWLFDO�OLPLWDWLRQV���7KHVH�OLPLWV�FDQ�EH�DIIHFWHG

E\� FOLPDWH� FRQGLWLRQV� �LI� DQ� DUHD� LV� VXEMHFW� WR� LFH� DQG� VQRZ��� LQFUHDVHG� SRWHQWLDO� IRU

K\GURSODQLQJ��DUHD�W\SH��XUEDQ�UXUDO���WHUUDLQ�FRQGLWLRQV��GULYHU�GLVFRPIRUW�DW�ORZ�VSHHGV��DQG

WUXFNV�ZLWK�KLJKHU�FHQWHUV�RI�JUDYLW\���%DVHG�RQ�VWXGLHV�DQG�H[SHULHQFH��WKH�PD[LPXP�UDWH�RI

VXSHUHOHYDWLRQ�RQ�KLJKZD\V�LV� W\SLFDOO\�������DQG�RFFDVLRQDOO\������� �,Q�DUHDV�VXEMHFW� WR� LFH

DQG�VQRZ�������SURYLGHV�D�SUDFWLFDO�OLPLWLQJ�YDOXH�����

,Q� DGGLWLRQ� WR� GHYHORSLQJ� OLPLWLQJ� YDOXHV� RI� VXSHUHOHYDWLRQ�� $$6+72� KDV� DOVR

VWXGLHG� GHVLJQ� YDOXHV� IRU� WKH� VLGH� IULFWLRQ� IDFWRU� �I��� � 'LIIHUHQW� SDYHPHQW� FRQGLWLRQV�

SDYHPHQW�W\SHV��DQG�ZHDWKHU�FRQGLWLRQV�KDYH�EHHQ�VWXGLHG��WKRXJK�LW�KDV�EHHQ�FRQFOXGHG�WKDW

WKH�PD[LPXP�DYDLODEOH�VLGH�IULFWLRQ�IDFWRU�VKRXOG�QRW�EH�XVHG�LQ�GHVLJQ���,QVWHDG��RQH�JXLGH

$$6+72� XVHV� LV� WKH� IROORZLQJ�� ¦�WKH� VSHHG� RQ� D� FXUYH� DW� ZKLFK� GLVFRPIRUW� GXH� WR� WKH

FHQWULIXJDO� IRUFH� LV� HYLGHQW� WR� WKH� GULYHU� FDQ� EH� DFFHSWHG� DV� WKH� GHVLJQ� FRQWURO� IRU� WKH

PD[LPXP�DOORZDEOH�DPRXQW�RI�VLGH�IULFWLRQ�§��6LGH�IULFWLRQ�IDFWRUV�IRU�GHVLJQ�SXUSRVHV�UDQJH

IURP������IRU����NP�K�WR������IRU�����NP�K���7DEOH������SDUW�RI�7DEOH�,,,���IURP�$$6+72�

SURYLGHV�WKH�PLQLPXP�UDGLXV�IRU�YDULRXV�GHVLJQ�VSHHGV�DQG�VXSHUHOHYDWLRQ�FRPELQDWLRQV�

)LJXUH� ���� IURP�7['27©V�2SHUDWLRQV� DQG�3URFHGXUHV�0DQXDO� LOOXVWUDWHV� WKH� XVXDO

DQG�DEVROXWH�PD[LPXP�GHJUHH�RI�FXUYH��PLQLPXP�UDGLXV�� IRU�GHVLJQ�VSHHGV�RI������������

����DQG�����NP�K�DQG�D�VXSHUHOHYDWLRQ�RI��������7KH�DEVROXWH�PD[LPXPV�DUH�EDVHG�GLUHFWO\

RQ� WKRVH�FDOFXODWHG� LQ�$$6+72�� �7KLV�7['27�ILJXUH� UHIHUV� WKH�GHVLJQHU� WR� WKH�$$6+72

GHVLJQ� JXLGH� IRU� PD[LPXP� GHJUHH� RI� FXUYH� �PLQLPXP� UDGLXV�� YDOXHV� WKDW� DSSO\� WR

VXSHUHOHYDWLRQ�UDWHV�RWKHU�WKDQ��������)LJXUH�����DOVR�OLVWV�WKH�PD[LPXP�GHJUHH�RI�FXUYH�IRU

KLJKZD\� FXUYHV� ZLWKRXW� VXSHUHOHYDWLRQ�� � )LJXUH� ���� IURP� 7['27©V� 2SHUDWLRQV� DQG

3URFHGXUHV� 0DQXDO� VKRZV� WKH� VXSHUHOHYDWLRQ� WR� EH� XVHG� IRU� YDULRXV� GHVLJQ� VSHHGV� DQG

GHJUHHV�RI�FXUYDWXUH�ZKHUH�WKH�OLPLWLQJ�YDOXHV�IURP�)LJXUH�����DUH�QRW�XWLOL]HG���7KLV�WDEOH�LV

DOVR�EDVHG�RQ�D�PD[LPXP�VXSHUHOHYDWLRQ�RI������

$Q�DGGLWLRQDO� DVSHFW� RI� WKH� HIIHFW� RI� VXSHUHOHYDWLRQ� RQ� GHVLJQ� LV� WKH� VXSHUHOHYDWLRQ

WUDQVLWLRQ�� �7KLV� LV� WKH� OHQJWK�RI� URDGZD\�RYHU�ZKLFK� WKH� H[LVWLQJ�SURILOH� LV� FKDQJHG� WR� WKH

GHVLUHG� VXSHUHOHYDWLRQ� DQG� YLFH� YHUVD�� � )RU� D� VLPSOH� FLUFXODU� FXUYH�� WZR�WKLUGV� RI� WKH

WUDQVLWLRQ�VKRXOG�EH�PDGH�RXWVLGH�WKH�FXUYH�DQG�WKH�UHPDLQLQJ�RQH�WKLUG�ZLWKLQ�WKH�OLPLWV�RI

WKH� FXUYH�� � 2Q� VSLUDO� FXUYHV� WKH� WUDQVLWLRQ� LV� GLVWULEXWHG� RYHU� WKH� VSLUDO�� � 2Q� KLJK�VSHHG

IDFLOLWLHV��GHVLUDEOH�GHVLJQ�YDOXHV�IRU�OHQJWK�RI�VXSHUHOHYDWLRQ�DUH�EDVHG�RQ�XVLQJ�D�PD[LPXP

UHODWLYH�JUDGLHQW�RI�����SHUFHQW�EHWZHHQ�SURILOHV�RI�WKH�HGJH�RI�SDYHPHQW�DQG�D[LV�RI�URWDWLRQ�

7KLV� OHQJWK� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� FKDQJH� LQ� SDYHPHQW� HGJH� HOHYDWLRQ� RZLQJ� WR

VXSHUHOHYDWLRQ���7KH�VXSHUHOHYDWLRQ�WUDQVLWLRQ�OHQJWK�LV�VXEMHFW�WR�PLQLPXP�YDOXHV�RI��������

����DQG����PHWHUV�IRU�GHVLJQ�VSHHGV�RI�������������DQG�����NP�K��UHVSHFWLYHO\�
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7DEOH�������0LQLPXP�UDGLXV�IRU�GHVLJQ�RI�DOO�UXUDO�KLJKZD\V�DQG�KLJK�VSHHG�XUEDQ�VWUHHWV

XVLQJ�OLPLWLQJ�YDOXHV�RI�H�DQG�I

'HVLJQ 0D[LPXP /LPLWLQJ &DOFXODWHG 5RXQGHG

6SHHG H 9DOXHV RI 7RWDO 5DGLXV 5DGLXV
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127(� ,Q UHFRJQLWLRQ RI VDIHW\ FRQVLGHUDWLRQV� XVH RI HPD[  ����� VKRXOG EH OLPLWHG WR XUEDQ FRQGLWLRQV�

6RXUFH� 7DEOH ,,,��� ���� $$6+72� 5HI� �� S� ���

3UHYLRXVO\��GLVFXVVLRQ�ZDV�SUHVHQWHG�RQ�VDIH�VWRSSLQJ�VLJKW�GLVWDQFH��66'����%HFDXVH

WKDW�GLVFXVVLRQ�SUHVHQWHG�WKH�VDIH�66'�IRU�D�VWUDLJKW�URDGZD\�VHFWLRQ��LW�LV�QRZ�QHFHVVDU\�WR

H[WHQG�VDIH�66'�WR�KRUL]RQWDO�FXUYHV���$�UHYLHZ�RI�)LJXUH�����LV�KHOSIXO�LQ�XQGHUVWDQGLQJ�WKLV

FRQFHSW�� � ,I� WKLV�ILJXUH�LV�FRQVLGHUHG�SDUW�RI�D�KRUL]RQWDO�FXUYH�� WKHQ�0�ZRXOG�UHSUHVHQW� WKH

GLVWDQFH� IURP� WKH� URDGZD\� LQVLGH� ODQH� WR� WKH� VLJKW� OLQH�REVWUXFWLRQ�� �7KH�FKRUG� OHQJWK� WKHQ

UHSUHVHQWV�WKH�OLQH�RI�VLJKW�ZLWK�WKH�DUF�OHQJWK�HTXDO�WR�WKH�GLVWDQFH�WUDYHOHG���7KH�UHTXLUHPHQW

IRU�VDIH�VWRSSLQJ�VLJKW�GLVWDQFH�WKHQ�VLPSO\�EHFRPHV�WKH�UHTXLUHG�DUF�OHQJWK��WUDYHO�GLVWDQFH�

QHFHVVDU\� WR� UHDFW� DQG� VWRS� RQFH� DQ� REMHFW� KDV� EHHQ� VLJKWHG� DORQJ� WKH� OLQH� RI� VLJKW�� �2Q� D

KRUL]RQWDO�FXUYH��WKH�OLQH�RI�VLJKW�WR�DQ�REMHFW�LV�DVVXPHG�WR�LQWHUFHSW�WKH�YLHZ�REVWUXFWLRQ�DW
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WKH�PLGSRLQW�RI�WKH�VLJKW�OLQH���)LJXUH�����IURP�WKH�7['27�GHVLJQ�PDQXDO�SURYLGHV�VWRSSLQJ

VLJKW�GLVWDQFH�IRU�KRUL]RQWDO�FXUYHV�

Figure 4-4.  Refers to Paragraph 4-202(D)1
(Source: Figure 4-4, SDHPT Operations and Procedures Manual, Ref. 5 p. 4-13)

STANDARDS FOR CURVATURE OF HIGH SPEED HIGHWAYS
AND CONNECTING ROADWAYS WITH SUPERELEVATION

Design Speed
(mph)

30

40

50

60

70

Usual Max. 1

Degree of Curve
(Radius of Curve)

(273')

(573')

(955')

(1910')

(2865')

15°00'3

10°00'

6°00'

3°00'

2°00'

Absolute Max. 1, 2

Degree of Curve
(Radius of Curve)

Based on superelevation rate of emax = 0.08 ft./ft.  For other maximum superelevation
rates refer to AASHTO's A Policy on Geometric Design of Highways and Streets,
1984.

Absolute maximum values should be used only where unusual design circumstances
dictate.

Applies to new location construction.  For R-R-R or reconstruction, existing curvature
equal to or flatter than absolute maximum value may be retained unless accident
history warrants flattening curvature.

1

2

3

(252')

(468')

(764')

(1206')

(1910')

22°45'

12°15'

7°30'

4°45'

3°00'

STANDARDS FOR CURVATURE OF HIGH SPEED HIGHWAYS
WITHOUT SUPERELEVATION1

Design Speed
(mph)

50

60

70

80

Max. Degree of
Curve

0°30'

0°20'

0°15'

0°15'

1Normal crown maintained.  See Figure 4-6 for low speed streets.

)LJXUH�������7H[DV�FXUYDWXUH�VWDQGDUGV
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Figure 4-10.  Refers to Paragraph 4-202(D)4
(Source: Figure 4-10, SDHPT Operations and Procedures Manual, Ref. 5, p. 4-20)

VALUES FOR SUPERELEVATION RATE RELATED
TO CURVATURE ON HIGH SPEED HIGHWAYS

Superelevation Rate, e, for Design Speed of:

22918'

11459'

7639'

5730'

3820'

2865'

2292'

1910'

1637'

1432'

1146'

955'

819'

716'

637'

573'

0°15'

0°30'

0°45'

1°00'

1°30'

2°00'

2°30'

3°00'

3°30'

4°00'

5°00'

6°00'

7°00'

8°00'

9°00'

10°00'

NC = Normal Crown
RC = Reverse Crown

40 mph 50 mph 60 mph 70 mphRadiusD

emax = 0.08 ft./ft.

NC

NC

NC

RC

.021

.027

.033

.038

.043

.047

.055

.062

.067

.071

.075

.078

NC

NC

RC

.021

.030

.038

.046

.053

.058

.063

.071

.077

.080

NC

RC

.022

.029

.041

.051

.061

.068

.074

.078

.080

NC

RC

.028

.036

.051

.065

.075

.080

)LJXUH�������7H[DV�VXSHUHOHYDWLRQ�VWDQGDUGV
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STOPPING SIGHT DISTANCE

ON HORIZONTAL CURVES

Design Speed
M.P.H.

30
40
50
60
70

MIN.
200
275
400
525
625

DES.
200
325
475
650
850

Sight Distance Ft.

= SIGHT DISTANCE IN FEET
= RADIUS OF C INSIDE LANE IN FEET
= DISTANCE FROM INSIDE LANE IN FEET
= DESIGN SPEED FOR S IN M.P.H.

S
R
N
V

ANGLE IS EXPRESSED IN DEGREES

HEIGHT OF EYE 3.50 FEET.
HEIGHT OF OBJECT 0.5 FEET.

Based on Minimum SSD

N = MIDDLE ORDINATE

30

25

20

15

10

5

D
 =

 D
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 C
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ne
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e 
La

ne

R
 =

 R
ad

iu
s 

- 
C

en
te

rli
ne

 o
f I

ns
id

e 
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50 10 15 20 25 30 35
6000
5000
4000
3000
2000

1000

800
700
600

500

400

300

250

200

Figure 4-12.  Refers to Paragraph 4-202(D)5
(Source: Figure 4-12, SDHPT Operations and Procedures Manual, Ref. 5 p. 4-23)

Formula applies only when S is equal
to or less than length of curve.

Sight Distance (S) Measured
Along This Line

N = R

S = R
28.65

R - N
R

COS-1[ ( [(

28.65   S
R

VERS[ ( [( V = 70     S = 625
V = 60     S

 = 525V = 50     
S = 400

V 
(D
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n 
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ee
d 

M
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) =
 4

0 
  S

 =
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75

V
 =
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S
 (S
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RR

Obstruction
of Cutbank

Line of  Sight
ObjectEye

C

Inside Lane

L

L

L

)LJXUH�������7H[DV�VWRSSLQJ�VLJKW�GLVWDQFH�VWDQGDUGV

9HUWLFDO�&XUYHV

7KH� ILQDO� EDVLF� JHRPHWULF� HOHPHQW� WR� EH� GLVFXVVHG� LV� YHUWLFDO� FXUYHV�� � 7KH� YHUWLFDO

FXUYH�LV�XVHG�ZKHUHYHU�D�FKDQJH�LQ�HOHYDWLRQ�PXVW�EH�DFKLHYHG���)RU�H[DPSOH��D�YHUWLFDO�FXUYH
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PD\�EH�XVHG�WR�FRQQHFW�WZR�SRUWLRQV�RI�D�URDGZD\�DW�GLIIHUHQW�HOHYDWLRQV���7KLV�RIWHQ�RFFXUV

RQ�UDPSV�ZKHUH�WKH�FRQQHFWLRQ�RI�WKH�UDPS�RQ�RQH�URDG�LV�DW�DQ�HOHYDWLRQ�GLIIHUHQW�IURP�WKDW

RI�WKH�UDPS�FRQQHFWLRQ�WR�WKH�RWKHU�URDG���$OVR��D�YHUWLFDO�FXUYH�LV�RIWHQ�XVHG�WR�FRQQHFW�WZR

SRUWLRQV�RI�WKH�VDPH�URDGZD\�DW� WKH�VDPH�HOHYDWLRQ�ZLWK�D�FKDQJH�LQ�HOHYDWLRQ�EHWZHHQ�WKH

WZR�SRLQWV��VXFK�DV�LQ�WKH�FDVH�RI�DQ�RYHUSDVV���$�FRPPRQO\�XVHG�W\SH�RI�YHUWLFDO�FXUYH�LV�D

SDUDEROLF�YHUWLFDO�FXUYH���6RPH�SURSHUWLHV�RI�WKLV�FXUYH�DUH�

�� 7DQJHQWV�GUDZQ�IURP�DQ\�WZR�SRLQWV�RQ�D�YHUWLFDO�D[LV�SDUDEROD�DOZD\V�LQWHUVHFW

PLGZD\�EHWZHHQ�WKH�SRLQWV�RI�WDQJHQF\�ZKHUH�GLVWDQFH�LV�PHDVXUHG�KRUL]RQWDOO\�

7KLV�LV�RIWHQ�UHIHUUHG�WR�DV�DQ�HTXDO�WDQJHQW�YHUWLFDO�FXUYH�

�� 9HUWLFDO�RIIVHWV�IURP�D�WDQJHQW�WR�D�SDUDEROD�DUH�SURSRUWLRQDO�WR�WKH�VTXDUH�RI�WKH

GLVWDQFH�IURP�WKH�SRLQW�RI�WDQJHQF\�

\  �N�[� �����

ZKHUH

N  <�/���RU�<�/�����\�[�

�� 7KH�H[WHUQDO�GLVWDQFH��(��DQG�WKH�PLGGOH�RUGLQDWH��0��DUH�HTXDO��DQG

(�  0� �$/���� �����

ZKHUH

$  DOJHEUDLF�GLIIHUHQFH�LQ�JUDGHV��DQG

/  KRUL]RQWDO�OHQJWK�RI�SDUDEROD�

�� 7KH�VORSH��JUDGLHQW��RI�D� WDQJHQW� WR� WKH�SDUDEROD�FKDQJHV�D�FRQVWDQW�DPRXQW� IRU

HDFK�LQFUHPHQW�RI�KRUL]RQWDO�GLVWDQFH�

.  /�$ �����

ZKHUH

.  KRUL]RQWDO�GLVWDQFH�WR�DIIHFW�D���SHUFHQW�FKDQJH�LQ�JUDGH�

�� 7KH� KLJKHVW� RU� ORZHVW� SRLQW� RQ� WKH� SDUDEROLF� YHUWLFDO� FXUYH� OLHV� EHWZHHQ� WKH

YHUWLFDO�SRLQW�RI�FXUYDWXUH��39&��DQG�WKH�YHUWLFDO�SRLQW�RI�WDQJHQF\��397��ZKHUH

WKH�VORSH�RI�D�WDQJHQW�WR�WKH�FXUYH�LV�]HUR�
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0RVW�YHUWLFDO�FXUYHV�ZLOO�EH�RI�WKH�V\PPHWULF� W\SH��DOWKRXJK�LQ�LQVWDQFHV�ZKHUH�WKLV

W\SH�RI�FXUYH�ZLOO�QRW�VDWLVI\�FULWLFDO�FOHDUDQFHV�RU�RWKHU�FRQWUROV��XQV\PPHWULFDO�FXUYHV�PD\

EH�XVHG�

7KH�SUHGRPLQDQW�IDFWRU�DIIHFWLQJ�WKH�VDIH�GHVLJQ�RI�D�YHUWLFDO�FXUYH�LV�WKH�UHTXLUHPHQW

IRU�DGHTXDWH�VLJKW�GLVWDQFH�DW�GHVLJQ�VSHHG��ZKLFK�DW�PLQLPXP�VKRXOG�EH�VDIH�VWRSSLQJ�VLJKW

GLVWDQFH���&RPIRUW�LV�DOVR�D�FRQVLGHUDWLRQ�DQG�LV�W\SLFDOO\�PRUH�FULWLFDO�RQ�VDJ�FXUYHV��EHFDXVH

ERWK�JUDYLW\� DQG�YHUWLFDO� FHQWULIXJDO� IRUFHV� DUH� DFWLQJ� LQ� WKH� VDPH�GLUHFWLRQ�� �&UHVW� YHUWLFDO

FXUYHV� W\SLFDOO\� KDYH� D� PLQLPXP� OHQJWK� FRQWUROOHG� E\� VLJKW� GLVWDQFH� UHTXLUHPHQWV�� ZLWK

FRPIRUW� DQG� DSSHDUDQFH� JHQHUDOO\� VDWLVILHG�� � (TXDWLRQV� ���� DQG� ���� PD\� EH� XVHG� LQ� WKH

GHWHUPLQDWLRQ�RI�PLQLPXP�/�RI�D�YHUWLFDO�SDUDEROLF�FXUYH�� �$$6+72�DQG�7['27�SURYLGH

ILJXUHV� EDVHG� RQ� WKHVH� HTXDWLRQV�� � )LJXUH� ���� �$$6+72� )LJXUH� ,,,����� VDPH� DV� 7['27

)LJXUH�������LV�LQFOXGHG�DV�DQ�H[DPSOH���)LJXUH�����SURYLGHV�WKH�UHTXLUHG�OHQJWKV�RI�D�YHUWLFDO

FXUYH�IRU�YDOXHV�RI�$�IURP���WR������7KLV�ILJXUH�LV�EDVHG�RQ�WKH�XSSHU�UDQJH�RI�VWRSSLQJ�VLJKW

GLVWDQFHV�IURP�7DEOH�������1RWLFH�WKDW�WKHUH�DUH�VRPH�DGMXVWPHQWV�WR�WKH�ORZHU�UDQJH�RI�$�DQG

/�YDOXHV� LQ� WKH�6�/� UHJLRQ�� �7KHVH�DGMXVWPHQWV�DUH�EDVHG�RQ�FRPPRQ�GHVLJQ�SUDFWLFHV� WKDW

VXJJHVW�D�PLQLPXP�OHQJWK�IRU�YHUWLFDO�FXUYHV���2QH�JXLGH�$$6+72�JLYHV�WR�UHIOHFW�FXUUHQW

SUDFWLFH�LV�D�PLQLPXP�OHQJWK�RI���WLPHV�WKH�GHVLJQ�VSHHG��RU�/PLQ� ��9���:KLOH�QRW�LQFOXGHG

LQ�WKLV�UHSRUW��$$6+72�DOVR�SURYLGHV�D�ILJXUH�VLPLODU�WR�)LJXUH�����EDVHG�RQ�WKH�ORZHU�UDQJH

RI�VWRSSLQJ�VLJKW�GLVWDQFH�YDOXHV���2WKHU�FRQVLGHUDWLRQV�LQ�WKH�GHVLJQ�RI�FUHVW�YHUWLFDO�FXUYHV

WKDW�DUH�IXUWKHU�GLVFXVVHG�LQ�$$6+72�DUH�GUDLQDJH�DQG�SDVVLQJ�VLJKW�GLVWDQFH���7KHVH�LWHPV

DUH�QRW�GLVFXVVHG�KHUH��EHFDXVH��ILUVW��GUDLQDJH�QHHG�QRW�QHFHVVLWDWH�D�GHVLJQ�OLPLWDWLRQ��RQO\�D

IDFWRU�WKDW�PXVW�EH�DFFRXQWHG�IRU��DQG��VHFRQG��SDVVLQJ�LV�W\SLFDOO\�QRW�DQ�LVVXH�RQ�UDPSV�

7KH� SURFHVV� WR� GHWHUPLQH� WKH�PLQLPXP� OHQJWK� IRU� D� VDJ� YHUWLFDO� FXUYH� WHQGV� WR� EH

PRUH� LQYROYHG��ZLWK�$$6+72�KLJKOLJKWLQJ� IRXU� GLIIHUHQW� FULWHULD� WKDW�PXVW� EH�PHW�� 7KHVH

FULWHULD�LQFOXGH����KHDGOLJKW�VLJKW�GLVWDQFH�����ULGHU�FRPIRUW�����GUDLQDJH�FRQWURO��DQG����D�UXOH

RI� WKXPE�IRU�JHQHUDO�DSSHDUDQFH�� �2I� WKHVH�FULWHULD��KHDGOLJKW�VLJKW�GLVWDQFH� LV� W\SLFDOO\� WKH

JRYHUQLQJ� IDFWRU�� � 7KLV� FULWHULRQ� LV� EDVHG� RQ� WKH� VLJKW� GLVWDQFH� RI� D� YHKLFOH� WUDYHUVLQJ� D

YHUWLFDO�FXUYH�EHLQJ�GHSHQGHQW�XSRQ�WKH�KHDGOLJKWV©�SRVLWLRQ��GLUHFWLRQ�RI�WKH�OLJKW�EHDP��DQG

FXUYDWXUH� RI� WKH� URDGZD\�� � (TXDWLRQV� ���� DQG� ����� PD\� EH� XVHG� LQ� WKH� FDOFXODWLRQ� RI� WKH

PLQLPXP� VDJ� OHQJWK�� � 7KH� GHVLJQ� REMHFWLYH� IRU� VDIHW\� LV� WKDW�� RQ� D� VDJ� YHUWLFDO� FXUYH�� WKH

FXUYH�OHQJWK�EH�RI�DGHTXDWH�OHQJWK�VXFK�WKDW�WKH�OLJKW�EHDP�GLVWDQFH�LV�QHDUO\�WKH�VDPH�DV�WKH

VWRSSLQJ�VLJKW�GLVWDQFH�� �$V�ZLWK� WKH�FUHVW�YHUWLFDO�FXUYHV��$$6+72�KDV�GHYHORSHG�ILJXUHV

IRU� WKH� GHVLJQ� FRQWUROV� IRU� VDJ� YHUWLFDO� FXUYHV� IRU� ERWK� WKH� KLJKHU� DQG� ORZHU� UDQJHV� RI

VWRSSLQJ�VLJKW�GLVWDQFH�
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)LJXUH�������'HVLJQ�FRQWUROV�IRU�FUHVW�YHUWLFDO�FXUYHV�IRU�VWRSSLQJ�VLJKW�GLVWDQFH�DQG�RSHQ

URDG�FRQGLWLRQV�¥�XSSHU�UDQJH

$V�PHQWLRQHG�SUHYLRXVO\��FRPIRUW�LV�D�JUHDWHU�LVVXH�ZLWK�VDJ�YHUWLFDO�FXUYHV�EHFDXVH

RI� WKH�FRPSRXQGLQJ�RI�JUDYLWDWLRQDO�DQG�FHQWULIXJDO� IRUFHV�� �&RPIRUW�RQ�D�YHUWLFDO� FXUYH� LV

QRW� VLPSO\� D� IXQFWLRQ� RI� WKH� FXUYH� LWVHOI�� EXW� DOVR� RI� WKH� YHKLFOH� ERG\� VXVSHQVLRQ�� WLUH

IOH[LELOLW\�� DQG� YHKLFOH� ZHLJKW�� %DVHG� RQ� OLPLWHG� VWXGLHV�� $$6+72� VWDWHV� WKH� JHQHUDO

FRQFOXVLRQ�WKDW�FHQWULIXJDO�DFFHOHUDWLRQ�VKRXOG�QRW�H[FHHG���IW�VHF���ZKLFK�OHDGV�WR�(TXDWLRQ

�������7\SLFDOO\��WKLV�OHQJWK�LV�KDOI� WKDW�UHTXLUHG�IRU�KHDGOLJKW�GLVWDQFH�� WKXV��FRPIRUW� LV�QRW

XVXDOO\�D�JRYHUQLQJ�IDFWRU�

,Q�DGGLWLRQ��DV�ZLWK�WKH�FUHVW�YHUWLFDO�FXUYH��D�PLQLPXP�OHQJWK�RI�VDJ�YHUWLFDO�FXUYHV�LV

XWLOL]HG� LQ� SUDFWLFH�� � 7KH� FUHVW� FRQGLWLRQ� RI� 9�  � �/� LV� DOVR� XVHG� IRU� VDJ� YHUWLFDO� FXUYHV�

$SSHDUDQFH� DQG� GUDLQDJH� DUH� QRW� GLVFXVVHG� ZLWKLQ� WKLV� UHSRUW�� JLYHQ� WKDW� WKHVH� FRQGLWLRQV
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UDUHO\�JRYHUQ�UDPS�GHVLJQ���$�PRUH�FRPSOHWH�GLVFXVVLRQ�RI�WKHVH�LVVXHV�PD\�EH�IRXQG�LQ�WKH

7['27�RU�$$6+72�GHVLJQ�JXLGHV�� �2WKHU� LPSRUWDQW�DVSHFWV�RI�YHUWLFDO� FXUYHV��ZKLFK�DUH

GLVFXVVHG�ZLWKLQ�WKH�UDPS�GHVLJQ�VHFWLRQ�RI�WKH�UHSRUW��DUH�WKH�HIIHFWV�RI�JUDGHV�RQ�RSHUDWLQJ

SHUIRUPDQFH�DQG�PD[LPXP�DOORZDEOH�JUDGHV�

)RUPXODV�IRU�YHUWLFDO�FXUYH�GHVLJQ�
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7DNHRII�YHORFLW\�

$

����/
 9 RII�WDNH ������

ZKHUH

/  /HQJWK�RI�SDUDEROLF�FXUYH��P��

$  DOJHEUDLF�GLIIHUHQFH�LQ�JUDGHV�����

&  YHUWLFDO�FOHDUDQFH�DW�XQGHUSDVV��P��

KH  KHLJKW�RI�H\H�DERYH�URDG��PP����7\S�������PP��

D  XSZDUG�GLYHUJHQFH�RI�KHDGOLJKW�EHDP��GHJUHHV��

6  VLJKW�GLVWDQFH��P��

\  KHLJKW�RI�KHDGOLJKW��P��

9  VSHHG��NP�K���DQG

KR  KHLJKW�RI�REMHFW��PP����W\S������PP��

,17(5&+$1*(6�$1'�5$03�7<3(6

%HIRUH�UHYLHZLQJ�UDPS�GHVLJQ�� WKH�ORFDWLRQV�ZKHUH�UDPSV�DUH�XVHG�DQG�WKH�GLIIHUHQW

W\SHV� RI� UDPSV� DUH� SUHVHQWHG�� � )LQDOO\�� WKH� FXUUHQW� VWDWH� RI� SUDFWLFH� LQ� UDPS� GHVLJQ� LV

SUHVHQWHG�

,QWHUFKDQJHV

7KH�UDPSV�EHLQJ�VWXGLHG�IRU�WKLV�UHSRUW�DUH�W\SLFDOO\�XWLOL]HG�DV�SDUW�RI�DQ�LQWHUFKDQJH

RU� IUHHZD\�WR�IURQWDJH� URDG� FRQQHFWLRQ�� ,QWHUFKDQJHV� SURYLGH� D� VHSDUDWLRQ� RI� WUDIILF

PRYHPHQWV�DQG�VKRXOG�EH�GHVLJQHG�WR�SURYLGH�WKH�KLJKHVW�SRVVLEOH�WUDIILF�VHUYLFH���:LWK�WKH

QXPHURXV� IUHHZD\V�� ORFDWLRQ� FRQVWUDLQWV�� YDU\LQJ� FDSDFLW\� QHHGV�� DQG� RWKHU� LQGLYLGXDO

ORFDWLRQ� FLUFXPVWDQFHV�� GLIIHUHQW� W\SHV� RI� LQWHUFKDQJHV� KDYH� EHHQ� GHYHORSHG�� � 7['27©V

+LJKZD\� 'HVLJQ� 'LYLVLRQ©V� 2SHUDWLRQV� DQG� 3URFHGXUHV� 0DQXDO� OLVWV� VL[� EDVLF� W\SHV� RI

LQWHUFKDQJHV�� � )LJXUH� ���� VKRZV� VRPH� RI� WKH� YDULRXV� W\SHV� RI� LQWHUFKDQJHV�� ZKLFK� DUH

GHVFULEHG�EHORZ�

7UXPSHW�RU�7HH���7KLV�LQWHUFKDQJH�W\SH�LV�FRPPRQO\�XVHG�IRU�WKUHH�OHJ�LQWHUFKDQJHV

LQ�WKH�FRQQHFWLRQ�RI�D�PDMRU�IDFLOLW\�ZLWK�D�IUHHZD\�

'LDPRQG�� � 7KH� GLDPRQG� LV� WKH� PRVW� FRPPRQO\� XWLOL]HG� LQWHUFKDQJH� W\SH�� � ,W� LV

SDUWLFXODUO\� SUHYDOHQW� LQ� XUEDQ� VHWWLQJV� ZKHUH� LWV� ORZ�DUHD� UHTXLUHPHQW� LV� D� PDMRU� DVVHW�

'LDPRQG�LQWHUFKDQJHV�DUH�XVHG�SUHGRPLQDQWO\�IRU�PDMRU�PLQRU�FURVVLQJV�
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)LJXUH�������7\SLFDO�LQWHUFKDQJHV



��

7KUHH�/HYHO�'LDPRQG�,QWHUFKDQJH�� �7KHVH�LQWHUFKDQJHV�DUH� W\SLFDOO\�XVHG� LQ�XUEDQ

DUHDV�ZKHUH�WKH�FURVV�VWUHHW�KDV�KLJK�IORZV�DQG�ZKHUH�D�UHJXODU�GLDPRQG�LQWHUFKDQJH�ZLOO�QRW

SURYLGH� DGHTXDWH� FDSDFLW\�� � 7KLV� IDFLOLW\� LV� QRW� UHFRPPHQGHG� IRU� WKH� FURVVLQJ� RI� WZR

FRQWUROOHG�DFFHVV�IDFLOLWLHV�

&ORYHUOHDI�� �7KH� FORYHUOHDI� LQWHUFKDQJH� LV� D� WZR�OHYHO� LQWHUFKDQJH� WKDW� XWLOL]HV� ORRS

UDPSV� LQ� DOO� IRXU� TXDGUDQWV� WR� HOLPLQDWH� OHIW�WXUQ� FRQIOLFWV�� � &ORYHUOHDIV� DUH� W\SLFDOO\

LQDSSURSULDWH� DW� XUEDQ� FURVVLQJV� RI� WZR� FRQWUROOHG�DFFHVV� IDFLOLWLHV� RZLQJ� WR� FDSDFLW\

UHVWULFWLRQV�RI� WKH� ORRS� UDPSV� �L�H��� WUDIILF�YROXPHV� VKRXOG�QRW� H[FHHG�������YSK�RQ� D� ORRS

UDPS��

3DUWLDO�&ORYHUOHDIV���3DUWLDO�FORYHUOHDIV�DUH�VLPLODU�WR�D�FORYHUOHDI�LQWHUFKDQJH�H[FHSW

WKDW�ORRS�UDPSV�DUH�QRW�XWLOL]HG�LQ�DOO�IRXU�TXDGUDQWV�

'LUHFWLRQDO���$Q�LQWHUFKDQJH�WKDW�XWLOL]HV�GLUHFW�RU�VHPLGLUHFW�FRQQHFWLRQV�IRU�RQH�RU

PRUH�OHIW�WXUQ�PRYHPHQWV�LV�D�GLUHFWLRQDO�LQWHUFKDQJH���$Q�DOO�GLUHFWLRQDO�LQWHUFKDQJH�KDV�DOO

WXUQLQJ�PRYHPHQWV�RQ�D�GLUHFW�RU�VHPLGLUHFW� UDPS�� �'LUHFWLRQDO� LQWHUFKDQJHV�SURYLGH�VSHHG

DQG�FDSDFLW\�LPSURYHPHQWV�RYHU�FORYHUOHDI�DQG�GLDPRQG�LQWHUFKDQJHV�

$V� PHQWLRQHG�� UDPSV� DUH� DOVR� XWLOL]HG� LQ� WKH� FRQQHFWLRQ� RI� IXOO\� FRQWUROOHG�DFFHVV

IDFLOLWLHV�ZLWK�IURQWDJH�URDGV���)URQWDJH�URDGV�DQG�IURQWDJH�URDG�UDPSV�PD\�EH�LQFRUSRUDWHG

LQWR�WKH�DERYH�VL[�LQWHUFKDQJH�W\SHV���)URQWDJH�URDG�UDPSV�DUH�RIWHQ�XWLOL]HG�LQ�WKH�FRQQHFWLRQ

RI�WKH�IUHHZD\�ZLWK�WKH�IURQWDJH�URDG�EHWZHHQ�LQWHUFKDQJHV�

$� PRUH� LQ�GHSWK� GLVFXVVLRQ� RI� WKH� YDULRXV� LQWHUFKDQJH� W\SHV� DQG� WKHLU� SRVVLEOH

FRQILJXUDWLRQV� LV� EH\RQG� WKH� VFRSH� RI� WKLV� VWXG\�� )RU� IXUWKHU� LQIRUPDWLRQ� LQ� WKLV� DUHD�� WKH

UHDGHU�LV�GLUHFWHG�WR�WKH�7['27�DQG�$$6+72�GHVLJQ�JXLGHV���$Q�LQIRUPDWLYH�GLVFXVVLRQ�RQ

PDQ\� RI� WKH� LVVXHV� WR� EH� FRQVLGHUHG� ZKHQ� FKRRVLQJ� DQ� LQWHUFKDQJH� FRQILJXUDWLRQ� PD\� EH

IRXQG� LQ� WKHVH� UHVRXUFHV�� ZKLFK� LGHQWLI\� QRW� RQO\� WKH� VWUHQJWKV� DQG� ZHDNQHVVHV� RI� WKH

GLIIHUHQW� FRQILJXUDWLRQV�� EXW� DOVR� VLWXDWLRQV� ZKHUH� D� SDUWLFXODU� IDFLOLW\� W\SH� PD\� EH

DSSURSULDWH� RU� LQDSSURSULDWH�� $Q� XQGHUVWDQGLQJ� RI� WKHVH� LVVXHV� FDQ� IDFLOLWDWH� SODQQLQJ� DQG

GHVLJQ�GHFLVLRQV�

5DPS�7\SHV

)RU� WKLV� UHSRUW�� D� UDPS� LV� GHILQHG� LQ� DFFRUGDQFH� ZLWK� WKH� $$6+72� GHVLJQ� JXLGH�

ZKLFK� VWDWHV� WKDW� ¦WKH� WHUP� ¨UDPS©� LQFOXGHV� DOO� W\SHV�� DUUDQJHPHQWV�� DQG� VL]HV� RI� WXUQLQJ

URDGZD\V�WKDW�FRQQHFW�WZR�RU�PRUH�OHJV�DW�DQ�LQWHUFKDQJH���7KH�FRPSRQHQWV�RI�D�UDPS�DUH�D

WHUPLQDO� DW� HDFK� OHJ� DQG� D� FRQQHFWLQJ� URDG�� XVXDOO\�ZLWK� VRPH� FXUYDWXUH�� DQG� RQ� D� JUDGH�§

7KH� FRQQHFWLQJ� URDGZD\� LV� RIWHQ� UHIHUUHG� WR� DV� WKH� UDPS� SURSHU�� � 7KLV� GHILQLWLRQ� GLIIHUV

VOLJKWO\�IURP�WKDW�SURYLGHG�LQ�7['27©V�2SHUDWLRQV�DQG�3URFHGXUHV�0DQXDO��ZKLFK�GHILQHV�D

UDPS�DV�ZKDW�$$6+72�UHIHUV�WR�DV�WKH�UDPS�WHUPLQDO�DQG�WKH�SRUWLRQ�RI�URDGZD\�FRQQHFWLQJ

WR�WKH�UDPS�WHUPLQDOV�DV�FRQQHFWLQJ�URDGZD\V�
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)LJXUH����� LOOXVWUDWHV� WKH�GLIIHUHQW� UDPS� W\SHV�� �1RW� LQFOXGHG� LQ� WKLV� LOOXVWUDWLRQ� LV� D

IURQWDJH�URDG�UDPS����7KH�UDPS�W\SHV�VKRZQ�LQ�)LJXUH�����DUH�XWLOL]HG�LQ�WKH�FRQILJXUDWLRQ�RI

WKH�SUHYLRXVO\�GLVFXVVHG�LQWHUFKDQJHV���:KLOH�WKHUH�DUH�QXPHURXV�YDULDWLRQV�RI�WKHVH�UDPSV�LQ

XVH��PRVW�UDPSV�ILW�URXJKO\�LQWR�RQH�RI�WKH�UDPS�W\SHV�LOOXVWUDWHG���6SHFLILF�YDULDWLRQV�RI�WKH

VKDSH�RI�D�UDPS�LQ�HDFK�FDWHJRU\�PD\�EH�LQIOXHQFHG�E\�VXFK�IDFWRUV�DV�WUDIILF�SDWWHUQ��WUDIILF

YROXPH��GHVLJQ�VSHHG��WRSRJUDSK\��FXOWXUH��LQWHUVHFWLRQ�DQJOH��DQG�W\SH�RI�UDPS�WHUPLQDO���$OO

WKH�UDPSV�GLVFXVVHG�DUH�W\SLFDOO\�RQH�ZD\���7KH�UDPS�W\SHV�VKRZQ�DUH�GHVFULEHG�EHORZ�

'LDJRQDO�� � 'LDJRQDO� UDPSV� DUH� UHJXODUO\� XVHG� LQ� FRQQHFWLQJ� D� PLQRU� QRQIXOO\

FRQWUROOHG� DFFHVV� IDFLOLW\� WR� D� IXOO\� FRQWUROOHG�DFFHVV� IDFLOLW\�� � 7KH� UDPS� LQ� )LJXUH� ���

LOOXVWUDWHV�DQ�RQ�UDPS�IURP�WKH�PLQRU�URDG�WR�WKH�IUHHZD\���+RZHYHU��GLDJRQDO�UDPSV�DUH�DOVR

XWLOL]HG� DV� RII�UDPSV� IURP� WKH� IUHHZD\� WR� WKH�PLQRU� URDGZD\�� � &RPPRQO\�� ERWK� OHIW�� DQG

ULJKW�WXUQLQJ� PRYHPHQWV� H[LVW� DW� WKH� UDPS� WHUPLQDO� ZLWK� WKH� PLQRU� URDG�� � 'LDPRQG

LQWHUFKDQJHV�W\SLFDOO\�XWLOL]H�GLDJRQDO�UDPSV���$�W\SH�RI�GLDJRQDO�UDPS��XVXDOO\�FDOOHG�D�VOLS

UDPS��LV�IUHTXHQWO\�XVHG�WR�FRQQHFW�D�IUHHZD\�WR�D�IURQWDJH�URDG�

2QH�4XDGUDQW� 5DPS�� � $V� VKRZQ� LQ� )LJXUH� ����� WKLV� UDPS� LV� D� W\SH� RI� ORRS� UDPS

XWLOL]HG�LQ�FRQQHFWLQJ�WZR�QRQIXOO\�FRQWUROOHG�DFFHVV�IDFLOLWLHV�� � ,Q� WKH�LOOXVWUDWLRQ�� WKHUH�DUH

GRXEOH� �OHIW� DQG� ULJKW�� WXUQLQJ�PRYHPHQWV� DW� ERWK� HQGV�RI� WKH� UDPS�� � ,W� LV� DOVR� SRVVLEOH� WR

KDYH�GRXEOH�WXUQLQJ�PRYHPHQWV�DW�MXVW�RQH�HQG�RI�WKH�ORRS�ZLWK�D�VLQJOH�WXUQLQJ�PRYHPHQW�DW

WKH�RWKHU�HQG�RU�VLQJOH�WXUQLQJ�PRYHPHQWV�DW�ERWK�HQGV���7KH�ORRS�UDPS�RIWHQ�LV�PRUH�LQGLUHFW

WKDQ�RWKHU�UDPS�W\SHV�

/RRS� DQG� 6HPLGLUHFW�� � 7KLV� VHW� RI� UDPS� FRQILJXUDWLRQV� SURYLGHV� D� SRUWLRQ� RI� WKH

W\SLFDO�¦WUXPSHW§�OD\RXWV���7KH�FRQILJXUDWLRQ�VKRZQ�LV�RIWHQ�UHIHUUHG�WR�DV�D�MXJ�KDQGOH���7KH

VHPLGLUHFW� UDPS� SURYLGHV� ZKDW� ZRXOG� EH� D� OHIW�WXUQ� PRYHPHQW� DW� DQ� DW�JUDGH� LQWHUVHFWLRQ

WKURXJK�D�PRWLRQ�WR�WKH�ULJKW�IROORZHG�E\�D�UHYHUVDO�RI�GLUHFWLRQ�WR�WKH�GHVLUHG�GLUHFWLRQ���$

VHPLGLUHFW�UDPS�PD\�DOVR�EH�XVHG�IRU�ULJKW�WXUQV�EXW�XVXDOO\�LV�QRW�EHFDXVH�RWKHU�UDPSV��VXFK

DV�GLDJRQDO�UDPSV��PD\�EH�XWLOL]HG�IRU�WKLV�IXQFWLRQ���7KH�VHPLGLUHFW�UDPS�SURYLGHV�IRU�WUDYHO

GLVWDQFHV�WKDW�DUH�OHVV�WKDQ�WKDW�RI�D�ORRS�UDPS�EXW�PRUH�WKDQ�WKDW�RI�D�GLUHFWLRQDO�UDPS���7KH

ORRS�UDPS�DVVRFLDWHG�ZLWK�WKLV�VHPLGLUHFW�UDPS�LV�VHHQ�WR�KDYH�VLQJOH�WXUQLQJ�PRYHPHQWV�DW

ERWK�HQGV�DQG�VDWLVILHV�ZKDW�ZRXOG�EH�D�OHIW�WXUQ�PRYHPHQW�LQ�DQ�DW�JUDGH�LQWHUVHFWLRQ�

/RRS�DQG�2XWHU�&RQQHFWLRQ���7KLV�LV�DQRWKHU�H[DPSOH�RI�D�ORRS�UDPS�KDYLQJ�VLQJOH

WXUQ�PRYHPHQWV�DW�ERWK�HQGV�� �7KLV�FRQILJXUDWLRQ�DOORZV�IRU�D� OHIW�WXUQLQJ�PRYHPHQW� WR�EH

PDGH�ZLWKRXW�DQ�DW�JUDGH�FURVVLQJ�� �'ULYHUV� LQVWHDG� WUDYHO�VWUDLJKW� WKURXJK� WKH� LQWHUVHFWLRQ�

WKHQ� PDNH� D� ULJKW� RQWR� WKH� ORRS� UDPS� DQG� WUDYHO� ���q� WR� WKH� GHVLUHG� IUHHZD\� GLUHFWLRQ�

&RPSOHPHQWLQJ�WKH�ORRS�UDPS�LV�DQ�RXWHU�FRQQHFWLRQ���7KLV�UDPS�SURYLGHV�ZKDW�ZRXOG�KDYH

EHHQ�D�ULJKW�WXUQ�PRYHPHQW�DW�DQ�DW�JUDGH�LQWHUVHFWLRQ�RI�WKH�WZR�URDGZD\V�

'LUHFWLRQDO���2I�WKH�UDPSV�GLVFXVVHG��WKH�GLUHFWLRQDO�UDPS�W\SLFDOO\�RIIHUV�WKH�KLJKHVW

VSHHGV� DQG� FDSDFLW\� ZLWK� WKH� VKRUWHVW� WUDYHO� GLVWDQFHV�� � $V� VKRZQ� LQ� )LJXUH� ����� WKH

GLUHFWLRQDO� UDPS� VDWLVILHV� D� OHIW�WXUQ� PRYHPHQW� WKURXJK� D� GLUHFW� FRQQHFWLRQ� RI� WKH� WZR

URDGZD\V�
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�6RXUFH� )LJXUH ;���� ���� $$6+72� 5HI� �� S� ����

)LJXUH�������5DPS�W\SHV



��

$V� PHQWLRQHG�� WKH� DERYH� UDPS� W\SHV� IRUP� WKH� FRPSRQHQWV� RI� WKH� GLVFXVVHG

LQWHUFKDQJHV���)RU�H[DPSOH��D�IXOO�FORYHUOHDI�ZLOO�FRQVLVW�RI�IRXU�ORRSV�DQG�RXWHU�FRQQHFWLRQV�

ZKLOH� D� WUXPSHW� PD\� FRQVLVW� RI� WZR� GLDJRQDO� �RU� ULJKW� GLUHFWLRQDO�� UDPSV� ¥� RQH

VHPLGLUHFWLRQDO�DQG�RQH�ORRS�UDPS�

5$03�'(6,*1

7KH� UHYLHZ�RI� WKH�EDVLF�HOHPHQWV�RI�GHVLJQ�DQG� WKH�GLIIHUHQW� UDPS� W\SHV�SURYLGHV� D

IRXQGDWLRQ�IRU�UHYLHZLQJ�FXUUHQW�UDPS�GHVLJQ�SUDFWLFHV���7KH�¦FXUUHQW�SUDFWLFHV§�DV�GLVFXVVHG

LQ�WKH�UHSRUW�DUH�EDVHG�RQ�7['27©V�+LJKZD\�'HVLJQ�'LYLVLRQ©V�2SHUDWLRQV�DQG�3URFHGXUHV

0DQXDO�DQG�RQ�$$6+72©V�$�3ROLF\�RQ�*HRPHWULF�'HVLJQ�RI�+LJKZD\V�DQG�6WUHHWV��������

7KH� HIIHFW� RI� WKH� FKRLFH� RI� UDPS� GHVLJQ� VSHHG� RQ� WKH� YDULRXV� JHRPHWULF� IHDWXUHV� DQG

RSHUDWLRQDO�FKDUDFWHULVWLFV�ZLOO�EH�VHHQ�WKURXJKRXW�WKLV�VHFWLRQ�

'HVLJQ�6SHHG

7KH�SULPDU\�IRFXV�RI�WKLV�VWXG\�LV�WKH�FXUUHQW�UHODWLRQVKLS�EHWZHHQ�WKH�GHVLJQ�VSHHG�RI

WKH� LQWHUVHFWLQJ� KLJKZD\� DQG� WKH� FKRLFH� RI� UDPS� GHVLJQ� VSHHG�� � &XUUHQW� 7['27� SUDFWLFH

SUHVFULEHV� WKDW�¦DOO�UDPSV�DQG�FRQQHFWLRQV�VKDOO�EH�GHVLJQHG�WR� OHDYH�DQG�HQWHU� WKH�WUDYHOHG

ZD\�RI� WKH� IUHHZD\�DW�QR� OHVV� WKDQ����SHUFHQW� ����SHUFHQW�XVXDO�����SHUFHQW�GHVLUDEOH��RI�D

IUHHZD\©V�GHVLJQ�VSHHG�§��7DEOH������UHIHUHQFHG�IURP�WKH�$$6+72�GHVLJQ�JXLGH��UHIOHFWV�WKH

GHVLJQ� JXLGH� YDOXHV� IRU� UDPS�GHVLJQ� VSHHG� DQG� KLJKZD\�GHVLJQ� VSHHG�� � )LJXUH� ����� LQ� WKH

7['27�GHVLJQ�JXLGH�UHSURGXFHV�WKH�GHVLJQ�YDOXHV�IRU���������DQG�����NP�K�

$FFRUGLQJ� WR� $$6+72�� UDPS� GHVLJQ� VSHHGV� VKRXOG� DSSUR[LPDWH� WKH� ORZ�YROXPH

UXQQLQJ� VSHHGV� RQ� LQWHUVHFWLQJ� KLJKZD\V�� �:KHUH� WKLV� GHVLJQ� VSHHG� LV� QRW� SUDFWLFDO�� UDPSV

VKRXOG� QRW� EH� GHVLJQHG� DW� OHVV� WKDQ� ��� SHUFHQW� WKH� GHVLJQ� JXLGHOLQHV�� � )RU� IUHHZD\� DQG

H[SUHVVZD\�UDPSV��RQO\�WKRVH�YDOXHV�RI�KLJKZD\�GHVLJQ�VSHHG�DERYH����NP�K�DSSO\�

7DEOH�������*XLGH�YDOXHV�IRU�UDPS�GHVLJQ�VSHHG�DV�UHODWHG�WR�KLJKZD\�GHVLJQ�VSHHG

+LJKZD\ 'HVLJQ 6SHHG �NP�K� �� �� �� �� �� ��� ��� ���

5DPS 'HVLJQ 6SHHG �NP�K�

8SSHU 5DQJH ����� �� �� �� �� �� �� ��� ���

0LGGOH 5DQJH ����� �� �� �� �� �� �� �� ��

/RZHU 5DQJH ����� �� �� �� �� �� �� �� ��

&RUUHVSRQGLQJ 0LQLPXP 5DGLXV �P� 6HH 7DEOH ,,,���

6RXUFH� ����� $$6+72� 7DEOH ;��� 5HI� �� S� ���

7KHVH�GHVLJQ�YDOXHV�DUH�FRQVLGHUHG� WR�DSSO\� WR� WKH� VKDUSHVW� RU� WKH� FRQWUROOLQJ� UDPS

FXUYH���7KLV�FXUYH�ZLOO�XVXDOO\�EH�RQ�WKH�UDPS�SURSHU��WKDW�LV��RQ�WKH�URDGZD\�FRQQHFWLQJ�WKH

WZR�UDPS�WHUPLQDOV���7KHVH�GHVLJQ�VSHHGV�DUH�QRW�FRQVLGHUHG�WR�DSSO\�WR�WKH�UDPS�WHUPLQDOV�
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EHFDXVH�WKH�UDPS�WHUPLQDOV�VKRXOG�EH�SURYLGHG�ZLWK�VSHHG�FKDQJH�IDFLOLWLHV�DGHTXDWH�IRU�WKH

KLJKZD\� VSHHG� LQYROYHG�� �$� GLVFXVVLRQ� RI� UDPS� WHUPLQDO� GHVLJQ� LV� SURYLGHG� LQ� VXEVHTXHQW

VHFWLRQV�

(DUOLHU�� VHYHUDO� GLIIHUHQW� W\SHV� RI� UDPSV� ZHUH� GLVFXVVHG�� � $$6+72� SURYLGHV

UHFRPPHQGHG�JXLGHOLQHV�IRU�GHWHUPLQLQJ�WKH�GHVLJQ�VSHHG�RI�WKH�IROORZLQJ�UDPS�W\SHV�

'LDJRQDO�5DPSV�� �:KHUH�D�GLDJRQDO� UDPS� LV�XVHG� IRU� WKH� ULJKW� WXUQV�RI� D�GLDPRQG

LQWHUFKDQJH��D�YDOXH�LQ�WKH�PLGGOH�UDQJH�LV�SUDFWLFDO�

/RRSV���%HFDXVH�LW�LV�QRW�QRUPDOO\�IHDVLEOH�WR�GHVLJQ�D�ORRS�DW�WKH�XSSHU�UDQJH�YDOXHV�

PLQLPXP�YDOXHV�XVXDOO\�FRQWURO�HDFK�GHVLJQ���$�UHYLHZ�RI�WKH�KRUL]RQWDO�FXUYDWXUH�DQG�VLJKW

GLVWDQFH�VHFWLRQV�HDUOLHU�LQ�WKLV�UHSRUW�VKRZ�WKH�GLUHFW�LPSDFW�RI�GHVLJQ�VSHHG�RQ�FXUYH�UDGLXV�

'HVLJQ�VSHHGV�DERYH����NP�K�UHTXLUH�ODUJH�DUHDV�DQG�ORQJ�ORRSV�WKDW�DUH�UDUHO\�SUDFWLFDO�LQ�DQ

XUEDQ�VHWWLQJ���/DUJH�ORRSV�WHQG�WR�EH�FRVWO\�DQG�UHTXLUH�WKDW�OHIW�WXUQLQJ�GULYHUV�WUDYHO�JUHDWHU

GLVWDQFHV���7KH�ORRS�GHVLJQ�VSHHG�VKRXOG�QRW�EH�OHVV�WKDQ����NP�K�IRU�KLJKZD\�GHVLJQ�VSHHGV

RYHU����NP�K���:KHUH�FRQGLWLRQV�DUH�OHVV�UHVWULFWLYH��WKH�ORRS�GHVLJQ�VSHHG�PD\�EH�LQFUHDVHG�

6HPLGLUHFW�FRQQHFWLRQV���'HVLJQ�VSHHGV�EHWZHHQ�WKH�PLGGOH�DQG�XSSHU�UDQJHV�VKRXOG

EH�XVHG�ZLWK�D�PLQLPXP�DFFHSWDEOH�GHVLJQ�VSHHG�RI����NP�K���$GGLWLRQDOO\��LW�LV�W\SLFDOO\�QRW

SUDFWLFDO�WR�XWLOL]H�D�GHVLJQ�VSHHG�JUHDWHU�WKDQ����NP�K�IRU�VKRUW��VLQJOH�ODQH�UDPSV�

'LUHFW�FRQQHFWLRQV���$V�ZLWK�WKH�VHPLGLUHFW�UDPS��WKH�GHVLJQ�VSHHG�IRU�GLUHFW�UDPSV

VKRXOG�EH�EHWZHHQ�WKH�PLGGOH�DQG�XSSHU�UDQJHV��ZLWK�D�GHVLUDEOH�PLQLPXP�GHVLJQ�VSHHG�RI

���NP�K���7KH�PLQLPXP�GHVLJQ�VSHHG�VKRXOG�QRW�EH�OHVV�WKDQ����NP�K�LQ�DQ\�FDVH�

,Q�VLWXDWLRQV�ZKHUH�D�UDPS�FRQQHFWV�WZR�LQWHUVHFWLQJ�KLJKZD\V��WKH�UDPS�GHVLJQ�VSHHG

LV�EDVHG�RQ�WKH�KLJKZD\�KDYLQJ�WKH�KLJKHU�GHVLJQ�VSHHG���+RZHYHU��LW�PD\�EH�DFFHSWDEOH�WR

YDU\�WKH�GHVLJQ�VSHHG��ZLWK�WKH�SRUWLRQ�RI�WKH�UDPS�FORVHU�WR�WKH�KLJKHU�GHVLJQ�VSHHG�KLJKZD\

EDVHG� RQ� WKH� KLJKHU� VSHHG�� DQG� WKH� SRUWLRQ� RI� WKH� UDPS� FORVHU� WR� WKH� ORZHU� GHVLJQ� VSHHG

KLJKZD\�EDVHG�RQ�WKH�ORZHU�VSHHG���:KHUH�WKH�UDPS�LV�XVHG�WR�FRQQHFW�D�IUHHZD\�WR�D�PDMRU

FURVVURDG�RU� VWUHHW� IRUPLQJ�DQ�DW�JUDGH� LQWHUVHFWLRQ�ZKHUH� VLJQDO�RU� VLJQ� FRQWURO�PD\�EH� LQ

HIIHFW��WKH�GHVLJQ�RI�WKDW�SRUWLRQ�RI�WKH�UDPS�DW�WKH�FURVVURDG�LV�EDVHG�RQ�LQWHUVHFWLRQ�GHVLJQ

FRQWUROV�

6XSHUHOHYDWLRQ�DQG�6LGH�)ULFWLRQ�)DFWRU

(DUOLHU�GLVFXVVLRQ�ZDV�SUHVHQWHG�RQ�WKH�IDFWRUV�DQG�DVVXPSWLRQV�WKDW�DIIHFW�WKH�GHVLJQ

RI� KRUL]RQWDO� FXUYHV�� � 7KLV� GLVFXVVLRQ� QRZ� DSSOLHV� GLUHFWO\� WR� UDPS� FXUYHV�� �:KLOH� VLPSOH

FLUFXODU�FXUYHV�ZHUH� WKH� IRFXV�RI� WKDW�GLVFXVVLRQ�� UDPSV�PD\�DOVR�XWLOL]H� FRPSRXQG�FXUYHV

DQG�VSLUDO�WUDQVLWLRQV�WR�PHHW�VLWH�FRQGLWLRQV�DQG�RWKHU�FRQWUROV���:KLOH�WKH�PHWKRGRORJ\�IRU

UDPS�FXUYHV�GRHV�QRW�FKDQJH�IURP�WKH�KRUL]RQWDO�FXUYH�GLVFXVVLRQ��WKHUH�DUH�VRPH�GLIIHUHQFHV

LQ� WKH� OLPLWLQJ� YDOXHV� RI� WKH� VXSHUHOHYDWLRQ� DQG� VLGH� IULFWLRQ� IDFWRUV�� � $FFRUGLQJ� WR� WKH

$$6+72� GHVLJQ� JXLGH�� UDPSV� GHVLJQHG� DW� ��� NP�K� VKRXOG� KDYH� WKH� VXSHUHOHYDWLRQ� UDWHV

VKRZQ�LQ�7DEOH�������7KHVH�UDWHV�DUH�WR�EH�DSSOLHG�WR�WKH�GHVLJQ�RI�FXUYHV�DW�LQWHUVHFWLRQV�

%RWK�7['27�DQG�$$6+72�XWLOL]H�WKH�DERYH�WDEOH��WKRXJK�7['27�IROORZV�WKH�WDEOH

RQO\� IRU�GHVLJQ� VSHHGV�RI����NP�K� DQG� DERYH�� �7KHVH� UDWHV� KDYH� EHHQ� GHYHORSHG� EDVHG� RQ
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GULYHU� H[SHFWDWLRQ� DW� DQ� LQWHUVHFWLRQ� DQG�� VXEVHTXHQWO\�� RQ� UDPSV� RI� ORZHU� GHVLJQ� VSHHGV�

$$6+72� VWDWHV� WKDW� GULYHUV� DQWLFLSDWH� WKH� VKDUS� FXUYHV� DQG� DFFHSW� RSHUDWLRQ� ZLWK� VLGH

IULFWLRQ�IDFWRUV�KLJKHU� WKDQ�WKRVH�RQ�RSHQ�KLJKZD\�FXUYHV� ����� � ,Q�GHVLJQLQJ�DQ� LQWHUVHFWLRQ

FXUYH��WKH�GHVLUH�LV�WR�SURYLGH�DV�PXFK�VXSHUHOHYDWLRQ�DV�SRVVLEOH��SUHIHUDEO\�LQ�WKH�XSSHU�KDOI

RU�WKLUG�RI�WKH�LQGLFDWHG�UDQJH����DQG������:KHQ�D�UDGLXV�JUHDWHU�WKDQ�WKH�PLQLPXP�IRU�D�JLYHQ

GHVLJQ� VSHHG� LV� XVHG�� WKH� FXUYH� VKRXOG� EH� VXSHUHOHYDWHG� DW� OHVV� WKDQ� WKH�PD[LPXP� UDWH� WR

DFKLHYH�GHVLJQ�EDODQFH�����

7DEOH�������6XSHUHOHYDWLRQ�UDWHV�IRU�FXUYHV�DW�LQWHUVHFWLRQV

5DQJH LQ 6XSHUHOHYDWLRQ 5DWH �GHFLPDO ��

5DGLXV IRU ,QWHUVHFWLRQ &XUYHV ZLWK 'HVLJQ 6SHHG �NP�K� RI

�P� �� �� �� �� �� ��

�� �������

�� ������� �������

�� ������� ������� �������

�� ������� ������� ������� �������

��� ������� ������� ������� ������� �������

��� ������� ������� ������� ������� ������� �������

��� ���� ������� ������� ������� ������� �������

��� ���� ������� ������� ������� ������� �������

��� ���� ���� ���� ������� ������� �������

��� ���� ���� ���� ���� ������� �������

���� ���� ���� ���� ���� ���� �������

6RXUFH� ����� $$6+72� 7DEOH ,;���� 5HI �� S� ���

127(� ,W LV SUHIHUDEOH WR XVH VXSHUHOHYDWLRQ UDWH LQ XSSHU KDOI RU WKLUG RI LQGLFDWHG UDQJH�

,Q DUHDV ZKHUH VQRZ RU LFH LV IUHTXHQW� XVH PD[LPXP UDWH RI �����

$V� VWDWHG�� 7DEOH� ���� LV� EDVHG� RQ� DQ� DFFHSWDQFH� RI� KLJKHU� VLGH� IULFWLRQ� IDFWRUV� DW

LQWHUVHFWLRQ�FXUYHV�DQG��VXEVHTXHQWO\��RQ�ORZHU�VSHHG�UDPSV���7KH�KLJKHU�VLGH�IULFWLRQ�IDFWRUV

DUH�EDVHG�RQ�VHYHUDO�VWXGLHV�UHIHUHQFHG�E\�$$6+72�WKDW�ZHUH�FRQGXFWHG�WR�GHWHUPLQH�ODWHUDO

YHKLFOH�SODFHPHQW�DQG�GLVWULEXWLRQ�RI� VSHHGV�RQ� LQWHUVHFWLRQ�FXUYHV�� �7KHVH� VWXGLHV�XWLOL]HG

WKH���WK�SHUFHQWLOH� VSHHG�RI� WUDIILF� WR� UHSUHVHQW� WKH�GHVLJQ� VSHHG�� DVVXPLQJ� WKDW� WKH� GHVLJQ

VSHHG�LV�XVXDOO\�DGRSWHG�E\�WKH�IDVWHU�GULYHUV���8VLQJ�WKH�VLGH�IULFWLRQ�IDFWRUV�IRU�KLJK�VSHHGV

�DV�GHYHORSHG�IRU�7DEOH������DV�DQ�XSSHU�OLPLW�DQG�D�PD[LPXP�ORZ�VSHHG�VLGH�IULFWLRQ�IDFWRU

RI� ����� LW� EHFDPH� SRVVLEOH� WR� GHYHORS� D� UHODWLRQVKLS� EHWZHHQ� WKH� ��WK�SHUFHQWLOH� VSHHG

�DVVXPHG�GHVLJQ�VSHHG��DQG�WKH�VLGH�IULFWLRQ�IDFWRU�IRU�WKH�REVHUYHG�YHKLFOHV�

1RZ��XWLOL]LQJ�WKHVH�VLGH�IULFWLRQ�IDFWRUV�DQG�DVVXPSWLRQV�IRU�VXSHUHOHYDWLRQ�UDWHV�WKDW

PD\� EH� GHYHORSHG� RQ� DQ� LQWHUVHFWLRQ�� PLQLPXP� UDGLL� IRU� YDULRXV� GHVLJQ� VSHHGV� ZHUH
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GHYHORSHG���7KH�VXSHUHOHYDWLRQ�XWLOL]HG�LQ�WKH�GHWHUPLQDWLRQ�RI�WKH�PLQLPXP�UDGLXV�DFFRXQWV

IRU�LQWHUVHFWLRQ�FXUYHV�W\SLFDOO\�EHLQJ�RI�VKRUWHU�OHQJWKV�DQG��WKHUHIRUH��QRW�KDYLQJ�VXIILFLHQW

GLVWDQFH�WR�GHYHORS�ODUJH�VXSHUHOHYDWLRQV�� �$$6+72�7DEOH�,,,�����7DEOH�����RI� WKLV� UHSRUW�

SUHVHQWV�WKH�FDOFXODWLRQ�RI�PLQLPXP�UDGLL�IRU�WKH�GHVLJQ�VSHHGV�IURP����WR����NP�K�EDVHG�RQ

WKH�GLVFXVVHG�VLGH�IULFWLRQ�IDFWRUV�DQG�VXSHUHOHYDWLRQ�DVVXPSWLRQV�

7DEOH�������0LQLPXP�OHQJWKV�RI�VSLUDO�IRU�LQWHUVHFWLRQ�FXUYHV

'HVLJQ �WXUQLQJ� VSHHG �NP�K� �� �� �� �� ��

0LQLPXP UDGLXV �P� �� �� �� ��� ���

$VVXPHG & ���� ���� ���� ���� ����

&DOFXODWHG OHQJWK RI VSLUDO �P� �� �� �� �� ��

6XJJHVWHG PLQLPXP OHQJWK RI VSLUDO �P� �� �� �� �� ��

&RUUHVSRQGLQJ FLUFXODU FXUYH ���� ���� ���� ���� ����

RIIVHW IURP WDQJHQW �P�

6RXUFH� ����� $$6+72 7DEOH ,,,���� 5HI� �� S� ���

$� FRPSDULVRQ� RI� WKH� LQWHUVHFWLRQ� VLGH� IULFWLRQ� IDFWRU� ZLWK� WKH� RSHQ� KLJKZD\� VLGH

IULFWLRQ�IDFWRU�IURP�7DEOH�����GHPRQVWUDWHV�ODUJH�GLIIHUHQFHV�DW�WKH�ORZHU�GHVLJQ�VSHHGV�ZLWK

GHFUHDVLQJ� GLIIHUHQFHV� DV� WKH� GHVLJQ� VSHHG� DSSURDFKHV� ��� NP�K�� � )RU� H[DPSOH�� DW� D� GHVLJQ

VSHHG�RI����NP�K�WKH�GLIIHUHQFH�LQ� I� LV������������� �������ZKHUHDV�DW�D�GHVLJQ�VSHHG�RI���

NP�K�WKH�GLIIHUHQFH�LV�MXVW������������� ������

7KH�UDPS�GHVLJQ�W\SLFDOO\�DIIHFWHG�E\�WKH�DFFHSWDQFH�RI�KLJKHU�VLGH�IULFWLRQ�IDFWRUV�DW

ORZHU� GHVLJQ� VSHHGV� LV� WKH� ORRS� UDPS�� �7DEOH� ���� �$$6+72�7DEOH� ,;����� LQGLFDWHV� WKDW� D

ORRS� UDPS�ZLWK� D� GHVLJQ� VSHHG� RI� ��� NP�K�ZLOO� KDYH� D�PLQLPXP� UDGLXV� RI� ���P�ZLWK� DQ

DOORZDEOH� VXSHUHOHYDWLRQ� IURP� ����� WR� ������ � 7KH� RSHQ� URDG� YHUVLRQ�ZLWK� WKH� VDPH� GHVLJQ

VSHHG�ZRXOG�KDYH�D�UDGLXV�RI����P�DQG�D������VXSHUHOHYDWLRQ��RU����P�IRU�D�VXSHUHOHYDWLRQ�RI

������VHH�7DEOH��������%HFDXVH�GLUHFW�DQG�VHPLGLUHFW�UDPSV�DUH�JHQHUDOO\�GHVLJQHG�IRU�KLJKHU

VSHHGV�DQG�DUH� ORQJHU�� VXSHUHOHYDWLRQ� UDWHV�DQG�VLGH� IULFWLRQ� IDFWRUV�FRPSDUDEOH� WR� WKRVH� LQ

7DEOH� ���� �$$6+72� 7DEOH� ,,,���� ¦RSHQ� URDG� FRQGLWLRQV§�� DUH� FRPPRQO\� XVHG�� � )RU� D

GLDPRQG�UDPS��WKH�H[LW�LV�XVXDOO\�KLJK�VSHHG�ZLWK�D�WDQJHQW�RU�FXUYHG�UDPS�SURSHU�DQG�VWRS

RU� \LHOG� FRQGLWLRQV� DW� WKH� UDPS� IRUZDUG� WHUPLQDO�� � 7KH� YHKLFOH©V� GHFHOHUDWLRQ� WR� WKH� FXUYH

GHVLJQ�VSHHG�VKRXOG�RFFXU�RQ�WKH�DX[LOLDU\�ODQH�RI�WKH�H[LW�ZLWK�IXUWKHU�GHFHOHUDWLRQ�WR�PHHW

WKH�VWRS�RU�\LHOG�FRQWUROV�RFFXUULQJ�RQ�WKH�UDPS�SURSHU�� �7KXV��VXSHUHOHYDWLRQ�IRU� WKH� UDPS

SURSHU� KDYLQJ� D� ORZHU� GHVLJQ� VSHHG�� DQG� FHUWDLQO\� WKH� IRUZDUG� WHUPLQDO�� ZLOO� EH� EDVHG� RQ

7DEOH������¦LQWHUVHFWLRQ�FRQGLWLRQV�§�QRW�RQ�7DEOH������¦RSHQ�URDG�FRQGLWLRQV�§

+DUZRRG�DQG�0DVRQ������RIIHU�IXUWKHU�GLVFXVVLRQ�RI�WKH�GLIIHUHQW�VXSHUHOHYDWLRQV�WKDW

PD\� EH� DSSOLFDEOH� LQ� UDPS� GHVLJQ�� � 7KH\� VWDWH� WKDW� WKH� $$6+72� UHDVRQ� IRU� WKH� GLIIHUHQW

PHWKRGV�XVHG�LQ�GHWHUPLQLQJ�PLQLPXP�UDGLL�LV�WKDW�7DEOH������$$6+72�7DEOH�;����DOVR�PD\

EH�XWLOL]HG�LQ�GHWHUPLQLQJ�UDPS�GHVLJQ�RQ�DUWHULDOV�DQG�FROOHFWRUV���)RU�WKH�ORZHU�GHVLJQ�VSHHG

IDFLOLWLHV�LW�LV�PRUH�UHDVRQDEOH�WR�XVH�WKH�KLJKHU�VLGH�IULFWLRQ�IDFWRUV��DV�GLVFXVVHG�HDUOLHU���6R�
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IRU� DUWHULDOV� DQG� FROOHFWRUV� ZLWK� GHVLJQ� VSHHGV� XQGHU� ��� NP�K�� +DUZRRG� DQG� 0DVRQ

UHFRPPHQG�XWLOL]LQJ�7DEOH�����LQ�WKH�VDPH�PDQQHU�DV�IRU�IUHHZD\V��RQO\�XWLOL]LQJ�$$6+72

7DEOH�����LQVWHDG�RI�7DEOH������ �)LJXUH�����LV�RIIHUHG�E\�+DUZRRG�DQG�0DVRQ�WR�FODULI\�WKH

XVH�RI�7DEOH�����

Highway Design Speed (mph)

Use
Table III - 6

Collector

Arterial

Freeway or
Expressway

Functional
Classification 30 35 40 45 50 55 60 65 70

Minimum:
Use Table III - 17

Desirable:
Use Table III - 6Use Table III - 17

NOT
APPLICABLE

�6RXUFH� )LJXUH �� 5HI� ��� S� ����

)LJXUH�������+RUL]RQWDO�GHVLJQ�FULWHULD�IRU�UDPSV

,W�VKRXOG�EH�UHDGLO\�QRWLFHG�WKDW�WKLV�ILJXUH�FRQWUDGLFWV�PXFK�RI�WKH�HDUOLHU�GLVFXVVLRQ

RQ� WKH� GHVLJQ� RI� ORRS� UDPSV�� +DUZRRG� DQG� 0DVRQ� DUH� VWDWLQJ� WKDW�� RQ� D� IUHHZD\� UDPS�

UHJDUGOHVV� RI� WKH� UDPS� GHVLJQ� VSHHG�� WKH� RSHQ� URDGVLGH� IULFWLRQ� IDFWRUV� DQG� VXSHUHOHYDWLRQ

VKRXOG� EH� XWLOL]HG�� � 7KLV� ILJXUH� DSSHDUV� WR� EH� LQ� GLUHFW� FRQIOLFW� ZLWK� WKH� GLVFXVVLRQ� LQ

$$6+72�ZKHUH�ORRS�UDPSV�RI�ORZ�GHVLJQ�VSHHG�DUH�GHVLJQHG�DFFRUGLQJ�WR��7DEOH������ZKLFK

LV�GLUHFWO\�GHSHQGHQW�RQ�7DEOH������ WKH� ORZ� VSHHG� FULWHULD�� �+DUZRRG�DQG�0DVRQ� UHFRJQL]H

WKLV�FRQWUDGLFWLRQ�EXW�VWDWH�WKH\�EHOLHYH�LW�ZDV�QRW�WKH�LQWHQWLRQ�RI�$$6+72�WR�VDQFWLRQ�WKH

ORZHU�FXUYH�UDGLL�RQ�D�IUHHZD\��EHOLHYLQJ�LQVWHDG�WKH�FKRLFH�RI�GHVLJQ�FULWHULD�LV�LQWHQGHG�WR

EH� EDVHG� RQ� KLJKZD\� IXQFWLRQDO� FODVVLILFDWLRQ� DQG� KLJKZD\� GHVLJQ� VSHHG�� QRW� RQ� WKH� UDPS

GHVLJQ�VSHHG���7KLV�LQWHUSUHWDWLRQ�LQ�FKRRVLQJ�UDPS�GHVLJQ�FULWHULD�DSSHDUV�WR�EH�VXSSRUWHG�LQ

VXFK�RWKHU�OLWHUDWXUH�DV�WKH�'HVLJQ�RI�,QWHUFKDQJH�$W�*UDGH�5DPS�7HUPLQDOV������

$GGLWLRQDO� FRQFHUQV� UHJDUGLQJ� WKH� VLGH� IULFWLRQ� IDFWRUV� DQG�� VXEVHTXHQWO\�

VXSHUHOHYDWLRQ� KDYH� EHHQ� UDLVHG� LQ� RWKHU� VWXGLHV�� � -�� .HOOHU� ����� GLVFXVVHV� VRPH� RI� WKHVH

FRQFHUQV���$�SULPDU\�LVVXH�LV�WKH�DSSOLFDWLRQ�WR�WUXFN�RSHUDWLRQ��ZKHUH�WKH�OLPLWLQJ�IDFWRU�LV

¦OLNHO\�WR�EH�UROORYHU�UDWKHU�WKDQ�VNLGGLQJ�§��7KH�VXSHUHOHYDWLRQ�UDWHV�FXUUHQWO\�UHFRPPHQGHG

E\�$$6+72�DUH�VWDWHG�DV�KDYLQJ�D�YHU\�VPDOO�PDUJLQ�RI�VDIHW\���.HOOHU�UHIHUHQFHV�RQH�VWXG\

����� LQ�ZKLFK� ¦WKH� UHSRUW� VWDWHV� WKDW�PRUH� VXSHUHOHYDWLRQ� LV� UHTXLUHG� WKDQ� LV� FDOOHG� IRU� E\

$$6+72�SROLF\�WR�SURGXFH�WKH�LQWHQGHG�ODWHUDO�DFFHOHUDWLRQ�DW�GHVLJQ�VSHHG�IRU�WKHVH�GULYHUV

RQ�DQ�$$6+72�FULWHULD�KLJKZD\�FXUYH§������

7KH�LVVXHV�LGHQWLILHG�E\�+DUZRRG��0DVRQ��.HOOHU��DQG�RWKHUV�UDLVHV�FRQFHUQV�ZLWK�WKH

$$6+72�JXLGH�DQG��VXEVHTXHQWO\��WKH�7['27�JXLGH���7ZR�GLIIHUHQW�LQWHUSUHWDWLRQV�RI�KRZ

WKH� PLQLPXP� UDPS� GHVLJQ� VKRXOG� EH� LPSOHPHQWHG� KDYH� EHHQ� SUHVHQWHG�� � ,W� EHFRPHV

LPSRUWDQW�WR�FODULI\�DV�SDUW�RI�DQ\�VWXG\�ZKDW�GHVLJQ�SDUDPHWHUV�DUH�LQWHQGHG�E\�WKH�PLQLPDO
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���SHUFHQW�GHVLJQ� VWDQGDUG� DQG� LI� WKH\�SURYLGH� DFFHSWDEOH�GHVLJQ�� � ,QFUHDVHG� LPSRUWDQFH� LV

QRZ� SODFHG� RQ� GHWHUPLQLQJ� QRW� RQO\� WKH� DFFHSWDEOHQHVV� RI� $$6+72� PLQLPXP� GHVLJQ

VWDQGDUGV�IRU�7H[DV��EXW�DOVR�RQ�FODULI\LQJ�WKH�DFFHSWDEOH�GHVLJQ�SDUDPHWHUV�RI�DQ\�PLQLPXP

UDPS�GHVLJQ�VSHHG�

6LJKW�'LVWDQFH

6LJKW� GLVWDQFHV� DORQJ� UDPSV� VKRXOG� EH� DW� OHDVW� DV� JUHDW� DV� WKH� VDIH� VWRSSLQJ� VLJKW

GLVWDQFH��7KH�FDOFXODWLRQV�LQYROYHG�LQ�GHWHUPLQLQJ�VDIH�VWRSSLQJ�VLJKW�GLVWDQFH�RQ�KRUL]RQWDO

DQG�YHUWLFDO�FXUYHV�GLVFXVVHG�SUHYLRXVO\�DSSO\�GLUHFWO\�WR�UDPSV���6LJKW�GLVWDQFH�LV�DGGUHVVHG

LQ�WKH�7['27�2SHUDWLRQV�DQG�3URFHGXUHV�'HVLJQ�*XLGH�DV�IROORZV�����

2Q�DOO� UDPSV� DQG�GLUHFW� FRQQHFWLRQV�� WKH� FRPELQDWLRQV� RI� JUDGH�� YHUWLFDO

FXUYHV�� DOLJQPHQWV� DQG� FOHDUDQFH� RI� ODWHUDO� DQG� FRUQHU� REVWUXFWLRQV� WR

YLVLRQ� VKDOO� EH� VXFK� DV� WR� SURYLGH� VLJKW� GLVWDQFH� DORQJ� VXFK� UDPSV� DQG

FRQQHFWLRQV�IURP�WHUPLQDO�MXQFWLRQV�DORQJ�WKH�IUHHZD\��FRQVLVWHQW�ZLWK�WKH

SUREDEOH�VSHHGV�RI�YHKLFOH�RSHUDWLRQ�

:LWKLQ� WKH� UDPS� GHVLJQ� VHFWLRQ�� WKH� 7['27� JXLGH� SURYLGHV� D� WDEOH� IRU� PLQLPXP

VWRSSLQJ� VLJKW� GLVWDQFH� DQG� GHVLUDEOH� VWRSSLQJ� VLJKW� GLVWDQFH� IRU� YDULRXV� GHVLJQ� VSHHGV�

:KLOH�WKLV�WDEOH�LV�QRW�LQFOXGHG�ZLWKLQ�WKLV�UHSRUW��WKH�VWRSSLQJ�VLJKW�GLVWDQFHV�DUH�LGHQWLFDO�WR

WKRVH�IRXQG�LQ�$$6+72�7DEOH�����VKRZQ�HDUOLHU���$GGLWLRQDO�FRQVLGHUDWLRQV�IURP�$$6+72

LQFOXGH� D� UHFRPPHQGDWLRQ� WKDW� WKH� IUHHZD\� SUHFHGLQJ� DQ� H[LW� UDPS� VKRXOG� KDYH� D� VLJKW

GLVWDQFH� IRU� WKURXJK� WUDIILF� EDVHG� RQ� WKH� KLJKZD\� GHVLJQ� VSHHG� WKDW� H[FHHGV� WKH�PLQLPXP

VWRSSLQJ�VLJKW�GLVWDQFH�E\�DW�OHDVW����SHUFHQW�����

*UDGHV

$$6+72�UHFRPPHQGV�WKDW�UDPSV�EH�DV�IODW�DV�SRVVLEOH�EXW�VWDWHV�WKDW�¦WKH�IODWWHU�WKH

JUDGLHQW�RQ�D�UDPS�� WKH�ORQJHU� LW�ZLOO�EH��EXW� WKH�HIIHFW�RI� WKH�JUDGLHQW�RQ� WKH� OHQJWK�RI� WKH

UDPS�LV�OHVV�WKDQ�JHQHUDOO\�WKRXJKW���7KH�FRQGLWLRQV�DQG�GHVLJQV�DW�UDPS�WHUPLQDOV�IUHTXHQWO\

KDYH�DQ�HIIHFW�HTXDOO\�DV�JUHDW�§��$�UDPS�ZLOO�W\SLFDOO\�FRQVLVW�RI�D�FHQWUDO�SRUWLRQ�ZLWK�D�KLJK

JUDGH��ZKLOH�WKH�UDPS�WHUPLQDOV�ZLOO�EH�RI�OHVVHU�JUDGHV���7KH�OLPLWLQJ�JUDGLHQW�RI�WKLV�FHQWUDO

SRUWLRQ�RI� WKH� UDPS� LV� LQIOXHQFHG�E\� WKH�HIIHFW�RI� WKH� VWHHSQHVV� DQG� OHQJWK�RI� WKH�JUDGH�RQ

YHKLFOH�RSHUDWLRQV�DQG�E\�WKH�QHHG�WR�SURYLGH�DGHTXDWH�VLJKW�GLVWDQFH��VHH�WKH�YHUWLFDO�FXUYH

GLVFXVVLRQ�UHJDUGLQJ�VLJKW�GLVWDQFH����,W�LV�UHDGLO\�XQGHUVWRRG�WKDW�WKH�UDPS�GHVLJQ�VSHHG�UDPS

ZLOO� EH� SUHGRPLQDQW� LQ� ERWK� RI� WKHVH� IDFWRUV�� � 7KH� JHQHUDO� $$6+72� JXLGHOLQHV� IRU� UDPS

JUDGLHQWV� IROORZ� DQ� H[SHFWDWLRQ� WKDW� KLJKHU� UDPS� GHVLJQ� VSHHGV�ZLOO� KDYH� IODWWHU� JUDGLHQWV�

7KH�$$6+72�JHQHUDO�FULWHULD�DUH�DV�IROORZV�

,W�LV�GHVLUDEOH�WKDW�DVFHQGLQJ�JUDGLHQWV�RQ�UDPSV�ZLWK�D�GHVLJQ�VSHHG�RI������

NP�K�EH�OLPLWHG�WR���WR���SHUFHQW��WKRVH�IRU����NP�K�VSHHG��WR���WR���SHUFHQW�
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WKRVH�IRU�D���� WR����NP�K�VSHHG�� WR��� WR���SHUFHQW�� DQG� WKRVH� IRU�D���� WR���

NP�K�VSHHG�� WR��� WR���SHUFHQW�� �:KHUH�WRSRJUDSKLF�FRQGLWLRQV�GLFWDWH��JUDGHV

VWHHSHU�WKDQ�GHVLUDEOH�PD\�EH�XVHG���2QH�ZD\�GHVFHQGLQJ�JUDGLHQWV�QR�UDPSV

VKRXOG�EH�KHOG�WR�WKH�VDPH�JHQHUDO�PD[LPXPV��EXW�LQ�VSHFLDO�FDVHV�WKH\�PD\

EH���SHUFHQW�JUHDWHU������

7KH�UDPS�WHUPLQDO�JUDGHV�DUH�ODUJHO\�GHWHUPLQHG�E\�WKH�WKURXJK�URDG�SURILOHV�

7KH� 7['27� VWDQGDUGV� GLIIHU� VOLJKWO\� IURP� WKRVH� GHVFULEHG� LQ� WKH� $$6+72

GLVFXVVLRQ���7['27�XWLOL]HV�WKH�VDPH�YHUWLFDO�FXUYH�UHODWLRQVKLSV�DV�$$6+72��H[FHSW�WKDW�LW

XVHV�WKH�PLQLPXP�OHQJWK�IRU�FUHVW�YHUWLFDO�FXUYHV��GLVFXVVHG�LQ�WKH�YHUWLFDO�FXUYH�VHFWLRQ��IRU

GHWHUPLQLQJ�WKH�PLQLPXP�OHQJWK�RI�UDPS�FUHVW�DQG�VDJ�YHUWLFDO�FXUYHV���7KLV�UHVXOWV�LQ�VKRUWHU

PLQLPXP�VDJ�YHUWLFDO�FXUYHV�DW�VSHHGV�EHORZ�D����NP�K�GHVLJQ�VSHHG�DQG�ORQJHU�PLQLPXP

VDJ�YHUWLFDO�FXUYHV�DW�VSHHGV�DERYH����NP�K���7KH�7['27�JXLGH�DOVR�VWDWHV�WKDW�WKH�¦WDQJHQW

RU�FRQWUROOLQJ�JUDGH�RQ�UDPSV�VKRXOG�EH�DV�IODW�DV�SRVVLEOH��DQG�SUHIHUDEO\�VKRXOG�EH�OLPLWHG

WR���SHUFHQW�RU�OHVV�§��%HFDXVH�WKLV�VWDQGDUG�GRHV�QRW�DFFRXQW�IRU�GLIIHULQJ�GHVLJQ�VSHHGV��DV

GRHV�WKH�$$6+72�PDQXDO��LW�LV�D�PRUH�FRQVHUYDWLYH�VWDQGDUG�

2WKHU�5DPS�'HVLJQ�,VVXHV

,Q� JHQHUDO�� UDPSV� VKRXOG� EH� GHVLJQHG� DV� VLQJOH�ODQH� IDFLOLWLHV� ZLWK� SURYLVLRQ� IRU

HPHUJHQF\� SDUNLQJ�� ZKHUH� WKH� FDSDFLW\� RI� D� RQH�ODQH� UDPS� LV� QRW� VXIILFLHQW�� D� WZR�ODQH

IDFLOLW\�PD\�EH�SURYLGHG���$OVR��ULJKW�KDQG�UDPSV�DUH�FRQVLGHUHG�VXSHULRU�WR�OHIW�KDQG�UDPSV

LQ�RSHUDWLRQ�DQG�VDIHW\�FKDUDFWHULVWLFV�

:KLOH�QRW�WKRURXJKO\�GLVFXVVHG�LQ�WKLV�UHSRUW��EHFDXVH�LW�LV�QRW�FULWLFDO�WR�DFFHSWDEOH

PLQLPXP� GHVLJQ��� D� UDPS� GHVLJQ� ZLOO� SUREDEO\� UHTXLUH� VXSHUHOHYDWLRQ� UXQRII� WKURXJK� D

VXSHUHOHYDWLRQ�WUDQVLWLRQ���,I�WKH�PLQLPXP�UDPS�OHQJWK�GRHV�QRW�SURYLGH�DGHTXDWH�OHQJWK�IRU

WKLV�VXSHUHOHYDWLRQ�WUDQVLWLRQ��WKHQ�WKH�UDPS�ZLOO�UHTXLUH�OHQJWKHQLQJ�RU�WKH�GHVLJQ�VSHHG�DQG

VXSHUHOHYDWLRQ� FKRVHQ� ZLOO� QHHG� WR� EH� UHYLVLWHG�� � /RRS� UDPSV� SURYLGH� DQ� H[DPSOH� ZKHUH

VXSHUHOHYDWLRQ� PXVW� W\SLFDOO\� EH� GHYHORSHG� LQWR� DQG� RXW� RI� WKH� UDPS� SURSHU�� � $OVR� QRW

GLVFXVVHG�LQ�WKLV�UHSRUW�DUH�UDPS�JRUH�GHVLJQ�DQG�SDYHPHQW�ZLGWKV���:KLOH�UHODWHG�WR�KLJKZD\

DQG�UDPS�GHVLJQ�VSHHGV�DQG�LPSDFWHG�E\�WKH�W\SH�RI�UDPS�DQG�UDPS�GHVLJQ��WKH�HIIHFW�RI�JRUH

GHVLJQ�DQG�UDPS�SDYHPHQW�ZLGWK�LV�QRW�FULWLFDO�WR�WKH�UDPS�GHVLJQ�TXHVWLRQV�XQGHU�VWXG\���)RU

DQ� LQ�GHSWK� UHYLHZ�RI� WKHVH� WRSLFV� WKH� UHDGHU� LV� GLUHFWHG� WR� WKH�7['27�PDQXDO� DQG� WR� WKH

$$6+72�GHVLJQ�JXLGH�

5DPS�7HUPLQDOV

0XFK�RI�WKH�GLVFXVVLRQ�RI�UDPS�GHVLJQ�WKXV�IDU�KDV�FHQWHUHG�RQ�WKH�GHVLJQ�RI�WKH�UDPS

SURSHU��PLQLPXP�FXUYH�UDGLXV��VXSHUHOHYDWLRQ��VLGH�IULFWLRQ��DQG�JUDGH���'LVFXVVHG�QH[W�LV�WKH

GHVLJQ�RI� WKH� UDPS� WHUPLQDO�� WKDW� LV�� WKH�SRUWLRQ�RI� WKH� UDPS�DGMDFHQW� WR� WKH� WKURXJK� WUDYHO

ZD\���7KHUH�DUH�WZR�GLVWLQFW�RSHUDWLQJ�VFHQDULRV�IRU�UDPS�WHUPLQDOV���$�UDPS�WHUPLQDO�PD\�EH

IUHH�IORZ�ZLWK�WUDIILF�PHUJLQJ�RU�GLYHUJLQJ�DW�IODW�DQJOHV��VXFK�DV�UDPSV�DGMDFHQW�WR�D�IUHHZD\�

RU�WKH�UDPS�PD\�WHUPLQDWH�WR�D�PLQRU�URDG��VXFK�DV�D�FORYHUOHDI�UDPS�LQWR�WKH�FURVVURDG�DW�DQ
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LQWHUFKDQJH��)UHH�IORZ�UDPSV�UHSUHVHQW� WKH�DUHD�RI� LQWHUHVW� IRU� WKLV� UHSRUW� DQG�� WKXV�� IRU� WKH

GHVLJQ� GLVFXVVLRQ� WKDW� IROORZV�� � 'LVFXVVLRQ� RI� WKH� RWKHU� UDPS� W\SH� PD\� EH� IRXQG� LQ� WKH

7['27�DQG�$$6+72�GHVLJQ�JXLGHV�

*HQHUDO����5DPS�WHUPLQDO�GHVLJQ�PXVW�DFFRXQW�IRU�VLJKW�GLVWDQFH�DQG�WKH�GHVLJQ�RI�WKH

UDPS� SURSHU�� � 7KH� $$6+72� PDQXDO� SUHVHQWV� D� FRQFLVH� H[DPSOH� RI� VRPH� LPSRUWDQW

FRQVLGHUDWLRQV�

3URILOHV�RI� UDPS� WHUPLQDOV� VKRXOG�EH�GHVLJQHG� LQ�DVVRFLDWLRQ�ZLWK�KRUL]RQWDO

FXUYHV�WR�DYRLG�VLJKW�UHVWULFWLRQV�WKDW�ZLOO�DGYHUVHO\�DIIHFW�RSHUDWLRQV�� �$W�DQ

H[LW� LQWR�D� UDPS�RQ�D�GHVFHQGLQJ�JUDGH��D�KRUL]RQWDO� FXUYH�DKHDG�VKRXOG�QRW

DSSHDU� VXGGHQO\� WR�D�GULYHU�XVLQJ� WKH� UDPS�� � ,QVWHDG� WKH� LQLWLDO� FUHVW� YHUWLFDO

FXUYH�VKRXOG�EH�PDGH� ORQJHU�DQG�VLJKW�GLVWDQFH�RYHU� LW� LQFUHDVHG�VR� WKDW� WKH

EHJLQQLQJ�DQG�WKH�GLUHFWLRQ�RI�WKH�KRUL]RQWDO�FXUYH�DUH�REYLRXV�WR�WKH�GULYHU�LQ

VXIILFLHQW�WLPH�IRU�VDIH�RSHUDWLRQ���$W�DQ�HQWUDQFH�WHUPLQDO�IURP�D�UDPS�RQ�DQ

DVFHQGLQJ� JUDGH�� WKH� SRUWLRQ� RI� WKH� UDPS� DQG� LWV� WHUPLQDO� LQWHQGHG� IRU

DFFHOHUDWLRQ�VKRXOG�FORVHO\�SDUDOOHO�WKH�WKURXJK�ODQH�SURILOH�WR�SHUPLW�HQWHULQJ

GULYHUV�WR�KDYH�D�FOHDU�YLHZ�DKHDG��WR�WKH�VLGH��DQG�WR�WKH�UHDU�RQ�WKH�WKURXJK

URDG�����

'HVLUDEO\��UDPS�WHUPLQDOV�DUH�SODFHG�EHIRUH�WKH�LQWHUFKDQJH�DQG�RQ�WKH�ULJKW�KDQG�VLGH

RI� WKH� IUHHZD\�� �$GHTXDWH� VLJKW�GLVWDQFH�PXVW�EH�SURYLGHG�RQ� WKH� IUHHZD\�EHIRUH� WKH� UDPS

WHUPLQDO�WR�DOORZ�IRU�GHFLVLRQ�PDNLQJ�DQG�PDQHXYHULQJ���$OVR��FRQVLGHUDWLRQ�PXVW�EH�JLYHQ

WR�WKH�UDPS�WHUPLQDO�SODFHPHQW�YLV�j�YLV�WKH�GLVWDQFH�EHWZHHQ�WKH�IUHH�IORZ�WHUPLQDO�DQG�WKH

VWUXFWXUH�� � ,I� WKH� WHUPLQDO� PXVW� EH� SODFHG� RQ� WKH� IDU� VLGH� RI� WKH� VWUXFWXUH�� WKHQ� DGHTXDWH

GLVWDQFH� VKRXOG� EH� DOORZHG� VR� H[LWLQJ� GULYHUV�� DIWHU� SDVVLQJ� WKH� VWUXFWXUH�� KDYH� D� GLVWDQFH

VXIILFLHQW�IRU�YLHZLQJ�WKH�WHUPLQDO�DQG�IRU�PDQHXYHULQJ�LQ�ZKDWHYHU�ZD\�QHFHVVDU\�IRU�VDIH

H[LWLQJ���7\SLFDOO\��WKH�GLVWDQFH�UHTXLUHG�EHWZHHQ�D�UDPS�SUHFHGLQJ�WKH�LQWHUFKDQJH�VWUXFWXUH

DQG� WKH� VWUXFWXUH� LV� QRW� DV�JUHDW� DV� WKH�GLVWDQFH� UHTXLUHG� EHWZHHQ� WKH� VWUXFWXUH� DQG� D� UDPS

WHUPLQDO�RQ�WKH�IDU�VLGH�

6SHHG�&KDQJH� /DQHV�� � 7KH� VSHHG�FKDQJH� ODQH� LV� D� FULWLFDO� SRUWLRQ� RI� DQ\� UDPS

WHUPLQDO� GHVLJQ�� � )RU� WKLV� GLVFXVVLRQ� WKH� $$6+72� GHILQLWLRQ� RI� WKH� VSHHG�FKDQJH� ODQH� LV

DGRSWHG�ZKHUH�WKH�VSHHG�FKDQJH�ODQH�UHIHUV�WR�¦WKH�DGGHG�SDYHPHQW�MRLQLQJ�WKH�WUDYHO�ZD\�RI

WKH�KLJKZD\�ZLWK�WKDW�RI�WKH�WXUQLQJ�URDGZD\�DQG�GRHV�QRW�QHFHVVDULO\�LPSO\�D�GHILQLWH�ODQH�RI

XQLIRUP� ZLGWK�§� � 7KH� VSHHG�FKDQJH� ODQH� LV� FRPPRQO\� UHIHUUHG� WR� DV� WKH� DFFHOHUDWLRQ� RU

GHFHOHUDWLRQ� ODQH�� � ,W� LV� ZLWKLQ� WKH� VSHHG�FKDQJH� ODQHV� WKDW� PRWRULVWV� H[LWLQJ� WKH� IUHHZD\

GHFHOHUDWH� WR� WKH� UDPS� SURSHU� GHVLJQ� VSHHG� DQG� HQWHULQJ� PRWRULVWV� DFFHOHUDWH� WR� D� VSHHG

DGHTXDWH� IRU�PHUJLQJ�ZLWK� WKURXJK� WUDIILF�� �7R� DFFRPPRGDWH� WKLV�� WKH� OHQJWK� RI� WKH� VSHHG�

FKDQJH� ODQH� VKRXOG� EH� ORQJ� HQRXJK� WR� HQDEOH� D� GULYHU� WR� FKDQJH� VSHHG�� LQ� D� VDIH� DQG

FRPIRUWDEOH�PDQQHU��IURP�WKH�KLJKZD\�VSHHG�WR�WKH�UDPS�VSHHG��$V�VWDWHG�LQ�WKH�$$6+72

GHVLJQ�JXLGH��D�SULPDU\�FRQVLGHUDWLRQ�IRU�DFFHOHUDWLRQ�ODQH�OHQJWK�LV� WKH�QHHG�IRU�D�GLVWDQFH

VXIILFLHQW�WR�SHUPLW�VSHHG�DGMXVWPHQWV�RI�ERWK�WKH�WKURXJK�DQG�HQWHULQJ�YHKLFOHV��VR�HQWHULQJ
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YHKLFOHV�PD\�ILQG�DQG�PDQHXYHU� LQWR�D�JDS�EHIRUH�WKH�DFFHOHUDWLRQ� ODQH�� �$� ODWHU�VHFWLRQ�RI

WKLV�UHSRUW�ZLOO�SURYLGH�DQ�LQ�GHSWK�UHYLHZ�RI�IUHHZD\�JDS�DFFHSWDQFH�DQG�PHUJLQJ�

:KHQ� FRQVLGHULQJ� IUHHZD\� UDPS� WHUPLQDOV� DQG� VSHHG�FKDQJH� ODQHV�� WKHUH� DUH� WZR

EDVLF�GHVLJQV��WDSHU�DQG�SDUDOOHO���7KH�WDSHU�W\SH�LQYROYHV�GLUHFW�HQWU\�RU�H[LW�RI�WKH�YHKLFOH�DW

D�IODW�DQJOH�� WKH�SDUDOOHO� W\SH�XWLOL]HV�DQ�DGGHG�ODQH�IRU�VSHHG�FKDQJHV�� � ,Q� WKHRU\�� WKH� WDSHU

W\SH� ILWV� ZHOO� ZLWK� GULYHUV©� GHVLUHG� SDWKV� DQG� UHGXFHV� WKH� DPRXQW� RI� VWHHULQJ� FRQWURO

QHFHVVDU\�� HVSHFLDOO\� RQ� H[LW� UDPSV�� � +RZHYHU�� WKH� WDSHU� W\SH� HQWUDQFH� UDPS� UHTXLUHV� WKH

GULYHU� WR� WLPH�VKDUH�EHWZHHQ�DFFHOHUDWLQJ��JDS�VHDUFK��DQG�VWHHULQJ� WDVNV� ������ �)LJXUH�����

�IURP� WKH� $$6+72� GHVLJQ� JXLGH�� LOOXVWUDWHV� ERWK� GHVLJQ� W\SHV� IRU� VLQJOH�ODQH� HQWUDQFHV�

ZKLOH�)LJXUH������LOOXVWUDWHV�ERWK�GHVLJQ�W\SHV�IRU�H[LWV�

7DSHU�7\SH�(QWUDQFHV�� � �:KHQ�SURSHUO\�GHVLJQHG�� WKH�WDSHU� W\SH�HQWUDQFH�IXQFWLRQV

VPRRWKO\�DW�DOO�YROXPHV��LQFOXGLQJ�WKH�GHVLJQ�FDSDFLW\�RI� WKH�PHUJLQJ�DUHD�� �7KH�$$6+72

GHVLJQ�JXLGH�UHFRPPHQGV�WKDW�WKH�HQWUDQFH�UDPS�EH�EURXJKW�LQWR�WKH�IUHHZD\�DW�D�UDWH�RI�����

WR������� EHWZHHQ� WKH�RXWHU� HGJH�RI� WKH� DFFHOHUDWLRQ� ODQH� WR� WKH� LQVLGH� HGJH� RI� WKH� IUHHZD\�

7KH�GHVLUH�RI�WKH�$$6+72�VWDQGDUGV�LV�WR�FUHDWH�D�WDSHU�W\SH�GHVLJQ�VXFK�WKDW�D�YHKLFOH�PD\

UHDFK�D�VSHHG�DSSUR[LPDWHO\���NP�K�OHVV�WKDQ�WKH�DYHUDJH�KLJKZD\�UXQQLQJ�VSHHG�E\�WKH�SRLQW

WKH�OHIW�HGJH�RI�WKH�UDPS�PHHWV�WKH�ULJKW�HGJH�RI�WKH�WUDYHO�ZD\���)RU�FRQVLVWHQF\��$$6+72

VHWV� WKLV�SRLQW� WR�EH�ZKHUH�WKH�ULJKW�HGJH�RI� WKH� UDPS�DQG� WUDYHO�ZD\�DUH�����P�DSDUW�� �7KH

OHQJWK�UHTXLUHG�IRU�D�YHKLFOH�WR�DFKLHYH�D�VSHHG���NP�K�EHORZ�WKH�DYHUDJH�UXQQLQJ�VSHHG�LV

UHIHUUHG� WR�E\�$$6+72�DV� WKH�DFFHOHUDWLRQ� OHQJWK��/D�� WKLV� LV� VKRZQ� LQ�)LJXUH������� �7KLV

OHQJWK�LV�W\SLFDOO\�PHDVXUHG�IURP�WKH�HQG�RI�WKH�JRYHUQLQJ�FXUYH�RQ�WKH�UDPS�SURSHU�WR�ZKHUH

WKH�ULJKW�HGJHV�RI�WKH�UDPS�SURSHU�DQG�WKURXJK�ODQH�DUH�����P�DSDUW���7KLV�GLVWDQFH�LV�EDVHG�RQ

WKH� VSHHG� GLIIHUHQWLDO� EHWZHHQ� WKH� DYHUDJH� UXQQLQJ� VSHHG� RQ� WKH� FXUYH� HQWUDQFH� DQG� WKH

KLJKZD\���7DEOH������$$6+72�7DEOH�;����JLYHV�WKH�YDOXH�RI�WKLV�GLVWDQFH�IRU�YDULRXV�FXUYH

GHVLJQ�VSHHGV�DQG�KLJKZD\�GHVLJQ�VSHHG�FRPELQDWLRQV���7KH�VRXUFH�RI�WKHVH�OHQJWKV�ZLOO�EH

GLVFXVVHG� LQ�D� ODWHU�VHFWLRQ�RI� WKLV� UHSRUW��� � ,Q�DGGLWLRQ� WR� WKH�PLQLPXP�DFFHOHUDWLRQ� OHQJWK

GHWHUPLQHG�� WKH�$$6+72�GHVLJQ�JXLGH� UHTXLUHV�D�FKHFN� WR�GHWHUPLQH� WKDW�D�PLQLPXP�JDS

DFFHSWDQFH�OHQJWK�LV�PHW��VHH�)LJXUH���������$GMXVWPHQWV�DUH�DOVR�SURYLGHG�IRU�WKH�H[LVWHQFH

RI�JUDGHV��OHQJWKHQLQJ�/D�RQ�XSJUDGHV�DQG�GHFUHDVLQJ�/D�RQ�GRZQJUDGHV�

3DUDOOHO� 7\SH� (QWUDQFH�� � 2Q� WKH� SDUDOOHO� W\SH� UDPS�� WKH� YHKLFOH� LV� DVVXPHG� WR

DFFHOHUDWH�WR�WKH�QHDU�IUHHZD\�VSHHG�QHFHVVDU\�IRU�PHUJLQJ�RQ�WKH�SDUDOOHO�DFFHOHUDWLRQ�ODQH�

$W� WKH� HQG� RI� WKH� DFFHOHUDWLRQ� ODQH� WKHUH� LV� D� WDSHU� WR� JXLGH� D� YHKLFOH� RQWR� WKH� IUHHZD\

WKURXJK�ODQHV�� �$$6+72� UHFRPPHQGV� D� ���P� WDSHU� IRU� KLJKZD\�GHVLJQ� VSHHGV� XS� WR� ���

NP�K���7KH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�W\SHV�RI�UDPSV��WDSHU�DQG�SDUDOOHO��LV�QRW�WKH�PLQLPXP

DFFHOHUDWLRQ�OHQJWK�UHTXLUHG��EXW��UDWKHU��WKH�SRLQW�ZKHUH�LW�LV�PHDVXUHG���)RU�WKH�SDUDOOHO�W\SH�

WKH�HQWUDQFH�OHQJWK�RI�WKH�DFFHOHUDWLRQ�ODQH�LV�PHDVXUHG�IURP�WKH�SRLQW�ZKHUH�WKH�OHIW�HGJH�RI

WKH� UDPS� PHHWV� WKH� ULJKW� HGJH� RI� WKH� IUHHZD\� WR� WKH� EHJLQQLQJ� RI� WKH� WDSHU�� WKDW� LV�

DFFHOHUDWLRQ�RQ�WKH�SDUDOOHO�W\SH�UDPS�RFFXUV�LQ�WKH�ODQH�SDUDOOHO�WR�WKH�IUHHZD\�WKURXJK�ODQHV�

GRZQVWUHDP�IURP�WKH�SRLQW�RI�FRQYHUJHQFH�RI�WKH�IUHHZD\�DQG�UDPS��ZKHUHDV�DFFHOHUDWLRQ�RQ

WKH�WDSHU�W\SH�UDPS�RFFXUV�RQ�WKH�UDPS�SURSHU��XSVWUHDP�IURP�WKH�SRLQW�RI�FRQYHUJHQFH�RI�WKH
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WZR�URDGZD\V���$Q�H[FHSWLRQ�WR�WKLV�PD\�RFFXU�ZKHUH�D�SDUDOOHO�W\SH�UDPS�KDV�D�ODUJH�UDGLXV

XSVWUHDP�RI�WKH�FRQYHUJHQFH�SRLQW��DQG�ZKHUH�WKH�PRWRULVWV�YLHZ�RI�WKH�IUHHZD\�ZKLOH�RQ�WKH

UDPS�LV�XQREVWUXFWHG���8QGHU�WKHVH�FRQGLWLRQV�SDUW�RI�WKH�UDPS�SURSHU�PD\�EH�XVHG�DV�SDUW�RI

WKH� DFFHOHUDWLRQ� OHQJWK�� � :KHUH� WKH� IUHHZD\� DQG� UDPS� DUH� DQWLFLSDWHG� WR� FDUU\� YROXPHV

DSSUR[LPDWLQJ�WKH�GHVLJQ�FDSDFLW\�RI� WKH�PHUJLQJ�DUHD��$$6+72�UHFRPPHQGV�D�PLQLPXP

OHQJWK�RI� DW� OHDVW� ����P�SOXV� WDSHU�� � )LJXUH� ����� LOOXVWUDWHV� D� W\SLFDO� SDUDOOHO� W\SH� HQWUDQFH

UDPS�WHUPLQDO�DQG�WKH�PLQLPXP�DFFHOHUDWLRQ�GLVWDQFH�IRU�SDUDOOHO�W\SH�VSHHG�FKDQJH��DV�JLYHQ

E\�7DEOH�����

- A - TAPERED DESIGN

A

THRU LANES NOSE WIDTH 0.6m - 3.0m

Lg

La

3.6m

TYP. 4.8m

50:1 TO 70:1 TAPER

FOR HIGH SPEED FACILITIES

- B - PARALLEL DESIGN
A

THRU LANES NOSE WIDTH 0.6m - 3.0m

Lg

La

90m MIN.

TYP. 3.6m

P.T.

NOTES:

1.

2.

3.

4.

La IS THE REQUIRED ACCLERATION
LENGTH AS SHOWN IN TABLE X-4 OR X-5.

POINT  A  CONTROLS SAFE SPEED ON THE
RAMP.  La SHOULD NOT START BACK ON
THE CURVATURE OF THE RAMP UNLESS
THE RADIUS EQUALS 300m OR MORE.

Lg IS REQUIRED GAP ACCEPTANCE
LENGTH.  Lg SHOULD BE A MINIMUM OF
90m to 150m DEPENDING ON THE NOSE
WIDTH.

THE VALUE OF La OR Lg.  WHICHEVER
PRODUCES THE GREATEST DISTANCE
DOWNSTREAM FROM WHERE THE NOSE
WIDTH EQUALS 0.6m IS SUGGESTED
FOR USE IN THE DESIGN OF THE RAMP
ENTRANCE.

�6RXUFH� )LJXUH ;���� $$6+72� ����� 5HI� �� S� ����

)LJXUH��������7DSHUHG�DQG�SDUDOOHO�HQWUDQFH�UDPS�GHVLJQV
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7DSHU�7\SH�([LW���7KH�WDSHU�W\SH�H[LW�JHQHUDOO\�SURYLGHV�D�FOHDU�LQGLFDWLRQ�RI�WKH�SRLQW

RI�GHSDUWXUH�IURP�WKH�WKURXJK�ODQHV�DQG�ILWV�ZHOO�LQWR�WKH�SDWK�SUHIHUUHG�E\�PRVW�GULYHUV���7KH

W\SLFDO� GLYHUJHQFH� DQJOH�RI� WKH� WDSHU� W\SH� H[LW� LV� EHWZHHQ���� DQG����� �)LJXUH������ VKRZV� D

W\SLFDO� WDSHUHG�GHVLJQ�� �$$6+72�VWDWHV� WKDW� GHFHOHUDWLRQ� W\SLFDOO\�EHJLQV� DIWHU� WKH�YHKLFOH

OHDYHV� WKH� WKURXJK�ODQHV� DQG� VKRXOG� EH� FRPSOHWHG� EHIRUH� WKH� YHKLFOH� UHDFKHV� WKH� SRLQW� RI

OLPLWLQJ� GHVLJQ� VSHHG� RQ� WKH� UDPS� SURSHU�� � 0XFK� OLNH� WKH� WDSHU� HQWUDQFH� UDPS�� WKH

GHFHOHUDWLRQ� GLVWDQFH�PD\� EH� FRQVLGHUHG� WR� EH� WKH� SRLQW�ZKHUH� WKH� UDPS� ODQH� DQG� WKUXZD\

ODQH©V�ULJKW�HGJHV�DUH�����P�DSDUW� WR� WKH�SRLQW�JRYHUQLQJ� WKH�VDIH�VSHHG�RQ� WKH� UDPS�� �7KLV

GLVWDQFH�PXVW�EH�DGHTXDWH�WR�DOORZ�WKH�YHKLFOH� WR�GHFHOHUDWH�IURP�WKH�KLJKZD\�VSHHG�WR� WKH

GHVLUHG� UDPS� VSHHG�� ZKLFK� PD\� EH� D� FRPSOHWH� VWRS� VKRXOG� WKH� UDPS� WHUPLQDWH� LQWR� D

FURVVURDG�RU�D�FULWLFDO�VSHHG�GHWHUPLQHG�E\�WKH�UDPS�FXUYDWXUH���7KH�GHFHOHUDWLRQ�GLVWDQFH�LV

FDOFXODWHG�LQ�PXFK�WKH�VDPH�PDQQHU�DV�WKH�DFFHOHUDWLRQ�GLVWDQFH�IRU�HQWUDQFH�UDPSV���7DEOH

���� �$$6+72� 7DEOH� ;���� JLYHV� GHFHOHUDWLRQ� GLVWDQFHV� IRU� YDULRXV� KLJKZD\� GHVLJQ

VSHHG�UDPS�GHVLJQ�VSHHG�FRPELQDWLRQV�

3DUDOOHO�7\SH�([LW���7KH�SDUDOOHO�W\SH�H[LW�WHUPLQDO�LV�VLPLODU�WR�WKH�SDUDOOHO�HQWUDQFH

UDPS���*HQHUDOO\��WKH�VSHHG�FKDQJH�ODQH�EHJLQV�ZLWK�D�WDSHU�����P�UHFRPPHQGHG��IROORZHG

E\�D�GHFHOHUDWLRQ� ODQH�RI� OHQJWK�JLYHQ� LQ�7DEOH������ �7KH� OHQJWK�RI� WKH�GHFHOHUDWLRQ� ODQH� LV

PHDVXUHG�IURP�WKH�SRLQW�ZKHUH�WKH�ULJKW�HGJHV�RI�WKH�WKURXJK�ODQH�DQG�VSHHG�FKDQJH�ODQH�DUH

����P�DSDUW�WR�WKH�SRLQW�ZKHUH�WKH�UDPS�DQG�URDGZD\�VHSDUDWH���$V�ZLWK�WKH�HQWUDQFH�UDPS��D

SRUWLRQ�RI�WKH�UDPS�SURSHU�PD\�EH�XVHG�DV�SDUW�RI�WKH�GHFHOHUDWLRQ�OHQJWK�LI�WKDW�SRUWLRQ�RI�WKH

UDPS�KDV�D� ODUJH� UDGLXV�RI�FXUYDWXUH�� �$OVR�� ERWK�SDUDOOHO� DQG� WDSHU� W\SH� UDPS�GHFHOHUDWLRQ

OHQJWKV� DUH� DGMXVWHG� IRU� JUDGHV�� ZLWK� GHFHOHUDWLRQ� OHQJWK� LQFUHDVLQJ� RQ� GRZQJUDGHV� DQG

GHFUHDVLQJ�RQ�XSJUDGHV�

$JDLQ��OLNH�WKH�WZR�HQWUDQFH�UDPS�W\SHV��LW�LV�DVVXPHG�WKDW�RQ�WKH�SDUDOOHO�W\SH�UDPS

GHFHOHUDWLRQ�RFFXUV�EHIRUH�WKH�ULJKW�HGJH�RI� WKH�IUHHZD\�DQG�OHIW�HGJH�RI� WKH�UDPS�VHSDUDWH�

ZKHUHDV� RQ� WKH� WDSHU� W\SH� WKH� GHFHOHUDWLRQ� LV� DVVXPHG� WR� RFFXU� DIWHU� WKH� WZR� URDGZD\V

VHSDUDWH�� � $$6+72� UHFRJQL]HV� WKDW� RQ� WKH� SDUDOOHO� W\SH� UDPS� WHUPLQDO�� PRWRULVWV� GR� QRW

DOZD\V�XWLOL]H�WKH�GHFHOHUDWLRQ�ODQH��LQVWHDG��WKH\�PD\�GHFHOHUDWH�LQ�WKH�WKURXJK�ODQH�DQG�ZDLW

WR�PDQHXYHU�RQWR�WKH�UDPS�ZKHQ�LQ�WKH�YLFLQLW\�RI�WKH�H[LW�QRVH���7KLV�VLWXDWLRQ�VHHPV�PRVW

SUHYDOHQW�XQGHU�ORZ�YROXPH�FRQGLWLRQV�

7KLV�REVHUYDWLRQ�KDV�EHHQ�YHULILHG�E\�UHVHDUFK�WKDW�KDV�VKRZQ�WKDW�HYHQ�ZKHQ�D�UDPS

LV�RI� WKH�SDUDOOHO� W\SH��QHDUO\�DOO�H[LWLQJ�YHKLFOHV� WHQG�WR�GULYH�GLUHFWO\� IRU� WKH� UDPS�SURSHU�

QRW� IXOO\�XWLOL]LQJ� WKH�SDUDOOHO� VSHHG�FKDQJH� ODQH�� EXW� HVVHQWLDOO\� XWLOL]LQJ� WKH� VDPH�SDWK� DV

ZKHQ�H[LWLQJ�RQ�D� WDSHU� W\SH�GHVLJQ����������� � ,Q�RQH�VWXG\������� WKH� UHVHDUFKHUV� IRXQG� WKDW

EHWZHHQ� ��� SHUFHQW� WR� ��� SHUFHQW� RI� WKH� YHKLFOHV� REVHUYHG� EHJDQ� WR� HQWHU� WKH� GHFHOHUDWLRQ

ODQH� EHIRUH� WKH� HQG� RI� WKH� WDSHU� VHFWLRQ�� DOWKRXJK� LW� ZDV� QRW� XQWLO� WKH� HQG� RI� WKH� SDUDOOHO

VHFWLRQ� WKDW� ��� SHUFHQW� WR� ��� SHUFHQW� RI� WKH� YHKLFOHV�ZHUH� HQWLUHO\�ZLWKLQ� WKH� GHFHOHUDWLRQ

ODQH�
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(Source: Figure X-74, AASHTO, 1994, Ref. 1, p. 950-951)

- B - TAPERED DESIGN - CURVILINEAR

A

‘L’ as shown in Table X-6 with
adjustments in Table X-5

3.6 m

Divergence varies along the length

- C - PARALLEL DESIGN

A

POINT CONTROLLING SAFE SPEED AT RAMPA

‘L’ as shown in Table X-6 with
adjustments in Table X-575 m

3.6 m

- A - TAPERED DESIGN - TANGENT
A

‘L’ as shown in Table X-6 with
adjustments in Table X-5

3.6 m

2° - 5° Divergence Typical

�6RXUFH� )LJXUH ;���� $$6+72� ����� 5HI� �� S� ��������

)LJXUH��������7DSHUHG�DQG�SDUDOOHO�H[LW�UDPS�GHVLJQV
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7DEOH�������0LQLPXP�DFFHOHUDWLRQ�OHQJWKV�IRU�HQWUDQFH�WHUPLQDOV�ZLWK�IODW�JUDGHV

�RI���SHUFHQW�RU�OHVV

Acceleration Length, L (m)
For Entrance Curve Design Speed (km/h)

Stop
Condition 20 30 40 50 60 70 80

Highway
Design

Speed, V

Speed
Reached,

Va
and Intial Speed, V'a (km/h)

(km/h) (km/hh) 0 20 28 35 42 51 63 70

50 37 60

60 45 100 85 70

70 53 145 125 110 85 50

80 60 195 180 165 135 100 55

90 67 275 260 240 210 175 130 50

100 75 370 345 330 300 265 220 145 55

110 81 430 405 390 360 330 285 210 120

120 88 520 505 500 470 445 400 335 245

SOURCE: AASHTO, 1994, AASHTO, Table X-4, Ref. 1, Page 945

V'a L
VaV'a

Va 12'

TAPER TYPE PARALLEL TYPE

7['27�6SHHG�&KDQJH�/DQH�'HVLJQ

7KH� SUHFHGLQJ� GLVFXVVLRQ� RI� VSHHG�FKDQJH� ODQHV� FRQFHQWUDWHG� RQ� WKH� $$6+72

DSSURDFK�WR�VSHHG�FKDQJH�ODQH�GHVLJQ���7['27�KDV�DGRSWHG�VWDQGDUG�GHVLJQV�WKDW�GLIIHU�IURP

WKLV�DSSURDFK���)LJXUHV������WKURXJK������VKRZ�VHYHUDO�RI�WKH�7['27�VWDQGDUG�GHVLJQV�IURP

WKH������7['27�GHVLJQ�JXLGH�

(QWUDQFH�5DPSV

$�UHYLHZ�RI�7['27©V�VWDQGDUG�UDPS�GHVLJQV� UHYHDOV� WKDW�7['27�UHFRPPHQGV�RQH

VWDQGDUG� WDSHU� W\SH� HQWUDQFH� UDPS� GHVLJQ� IRU� DOO� VLQJOH�ODQH� HQWUDQFH� UDPSV�� � 7KLV� GHVLJQ

FRQVLVWV�RI�WKUHH�VHFWLRQV�����D����P�VHFWLRQ�XSVWUHDP�RI�WKH�JRUH�����D�����P�VHFWLRQ�DW�D�����

WDSHU�GRZQVWUHDP�RI�WKH�JRUH��DQG����D�����P�VHFWLRQ�WDSHUHG�DW�������ZKLFK�VHUYHV�WR�UHGXFH

WKH�DFFHOHUDWLRQ�ODQH�ZLGWK�IURP�����P�WR���P���7KLV�GHVLJQ�GLIIHUV�IURP�WKH�$$6+72�GHVLJQ
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LQ� WKDW� RQO\� RQH� VWDQGDUG� VSHHG�FKDQJH� ODQH� OHQJWK� LV� XWLOL]HG�� ZKHUHDV� $$6+72� XWLOL]HV

YDU\LQJ�VSHHG�FKDQJH�ODQH�OHQJWKV�DFFRUGLQJ�WR�7DEOH�����

7DEOH�������0LQLPXP�GHFHOHUDWLRQ�OHQJWKV�IRU�H[LW�WHUPLQDOV�ZLWK�IODW�JUDGHV

RI���SHUFHQW�RU�OHVV

'HFHOHUDWLRQ /HQJWK� / �P�

)RU 'HVLJQ 6SHHG RI ([LW &XUYH� 9
 �NP�K�
6WRS

&RQGLWLRQ �� �� �� �� �� �� ��

+LJKZD\

'HVLJQ

6SHHG� 9

6SHHG

5HDFKHG�

9D

)RU $YHUDJH 5XQQLQJ 6SHHG RQ ([LW &XUYH� 9
D �NP�K�

�NP�K� �NP�K� � �� �� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� ��� ��� �� �� �� ��

�� �� ��� ��� ��� ��� �� �� ��

�� �� ��� ��� ��� ��� ��� ��� �� ��

��� �� ��� ��� ��� ��� ��� ��� ��� ��

��� �� ��� ��� ��� ��� ��� ��� ��� ���

��� �� ��� ��� ��� ��� ��� ��� ��� ���

6285&(� $$6+72������ 5HI� �� 7DEOH ;��� S� ���

$�FRPSDULVRQ�RI� WKH�7['27�GHVLJQ�ZLWK� WKH�$$6+72�GHVLJQ�VKRZV� WKDW�DW� ORZHU

GHVLJQ�VSHHGV�WKH�7['27�GHVLJQ�PD\�SURYLGH�OHVV�OHQJWK�WKDQ�WKH�$$6+72�GHVLJQ���,I�WKH

7['27�DFFHOHUDWLRQ�ODQH�OHQJWK�LV�PHDVXUHG�EDVHG�RQ�WKH�$$6+72�PHWKRGRORJ\��L�H���QRW

LQFOXGLQJ�WKH�����P�WR���P�ZLGWK�WDSHU�VHFWLRQ���WKH�SURYLGHG�DFFHOHUDWLRQ�ODQH�OHQJWK�ZRXOG

EH�WKH�VXP�RI�WKH�ILUVW�WZR�VHFWLRQV�������P���&RPSDUHG�ZLWK�$$6+72��WKLV�OHQJWK�ZRXOG

EH�LQVXIILFLHQW�IRU�D�IUHHZD\�GHVLJQ�VSHHG�RI�����NP�K�DQG�UDPS�GHVLJQ�VSHHGV�RI����NP�K�RU

OHVV�� D� IUHHZD\� GHVLJQ� VSHHG� RI� ��� NP�K� DQG� UDPS�GHVLJQ� VSHHGV� RI� ��� NP�K� RU� OHVV�� RU� D

IUHHZD\�GHVLJQ�VSHHG�RI����NP�K�DQG�UDPS�GHVLJQ�VSHHGV�RI����NP�K�RU�OHVV���7KHUHIRUH��WKH

7['27�GHVLJQ�ZLOO�QRW�SURYLGH�D�VXIILFLHQW�OHQJWK�FRPSDUHG�ZLWK�$$6+72�IRU����DQG����

NP�K� IUHHZD\V�ZKHQ� WKH�PLQLPXP�UDPS�GHVLJQ�VSHHG�RI����SHUFHQW�RI� WKH� IUHHZD\�GHVLJQ

VSHHG�LV�XWLOL]HG���,I�KDOI�RI�WKH�WKLUG�VHFWLRQ�����P�RI�WKH�����P�WDSHU�VHFWLRQ��RI�WKH�7['27

GHVLJQ� LV� LQFOXGHG� LQ� WKH� DFFHOHUDWLRQ� ODQH� OHQJWK� DQG� WKLV� WRWDO� OHQJWK� LV� FRPSDUHG� ZLWK

$$6+72�� WKH�7['27�GHVLJQ�ZRXOG� VDWLVI\� WKH�PLQLPXP� UHTXLUHPHQWV� IRU� WKH� ��� DQG� ��

NP�K� IUHHZD\� GHVLJQ� VSHHGV�� EXW� QRW� D� ���� NP�K� IUHHZD\� GHVLJQ� VSHHG�� � 7KH� HQWLUH� WDSHU

OHQJWK� LQ� WKH�7['27�GHVLJQ�ZRXOG�QHHG� WR�EH� LQFOXGHG� WR� VDWLVI\� WKH� UHTXLUHG�DFFHOHUDWLRQ

ODQH�OHQJWK�IRU�D�����NP�K�IUHHZD\��DFFRUGLQJ�WR�$$6+72�



��

,W� VKRXOG� EH� QRWHG� WKDW� WKH� SUHFHGLQJ� GLVFXVVLRQ�� HVSHFLDOO\� WKDW� RI� WKH� 7['27

DFFHOHUDWLRQ� ODQH� OHQJWK� EHLQJ� RQO\� ���� P�� LV� D� ZRUVW�FDVH� VFHQDULR�� � $FFRUGLQJ� WR� WKH

$$6+72�VWDQGDUGV�LW�PD\�EH�SRVVLEOH� WR� LQFOXGH�PRUH�RI� WKH�UDPS� OHQJWK�XSVWUHDP�RI� WKH

7['27����P�VHFWLRQ�DV�SDUW�RI� WKH�DFFHOHUDWLRQ� ODQH� OHQJWK�� �7KH� LQFOXVLRQ�RI�PRUH�RI� WKH

XSVWUHDP� OHQJWK�ZRXOG�EH�FDVH� VSHFLILF�� GHSHQGLQJ�RQ� WKH�GULYHU©V� DELOLW\� WR�YLHZ� WKH� URDG

�L�H��� QRW� EHLQJ� KDPSHUHG� E\� JUDGHV�� REVWUXFWLRQV�� DQG� FXUYDWXUH��� � &OHDUO\� VRPH� RI� WKH

7['27� GHVLJQV� ZRXOG� DOORZ� IRU� LQFOXVLRQ� RI� DGGLWLRQDO� XSVWUHDP� OHQJWK�� � %HFDXVH� WKH

7['27�VWDQGDUG�GHVLJQ�GRHV�QRW�VSHFLILFDOO\�DGGUHVV�XSVWUHDP�GHVLJQ�IRU�DOO�FDVHV��LW�LV�QRW

SRVVLEOH� WR�PDNH�D�JHQHUDO� VWDWHPHQW�DV� WR�KRZ�PXFK�� LI� DQ\��RI� WKH�XSVWUHDP�UDPS� OHQJWK

VKRXOG�EH�LQFOXGHG�LQ�VDWLVI\LQJ�WKH�$$6+72�UHFRPPHQGHG�UDPS�DFFHOHUDWLRQ�ODQH�OHQJWKV�

/DWHU�LQ�WKLV�UHSRUW��ERWK�WKH�7['27�DQG�$$6+72�GHVLJQV�ZLOO�EH�VHHQ�WR�EH�EDVHG�RQ�WKH

VDPH�PDWHULDO�

([LW�5DPSV

7KH� 7['27� H[LW� UDPS� GHVLJQ� IROORZV� WKH� $$6+72� GHVLJQ� PRUH� FORVHO\� WKDQ� WKH

DFFHOHUDWLRQ�ODQH�GHVLJQ�� �7KH�7['27�VWDQGDUG�H[LW�UDPS�LV�RI� WKH�WDSHU� W\SH��ZLWK�YDU\LQJ

GHFHOHUDWLRQ�ODQH�OHQJWKV�GHSHQGHQW�RQ�UDPS�DQG�IUHHZD\�GHVLJQ�VSHHGV���,Q�7['27�)LJXUH

������)LJXUH�������WKLV�UHSRUW���D�WDEOH�RI�GHFHOHUDWLRQ�ODQH�OHQJWKV�IRU�YDULRXV�IUHHZD\�GHVLJQ

VSHHG�UDPS�GHVLJQ�VSHHG�FRPELQDWLRQV� LV�SUHVHQWHG�� �7KLV� WDEOH� LV� VLPLODU� WR�7DEOH������ WKH

$$6+72� UHFRPPHQGHG� GHFHOHUDWLRQ� OHQJWKV�� 7\SLFDOO\�� WKH� 7['27� DQG� $$6+72

UHFRPPHQGHG� GHFHOHUDWLRQ� ODQH� OHQJWKV� DUH� ZLWKLQ� ��� P� RI� HDFK� RWKHU�� � 7KH� SULPDU\

GLIIHUHQFH�EHWZHHQ�WKH�WZR�GHVLJQ�JXLGHV�LV� WKDW� WKH�$$6+72�WDEOH�SURYLGHV� UDPS� OHQJWKV

IRU�D�PDLQOLQH�GHVLJQ� VSHHG�RI����NP�K��ZKHUHDV� WKH�7['27�JXLGH�SURYLGHV� UDPS� OHQJWKV

RQO\�IRU�PDLQOLQH�VSHHGV�DV� ORZ�DV����NP�K�� � ,Q�DGGLWLRQ�� WKH�7['27�JXLGH�SURYLGHV� UDPS

OHQJWKV� IRU� ���� NP�K� DQG� ���� NP�K� IUHHZD\� GHVLJQ� VSHHGV�� ZKHUHDV� WKH� $$6+72� JXLGH

SURYLGHV�UDPS�OHQJWKV�RQO\�IRU�IUHHZD\�GHVLJQ�VSHHGV�XS�WR�����NP�K�� �$OVR�LQFOXGHG�ZLWK

WKH�7['27�GHFHOHUDWLRQ�ODQH�OHQJWKV�WDEOH�DUH�DGMXVWPHQWV�WKDW�VKRXOG�EH�PDGH�WR�WKH�OHQJWKV

WR�DFFRXQW� IRU�JUDGHV�� �7KHVH�DGMXVWPHQWV�DUH� WKH� VDPH�DV� WKRVH� UHFRPPHQGHG� LQ� WKH�����

$$6+72�JXLGH���,Q�D�VXEVHTXHQW�VHFWLRQ�RI� WKLV�UHSRUW� LW�ZLOO�EH�VKRZQ�WKDW� WKH�$$6+72

DQG�7['27�GHFHOHUDWLRQ�ODQH�OHQJWK�WDEOHV�DUH�GHULYHG�IURP�WKH�VDPH�VRXUFH�
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)LJXUH�������7['27�RQH�ZD\�IURQWDJH�URDG�UDPSV
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)LJXUH�������7['27�WZR�ZD\�IURQWDJH�URDG�UDPSV�ZLWK�WXUQDURXQG
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)LJXUH�������7['27�WZR�ZD\�IURQWDJH�URDG�UDPSV�ZLWKRXW�WXUQDURXQG



��

)LJXUH�������7['27�UDPS�WUDQVLWLRQV�GHWDLOV
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)LJXUH�������7['27�W\SLFDO�H[LW�UDPSV�ZLWKRXW�IURQWDJH�URDGV
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)LJXUH�������7['27�FKDQQHOL]HG�H[LW�DQG�HQWUDQFH�UDPSV
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2WKHU�7['27�5DPS�2SHUDWLRQV�,VVXHV

7['27�XWLOL]HV�WZR�GLIIHUHQW�DSSURDFKHV�WR�UHVWULFWLQJ�DFFHVV�RQ�D�FRQWUROOHG�DFFHVV

IDFLOLW\�� �2QH�PHWKRG� WR�FRQWURO�DFFHVV� LQYROYHV� WKH�XVH�RI�6WDWH�RI�7H[DV�SROLFH� WR�FRQWURO

GULYHZD\�DFFHVV�VXEMHFW�WR�FHUWDLQ�FRQGLWLRQV��+�%������3ODQQHG�)UHHZD\����$�VHFRQG�PHWKRG

�QRQ�+�%������3ODQQHG�)UHHZD\��LV�WR�FRQWURO�DFFHVV�VROHO\�E\�SURYLVLRQ�RI�IURQWDJH�URDGV���,W

ZDV� GLVFXVVHG� HDUOLHU� WKDW� IURQWDJH� URDG� UDPSV� PD\� EH� XVHG� EHWZHHQ� LQWHUFKDQJHV� RU� EH

LQFRUSRUDWHG�LQWR�LQWHUFKDQJHV���7R�DYRLG�RSHUDWLRQDO�SUREOHPV��SRVVLEO\�LQFOXGLQJ�EORFNDJH

DW� WKH�PHUJH�SRLQW�RI� WKH� UDPS�DQG� IURQWDJH� URDG�DV�D� UHVXOW�RI�TXHXH�VWRUDJH��7['27�KDV

GHYHORSHG�H[LW�UDPS�WR�FURVV�VWUHHW�VHSDUDWLRQ�GLVWDQFH�UHTXLUHPHQWV�� �)LJXUH�������IURP�WKH

7['27� GHVLJQ� JXLGH�� VKRZV� WKH� SUHIHUUHG� PLQLPXP� DQG� DEVROXWH� PLQLPXP� VHSDUDWLRQ

GLVWDQFH�EHWZHHQ�WKH�IURQWDJH�URDG��UDPS�PHUJH��DQG�FURVV�VWUHHW���7KLV�GLVWDQFH�LV�EDVHG�RQ

DFFRPPRGDWLQJ�ZHDYLQJ��EUDNLQJ��DQG�VWRUDJH�IRU�WUDIILF�

'(9(/230(17�2)�&855(17�5$03�'(6,*1�67$1'$5'6

7KXV� IDU�� WKH� UHDGHU� KDV� EHHQ� SUHVHQWHG� ZLWK� WKH� HOHPHQWV� RI� UDPS� GHVLJQ�� � %RWK

7['27� DQG� $$6+72� GHVLJQ� VWDQGDUGV� KDYH� EHHQ� UHYLHZHG�� ZLWK� VLPLODULWLHV� DQG

GLIIHUHQFHV�KLJKOLJKWHG���7R�EHWWHU�XQGHUVWDQG�WKHVH�GHVLJQV�DQG�WKHLU�DSSOLFDELOLW\�WR�WRGD\©V

WUDIILF� FRQGLWLRQV�� LW� LV� QHFHVVDU\� WR� UHYLHZ� WKH� SURFHVV� E\� ZKLFK� WKHVH� GHVLJQV� ZHUH

GHYHORSHG���8QIRUWXQDWHO\��QHLWKHU�WKH������7['27�PDQXDO�QRU�WKH������$$6+72�PDQXDO

SURYLGH�PXFK�LQVLJKW�LQWR�WKH�UHDVRQLQJ�EHKLQG�WKH�UHFRPPHQGHG�UDPS�GHVLJQ�VWDQGDUGV���$

EHWWHU�VRXUFH�IRU�WKH�UDWLRQDOH�LQKHUHQW�LQ�ERWK�$$6+72©V�DQG�7['27©V�FXUUHQW�GHVLJQ�LV�$

3ROLF\� RQ� *HRPHWULF� 'HVLJQ� RI� 5XUDO� +LJKZD\V� �������� SXEOLVKHG� E\� WKH� $PHULFDQ

$VVRFLDWLRQ� RI� 6WDWH� +LJKZD\�2IILFLDOV� �$$6+2��ZKLFK� KDV� HYROYHG� LQWR� WKH� FXUUHQW�GD\

$$6+72��� � 7KH� JXLGH� LV� RQH� LQ� D� VHULHV� RI� FRQWLQXLQJ� XSGDWHV� WKDW� KDV� OHG� WR� WKH� ����

$$6+72�GHVLJQ�PDQXDO�� �)RU�FODULILFDWLRQ�EHWZHHQ� WKH�GHVLJQ�PDQXDOV�� WKLV�JXLGH�ZLOO�EH

UHIHUUHG� WR� DV� WKH� ����� $$6+2� JXLGH�� ZLWK� WKH� ����� $$6+72� GHVLJQ� JXLGH� PDQXDO

FRQWLQXLQJ�WR�EH�UHIHUUHG�WR�DV�WKH�$$6+72�GHVLJQ�JXLGH�RU������$$6+72�JXLGH�

'HVLJQ�6SHHG

2QH� RI� WKH� PRVW� IXQGDPHQWDO� SDUDPHWHUV� DIIHFWLQJ� D� GHVLJQ� LV� WKH� DYHUDJH� GHVLJQ

VSHHG�� � ([DPLQDWLRQ� RI�$$6+72� DQG�7['27�GHVLJQ� VWDQGDUGV� VKRZV� WKDW� RQFH� D� GHVLJQ

VSHHG�LV�GHWHUPLQHG��WKH�FULWLFDO�VSHHG�GHWHUPLQLQJ�DFWXDO�GHVLJQ�IHDWXUHV��H�J���ODQH�OHQJWKV�

FXUYH� UDGLL�� LV� WKH� DVVXPHG� DYHUDJH� UXQQLQJ� VSHHG� RI� YHKLFOHV� IRU� WKDW� GHVLJQ� VSHHG�� �7KLV

DYHUDJH�UXQQLQJ�VSHHG�LV�ORZHU�WKDQ�WKH�GHVLJQ�VSHHG�DQG�PD\�EH�VHHQ�LQ�7DEOH������ZKHUH�WKH

PLQLPXP�VWRSSLQJ�VLJKW�GLVWDQFH�IRU�SDUWLFXODU�GHVLJQ�VSHHGV�LV�EDVHG�RQ�DQ�DVVXPHG�GHVLJQ

VSHHG�� � $YHUDJH� UXQQLQJ� VSHHGV� DUH� EDVHG� RQ� ORZ�YROXPH� FRQGLWLRQV�� PHDQLQJ� WKDW� WKH

FKDUDFWHULVWLFV�RI�WKH�URDGZD\�VKRXOG�EH�JRYHUQLQJ�YHKLFOH�VSHHGV�DQG�QRW� LQWHUDFWLRQV�ZLWK

RWKHU�YHKLFOHV�� �7KH�DYHUDJH�UXQQLQJ�VSHHGV�XVHG�LQ�WKH������7['27�PDQXDO�DQG�WKH�����

$$6+72�PDQXDO� DUH� ILUVW� VHHQ� LQ� WKH� �����$$6+2� JXLGH�� ZLWK� WKHVH� VSHHGV� DSSDUHQWO\
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EDVHG� RQ� VWXGLHV� IURP� WKH� ILIWLHV� DQG� VL[WLHV�� � 7KH� HDUOLHU� ����� $$6+2� JXLGH� VXJJHVWV

UXQQLQJ�VSHHGV�WKDW�DUH�VLJQLILFDQWO\�ORZHU�WKDQ�WKRVH�RI�WKH������JXLGH�

$� TXHVWLRQ� H[LVWV� DV� WR� ZKHWKHU� WKHVH� DVVXPHG� DYHUDJH� UXQQLQJ� VSHHGV� DUH� VWLOO

DFFXUDWH�XQGHU� WRGD\©V� FRQGLWLRQV�� �2QH� ����� VWXG\��6SHHG�(VWLPDWHV� IRU�5RDGZD\�'HVLJQ

DQG�7UDIILF�&RQWURO�������VXJJHVWV� WKDW� WKH�VSHHG�HVWLPDWHV�XVHG�DUH�VLJQLILFDQWO\�EHORZ�WKH

DFWXDO� VSHHGV�� � 2QH� HVWLPDWH� LQGLFDWHG� WKDW� DV� PXFK� DV� ��� SHUFHQW� RI� REVHUYHG� WUDIILF

H[FHHGHG�SRVWHG�VSHHG�OLPLWV��ZKLFK�DUH�RIWHQ�QHDU�WKH�DVVXPHG�ORZ�YROXPH�UXQQLQJ�VSHHG�

$GGLWLRQDO�HYLGHQFH�LQ�VXSSRUW�RI�WKH�JURZLQJ�EHOLHI�WKDW�WKH�DVVXPHG�DYHUDJH�UXQQLQJ�VSHHGV

DUH�XQUHDOLVWLF�PD\�EH�IRXQG�LQ�WKH�PHWKRGRORJ\�RI�1&+53�������6SHHG�&KDQJH�/DQHV�)LQDO

5HSRUW���,Q�WKLV�VWXG\�WKH�VSHHG�XVHG�WR�GHWHUPLQH�WKH�UHTXLUHG�OHQJWK�RI�D�VSHHG�FKDQJH�ODQH

ZDV�WKH�GHVLJQ�VSHHG�LWVHOI��QRW�WKH�$$6+72�UXQQLQJ�VSHHG�

2QH� VWXG\� SHUIRUPHG� LQ� &DQDGD� LQ� ����� ����� REVHUYHG� VSHHGV� RQ� D� VHULHV� RI� H[LW

UDPSV�DW�WKH�SRLQW�RI�PD[LPXP�FXUYDWXUH�DQG�FRPSDUHG�WKHVH�VSHHGV�WR�WKH�GHVLJQ�VSHHG�RI

WKH�UDPS�� �%HFDXVH�WKHVH�ZHUH�H[LVWLQJ�UDPSV��GHVLJQ�VSHHGV�ZHUH�GHWHUPLQHG�DFFRUGLQJ� WR

VXSHUHOHYDWLRQ�UDWHV�DQG�FXUYH�UDGLL�RI�WKH������$$6+2�JXLGH���7DEOH�����VKRZV�WKH�UHVXOWV

RI�WKHVH�REVHUYDWLRQV�

:KLOH�IRU�DOO�VL[�LQWHUFKDQJHV�WKH���WK�SHUFHQWLOH�VSHHG�LV�OHVV�WKDQ�WKH�GHVLJQ�VSHHG�

LW� LV� VHHQ� WKDW� WKH� ��WK� SHUFHQWLOH� VSHHG� DW� IRXU� RI� WKH� VL[� UDPSV�ZDV� REVHUYHG� WR� EH� DW� RU

DERYH� WKH�GHVLJQ�VSHHG�� �7KLV� LV� FULWLFDO�EHFDXVH�GHVLJQ� LV� RIWHQ�EDVHG�RQ� WKH���WK�RU���WK

SHUFHQWLOHV��QRW�WKH���WK�SHUFHQWLOHV��VR�DV�WR�FUHDWH�GHVLJQV�WKDW�DUH�DGHTXDWH�IRU�WKH�PDMRULW\

RI�GULYHUV���,W�DOVR�VKRXOG�EH�UHDOL]HG�WKDW�WKH�WZR�UDPSV�ZKHUH�WKH�REVHUYHG�VSHHG�DW�WKH���WK

SHUFHQWLOH�GLG�QRW�UHDFK�RU�H[FHHG�WKH�GHVLJQ�KDG�GHVLJQ�VSHHGV�RI����DQG�����NP�K��ZKLFK

H[FHHGHG�WKH����NP�K�IUHHZD\�VSHHG�OLPLW�DW�WKH�WLPH�RI�WKH�VWXG\�

*XLGH�9DOXHV�IRU�5DPS�'HVLJQ�6SHHG

'LVFXVVHG� HDUOLHU�ZDV�$$6+72�7DEOH�;��� �7DEOH� ����� WKLV� UHSRUW���ZKLFK� SURYLGHV

JXLGHOLQHV�RQ�UDPS�GHVLJQ�VSHHGV���2QH�RI�WKH�HDUOLHVW�UHFRPPHQGDWLRQV�IRU�GHVLJQ�VSHHG�RI

UDPSV�PD\�EH�IRXQG�LQ�3URSRVHG�'HVLJQ�6WDQGDUGV�IRU�,QWHUUHJLRQDO�+LJKZD\V������������

,Q�WKLV�GRFXPHQW�WKH�UHFRPPHQGDWLRQ�ZDV�WKDW�¦DOO�UDPSV�DQG�FRQQHFWLRQV�ZRXOG�EH�GHVLJQHG

WR� HQDEOH� YHKLFOHV� WR� OHDYH� DQG� HQWHU� WKH� KLJKZD\� DW� ���� RI� WKH� KLJKZD\©V� GHVLJQ� VSHHG�§

2YHU� WLPH�� FKDQJHV� KDYH� EHHQ�PDGH� WR� WKLV� UHFRPPHQGDWLRQ�� UHVXOWLQJ� LQ�7DEOH� ����� � 7KLV

WDEOH�LQ�LWV�FXUUHQW�IRUP�ILUVW�DSSHDUHG�LQ�WKH������PDQXDO���%HIRUH�WKLV��WKH�UHFRPPHQGDWLRQV

ZHUH�VOLJKWO\�GLIIHUHQW��ZLWK�$$6+72�KDYLQJ�JXLGHV�RQO\�IRU�GHVLUDEOH�DQG�PLQLPXP�UDPS

GHVLJQ�VSHHGV��QRW�IRU�WKH�WKUHH�UDQJHV��XSSHU��PLGGOH��DQG�ORZHU��DV�VHHQ�WRGD\���)LJXUH�����

VKRZV� WKH� SURJUHVVLRQ� RI� WKH� $$6+72� UHFRPPHQGDWLRQV� IURP� WKH� RULJLQDO� ����� GHVLJQ

JXLGH�WR�WKH������JXLGH���:KLOH�LQ�DOO�FDVHV�WKH�XSSHU�RU�GHVLUDEOH�UHFRPPHQGHG�UDPS�GHVLJQ

VSHHG�LV�DSSUR[LPDWHO\�WKH�DYHUDJH�ORZ�YROXPH�UXQQLQJ�VSHHG�IRU�WKH�IUHHZD\�GHVLJQ�VSHHG�

WKH� PLQLPXP� DQG� PLGGOH� UDQJHV� GR� QRW� DSSHDU� WR� KDYH� D� FRUUHODWLRQ� ZLWK� D� WUDIILF

FKDUDFWHULVWLF�RU� GHVLJQ�SDUDPHWHU�� �1R� OLWHUDWXUH�KDV�EHHQ� IRXQG� WKDW� UHYHDOV� WKH� VRXUFH� RI

WKHVH�UHFRPPHQGDWLRQV�RU�UHDVRQ�IRU�WKH�FKDQJHV�LQ�HDFK�VXEVHTXHQW�XSGDWH�
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Figure 4-46.  Refers to Paragraph 4-602(A)6
(Source: Figure 4-46, Ref. 5, p. 4-89)
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7DEOH�������2EVHUYHG�H[LW�UDPS�VSHHGV

2EVHUYHG 6SHHGV �PSK� DW 3RLQWV RI 0D[LPXP &XUYDWXUH
,QWHUVHFWLRQ 'HVLJQ
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$YHQXH 5RDG ���� ���� ���� ���� ���� ����

,QFOXGHV GHOD\HG YHKLFOHV
'HOD\HG YHKLFOHV RPLWWHG

6RXUFH� 9HKLFOH 2SHUDWLQJ &KDUDFWHULVWLFV RQ 2XWHU /RRS 'HFHOHUDWLRQ /DQHV RI ,QWHUFKDQJHV� 2�-�+�5�3�
5HSRUW 1R� ��� 0DUFK ����� 7DEOH �� SS� ���

7KH� �����$$6+2� JXLGH� SUHVHQWDWLRQ� RI� WKH� GHVLJQ� RI� VSHHG�FKDQJH� ODQHV� SURYLGHV�PRUH

LQIRUPDWLRQ�WKDQ�ODWHU�GHVLJQ�JXLGHV�RQ�WKH�GHULYDWLRQ�RI�GHVLJQ�VWDQGDUGV��WKH������$$6+2

JXLGH� DOVR�SURYLGHV�PXFK�RI�ZKDW� LV� IRXQG� LQ� WKH������$$6+2�JXLGH���7KH������PDQXDO

GHILQHV�D�VSHHG�FKDQJH�ODQH�DV�¦DQ�DX[LOLDU\�ODQH��LQFOXGLQJ�WDSHUHG�DUHDV��SULPDULO\�IRU�WKH

DFFHOHUDWLRQ� RU� GHFHOHUDWLRQ� RI� YHKLFOHV� HQWHULQJ� RU� OHDYLQJ� WKH� WKURXJK� WUDIILF� ODQHV�� � 7KH

WHUP� VSHHG�FKDQJH� ODQH�� GHFHOHUDWLRQ� ODQH�� RU� DFFHOHUDWLRQ� ODQH�� DV� XVHG� KHUHLQ�� DSSOLHV

EURDGO\� WR� WKH� DGGHG� SDYHPHQW� MRLQLQJ� WKH� WUDYHOHG� ZD\� RI� WKH� KLJKZD\� ZLWK� WKDW� RI� WKH

WXUQLQJ�URDGZD\�DQG�GRHV�QRW�QHFHVVDULO\�LPSO\�D�GHILQLWH�ODQH�RI�XQLIRUP�ZLGWK�§��:KLOH�QRW

FOHDUO\� GHILQHG� DV� VXFK�� WKH� ����� $$6+2� JXLGH� GRHV� EHJLQ� WR� UHFRJQL]H� WKH� WZR� PDMRU

FRPSHWLQJ�VSHHG�FKDQJH� ODQH�GHVLJQV�� QDPHO\�� SDUDOOHO� DQG� WDSHU�� �7KH� JXLGH�GLVWLQJXLVKHV

EHWZHHQ� WKH� EHQHILWV� RI� WKH� WZR� E\� VWDWLQJ� WKDW� GULYHUV� SUHIHU� WR� XVH� D� GLUHFW� UDWKHU� WKDQ� D

UHYHUVH�SDWK��L�H��� WDSHU�GHVLJQ��� WKRXJK�XQGHU�KHDY\� WUDIILF�YROXPHV�WKHUH� LV�D� WHQGHQF\�IRU

GULYHUV�WR�XWLOL]H�PRUH�RI�WKH�GHFHOHUDWLRQ�ODQH��IROORZLQJ�D�UHYHUVH�FXUYH�SDWK��L�H���SDUDOOHO

GHVLJQ����)RU�ERWK�GHFHOHUDWLRQ�DQG�DFFHOHUDWLRQ�ODQHV�WKHUH�LV�D�FOHDU��EXW�QRW�GLUHFWO\�VWDWHG�

IDYRULQJ�RI�WKH�WDSHU�W\SH�GHVLJQ�
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1954 AASHO
Highway design speed, mph 30 40 50 60 70

Ramp design speed, mph
Desirable 25 35 40 45 50
Minimum 15 20 25 30 30

Corresponding minimum radius, feet
Desirable 150 300 430 550 690
Minimum 50 90 150 230 230

Source: Table IX-2, 1954 A Policy on Geometric Design of Rural Highways, pp. 393

1965 AASHO
Highway design speed, mph 30 40 50 60 65 70 75 80

Ramp design speed, mph
Desirable 25 35 45 50 55 60 60 65
Minimum 15 20 25 30 30 30 35 40

Corresponding minimum radius, feet
Desirable 150 300 550 690 840 1040 1040 1260
Minimum 50 90 150 230 230 230 300 430

Source: Table IX-2, 1965 A Policy on Geometric Design of Rural Highways, pp. 531

1973 AASHTO
Highway design speed, mph 30 40 50 60 65 70

Ramp design speed, mph
Desirable 25 35 45 50 55 60
Minimum 15 20 25 30 30 30

Corresponding minimum radius, feet
Desirable 150 300 550 690 840 1040
Minimum 50 90 150 230 230 230

Note: Ramp design speeds above 30 mph seldom are applicable to loops
Source: Table J-1, 1973 A Policy on Design of Urban Highways and Arterial Streets, pp. 545

1984 AASHTO
Highway Design Speed (mph) 30 40 50 60 65 70

Ramp Design Speed (mph)
Upper Range (85%) 25 35 45 50 55 60
Middle Range (70%) 20 30 35 45 45 50
Lower Range (50%) 15 20 25 30 30 35

Corresponding Minimum Radius (ft) SEE TABLE III- 6

Source: Table X-1, 1984 A Policy on Geometric Design of Highways and Streets, pp. 1012

1990 AASHTO
Highway Design Speed (mph) 30 40 50 60 65 70

Ramp Design Speed (mph)
Upper Range (85%) 25 35 45 50 55 60
Middle Range (70%) 20 30 35 45 45 50
Lower Range (50%) 15 20 25 30 30 35

Corresponding Minimum Radius (ft) See Table III-6

Source: Table X-1, 1990 A Policy on Geometric Design of Highways and Streets, pp. 960

)LJXUH��������+LVWRULFDO�$$6+72�UDPS�GHVLJQ�VSHHG�UHFRPPHQGDWLRQV
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7KH� LPSURYHG� ����� $$6+72� JXLGH� KLJKOLJKWV� WKH� GLIIHUHQFHV� EHWZHHQ� WKH� WZR

GHVLJQ�W\SHV��GLVFXVVHV�GHVLJQ�FRQVLGHUDWLRQV��DQG�SURYLGHV�VRPH�FODULILFDWLRQ� LQ�PHDVXULQJ

DQG� SURYLGLQJ� WKH� VSHHG�FKDQJH� ODQH� ZLWK� WKH� SURSHU� OHQJWK� RQFH� FKRVHQ�� � +RZHYHU�� DQ

H[DPLQDWLRQ�RI�WKH������$$6+2�JXLGH�OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�PRVW�GHVLJQ�YDOXHV�DUH

WKH� VDPH� DV� WKRVH� LQ� WKH� �����$$6+72� JXLGH�� � ,QWHUHVWLQJO\�� PDQ\� RI� WKH� GHVLJQ� YDOXHV

IRXQG� LQ� WKH������7['27�GHVLJQ�JXLGH� DUH� DOVR� IURP� WKH� �����$$6+2�JXLGH��ZKHUHDV� D

VLPSOH�FRPSDULVRQ�RI�WKH������$$6+72�GHVLJQ�JXLGH�ZLWK�WKH������7['27�JXLGH�PD\�OHDG

RQH� WR� EHOLHYH� WKDW� FHUWDLQ� GHVLJQ� YDOXHV� ZHUH� GHYHORSHG� VHSDUDWHO\�� � 7R� GHPRQVWUDWH� DQG

SURYLGH� LQVLJKW� LQWR�ERWK� WKH�FXUUHQW�7['27�DQG�$$6+72�GHVLJQ� VWDQGDUGV�� WKH� UDWLRQDOH

EHKLQG�WKH�GHVLJQ�RI�WKH�WDSHU�DQG�GHFHOHUDWLRQ�DQG�DFFHOHUDWLRQ�ODQHV�ZLOO�EH�SUHVHQWHG�

7DSHU�6HFWLRQ

2QH�RI�WKH�ILUVW�GHVLJQ�DVSHFWV�FRYHUHG�LQ�WKH�VSHHG�FKDQJH�ODQH�GHVLJQ�LV�WDSHU��WKDW

LV��WKH�WDSHU�DW�WKH�HQG��RU�EHJLQQLQJ��RI�WKH�VSHHG�FKDQJH�ODQH�¥�QRW�WR�EH�FRQIXVHG�ZLWK�WKH

WDSHU�W\SH�VSHHG�FKDQJH�ODQH�GHVLJQ���:KLOH�FXUUHQW�$$6+72�GHVLJQ�UHFRPPHQGV�D�WDSHU�RI

���P�IRU�HQWUDQFH�UDPSV�DQG����P�WDSHU�IRU�H[LW�UDPSV��SDUDOOHO�W\SH��GHVLJQ�VSHHGV�XS�WR����

NP�K�� DQG�7['27�XWLOL]HV� D� WDSHU� VHFWLRQ� RI� ����P� LQ� DFFHOHUDWLRQ� ODQH� GHVLJQ�� WKH� ����

JXLGH�UHFRPPHQGHG�YDULDEOH�WDSHU�OHQJWKV�DFFRUGLQJ�WR�7DEOH�����

7KHVH� WDSHU� OHQJWKV� ZHUH� EDVHG� RQ� SDVVLQJ� SUDFWLFHV� RQ� WZR�ODQH� KLJKZD\V� DV

GHWHUPLQHG� LQ� D� ����� VWXG\� ����� � 7KLV� VWXG\� IRXQG� WKDW� GHSHQGLQJ� RQ� WUDIILF� FRQGLWLRQV� D

SDVVLQJ�YHKLFOH�ZRXOG�VKLIW�ODWHUDOO\�RQH�ODQH�LQ�����WR�����VHFRQGV���)URP�WKLV�LW�ZDV�DVVXPHG

WKDW�WKH�WLPH�UHTXLUHG�IRU�D�GULYHU�WR�VKLIW�IURP�D�WKURXJK�ODQH�WR�D�VSHHG�FKDQJH�ODQH�ZDV��

VHFRQGV�PLQLPXP�WR���VHFRQGV�GHVLUDEOH��OHDGLQJ�WR�D�YDOXH�RI�����VHFRQGV�IRU�GHVLJQ���7KH

WDSHU�OHQJWK�IRU�D�SDUWLFXODU�GHVLJQ�VSHHG�LV�WKHQ�VLPSO\�EDVHG�RQ�WKH�GLVWDQFH�WUDYHOHG�GXULQJ

����VHFRQGV�DW�WKH�DYHUDJH�UXQQLQJ�VSHHG���7KXV��D�VLPSOLILFDWLRQ�RI�WKLV�WDEOH�ZRXOG�EH�IRU�D

���P�WDSHU�IRU�VSHHGV�XQGHU�����NP�K��DV�QRZ�XVHG�E\�$$6+72�IRU�SDUDOOHO�W\SH�HQWUDQFH

UDPSV���$$6+72�XWLOL]HV�D�WDSHU�OHQJWK�IRU�GHVLJQ�VSHHGV�FORVHU�WR����NP�K�IRU�SDUDOOHO�W\SH

H[LW�UDPSV���$Q�H[SODQDWLRQ�IRU�WKH�GLIIHUHQW�WDSHU�OHQJWK�XVHG�LQ�WKH������$$6+72�ZDV�QRW

IRXQG�LQ�UHYLHZLQJ�WKH�OLWHUDWXUH���7KH�VRXUFH�IRU�WKH�7['27�WDSHU�OHQJWK�ZLOO�EH�GLVFXVVHG�LQ

WKH�DFFHOHUDWLRQ�ODQH�VHFWLRQ�

:KLOH�WKH�����VHFRQG�WLPH�WR�VKLIW�ODQHV�LV�EDVHG�RQ�D������VWXG\��WKLV�PRYHPHQW�KDV

EHHQ�VWXGLHG�PRUH�UHFHQWO\�� � ,Q� WKH�1&+53�UHSRUW��6SHHG�&KDQJH�/DQHV� ��������D�VWXG\�RI

WKH�GLVWULEXWLRQ�RI�WLPHV�REVHUYHG�IRU�D�GULYHU�WR�VWHHU�IURP�WKH�DFFHOHUDWLRQ�ODQH�FRPSOHWHO\

RQWR�WKH�DGMDFHQW�IUHHZD\�ODQH�ZDV�FRPSOHWHG�� �7KLV�VWXG\�IRXQG�DSSUR[LPDWHO\������������

DQG� ����� VHFRQGV� WR� EH� WKH� ��WK�� ��WK�� DQG� ��WK� SHUFHQWLOH� VSHHGV�� UHVSHFWLYHO\�� ZLWK� DQ

DYHUDJH�RI����� VHFRQGV�� �7KHVH�YDOXHV�� WRJHWKHU�ZLWK� WKH� OLNHOLKRRG� WKDW� YHKLFOH� DQG� GULYHU

FKDUDFWHULVWLFV�KDYH� FKDQJHG� VLQFH� WKH������ VWXG\�� OHDG� WR� WKH� FRQFOXVLRQ� WKDW� WDSHU� GHVLJQ

FOHDUO\�QHHGV�WR�EH�UHYLVLWHG�DV�D�VWHS�WRZDUG�SRVVLEO\�XSGDWLQJ�WKH�GHVLJQ�VWDQGDUGV�
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7DEOH�������$$6+2������JXLGDQFH�IRU�OHQJWKV�RI�WDSHU�IRU�XVH�LQ�FRQMXQFWLRQ�ZLWK�IXOO�ZLGWK

VSHHG�FKDQJH�ODQHV

+LJKZD\ GHVLJQ VSHHG �PSK� �� �� �� �� �� �� �� ��

$YHUDJH UXQQLQJ VSHHG �PSK� �� �� �� �� �� �� �� ��

0LQLPXP OHQJWK �IW� ��� ��� ��� ��� ��� ��� ��� ���

/HQJWK RI WDSHU �URXQGHG� ��� ��� ��� ��� ��� ��� ��� ���

6RXUFH� 7DEOH 9,,��� $ 3ROLF\ RQ *HRPHWULF 'HVLJQ RI 5XUDO +LJKZD\V�$$6+2� ���� ���

'HFHOHUDWLRQ�/DQHV

7KH������$$6+2�JXLGH�EDVHV�WKH�GHFHOHUDWLRQ�ODQH�OHQJWK�RQ�WKUHH�IDFWRUV��¦�D��WKH

VSHHG�DW�ZKLFK�GULYHUV�PDQHXYHU�RQWR�WKH�DX[LOLDU\�ODQH���E��WKH�VSHHG�DW�ZKLFK�GULYHUV�WXUQ

DIWHU� WUDYHUVLQJ� WKH� GHFHOHUDWLRQ� ODQH�� �F�� WKH� PDQQHU� RI� GHFHOHUDWLQJ� RU� WKH� GHFHOHUDWLRQ

IDFWRUV�§

7KH�ILUVW�IDFWRU�¥�WKH�VSHHG�DW�ZKLFK�GULYHUV�PDQHXYHU�RQWR�WKH�DX[LOLDU\�ODQH�¥�LV

EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�ZKHQ�VKLIWLQJ�LQWR�WKH�GHFHOHUDWLRQ�ODQH�PRVW�GULYHUV�WUDYHO�DW�D

VSHHG�QR�JUHDWHU�WKDQ�WKDW�RI�WKH�ORZ�YROXPH�DYHUDJH�UXQQLQJ�VSHHG���7KH�VPDOO�SHUFHQWDJH�RI

GULYHUV�ZKR� WUDYHO� DW� KLJKHU� VSHHGV� DUH� DVVXPHG� WR� EH� DOHUWHG� WR� WKH� H[LW� E\� VLJQV� DQG�� LQ

UHVSRQVH��DUH�DVVXPHG�WR�VORZ�GRZQ�WR�WKH�UXQQLQJ�VSHHG�E\�WKH�EHJLQQLQJ�RI�WKH�WDSHU�

7KH� VHFRQG� IDFWRU� ¥� WKH� VSHHG� DW� ZKLFK� WKH� GULYHUV� WXUQ� DIWHU� WUDYHUVLQJ� WKH

GHFHOHUDWLRQ�ODQH�¥�LV�DVVXPHG�WR�EH�WKH�UXQQLQJ�VSHHG�RI�WKH�VKDUS�RU�FRQWUROOLQJ�FXUYH�RI

WKH�UDPS�SURSHU���'HWHUPLQDWLRQ�RI�WKLV�UXQQLQJ�VSHHG�LV�EDVHG�RQ�7DEOH�9,,����SDJH������LQ

WKH������JXLGH���7KLV�WDEOH�LV�H[DFWO\�WKH�VDPH�DV�7DEOH�,,,����LQ�WKH������JXLGH�DQG�KDV�EHHQ

SUHYLRXVO\� GLVFXVVHG� LQ� WKH� SUHVHQWDWLRQ� RI� UDPS� GHVLJQ� �7DEOH� ���� LQ� WKLV� UHSRUW��� � 7KH

GLIIHUHQFH�EHWZHHQ� WKH�DYHUDJH� UXQQLQJ� VSHHGV�RQ� WKH� IUHHZD\�DQG� WKH� FRQWUROOLQJ� FXUYH� LV

WKHQ� WDNHQ� WR� EH� WKH� VSHHG� GLIIHUHQWLDO� XVHG� LQ� WKH� GHWHUPLQDWLRQ� RI� WKH� GHFHOHUDWLRQ� ODQH

OHQJWK�

7KH�WKLUG�IDFWRU�¥�WKH�PDQQHU�RI�GHFHOHUDWLRQ�RU�WKH�GHFHOHUDWLRQ�IDFWRUV�¥�LV�EDVHG

RQ�JHQHUDO�REVHUYDWLRQV�DQG�VHYHUDO�OLPLWHG�VWXGLHV���,W�ZDV�GHWHUPLQHG�WKDW�WKH�GHFHOHUDWLRQ

SURFHVV�RFFXUV�LQ�WZR�VWHSV��GHFHOHUDWLRQ�LQ�JHDU�DQG�GHFHOHUDWLRQ�ZKLOH�EUDNLQJ���7KH�GHVLJQ

YDOXHV�IRU�WKHVH�UDWHV�DUH�EDVHG�RQ�VHYHUDO�VWXGLHV�FRQGXFWHG�SULPDULO\�LQ�WKH�ODWH�WKLUWLHV����

����DQG������ �$�GLVFXVVLRQ�RI� WKHVH� VWXGLHV�DQG� WKH�DSSURSULDWHQHVV�RI�FRQWLQXLQJ� WR�XWLOL]H

WKHLU�UDWHV�LQ�WRGD\©V�GHVLJQV�LV�UHVHUYHG�XQWLO�DIWHU�WKH�GLVFXVVLRQ�RI�DFFHOHUDWLRQ�ODQHV�

)RU� GHVLJQ� SXUSRVHV� GHFHOHUDWLRQ� LQ� JHDU� LV� DVVXPHG� WR� RFFXU� IRU� �� VHFRQGV�� � 7KH

GLVWDQFH� WUDYHOHG� GXULQJ� WKLV� WLPH� LV� EDVHG� RQ� GHFHOHUDWLRQ� FKDUDFWHULVWLFV� GHWHUPLQHG� LQ

6SHHG�&KDQJH�5DWHV�IRU�3DVVHQJHU�9HKLFOHV��RI������������)LJXUH�������WDNHQ�IURP�WKH�����

$$6+2�JXLGH�DQG�EDVHG�RQ� WKLV�VWXG\�� LV�XWLOL]HG� LQ�GHWHUPLQLQJ� WKH�GLVWDQFH� WUDYHOHG�DQG

VSHHG� UHDFKHG� ZKHQ� EHJLQQLQJ� IURP� VRPH� LQLWLDO� VSHHG� DQG� GHFHOHUDWLQJ� LQ� JHDU� IRU� �
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VHFRQGV���)RU�VSHHG�FKDQJH�ODQH�GHVLJQ��WKH�LQLWLDO�VSHHG�LV�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI�WKH

IUHHZD\�

7KH�VHFRQG�SRUWLRQ�RI�WKH�GHFHOHUDWLRQ�ODQH�OHQJWK�¥�GHFHOHUDWLRQ�ZKLOH�EUDNLQJ�¥�LV

EDVHG�RQ�WKH������VWXG\�$FFHOHUDWLRQ�DQG�'HFHOHUDWLRQ�&KDUDFWHULVWLFV�RI�3ULYDWH�3DVVHQJHU

9HKLFOHV������DQG�WKH������VWXG\�'HFHOHUDWLRQ�'LVWDQFHV�IRU�+LJK�6SHHG�9HKLFOHV��������7KH

ILUVW�VWXG\������DFWXDOO\�LV�IRU�GHFHOHUDWLRQ�FKDUDFWHULVWLFV�ZKLOH�DSSURDFKLQJ�D�VWRS�VLJQ��EXW�LW

ZDV�DVVXPHG� IRU� WKH�GHVLJQ�RI� WKH� VSHHG�FKDQJH� ODQHV� WKDW� WKH�GHFHOHUDWLRQ� UDWHV�ZRXOG�EH

FKDUDFWHULVWLF� RI� WKRVH� IRU� DSSURDFKLQJ� WKH� WXUQLQJ� URDGZD\�� � )URP� WKHVH� VWXGLHV� D

¦FRPIRUWDEOH§�RYHUDOO�UDWH�RI�GHFHOHUDWLRQ�ZKLOH�EUDNLQJ�IURP�D�VSHHG�RI�����NP�K�ZDV�IRXQG

WR�EH�DSSUR[LPDWHO\�����P�SHU�VHFRQG�������DQG�WKH�UDWH�LV�DVVXPHG�WR�GHFUHDVH�DV�WKH�VSHHG

GHFUHDVHV� ����� WR� DSSUR[LPDWHO\� ����P� SHU� VHFRQG� DW� ��� NP�K�� � 7KHVH� ¦FRPIRUWDEOH§� UDWHV

ZHUH�DVVXPHG�DFFHSWDEOH��IRU��GHVLJQ��VWDQGDUGV����)LJXUH�������WDNHQ�IURP�WKH������$$6+2

JXLGH�� VKRZV� WKH� GLVWDQFH� WUDYHOHG� GXULQJ� EUDNLQJ�� � )RU� WKLV� ILJXUH� WKH� LQLWLDO� VSHHG� LV� WKH

VSHHG� UHDFKHG� DW� WKH� HQG� RI� WKH� �� VHFRQG� GHFHOHUDWLRQ� LQ� JHDU� DQG� WKH� ILQDO� VSHHG� LV� WKH

DYHUDJH�UXQQLQJ�VSHHG�IRU�WKH�WXUQLQJ�URDGZD\�
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7R�VXPPDUL]H��WKH�OHQJWK�RI�WKH�GHFHOHUDWLRQ�ODQH�LV�FDOFXODWHG�LQ�WKH������$$6+2

E\� DVVXPLQJ� WKDW� D� YHKLFOH� ��� LV� WUDYHOLQJ� DW� DQ� LQLWLDO� VSHHG� DW� WKH� EHJLQQLQJ� RI� WKH

GHFHOHUDWLRQ�ODQH�HTXDO�WR�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI�WKH�KLJKZD\�����GHFHOHUDWHV�LQ�JHDU�IRU

�� VHFRQGV� WUDYHOLQJ� D� GLVWDQFH� WKDW� PD\� EH� GHWHUPLQHG� IURP� )LJXUH� ������ DQG� ��� WKHQ

GHFHOHUDWHV�ZKLOH�EUDNLQJ��DW�D�UDWH�DFFRUGLQJ�WR�)LJXUH�������WR�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI

WKH� WXUQLQJ� URDGZD\�� � $FFRUGLQJ� WR� WKH� ����� $$6+2� JXLGH�� ¦OHQJWKV� EDVHG� RQ� WKHVH

DVVXPSWLRQV� SHUPLW� D� GULYHU� WR� GHFHOHUDWH� FRPIRUWDEO\� DQG� VDIHO\� ZKHQ� KH� DSSURDFKHV� WKH

GHFHOHUDWLRQ�ODQH�DW�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI�WKH�KLJKZD\�§

$V�D�ILQDO�SRLQW�LW�VKRXOG�EH�XQGHUVWRRG�WKDW�WKLV�GHVLJQ�LV�EDVHG�RQ�SDVVHQJHU�YHKLFOH

RSHUDWLRQ��:KLOH�WKH������$$6+2�JXLGH�UHFRJQL]HV�WKDW�WUXFNV�UHTXLUH�D�ORQJHU�GHFHOHUDWLRQ

GLVWDQFH� IRU� WKH� VDPH� VSHHG� GLIIHUHQWLDO�� LW� LV� DVVXPHG� WKDW� ¦ORQJHU� ODQHV� DUH� QRW� MXVWLILHG

EHFDXVH�DYHUDJH�VSHHGV�RI�WUXFNV�DUH�JHQHUDOO\�OHVV�WKDQ�WKRVH�RI�SDVVHQJHU�FDUV�§

%DVHG�RQ�WKH�PHWKRGRORJ\�GLVFXVVHG��)LJXUH�9,,����LV�SUHVHQWHG�LQ�WKH������$$6+2

PDQXDO� DQG� UHSURGXFHG� LQ� WKLV� UHSRUW� DV� 7DEOH� ������ � 7KLV� SUHVHQWDWLRQ� LV� SDUWLDOO\

XQQHFHVVDU\�EHFDXVH�D�FRPSDULVRQ�RI� WKLV� WDEOH� DQG�7DEOH����� �$$6+72������7DEOH�;���

UHYHDOV� WKHVH� WDEOHV�KDYH�H[DFWO\� WKH�VDPH�GHVLJQ�YDOXHV�� �7KH�RQO\�QXPHULFDO�GLIIHUHQFH� LV

WKDW�7DEOH������������YHUVLRQ��JLYHV�GHVLJQ�YDOXHV�IRU�KLJKZD\�GHVLJQ�VSHHGV�RI�����DQG����

NP�K��ZKHUHDV�7DEOH�����������YHUVLRQ��SURYLGHV�GHVLJQ�YDOXHV�RQO\�DV�KLJK�DV�����NP�K�

6005004003002001000

80

70

60

50

40

30

20

Distance Traveled - Feet

Distance Traveled While Braking
- B -

In
iti

al
 S

pe
ed

 W
he

n 
B

ra
ke

s 
A

re
 A

pp
lie

d 
- 

M
P

H

40

SPEED REACHED 50 MPH

0
20

30

020

30

SPEED REACHED 40 MPH

Leisurely Rate
Comfortable Rate

�6RXUFH� )LJXUH 9,,���� 5HI� �� S� ����

)LJXUH��������$$6+2�������GLVWDQFH�WUDYHOHG�ZKLOH�EUDNLQJ



��

7KHUH� LV�� RI� FRXUVH�� D� UHDVRQ� IRU� SUHVHQWLQJ� ERWK� YHUVLRQV�� � $Q� H[DPLQDWLRQ� RI� WKH

VSHHG�FKDQJH�ODQH�GUDZLQJV��LQWHQGHG�WR�DVVLVW�WKH�GHVLJQHU�LQ�SURSHUO\�DSSO\LQJ�WKH�YDOXHV�

VKRZV� D� FULWLFDO� GLIIHUHQFH� LQ� WKH�PHWKRGRORJ\� RI� DSSO\LQJ� WKH� GHVLJQ� OHQJWKV�� � 7KH� ����

$$6+2�JXLGH�DVVXPHV�WKH�WDSHU�WR�EH�SDUW�RI�WKH�WRWDO�VSHHG�FKDQJH�ODQH�OHQJWK��ZKHUHDV�WKH

�����$$6+72� JXLGH� WUHDWV� WKH� WDSHU� DV� DQ� DGGLWLRQDO� OHQJWK�� � 7KLV�PHDQV� WKDW� ZKLOH� QRW

DOWHULQJ�DQ\�RI�WKH�IXQGDPHQWDO�GDWD�RQ�ZKLFK�WKH�OHQJWKV�DUH�GHULYHG��L�H���DYHUDJH�UXQQLQJ

VSHHGV��DFFHOHUDWLRQ��DQG�GHFHOHUDWLRQ�UDWHV���WKH������$$6+72�JXLGH�GHFHOHUDWLRQ�ODQHV�DUH

HVVHQWLDOO\����P��W\SLFDO� WDSHU� OHQJWK�� ORQJHU� WKDQ� WKH������$$6+2�OHQJWKV�� �7KH�SULPDU\

GLIIHULQJ� DVVXPSWLRQ� EHWZHHQ� WKH� WZR� PDQXDOV� VHHPV� WR� EH� WKDW� WKH� ����� $$6+2� JXLGH

DVVXPHV�WKDW�GHFHOHUDWLRQ�LQ�JHDU�RFFXUV�ZKLOH�WKH�YHKLFOH�VKLIWV�IURP�WKH�IUHHZD\�ODQH�WR�WKH

GHFHOHUDWLRQ� ODQH�� ZKLOH� WKH� ����� $$6+72� JXLGH� DVVXPHV� GHFHOHUDWLRQ� LQ� JHDU� GRHV� QRW

EHJLQ� XQWLO� WKH� YHKLFOH� KDV� FRPSOHWHO\� HQWHUHG� WKH� GHFHOHUDWLRQ� ODQH�� �7KLV� VKLIW� LQ�ZKDW� LV

DVVXPHG�DSSHDUV�WR�KDYH�RFFXUUHG�EHWZHHQ�WKH������$$6+2�JXLGH��WKH�EOXH�ERRN��DQG�WKH

����� $$6+72� JXLGH� �WKH� UHG� ERRN� >��@��� ,Q� UHYLHZLQJ� WKH� OLWHUDWXUH� IRU� WKLV� UHSRUW�� QR

OLWHUDWXUH�KDV�EHHQ�GLVFRYHUHG�WKXV�IDU�WKDW�H[SODLQV�WKH�UDWLRQDOH�EHKLQG�WKLV�FKDQJH��ZLWK�WKH

UHG�ERRN�DFWXDOO\�UHIHUULQJ�WKH�UHDGHU�WR�WKH�EOXH�ERRN�IRU�DQ�H[SODQDWLRQ�RI�KRZ�WKH�VSHHG�

FKDQJH�ODQH�GHVLJQ�YDOXHV�DUH�GHULYHG�

7DEOH��������$$6+2�������OHQJWKV�IRU�GHFHOHUDWLRQ�ODQHV

V - Design speed of highway
Va - Average running speed on highway

Vl - Design speed of exit curve
Va - Average running speed on exit curvel

Va
Va

L

Deceleration in Gear Comfortable Braking

(Fig. VII - 15A)  3 sec. (Fig. VII - 15B)
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For Average Running Speed on Exit Curve – MPH (Va)

15 20 25 30 35 40 45 50

�6RXUFH� )LJXUH 9,,���� 5HI� �� S� ����



��

7DEOH�9,,����IURP�WKH������$$6+2�EOXH�ERRN�LV�VKRZQ�DV�7DEOH������LQ�WKLV�UHSRUW�

7KLV� WDEOH�¥� D� URXQGLQJ� RI� WKH� YDOXHV� RI� 7DEOH� �����¥� � ZDV� GHYHORSHG� IRU� GHWHUPLQLQJ

VSHHG�FKDQJH�ODQH�OHQJWKV�IRU�GHVLJQ�� �7KLV�URXQGHG�YHUVLRQ�RI� WKH�GHFHOHUDWLRQ� ODQH� OHQJWK

IRU�GHVLJQ�ZDV�GURSSHG�LQ�VXEVHTXHQW�YHUVLRQV�RI�WKH�JXLGH��������������DQG��������ZLWK�WKH

ODWHU� YHUVLRQV� XVLQJ� WKH� UDZ� QXPEHUV� IRXQG� LQ� 7DEOH� ������ � ,QWHUHVWLQJO\�� WKH� GHFHOHUDWLRQ

OHQJWK�WDEOH� LQ�)LJXUH������LQ� WKH�7['27�PDQXDO��)LJXUH������LQ� WKLV� UHSRUW�� LV�H[DFWO\� WKH

VDPH� DV� WKH� URXQGHG� YHUVLRQ� RI� WKH� $$6+2� ����� JXLGH� GHVLJQ� OHQJWKV�� � 7KLV� UHYHODWLRQ

SURYLGHV� DQ� LPSRUWDQW� OLQN� EHWZHHQ� WKH� 7['27� DQG� $$6+72� JXLGHV� WKDW� LV� QRW� UHDGLO\

DSSDUHQW�LQ�WKH�FRPSDULVRQ�RI�WKH�ODWHVW�YHUVLRQV�RI�WKHVH�JXLGHV��WKDW�LV��WKH�7['27�YDOXHV

DUH�EDVHG�RQ�WKH�VDPH�VWXGLHV�DQG�PHWKRGRORJ\�DV�WKH�FXUUHQW�$$6+72�YDOXHV���$W�WKLV�WLPH�

WKHUH�KDV�EHHQ�QR�OLWHUDWXUH�IRXQG�WR�H[SODLQ�ZK\�$$6+72�FHDVHG�XVLQJ�WKH�URXQGHG�WDEOH�RU

ZK\�7['27�GLG�QRW�FKDQJH�WR�WKH�UDZ�GHVLJQ�OHQJWKV�DORQJ�ZLWK�$$6+72�

$FFHOHUDWLRQ�/DQHV

$V� ZLWK� WKH� GHFHOHUDWLRQ� ODQHV�� WKH� ����� $$6+2� JXLGH� RIIHUV� OLWWOH� JXLGDQFH� LQ

FKRRVLQJ� EHWZHHQ� WKH� SDUDOOHO� DQG� WDSHU� W\SH� VSHHG�FKDQJH� ODQHV�� � 7KHUH� DSSHDUV� WR� EH� DQ

XQVWDWHG�DVVXPSWLRQ� WKDW�PRVW�DFFHOHUDWLRQ� ODQHV�ZLOO�EH�RI� WKH� WDSHU� W\SH� �DW� D� ����� WDSHU�

ZLWK� WKH� JXLGH� SURYLGLQJ� RQO\� D� EULHI� PHQWLRQ� WKDW� VRPH� GHVLJQHUV� PD\� SUHIHU� D� SDUDOOHO

DFFHOHUDWLRQ�ODQH�ZLWK�D�PRUH�DFXWH� WDSHU�DW� WKH�HQG�� �7KH������ WDSHU� LV� UHDGLO\�VHHQ�DV� WKDW

FDUULHG�LQWR�WKH�7['27�VWDQGDUG�GHVLJQV��)LJXUHV������WKURXJK�������DQG�WKH������$$6+72

WDSHU�W\SH�GHVLJQV��ZLWK�WKH�H[FHSWLRQ�RI�$$6+72�UHFRPPHQGLQJ�D�UDQJH�IURP������WR������

7KH������$$6+2�JXLGH�EDVHV�WKH�OHQJWK�RI�WKH�DFFHOHUDWLRQ�ODQH�RQ�VHYHUDO�IDFWRUV�

¦�D�� WKH� VSHHG� DW�ZKLFK� GULYHUV�PHUJH�ZLWK� WKURXJK� WUDIILF�� �E�� WKH� VSHHG� DW�ZKLFK� GULYHUV

HQWHU�WKH�DFFHOHUDWLRQ�ODQHV��DQG��F��WKH�PDQQHU�RI�DFFHOHUDWLQJ�RU�WKH�DFFHOHUDWLRQ�IDFWRUV������

DQG�PD\�GHSHQG�RQ� WKH� UHODWLYH�YROXPHV�RI� WKH� WKURXJK�DQG�HQWHULQJ� WUDIILF�§� �0DQ\�RI� WKH

UDWLRQDOHV�DQG�DVVXPSWLRQV�XVHG�DUH� VLPLODU� WR� WKRVH�RI� WKH�GHFHOHUDWLRQ� ODQHV�� DOORZLQJ� IRU

WKLV�UHYLHZ�RI�DFFHOHUDWLRQ�ODQHV�WR�EH�OHVV�GHWDLOHG�

)RU� WKH� ILUVW� DQG� VHFRQG� IDFWRUV�� WKH� ����� $$6+2� JXLGH� VWDWHV� WKDW� D� VDWLVIDFWRU\

PHUJLQJ� RSHUDWLRQ� ZRXOG� EH� DFKLHYHG� E\� D� YHKLFOH� RQ� WKH� DFFHOHUDWLRQ� ODQH� HQWHULQJ� WKH

IUHHZD\�WKURXJK�ODQH�DW�D�VSHHG���NP�K�OHVV�WKDQ�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI�WKH�IUHHZD\�

$OVR��WKLV�YHKLFOH�LV�DVVXPHG�WR�HQWHU�WKH�DFFHOHUDWLRQ�ODQH�DW�D�VSHHG�HTXDO�WR�WKH�FRQWUROOLQJ

VSHHG�RI�WKH�UDPS�SURSHU���7KHUHIRUH��WKH�VSHHG�GLIIHUHQWLDO�IRU�GHWHUPLQLQJ�WKH�OHQJWK�RI�WKH

DFFHOHUDWLRQ�ODQH�LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI�WKH�IUHHZD\�� OHVV��

NP�K��DQG�WKH�DYHUDJH�UXQQLQJ�VSHHG�RI�WKH�FRQWUROOLQJ�FXUYH�RQ�WKH�UDPS�SURSHU���,W�ZLOO�EH

VHHQ� ZKHQ� GLVFXVVLQJ� RWKHU� PRGHOLQJ� DSSURDFKHV� WKDW� WKH� �� NP�K� LQFUHPHQWDO� GLIIHUHQFH

DVVXPHG�E\�$$6+2�PD\�QRW�KROG�� �)RU�H[DPSOH�� LW�KDV�EHHQ�VXJJHVWHG�WKDW�GULYHUV�GR�QRW

PHUJH� LQ� UHVSRQVH� WR� VRPH� WKUHVKROG� VSHHG� GLIIHUHQWLDO�� EXW� LQVWHDG� PHUJH� DW� DQ\� VSHHG

GLIIHUHQWLDO�� GHSHQGHQW� RQ� VRPH� RWKHU� HOHPHQW� VXFK� DV� YHKLFXODU� DQJXODU� YHORFLW\� ���

�YHKLFXODU�DQJXODU�YHORFLW\�LV�H[SODLQHG�LQ�D�ODWHU�VHFWLRQ�RI�WKLV�UHSRUW��
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7DEOH��������$$6+2�������GHVLJQ�OHQJWK�IRU�VSHHG�FKDQJH�ODQHV

All Main Highways
Flat Grades - 2 Percent or Less

Design speed of
turning roadway

curve, mph Stop 
15 20 25 30 35 40 45 50

Minimum curve
radius, feet

Condition 50 90 150 230 310 430 550 690

Design
Speed of
Highway,

mph

Length
of

taper,
feet

Total length of DECELERATION lane, including taper, feet:

40 190 325 300 275 250 200
50 230 425 400 375 350 325 275
60 270 500 500 475 450 425 400 325 300
65 290 550 550 525 500 475 450 375 325
70 300 600 575 550 550 525 500 425 400 350
75 315 650 625 600 600 575 525 475 450 400
80 330 700 675 650 650 600 575 525 475 450

Design
Speed of
Highway,

mph

Length
of

taper,
feet

Total length of ACCELERATION lane, including taper, feet:

40 190 325 250 225
50 230 700 625 600 500 400
60 270 1125 1075 1000 900 800 600 400
70 300 1550 1500 1400 1325 1225 1000 825 575

NOTE: Uniform 50:1 tapers are recommended where lengths of acceleration lanes exceed 1300 feet, o
where design speeds exceed 70 mph, or elsewhere if appropriate and space permits.

SOURCE AASHO, 1965 A Policy on Geometric Design of Rural Highways, Table VII-10, page 351 

$V�ZLWK� GHFHOHUDWLRQ� UDWHV�� WKH�PDQQHU� RI� DFFHOHUDWLRQ� RU� WKH� DFFHOHUDWLRQ� UDWHV� DUH

GHWHUPLQHG�SULPDULO\�IURP�VWXGLHV�FRPSOHWHG�LQ�WKH�ODWH�WKLUWLHV���7KHVH�VWXGLHV�SURGXFHG�ERWK

HVWLPDWHV� RI� PD[LPXP� DQG� QRUPDO� DFFHOHUDWLRQ� UDWHV�� � 0D[LPXP� DFFHOHUDWLRQ� UDWHV� ZHUH

IRXQG�WR�YDU\�EHWZHHQ�DSSUR[LPDWHO\���NP�K�V��NLORPHWHUV�SHU�KRXU�SHU�VHFRQG��DW����NP�K

DQG�����NP�K�V�DW�����NP�K���1RUPDO�DFFHOHUDWLRQ�UDWHV�RI�GULYHUV�ZHUH�VWDWHG�WR�EH�GLIILFXOW

WR�PHDVXUH� DQG� IRXQG� WR� YDU\� FRQVLGHUDEO\�� GHSHQGHQW� RQ� LQGLYLGXDO� GULYHU� FKDUDFWHULVWLFV�

&XUYH� $� LQ� )LJXUH� ����� UHSUHVHQWV� WKH� DFFHOHUDWLRQ� UDWHV� XVHG� LQ� WKH� FDOFXODWLRQ� RI

DFFHOHUDWLRQ�ODQH�OHQJWKV���7KHVH�UDWHV�DUH�DSSUR[LPDWHO\����SHUFHQW�RI�IXOO�DFFHOHUDWLRQ�UDWHV

�&XUYH�&��GHWHUPLQHG�GXULQJ�WKH�VDPH�VWXG\���,Q�WKLV�VWXG\�WKH�QRUPDO�DFFHOHUDWLRQ�UDWH�ZDV

REVHUYHG�WR�GHFUHDVH�LQ�D�QRQOLQHDU�IDVKLRQ�DV�VSHHG�LQFUHDVHG�

)LJXUH� ������ EDVHG� RQ� WKH� DFFHOHUDWLRQ� UDWHV� IURP� WKH� ����� VWXG\�� DOORZV� IRU� WKH

GHWHUPLQDWLRQ� RI� WKH� DFFHOHUDWLRQ� ODQH� OHQJWKV�� � $� WDEOH� ZDV� DOVR� SURGXFHG� IRU� YDULRXV

FRPELQDWLRQV� RI� IUHHZD\� DQG� UDPS� GHVLJQ� VSHHGV�� � 7KLV� WDEOH� LV� QRW� UHSURGXFHG� IRU� WKLV
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UHSRUW��DV�LW�LV�H[DFWO\�WKH�VDPH�DV�WKH�WDEOH�IRU�WKH�GHWHUPLQDWLRQ�RI�DFFHOHUDWLRQ�ODQHV�LQ�WKH

�����$$6+72� JXLGH� �7DEOH� ����� WKLV� UHSRUW��� � $V� ZLWK� WKH� GHFHOHUDWLRQ� ODQH� OHQJWKV�� WKH

�����$$6+2�PDQXDO�SURYLGHG� D� URXQGHG� VHW� RI� YDOXHV� WR�EH�XVHG�ZLWK� D� GHVLJQ� WKDW�ZDV

VXEVHTXHQWO\� GURSSHG� LQ� ODWHU� GHVLJQ� PDQXDOV�� � 7KHVH� YDOXHV� PD\� EH� VHHQ� LQ� 7DEOH� ����

LQFOXGHG�LQ�WKH�GHFHOHUDWLRQ�ODQH�VHFWLRQ�RI�WKLV�UHSRUW�

7ZR�DGGLWLRQDO�SRLQWV�VKRXOG�EH�UH�HPSKDVL]HG�� �)LUVW�� LW� LV� LPSRUWDQW� WR�UHDOL]H� WKDW

WKH� ����� $$6+2� GHVLJQ� FRQVLGHUV� WKH� WDSHU� WR� EH� SDUW� RI� WKH� VSHHG�FKDQJH� ODQH� OHQJWK�

7KHUHIRUH��ZKLOH�GHVLJQ�YDOXHV�DUH�WKH�VDPH�QXPHULFDOO\�LQ�WKH������DQG������PDQXDOV��WKH

����� PHDVXUHPHQW� PHWKRG� ZLOO� UHVXOW� LQ� ORQJHU� DFFHOHUDWLRQ� ODQH� OHQJWKV�� � 6HFRQGO\�� WKH

GHVLJQV�DUH�EDVHG�RQ� WKH�DFFHOHUDWLRQ�FKDUDFWHULVWLFV�RI�SDVVHQJHU�FDUV�� �7KH������$$6+2

JXLGH� DGGUHVVHV� WKLV� LVVXH� E\� VWDWLQJ� WKDW� UHTXLUHG� WUXFN� DFFHOHUDWLRQ� GLVWDQFHV� ZRXOG� EH

¦�HQWLUHO\�RXW�RI�UHDVRQ�� �$�VORZHU�HQWU\�RI� WUXFNV�DQG�EXVHV�LV�XQDYRLGDEOH�DQG�JHQHUDOO\

DFFHSWHG�E\� WKH� WUDYHOLQJ�SXEOLF�§� �1RQHWKHOHVV�� LW� LV� IXUWKHU� UHFRPPHQGHG� WKDW�ZKHUH�KLJK

YROXPHV� RI� WUXFNV� DUH� DQWLFLSDWHG�� ORQJHU� DFFHOHUDWLRQ� ODQHV� EH� XWLOL]HG� RU� RWKHU� VSHFLDO

WUHDWPHQWV�FRQVLGHUHG�

4321

70

50

40

30

20

10

0

Acceleration Rate at Various Speeds (mph per second)

S
pe

ed
 (

m
ph

)

60

A

B

C

EFD

G

Normal Acceleration:
A - BPR, 1937
B - Yale, 1947
Full Acceleration:
C - BPR, 1937
D - Oregon (high gear), 1937
E - Gen. Motors (high gear), 1936
F - Gen. Motors (high gear), 1949
G - BPR, 1949

�6RXUFH� )LJXUH 9,,���� 5HI� �� S� ����

)LJXUH��������$FFHOHUDWLRQ�UDWHV�IRU�SDVVHQJHU�YHKLFOHV
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�6RXUFH� )LJXUH 9,,���� 5HI� �� S� ����

)LJXUH��������1RUPDO�DFFHOHUDWLRQ�RQ�OHYHO�JUDGHV

$V�ZLWK�GHFHOHUDWLRQ�ODQHV��LW�LV�SRVVLEOH�WR�FRQQHFW�WKH������$$6+2�GLUHFWO\�WR�ERWK

WKH� �����$$6+72�JXLGH� DQG� WKH� �����7['27�JXLGH�� �$OUHDG\� LW� KDV� EHHQ� VHHQ� WKDW� WKH

DFFHOHUDWLRQ� ODQH� OHQJWKV� IURP� WKH� �����$$6+2�JXLGH� DUH� XWLOL]HG� LQ� WKH� �����$$6+72

JXLGH���,W�LV�ORJLFDO�WKHQ�WR�DVVXPH�WKDW�WKHUH�LV�DOVR�D�FRQQHFWLRQ�EHWZHHQ�WKH������7['27

GHVLJQ� JXLGH� DFFHOHUDWLRQ� ODQH� OHQJWK� DQG� WKH� HDUOLHU� $$6+2� ZRUN�� � $Q� H[DPLQDWLRQ� RI

7['27©V�VWDQGDUG�GHVLJQV� UHYHDOV� WKDW�DOO�7['27�DFFHOHUDWLRQ� ODQHV� IRU� VLQJOH�ODQH� UDPSV

DUH�GHVLJQHG�LQ�WKH�VDPH�JHQHUDO�PDQQHU�XWLOL]LQJ�D�WDSHU�W\SH�GHVLJQ���7KH�VWDQGDUG�GHVLJQ

FRQVLVWV�RI�WKUHH�VHFWLRQV������D����P�VHFWLRQ�XSVWUHDP�RI�WKH�PHHWLQJ�SRLQW�RI�WKH�ULJKW�ODQH

RI�WKH�IUHHZD\�DQG�WKH�OHIW�ODQH�RI�WKH�UDPS�����D�����P�VHFWLRQ�WDSHUHG�DW������IURP�WKH�HQG

RI�WKH����P�VHFWLRQ�WR�ZKHUH�WKH�ULJKW�HGJH�RI� WKH�UDPS�DQG�IUHHZD\�ODQHV�DUH�����P�DSDUW�

DQG����D�����P�WDSHU�VHFWLRQ�DW��������7KLV�OHDGV�WR�D�WRWDO�DFFHOHUDWLRQ�ODQH�OHQJWK��LQFOXGLQJ

WDSHU��RI�����P�

&RPSDUHG�ZLWK�WKH������URXQGHG�DFFHOHUDWLRQ�OHQJWK�WDEOH������P�VDWLVILHV�DOO�GHVLJQ

OHQJWKV�IRU�IUHHZD\�GHVLJQ�VSHHGV�RI����DQG����NP�K��LQ�DGGLWLRQ������P�IDOOV�EHWZHHQ�UDPS
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GHVLJQ� VSHHGV� RI� ��� DQG� ��� NP�K� IRU� D� ���� NP�K� IUHHZD\� GHVLJQ� VSHHG�� � 5HFDOO� WKDW� WKH

PLQLPDO�GHVLJQ�VSHHG�RI�D�UDPS�LV�WR�EH����SHUFHQW�RI�WKH�IUHHZD\�GHVLJQ�VSHHG��L�H������NP�K

IRU�D�����NP�K� IUHHZD\���7KLV� VXSSRUWV� WKH�DVVXPSWLRQ� WKDW� WKH�7['27�VWDQGDUG�GHVLJQ� LV

EDVHG� RQ� WKH� ����� $$6+2� PHWKRGRORJ\�� � ,W� ZRXOG� VHHP� WKDW� 7['27� GHVLJQ� RIILFLDOV

GHFLGHG�WR�XWLOL]H�RQH�VWDQGDUG�GHVLJQ�WKDW�VDWLVILHG�DOO�DFFHSWDEOH�UDPS�IUHHZD\�GHVLJQ�VSHHG

FRPELQDWLRQV���$FFRUGLQJO\��IRU�DQ\�VLWXDWLRQ�RWKHU�WKDQ�WKH�����NP�K�IUHHZD\�DQG����NP�K

UDPS��WKH�PD[LPXP�DFFHOHUDWLRQ�ODQH�OHQJWK�FDVH���7['27©V�GHVLJQ�ZRXOG�EH�FRQVHUYDWLYH

DFFRUGLQJ�WR�WKH������PHWKRGRORJ\��XWLOL]LQJ�D�ORQJHU�OHQJWK�WKDQ�$$6+2�UHFRPPHQGHG�

7R�IXUWKHU�FRQQHFW�WKH�7['27�VWDQGDUG�GHVLJQ�WR�WKH������$$6+2�PHWKRGRORJ\��D

FODULILFDWLRQ�RI�WKH�WDSHU�VHFWLRQ�LV�LQ�RUGHU���$V�QRWHG�HDUOLHU��WKH������$$6+2�JXLGH�XWLOL]HG

YDU\LQJ� OHQJWKV� RI� WDSHU� VHFWLRQV�� EXW� LQ� WKH� WDSHU� W\SH� DFFHOHUDWLRQ� ODQH� GHVLJQ� WKH� JXLGH

UHFRPPHQGV�D������WDSHU�IRU�WKH�VSHHG�FKDQJH�ODQH���7KHUHIRUH��DW�WKH�HQG�RI�WKH�DFFHOHUDWLRQ

ODQH��WKH�WDSHU�VHFWLRQ�LQ�ZKLFK�WKH�ODQH�LV�UHGXFHG�IURP�D�����P�WR���P�ZLGWK�ZRXOG�EH�HTXDO

WR������P�PXOWLSOLHG�E\�����RU�����P�¥�H[DFWO\�ZKDW�LV�XVHG�LQ�WKH�7['27�GHVLJQ���7KLV�LV

DSSUR[LPDWHO\�GRXEOH�WKH�WDSHU�OHQJWK�XVHG�LQ�D�SDUDOOHO�W\SH�GHVLJQ�

$FFHOHUDWLRQ�DQG�'HFHOHUDWLRQ�5DWHV

$V�VHHQ��WKH�YDOXHV�XVHG�IRU�WKH�DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ�UDWHV�GLUHFWO\�LQIOXHQFH

WKH� VSHHG�FKDQJH� ODQH� OHQJWK�� � 2ZLQJ� WR� WKH� IXQGDPHQWDO� LPSRUWDQFH� RI� DFFHOHUDWLRQ� DQG

GHFHOHUDWLRQ�UDWHV��VRPH�GLVFXVVLRQ�RI�WKH�RULJLQDO�VWXGLHV�LQ�ZKLFK�WKH\�ZHUH�GHWHUPLQHG�LV

SUHVHQWHG� DORQJ�ZLWK� ODWHU� OLWHUDWXUH� RQ� WKH� FRQWLQXHG� DSSOLFDELOLW\� RI� WKHVH� UDWHV�� �:KLOH� D

ODUJH�JURXS�RI�VWXGLHV�ZDV�SHUIRUPHG�DURXQG�WKH�VDPH�HUD��PRVW�RI�WKH�GHVLJQ�UDWHV�DUH�EDVHG

RQ� 6SHHG�&KDQJH� 5DWHV� RI� 3DVVHQJHU� 9HKLFOHV�� RI� ����� ����� ZLWK� $FFHOHUDWLRQ� DQG

'HFHOHUDWLRQ�&KDUDFWHULVWLFV�RI�3ULYDWH�3DVVHQJHU�9HKLFOHV��RI������������DQG�'HFHOHUDWLRQ

'LVWDQFHV� IRU� +LJK�6SHHG� 9HKLFOHV�� RI� ����� ������ FRQWULEXWLQJ� WR� WKH� GHFHOHUDWLRQ�ZKLOH�

EUDNLQJ�GHVLJQ�UDWHV�

6SHHG�&KDQJH� 5DWHV� RI� 3DVVHQJHU� 9HKLFOHV� ���� ZDV� D� VWXG\� XQGHUWDNHQ� E\� '�� :�

/RXW]HQKHLVHU� RI� WKH� 8�6�� %XUHDX� RI� 3XEOLF� 5RDGV� WR� GHWHUPLQH� QRUPDO� DFFHOHUDWLRQ� RU

¦XQKXUULHG�FRQWURO§�RI�D�W\SLFDO�GULYHU��IXOO�DFFHOHUDWLRQ�SRVVLEOH�E\�W\SLFDO�GULYHUV��DQG�PRWRU

GHFHOHUDWLRQ�ZKLOH�LQ�JHDU��QR�EUDNLQJ����6L[�SDVVHQJHU�YHKLFOHV�ZHUH�XVHG�IRU�WKLV�VWXG\��WZR

����V����F\OLQGHU���RQH���������F\OLQGHU���DQG�WKUHH�����V��RQH���F\OLQGHU�DQG�WZR���F\OLQGHU

YHKLFOHV��� �(DFK�YHKLFOH�ZDV�GULYHQ�E\�PXOWLSOH�GULYHUV�GXULQJ� WHVWLQJ�� �1R� WUXFNV�RU�EXVHV

ZHUH� LQFOXGHG� LQ� WKLV� VWXG\�� � $OO� YHKLFOHV� ZHUH� PDQXDO� WUDQVPLVVLRQ�� DV� WKH� DXWRPDWLF

WUDQVPLVVLRQ�ZDV�UDUH�LQ������

$FFHOHUDWLRQ�DQG�GHFHOHUDWLRQ�UDWHV�ZHUH�GHWHUPLQHG�E\�WDNLQJ�VWRSZDWFK�UHDGLQJV�DW

���NP�K�LQFUHPHQWV���1RUPDO�DFFHOHUDWLRQ�YDOXHV�ZHUH�GHWHUPLQHG�EDVHG�RQ�D�VHULHV�RI�WULDOV

ZLWK�YDULRXV�LQLWLDO�DQG�ILQDO�VSHHGV��LQFOXGLQJ���WR�������WR�������WR�������WR�������WR��������

WR��������WR��������WR�����DQG����WR�����NP�K���'HFHOHUDWLRQ�LQ�JHDU�WULDOV�LQFOXGHG����WR����

���WR��������WR��������WR�����DQG�����WR����NP�K�� �)LJXUH������VKRZV�WKH�FDOFXODWHG�VSHHG�

WLPH� DFFHOHUDWLRQ� FXUYHV� IRU� QRUPDO� DQG� IXOO� DFFHOHUDWLRQ�� DQG� )LJXUH� ����� VKRZV� WKH
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FDOFXODWHG�VSHHG�WLPH�PRWRU�GHFHOHUDWLRQ�FXUYHV�� �7DEOH������SUHVHQWV� WKH�DFWXDO�VSHHG�WLPH

LQIRUPDWLRQ� IURP� WKH� VWXG\�� �)URP� WKLV� WDEOH� WKH� UHOHYDQW������$$6+2�JXLGH�GHFHOHUDWLRQ

DQG� DFFHOHUDWLRQ� UDWH� ILJXUHV� PD\� EH� JHQHUDWHG�� � )RU� H[DPSOH�� XWLOL]LQJ� 7DEOH� ����� WR

GHWHUPLQH� WKH� GLVWDQFH� WUDYHOHG� ZKLOH� DFFHOHUDWLQJ� IURP� ��� WR� ��� NP�K�� D� OHQJWK� RI

��������������� �����P�LV�FDOFXODWHG���8WLOL]LQJ�)LJXUH������EDVHG�RQ�WKH������$$6+2

JXLGH��WKH�OHQJWK�LV�DSSUR[LPDWHO\�WKLV�VDPH�YDOXH�

,Q�7DEOH������� WKH� UDWHV� DUH� WKH� DYHUDJH� IRU� HDFK���PSK� LQWHUYDO� DQG� WKH�GLVWDQFH� LV

FDOFXODWHG�EDVHG�RQ�WKH�WLPH�HODSVHG�DQG�WKH�DYHUDJH�VSHHG�IRU�HDFK�LQWHUYDO�

7DEOH��������6SHHG�FKDQJH�GLVWDQFHV��5HI����

7LPH� 5DWH� DQG 'LVWDQFH RI 6SHHG &KDQJH IRU � PSK ,QFUHPHQWV

�EDVLF GDWD GHULYHG IURP WULDO UXQV RQ PRGHUQ SDVVHQJHU YHKLFOHV�

6SHHG PSK
1RUPDO $FFHOHUDWLRQ )XOO $FFHOHUDWLRQ 'HFHOHUDWLRQ LQ *HDU

7LPH� 5DWH� 'LVWDQFH� 7LPH� 5DWH� 'LVWDQFH� 7LPH� 5DWH� 'LVWDQFH�

6HF� 0SKSV� )HHW 6HF� 0SKSV� )HHW 6HF� 0SKSV� )HHW
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6RXUFH� 7DEOH �� 6SHHG�&KDQJH 5DWHV RI 3DVVHQJHU 9HKLFOHV� '�:� /RXW]HQKHLVHU�

+LJKZD\ 5HVHDUFK %RDUG� ����� S� ��

$Q�DVVXPSWLRQ�LQ�WKLV�VWXG\�LV�WKDW�IXOO�DFFHOHUDWLRQ�UDWHV�DUH�PHFKDQLFDOO\�FRQWUROOHG

ZKHUHDV� QRUPDO� DFFHOHUDWLRQ� LV� D� IXQFWLRQ� RI� GULYHU� FKDUDFWHULVWLFV�� � 7R� GHWHUPLQH� QRUPDO

DFFHOHUDWLRQ�UDWHV�WKH�WHVW�GULYHUV�ZHUH�LQVWUXFWHG�WR�GULYH�¦QRUPDOO\�§��7KH�VWXG\�UHFRJQL]HG

WKDW� WKH� WHVW� GULYHUV� ZHUH� PRUH� DZDUH� RI� WKHLU� DFFHOHUDWLRQ� GXULQJ� WKH� VWXG\� WKDQ� ZRXOG

RUGLQDULO\�EH� WKH�FDVH�XQGHU� W\SLFDO� IUHHZD\�FRQGLWLRQV��SRVVLEO\� FDXVLQJ� WKH� UDWHV� WR�GLIIHU

VOLJKWO\� IURP� DFWXDO� ¦QRUPDO§� DFFHOHUDWLRQ� UDWHV�� � +RZHYHU�� WKH� UDWHV� ZHUH� FRQVLGHUHG
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DFFHSWDEOH� IRU� GHVLJQ� EHFDXVH� WKH\� DJUHHG� ZLWK� UHVXOWV� IURP� RWKHU� VWXGLHV� DQG� DSSHDUHG

VXIILFLHQWO\�EHORZ�IXOO�DFFHOHUDWLRQ�UDWHV�

7KH� VWXG\� $FFHOHUDWLRQ� DQG� 'HFHOHUDWLRQ� &KDUDFWHULVWLFV� RI� 3ULYDWH� 3DVVHQJHU

9HKLFOHV��RI������������LV�RQH�RI�WKH�VRXUFHV�XWLOL]HG�IRU�GHWHUPLQLQJ��IRU�SDVVHQJHU�YHKLFOHV�

WKH�PD[LPXP�¦FRPIRUWDEOH§�GHFHOHUDWLRQ�UDWH�ZKLOH�EUDNLQJ���,Q�DGGLWLRQ��WKLV�VWXG\�ORRNHG�DW

PD[LPXP�DFFHOHUDWLRQ�UDWHV�DQG�IUHHZKHHOLQJ�GHFHOHUDWLRQ�UDWHV�� �:KLOH� WKHVH� UDWHV�DUH�QRW

GLUHFWO\� XWLOL]HG� LQ� WKH� �����$$6+2�JXLGH�� WKH� JXLGH� GRHV� UHIHU� WR� WKLV� VWXG\� DV� VKRZLQJ

JHQHUDO�DJUHHPHQW�ZLWK�WKH�XWLOL]HG�UDWHV�

351050

70

50

40

30

20

10

0

Time - seconds

S
pe

ed
 R

ea
ch

ed
 -

 M
ile

s 
P

er
 H

ou
r

60

0 to 30

0 to 40
20 to 40

20 to 60

20 to 500 to 70

20 to 70

30253015

0 to 50

Normal Acceleration
Full Acceleration

�6RXUFH� )LJXUH �� 5HI� ��� S� ���

)LJXUH��������$$6+2�������VSHHG�WLPH�DFFHOHUDWLRQ
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�6RXUFH� )LJXUH �� 5HI� ��� S� ���

)LJXUH��������$$6+2�������VSHHG�WLPH�GHFHOHUDWLRQ

7R� GHWHUPLQH� D� FRPIRUWDEOH� GHFHOHUDWLRQ� UDWH�� D� VWRS�FRQWUROOHG� LQWHUVHFWLRQ� ZDV

REVHUYHG�ZKHUH�YHKLFOHV�ZHUH� GHFHOHUDWLQJ� IURP� UXUDO� KLJKZD\� VSHHGV�� �7KH� YHKLFOHV�ZHUH

FRQVLGHUHG� WR�EH�RSHUDWHG�XQGHU�QRUPDO� FRQGLWLRQV� DQG� WKH�GULYHUV�ZHUH� XQDZDUH� WKDW� WKH\

ZHUH�XQGHU�REVHUYDWLRQ���7R�GHWHUPLQH�WKH�GHFHOHUDWLRQ�UDWHV��VXFFHVVLYH�LQWHUYDOV�RI��������

��������DQG����P�ZHUH�PHDVXUHG�IURP�WKH�VWRS�OLQH���7KH�WLPH�IRU�D�YHKLFOH�WR�WUDYHO�WKURXJK

HDFK�LQWHUYDO�ZDV�UHFRUGHG��ZLWK�REVHUYDWLRQV�UHMHFWHG�IRU�YHKLFOHV�QRW�EURXJKW�WR�D�FRPSOHWH

VWRS���)LJXUH������VKRZV�WKH�VSHHG�DQG�GHFHOHUDWLRQ�FXUYHV�IRU�WKH�YHKLFOHV�DSSURDFKLQJ�WKH

VWRS� VLJQ�� � ,W� ZDV� REVHUYHG� WKDW� YHKLFOHV� WKDW� ZHUH� WUDYHOLQJ� DW� KLJKHU� VSHHGV� EHIRUH

GHFHOHUDWLQJ� WHQGHG� WR� GHFHOHUDWH� DW� KLJKHU� UDWHV� WKURXJKRXW� WKH� VWRSSLQJ�PDQHXYHU� DQG� WR

EHJDQ�GHFHOHUDWLRQ�DW�D�GLVWDQFH�IDUWKHU�IURP�WKH�VWRS�EDU����7KLV�REVHUYDWLRQ�LV�VXSSRUWHG�E\�D

����� VWXG\�ZKHUH� LW�ZDV� REVHUYHG� ¦WKDW� KLJK� VSHHG� YHKLFOHV� KDG�PD[LPXP�YDOXHV� RI� ERWK

DFFHOHUDWLRQ� DQG�GHFHOHUDWLRQ�ZLWK� ORZHU� VSHHG�YHKLFOHV�KDYLQJ� OHVV� H[WUHPH�YDOXHV§� >��@��

7KHUHIRUH�� LW�ZDV�FRQFOXGHG� LQ� WKH������VWXG\� WKDW�RQO\�YHKLFOHV� WKDW�EHJDQ�GHFHOHUDWLRQ�DW

KLJKHU�VSHHGV�KDG�D�UDWH�RI�GHFHOHUDWLRQ�WKDW�H[FHHGHG������NP�K�V�DQG�WKDW������NP�K�V�FRXOG

SUREDEO\�EH�FRQVLGHUHG�WKH�PD[LPXP�UDWH�RI�GHFHOHUDWLRQ�WKDW�FRXOG�RFFXU�ZLWKRXW�SDVVHQJHU

GLVFRPIRUW�
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�6RXUFH� )LJXUH �� 5HI� ��� S� ���

)LJXUH��������6SHHG�GLVWDQFH�UHODWLRQVKLSV

$� VHFRQG� VWXG\� XWLOL]HG� E\� WKH� �����$$6+2�PDQXDO� LV�'HFHOHUDWLRQ�'LVWDQFHV� RU

+LJK�6SHHG� 9HKLFOHV� ������ � :KLOH� WKH� LQIRUPDWLRQ� XVHG� IURP� WKLV� VWXG\� FRQFHUQV� WKH

GHWHUPLQDWLRQ�RI�¦FRPIRUWDEOH§�GHFHOHUDWLRQ�UDWHV��WKH�VWXG\�DOVR�LQFOXGHV�D�GHWHUPLQDWLRQ�RI

PD[LPXP� GHFHOHUDWLRQ�� GHFHOHUDWLRQ� GXH� RQO\� WR� HQJLQH� EUDNLQJ� �LQFOXGLQJ� DLU� DQG� UROOLQJ

UHVLVWDQFH���DQG�GHFHOHUDWLRQ�GXH�RQO\� WR�DLU�DQG�UROOLQJ�UHVLVWDQFH�� �7KH�GDWD�FDOFXODWHG�DUH

VWDWHG�WR�EH�UHSUHVHQWDWLYH�RI�D�QXPEHU�RI�YHKLFOHV�RI�GLIIHUHQW�PDNHV�DQG�PRGHOV��DOWKRXJK

WKH�SDUWLFXODU�YHKLFOHV�DUH�QRW� OLVWHG� LQ� WKH�VWXG\��H[FHSW� IRU�D�PHQWLRQ� WKDW� ILIWHHQ�YHKLFOHV

ZHUH�IURP�WKH������PRGHO�\HDU�

:KHUHDV� GULYHUV� ZHUH� XQDZDUH� WKDW� WKH\� ZHUH� REVHUYHG� LQ� WKH� SUHYLRXV� VWXG\�� WKLV

VWXG\�ZDV�SHUIRUPHG�RQ� WKH�*HQHUDO�0RWRUV�3URYLQJ�*URXQGV�DQG�XVHG� HLJKW� GLIIHUHQW� WHVW

GULYHUV��DOO�FRQVLGHUHG�H[SHULHQFHG���6SHHGV�ZHUH�REVHUYHG�DQG�GLVWDQFH�PHDVXUHPHQWV�PDGH

XVLQJ�D�ILIWK�ZKHHO�VSHHGRPHWHU�DQG�FRXQWHU���7KH�UHVXOWV�RI�WKH�GHWHUPLQDWLRQ�RI�FRPIRUWDEOH

GHFHOHUDWLRQ�UDWHV�ZKLOH�EUDNLQJ�IURP�����NP�K�DUH�VKRZQ�LQ�7DEOH������� �7KH�GHFHOHUDWLRQ

UDWHV�VKRZQ�DUH�DYHUDJHV��EDVHG�RQ�LQLWLDO�VSHHGV�DQG�VWRSSLQJ�GLVWDQFHV�� � ,W�ZDV�FRQFOXGHG

WKDW�WKH�DYHUDJH�GHFHOHUDWLRQ�UDWH�IRU�FRPIRUW�VKRXOG�QRW�H[FHHG�����������P�SHU�VHF��
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:KLOH� WKH�VRXUFHV� IRU� WKH�DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ� UDWHV� IRU�GHVLJQ� LQ� WKH�����

$$6+72� JXLGH� DQG� WKH� ����� 7['27� JXLGH� DUH� VWXGLHV� IURP� WKH� ODWH� WKLUWLHV� DQG� HDUO\

IRUWLHV�� VLPLODU� VWXGLHV� KDYH� EHHQ� SHUIRUPHG� PRUH� UHFHQWO\�� � 2QH� VRXUFH� IRU� PRUH� UHFHQW

DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ�UDWHV�LV�WKH�7UDQVSRUWDWLRQ�DQG�7UDIILF�(QJLQHHULQJ�+DQGERRN

�������&KDUWV�IURP�WKLV�KDQGERRN�DQG�WKH������VWXG\�DUH�SUHVHQWHG�WR�DLG�WKH�UHDGHU�LQ�JDLQLQJ

VRPH�LQVLJKW�LQWR�WKH�FKDQJLQJ�FKDUDFWHULVWLFV�RI�YHKLFOHV�DQG�GULYHU�EHKDYLRUV���)LJXUH�����

UHSUHVHQWV� WKH� VSHHG�GLVWDQFH� UHODWLRQVKLSV� REVHUYHG� GXULQJ�PD[LPXP� UDWH� DFFHOHUDWLRQ� IRU

SDVVHQJHU� FDUV� �FLUFD������YHKLFOHV�� RQ� OHYHO� ��� SHUFHQW� DQG� ���� SHUFHQW� JUDGHV� DQG� WZR�

D[OH��VLQJOH�XQLW�WUXFNV�RQ�OHYHO�DQG����SHUFHQW�JUDGHV���$GMDFHQW�WR�WKLV�LV�)LJXUH�������WDNHQ

IURP�WKH�6SHHG�&KDQJH�5DWHV�RI�3DVVHQJHU�9HKLFOHV��D������UHSRUW�VKRZLQJ� WKH�PD[LPXP

DFFHOHUDWLRQ�UDWHV�IRU�SDVVHQJHU�YHKLFOHV�RQ�OHYHO�URDGV���$�FRPSDULVRQ�RI�DFFHOHUDWLRQ�UDWHV

VKRZV�PD[LPXP�UDWHV�RI�WKH�ODWHU�PRGHO�YHKLFOHV�WR�EH�VXEVWDQWLDOO\�JUHDWHU�WKDQ�WKRVH�RI�WKH

WKLUWLHV©�YHKLFOHV���)RU�H[DPSOH��WKH�GLVWDQFH�WR�DFFHOHUDWH�IURP���WR����NP�K�GHFUHDVHV�IURP

VOLJKWO\�PRUH�WKDQ�����P�WR�VOLJKWO\� OHVV� WKDQ�����P��DSSUR[LPDWHO\�D����SHUFHQW�GHFUHDVH�

DQG�WKH�GLVWDQFH�WR�DFFHOHUDWH�IURP���WR�����NP�K�GHFUHDVHV�IURP�QHDUO\�����P�WR�QHDUO\����

P�� DSSUR[LPDWHO\� D� ��� SHUFHQW� GHFUHDVH�� � 7KH� KDQGERRN� DOVR� OLVWV� PHDVXUHG� QRUPDO

DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ�UDWHV��ZKLFK�DUH�UHSURGXFHG�LQ�7DEOH������

7DEOH��������&RPIRUWDEOH�GHFHOHUDWLRQ�UDWHV�IURP�5HI����

6WRSV�IURP����PSK

&RPIRUWDEOH WR SDVVHQJHUV�������������������������������������������

3UHIHUUHG E\ GULYHU �������������������������������������������������������

8QGHVLUDEOH E\ QRW DODUPLQJ WR SDVVHQJHUV������������������

'ULYHU ZRXOG UDWKHU QRW XVH �����������������������������������������

6HYHUH DQG XQFRPIRUWDEOH WR SDVVHQJHUV� 6OLGHV

SDFNDJHV DQG REMHFWV RII VHDWV� ����������������������������������

'ULYHU FODVVHV DV DQ HPHUJHQF\ VWRS����������������������������

6RXUFH� 7DEOH �� 'HFHOHUDWLRQ 'LVWDQFHV IRU +LJK 6SHHG 9HKLFOHV� (UQHVW (� :LOVRQ� +LJKZD\ 5HVHDUFK

5HFRUG� ����� S� ���

`

`

` ��� IW  ����� IW SHU VHF � DYHUDJH

��� IW  ����� IW SHU VHF � DYHUDJH

��� IW  ���� IW SHU VHF � DYHUDJH
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�6RXUFH� )LJXUH ����� 5HI� ��� S� ����

)LJXUH��������6SHHG�GLVWDQFH�UHODWLRQVKLSV
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�6RXUFH� )LJXUH �� 5HI� ��� S� ���

)LJXUH��������6SHHG�GLVWDQFH�UHODWLRQVKLSV

7DEOH��������1RUPDO�DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ�UDWHV�IURP�5HI����

6SHHG &KDQJH $FFHOHUDWLRQV 'HFHOHUDWLRQV

PSK NP�K PSK
V NP�K�V PSK
V NP�K�V

���� ���� ��� ��� ��� ���

���� ���� ��� ��� ��� ���

����� ����� ��� ��� ��� ���

����� ����� ��� ��� ��� ���

����� ����� ��� ��� ��� ���

����� ������ ��� ��� ��� ���

6RXUFH� 7DEOH ����� 7UDQVSRUWDWLRQ DQG 7UDIILF (QJLQHHULQJ +DQGERRN�

�QG HGLWLRQ� ,QVWLWXWH RI 7UDQVSRUWDWLRQ (QJLQHHUV� S����
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7KHVH�GDWD�ZHUH�REWDLQHG�XVLQJ�D�WHVW�YHKLFOH�WR�PDWFK�WKH�VSHHG�FKDQJH�UDWHV�RI�FDUV

LQ�WUDIILF�DQG�WR�PHDVXUH�DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ�UDWHV���$FFHOHUDWLRQ�UDWHV�DUH�EDVHG�RQ

SDVVHQJHU� FDUV� VWDUWLQJ� XS� DIWHU� D� WUDIILF� VLJQDO� WXUQV� JUHHQ� DQG� RQ� SDVVLQJ� RQ� D� IRXU�ODQH

GLYLGHG�KLJKZD\�

$� FRPSDULVRQ� RI� WKHVH� QRUPDO� DFFHOHUDWLRQ� UDWHV� ZLWK� WKRVH� IURP� WKH� ����� VWXG\

�7DEOH�������OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�DQ�LQFUHDVH�LQ�¦FRPIRUWDEOH§�DFFHOHUDWLRQ�UDWHV�KDV

RFFXUUHG���)RU�H[DPSOH��IRU�WKH������NP�K�LQWHUYDO�WKH�QRUPDO�UDWH�LQFUHDVHV�IURP�����WR����

NP�K�V�� DQ� DSSUR[LPDWH� LQFUHDVH�RI����SHUFHQW�� �$Q�HYHQ�KLJKHU� LQFUHDVH� RI� DSSUR[LPDWHO\

����SHUFHQW�LV�VHHQ�LQ�WKH����WR����NP�K�VSHHG�FKDQJH�LQWHUYDO��IURP�����WR�����NP�K�V����7KH

QRUPDO�DFFHOHUDWLRQ�UDWHV�IRU�WKH�PRUH�UHFHQW�GDWD�LQ�WKH����WR����DQG����WR����NP�K�VSHHG�

FKDQJH� LQWHUYDOV� H[FHHG� HYHQ� WKH� IXOO�DFFHOHUDWLRQ� UDWHV� RI� WKH� ����� GDWD�� � ,W� KDV� EHHQ

VXJJHVWHG� WKDW� SDUW� RI� WKH� UHDVRQ� IRU� WKH� VXEVWDQWLDO� GLIIHUHQFH� LQ� QRUPDO� DFFHOHUDWLRQ� UDWHV

EHWZHHQ�WKH�WZR�VWXGLHV�LV�WKH�GLIILFXOW\�LQ�GHILQLQJ�¦QRUPDO§�DFFHOHUDWLRQ��������&OHDUO\�WKH

$$6+72�GHVLJQ�YDOXHV�DUH�PRUH�FRQVHUYDWLYH�WKDQ�WKRVH�RI�WKH�7UDQVSRUWDWLRQ�DQG�7UDIILF

(QJLQHHULQJ� +DQGERRN�� � 2OVRQ� ������ ZKR� UHIHUHQFHV� IXUWKHU� LQYHVWLJDWLRQV� RI� UDPSV� DQG

VSHHG�FKDQJH�ODQHV�������IRXQG�WKDW�WKH�KDQGERRN�YDOXHV�ZHUH�PRUH�UHSUHVHQWDWLYH�WKDQ�WKRVH

LQ�WKH������VWXG\�

$FFHOHUDWLRQ�UDWH�FKDUDFWHULVWLFV�ZHUH�IXUWKHU�VWXGLHG�LQ�$FFHOHUDWLRQ�&KDUDFWHULVWLFV

RI�/DWH�0RGHO�$XWRPRELOHV� ������ �7KLV�VWXG\�H[DPLQHG�PRGHO�\HDU�YHKLFOHV� LQ������������

������ ������ DQG� ����� E\� JDWKHULQJ� SDVVHQJHU� FDU� DFFHOHUDWLRQ� UDWH� GDWD� IURP� &RQVXPHU

5HSRUWV��0RWRU� 7UHQG�� DQG� &DU� DQG� 'ULYHU� PDJD]LQHV�� � :KLOH� LW� ZDV� VHHQ� WKDW� YHKLFOHV

DFWXDOO\�KDG�GHFUHDVLQJ�PD[LPXP�DFFHOHUDWLRQ�UDWH�FDSDFLWLHV�EHWZHHQ������DQG�������LQ�DOO

FDVHV�WKH�PD[LPXP�UDWHV�H[FHHGHG�WKRVH�RI�WKH�ODWH�WKLUWLHV©�YHKLFOHV�XVHG�E\�$$6+72���,W

ZDV� HYLGHQW� LQ� WKLV� VWXG\� WKDW� D� ����� YHKLFOH�ZDV� DEOH� WR� DFFHOHUDWH� WR� D� VSHHG� LQ� D�PXFK

VKRUWHU�GLVWDQFH�WKDQ�WKRVH�YHKLFOHV�XVHG�LQ�WKH������VWXGLHV�

6RPH�RI� WKH� ORVV� LQ�DFFHOHUDWLRQ�UDWH�RYHU� WKH�VHYHQWLHV�PD\�EH�DWWULEXWHG� WR� IHGHUDO

PDQGDWHV�IRU�IXHO�HIILFLHQW�FDUV��D�UHVSRQVH� WR� WKH�HQHUJ\�FULVLV� LQ� WKH�HDUO\�VHYHQWLHV� >��@��

:KLOH� QR� VLPLODU� VWXGLHV� IRU� HLJKWLHV©� DQG� QLQHWLHV©� YHKLFOHV� KDYH� EHHQ� IRXQG�� WKH� WUHQG� LQ

DXWRPRELOH� SXUFKDVHV� KDV� FOHDUO\� JRQH� DZD\� IURP� WKH� OLJKW�FDU� WUHQG� RI� WKH� VHYHQWLHV�� �$V

VSRUW� XWLOLW\�YHKLFOHV� DQG� SLFNXS� WUXFNV� EHFRPH�EHVW�VHOOLQJ� YHKLFOHV�� LW�ZRXOG� FOHDUO\� EH� D

YDOLG�DVVXPSWLRQ�WKDW�WKH�PD[LPXP�DFFHOHUDWLRQ�FKDUDFWHULVWLFV�RI�WKH�DYHUDJH�YHKLFOH�WRGD\

VWLOO� JUHDWO\� H[FHHG� WKRVH� RI� WKH� WKLUWLHV©� YHKLFOHV�� 7KLV� DVVXPSWLRQ� LV� VXSSRUWHG� E\� 6WXDUG

������ZKRVH�REVHUYDWLRQV�DW�DQ�LQWHUVHFWLRQ�VKRZHG�WKDW�ODWH�PRGHO�YHKLFOHV�������������KDG

WKH�KLJKHVW�DYHUDJH�DFFHOHUDWLRQ�UDWHV�DQG�WKDW�ROGHU�YHKLFOHV�KDG�ORZHU�DYHUDJH�DFFHOHUDWLRQ

UDWHV�

2OVRQ� ����� SUHVHQWV� VRPH� GLVFXVVLRQ� RQ� EDVLQJ� VSHHG�FKDQJH� ODQH� OHQJWKV� RQ� WKH

KLJKHU�� XSGDWHG� DYHUDJH� DFFHOHUDWLRQ� YDOXHV�� DW� WKH� VDPH� WLPH� KH� UHDOL]HV� WKDW� WKHVH� KLJKHU

UDWHV� ZRXOG� VXEVWDQWLDOO\� UHGXFH� WKH� FXUUHQW� $$6+72�UHFRPPHQGHG� VSHHG�FKDQJH� ODQH

OHQJWKV���$�EHOLHI�LV�H[SUHVVHG�WKDW�¦VXFK�GUDVWLF�FKDQJHV�VKRXOG�EH�H[DPLQHG�FULWLFDOO\�§��7KH

PHWKRGRORJ\�XVHG� LQ� WKH������$$6+2�PDQXDO�GLG�QRW�PRGHO� WKH�JDS� DFFHSWDQFH�SURFHVV�
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2OVRQ�UHFRJQL]HV�WKDW�WKH�ORQJHU�OHQJWKV��DV�GHWHUPLQHG�E\�WKH�PRUH�FRQVHUYDWLYH������UDWHV�

PD\�EH�ZDUUDQWHG�IRU�HQWHULQJ�YHKLFOHV�VHHNLQJ�D�JDS�

&OHDUO\��WKHUH�H[LVWV�VRPH�XQFHUWDLQW\�DERXW�WKH�DFWXDO�DFFHOHUDWLRQ�UDWHV�WKDW�ZRXOG�EH

EHVW�VXLWHG�IRU�GHVLJQ�� � ,W�ZRXOG�DSSHDU� WKDW�HYHQ� WKRXJK� WKH� UDWHV� IURP�WKH� WKLUWLHV�PD\�EH

ORZHU�WKDQ�WKRVH�XVHG�E\�GULYHUV�WRGD\��WKH�GHILFLHQFLHV�LQ�WKH�$$6+72�VSHHG�FKDQJH�ODQH

PRGHO��L�H���JDS�DFFHSWDQFH��PD\�UHTXLUH�WKHVH�FRQVHUYDWLYH�UDWHV�WR�DVVXUH�DGHTXDWH�OHQJWKV�

WKDW� LV�� E\� XSGDWLQJ� DFFHOHUDWLRQ� DQG� GHFHOHUDWLRQ� UDWHV� DQG� XWLOL]LQJ� WKH� FXUUHQW�$$6+72

PHWKRGRORJ\��XQUHDOLVWLFDOO\�ORZ�VSHHG�FKDQJH�ODQH�OHQJWKV�PRVW�OLNHO\�ZRXOG�UHVXOW���:KLOH

LW�LV�SRVVLEOH�WKDW�WKH�$$6+72�OHQJWKV�DQG�GHVLJQ�VWDQGDUGV�XVHG�DUH�DFFHSWDEOH�IRU�7['27

XVH��DQ\�VWXG\�RI� UDPS�RSHUDWLRQV� WR�GHWHUPLQH� LI� DGHTXDWH�GHVLJQV� DUH�EHLQJ� LPSOHPHQWHG

ZRXOG�FHUWDLQO\�EH�MXVWLILHG���7KHUH�DUH�DW�OHDVW�WKUHH�SRVVLEOH�RXWFRPHV�ZKHQ�UHYLHZLQJ�WKH

VSHHG�FKDQJH� ODQH� GHVLJQ�� ��� WKH� GHVLJQV� DUH� WRR� FRQVHUYDWLYH� �WKH� ����� DFFHOHUDWLRQ�

GHFHOHUDWLRQ�UDWHV�DUH�WRR�FRQVHUYDWLYH��DQG�VKRUWHU�OHQJWKV�PD\�EH�MXVWLILDEOH�����WKH�GHVLJQV

DUH� DFFHSWDEOH� �WKH� ����� UDWHV� SURSHUO\� FRPSHQVDWH� IRU� PRGHO� GHILFLHQFLHV��� DQG� ��� WKH

GHVLJQV�DUH�LQDGHTXDWH��WKH������UDWHV�GR�QRW�DGHTXDWHO\�FRPSHQVDWH�IRU�PRGHO�GHILFLHQFLHV��

$&&,'(176

2QH� DVSHFW� RI� UDPS� GHVLJQ�¥� DQG� GHVLJQ� LQ� JHQHUDO�¥� WKDW� KDV� EHHQ� VSRUDGLFDOO\

VWXGLHG�RYHU�WKH�SDVW�GHFDGHV�LV�WKH�HIIHFW�RI�JHRPHWULF�IHDWXUHV�RQ�DFFLGHQW�UDWHV���2QH�RI�WKH

PRVW� WKRURXJK�DQG� IUHTXHQWO\� UHIHUHQFHG� UHSRUWV� RQ� WKH� UHODWLRQVKLS�EHWZHHQ�DFFLGHQWV� DQG

GHVLJQ�LV�$QDO\VLV�DQG�0RGHOLQJ�RI�5HODWLRQVKLSV�EHWZHHQ�$FFLGHQWV�DQG�WKH�*HRPHWULF�DQG

7UDIILF�&KDUDFWHULVWLFV�RI�WKH�,QWHUVWDWH�6\VWHP��������7KLV�VWXG\��EDVHG�RQ�GDWD�IURP�WZHQW\

VWDWHV�� FRQVLGHUHG� VXFK� LWHPV� DV� QXPEHU� RI� ODQHV�� GHVLJQ� VSHHG�� ODQH� ZLGWK�� PD[LPXP

FXUYDWXUH�� SDYHPHQW� W\SH�� JUDGH�� VWRSSLQJ� VLJKW� GLVWDQFH�� QXPEHU� RI� LQIRUPDWLRQ� DQG

DGYHUWLVLQJ�VLJQV��OLJKWLQJ��YROXPH��DQG�SHUFHQW�RI�FRPPHUFLDO�YHKLFOHV���7KH�VWXG\�SUHVHQWHG

VHYHUDO� ILQGLQJV� RI� LQWHUHVW�� DPRQJ� WKHP� ��� WKDW� LQFUHDVHG� WUDIILF� YROXPHV� UHVXOWHG� LQ� DQ

LQFUHDVHG� QXPEHU� RI� DFFLGHQWV�� ��� WKDW� WUDIILF�RULHQWHG� YDULDEOHV� �L�H��� YROXPH�� SHUFHQW� RI

WUXFNV�� FRQWULEXWHG� PRVW� WR� WKH� YDULDQFH� LQ� DFFLGHQWV� RQ� WKH� LQWHUVWDWH� V\VWHP�� ��� WKDW

JHRPHWULFV�DORQH�DFFRXQWHG�IRU�RQO\�D�VPDOO�SRUWLRQ�RI�WKH�YDULDQFH�LQ�DFFLGHQWV��DQG����WKDW

QR�UHODWLRQVKLS�FRXOG�EH�GHWHUPLQHG�EHWZHHQ�WKH�JHRPHWULFV�VWXGLHG�DQG�IDWDOLWLHV�

7KH�WKLUG�DQG�IRXUWK�SRLQWV�LQYROYLQJ�JHRPHWULFV�DUH�FODULILHG�ZLWKLQ�WKH�UHSRUW���7KH

LQWHQW�LQ�SUHVHQWLQJ�WKHVH�SRLQWV�LV�QRW�WR�VKRZ�WKDW�JHRPHWULFV�GR�QRW�LPSDFW�DFFLGHQW�UDWHV�

IRU� VXUHO\� SRRU� JHRPHWULFV�ZLOO� DIIHFW� DFFLGHQWV�� LQVWHDG�� WKHVH� SRLQWV� DUH�PHDQW� WR� VXJJHVW

WKDW� FXUUHQW� �SUH������ DW� WKH� WLPH� RI� WKH� VWXG\�� GHVLJQ� VWDQGDUGV�ZHUH� JHQHUDOO\� DW� D� SRLQW

ZKHUH�LPSURYHPHQWV�RU�YDULDWLRQV�LQ�JHRPHWULFV�ZRXOG�KDYH�OLWWOH�LPSDFW�RQ�DFFLGHQWV���7KH

VLWHV�FKRVHQ�IRU�VWXG\�E\�HDFK�FRQWULEXWLQJ�VWDWH�ZHUH�VXSSRVHGO\�¦UHSUHVHQWDWLYH§�ORFDWLRQV

UDWKHU� WKDQ�KLJK�DFFLGHQW� ORFDWLRQV�� �7KLV� VHOHFWLRQ�SURFHVV�SUREDEO\� HOLPLQDWHG� IURP�VWXG\

WKRVH�LQWHUFKDQJHV�DQG�UDPSV�ZKHUH�XQGHUGHVLJQHG�JHRPHWULF�IHDWXUHV�ZRXOG�FDXVH�H[FHVVLYH

DFFLGHQWV�� � %DVHG� RQ� WKHVH� FRQVWUDLQWV� LW� ZDV� VHHQ� WKDW� WUDIILF� YDULDEOHV� DQG� JHRPHWULFV

DFFRXQWHG� IRU� ��� SHUFHQW� WR� ��� SHUFHQW� RI� WKH� YDULDQFH� LQ� DFFLGHQWV�� ZLWK� WKH� UHPDLQLQJ
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DVVXPHG� WR�EH� DFFRXQWHG� IRU�E\�RWKHU� IDFWRUV� �L�H���ZHDWKHU�� GULYHU�� YHKLFOH��� �$GGLWLRQDOO\�

ZKHQ�RQO\� LQWHUFKDQJH�JHRPHWULFV�ZHUH�FRQVLGHUHG����SHUFHQW� WR����SHUFHQW�RI� WKH�DFFLGHQW

YDULDQFH�ZDV�DFFRXQWHG�IRU�LQ�PRVW�FDVHV�

,Q�FRQVLGHULQJ�WKH�HIIHFWV�RI�JHRPHWULFV��WKH�VWXG\�UHSRUWHG�VRPH�LQWHUHVWLQJ�ILQGLQJV�

2I� WKH� WKUHH� IXOO� LQWHUFKDQJH� W\SHV� VWXGLHG�� WKH� IXOO� FORYHUOHDI� DSSHDUHG� WR� EH� WKH� PRVW

GDQJHURXV�� WKRXJK� WKH� IXOO� GLDPRQG�DQG� IXOO� VOLS� UDPS�GLDPRQG�KDG� VLPLODU� DFFLGHQW� UDWHV�

&XULRXVO\�� IRU� ORZ�PDLQOLQH�YROXPHV� �IHZHU� WKDQ�������YHKLFOHV�SHU�GD\�� WKH� IXOO� GLDPRQG

DSSHDUHG� VDIHU� WKDQ� WKH� SDUWLDO� FORYHUOHDI�� WKRXJK� DV� YROXPH� LQFUHDVHG� WKLV� UHODWLRQVKLS

UHYHUVHG�� � $OVR�� WKH� KDOI� GLDPRQG� ZDV� WKH� VDIHVW� RI� DOO� W\SHV� RI� LQWHUFKDQJHV� VWXGLHG�

,QGLYLGXDOO\��D�QXPEHU�RI�LWHPV�DSSHDUHG�WR�KDYH�PL[HG�HIIHFWV�RQ�DFFLGHQW�UDWHV��ZLWK�DFWXDO

HIIHFWV� GHSHQGLQJ� RQ� WKH� SDUWLFXODU� VLWXDWLRQ� �L�H��� LQWHUFKDQJH� W\SH�� UDPS� W\SH�� QXPEHU� RI

ODQHV���7KHVH� LWHPV� LQFOXGHG�GHVLJQ�VSHHG��FXUYDWXUH��JUDGLHQW��GLIIHUHQFH�EHWZHHQ�H[LW� DQG

HQWUDQFH�UDPSV��OLJKWLQJ��DQG�SDYHPHQW�PDUNLQJV�

$V�PHQWLRQHG��VWDWHV�VXSSRVHGO\� VXEPLWWHG�¦UHSUHVHQWDWLYH§�GDWD� IRU�DQDO\VLV� LQ� WKLV

VWXG\���+RZHYHU��D�VPDOO�IUDFWLRQ�RI�WKH�GDWD�VXEPLWWHG�GLG�VHHP�WR�KDYH�H[FHSWLRQDOO\�KLJK

DFFLGHQW�IUHTXHQFLHV���)RU�WKHVH�LQWHUFKDQJHV�D�VHSDUDWH�IDLOXUH�DQDO\VLV�ZDV�SHUIRUPHG���7KLV

DQDO\VLV� EHWWHU� KLJKOLJKWHG� WKH� HIIHFWV� RI� XQXVXDO� GHVLJQ� IHDWXUHV�� JHRPHWULFV�� DQG� WUDIILF

FKDUDFWHULVWLFV�QRW�VHHQ�LQ�WKH�¦UHSUHVHQWDWLYH§�VDPSOHV���)LJXUH������VKRZV�WKH�UHVXOWV�EDVHG

RQ� WKH�DQDO\VLV�RI� UDPSV�KDYLQJ�XQXVXDOO\�KLJK�DFFLGHQW� IUHTXHQFLHV�� �:KLOH� LW� LV� VHHQ� WKDW

DFFLGHQWV� DUH� VWLOO�PRVW� IUHTXHQWO\� FDXVHG�E\� WKH� HIIHFWV� RI� KLJK� WUDIILF� YROXPHV�� DGGLWLRQDO

LQIRUPDWLRQ� UHODWLQJ� WR� JHRPHWULFV� LQGLFDWHV� ��� WKDW� GHVLJQ� VSHHGV� WKDW� DUH� WRR� ORZ� FDQ

LQFUHDVH�DFFLGHQW�IUHTXHQF\��DQG����WKDW�RQ�PRVW�RI�WKH�UDPS�W\SHV��SRRU�JHRPHWULF�IHDWXUHV

�VKRUW� VSHHG�FKDQJH� ODQH�� VKDUS� FXUYDWXUH�� DQG� WRR� VKRUW� VWRSSLQJ� VLJKW� GLVWDQFH�� FDQ� DOVR

LQFUHDVH�DFFLGHQW�IUHTXHQF\�

0RUH�UHFHQWO\��DGGLWLRQDO�DFFLGHQW�H[SHULHQFH�UHVXOWV�ZHUH�SXEOLVKHG�LQ�$FFLGHQWV�DQG

6DIHW\� $VVRFLDWHG� ZLWK� ,QWHUFKDQJHV�� RI� ����� ������ � :KLOH� QR� RULJLQDO� GDWD� FROOHFWLRQ� RU

DQDO\VLV�ZDV�SHUIRUPHG� IRU� WKLV� VWXG\�� LW�GLG�SURYLGH�D� UHYLHZ�RI�GDWD�DQG�H[SHULHQFH� IURP

RWKHU�UHVHDUFK�HIIRUWV���6RPH�RI�WKH�FRQFOXVLRQV�RI�WKLV�VWXG\�ZHUH�

� 5LJKW�VLGH�DQG�RXWHU�FRQQHFWLRQ�UDPSV�VKRZHG�DQ�LQFUHDVH�LQ�DFFLGHQWV�UDWHV�ZLWK

LQFUHDVLQJ�PD[LPXP�FXUYDWXUH��H[FHSW�LQ�UXUDO�DUHDV�������

� 2XWHU�UDPSV�LQ�XUEDQ�DUHDV�WHQG�WR�VKRZ�LQFUHDVLQJ�DFFLGHQW�UDWHV�ZLWK�LQFUHDVLQJ

DYHUDJH�GDLO\�WUDIILF������

� 6WUDLJKW� RXWHU�FRQQHFWLRQ� UDPSV� W\SLFDOO\� KDYH� ORZHU� DFFLGHQW� UDWHV� WKDQ� FXUYHG

RXWHU�FRQQHFWLRQV������

� 2II�UDPSV�KDYH�FRQVLGHUDEO\�KLJKHU�DFFLGHQW�UDWHV�WKDQ�RQ�UDPSV������

� 5DPSV� LQ� JHQHUDO� ZHUH� IRXQG� WR� KDYH� WKH� VDPH� DFFLGHQW� UDWHV� UHJDUGOHVV� RI

XSJUDGH�RU�GRZQJUDGH��ZLWK�KRUL]RQWDO�FXUYDWXUH�EHLQJ�D�PRUH�VLJQLILFDQW� IDFWRU

LQ�DFFLGHQW�UDWHV������
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� /HIW�VLGH�DQG�VFLVVRU�UDPSV�KDYH�WKH�KLJKHVW�DFFLGHQW�UDWHV��ZLWK�GLDPRQG�UDPSV

KDYLQJ�WKH�ORZHVW�UDWHV������

� 7UXFN� ORVV�RI�FRQWURO� DFFLGHQWV� DUH� W\SLFDOO\� RI� WKH� UROORYHU� RU� MDFNNQLIH� W\SHV

�����

� 7UXFN�UROORYHU�DFFLGHQWV� W\SLFDOO\�RFFXU�RQ�UDPSV�ZKHQ� WKH� WUXFN�VSHHG�H[FHHGV

GHVLJQ�VSHHGV������

� %RWK� UROORYHU� DQG� VNLGGLQJ� SRWHQWLDO� PXVW� EH� FKHFNHG� ZKHQ� GHVLJQLQJ� UDPS

KRUL]RQWDO�FXUYHV�WR�DFFRPPRGDWH�WUXFNV������

� :KHUH�D�VKDUS�FXUYH�PXVW�EH�QHJRWLDWHG�DW�WKH�ERWWRP�RI�D�UDPS�JUDGH��LW�PD\�EH

LOO�DGYLVHG�WR�IROORZ�WKH�$$6+72�SROLF\�WKDW�SHUPLWV�UDPS�GRZQJUDGHV�RI�XS�WR��

SHUFHQW������

� &ROOHFWRU�GLVWULEXWRU�URDGV�VKRXOG�EH�FRQVLGHUHG�LQ�KLJK�YROXPH�LQWHUFKDQJHV�

� 7KH� UHODWLYH� VDIHW\� RI� DQ� XUEDQ� LQWHUFKDQJH� LV� HQKDQFHG�ZKHUH� ����P�RU� ORQJHU

DFFHOHUDWLRQ�RU�DX[LOLDU\�ODQHV�DUH�SURYLGHG������

� $FFLGHQW� UDWHV� DUH� UHGXFHG� ZKHUH� GHFHOHUDWLRQ� ODQHV� RI� ���� P� RU� ORQJHU� DUH

XWLOL]HG������

7KH� DERYH� SRLQWV� DUH� WDNHQ� SULPDULO\� IURP� 7ZRPH\� ������ EXW� DV� WKLV� SDSHU� LV� D

V\QRSVLV�RI�RWKHU�HIIRUWV��RULJLQDO�VRXUFHV�DUH�UHIHUHQFHG��LQ�SDUHQWKHVHV��IRU�PRVW�VWDWHPHQWV�

$FFLGHQW� DQDO\VLV� LV� RIWHQ� GLIILFXOW� WR� SHUIRUP�� JLYHQ� WKH� LQKHUHQW� SUREOHPV� LQ� GDWD

FROOHFWLRQ�� � $FFLGHQW� UHFRUGV� DUH� RIWHQ� LQFRPSOHWH�� LQDFFXUDWH�� RU� WRR� YDJXH� WR� DOORZ� IRU

PHDQLQJIXO� DQDO\VLV�� � )RU� H[DPSOH�� WR� DFTXLUH� WKH� TXDQWLW\� RI� LQIRUPDWLRQ� QHHGHG� IRU� WKH

$QDO\VLV� DQG�0RGHOLQJ� RI�5HODWLRQVKLSV� EHWZHHQ�$FFLGHQWV� DQG� WKH�*HRPHWULF� DQG� 7UDIILF

&KDUDFWHULVWLFV� RI� WKH� ,QWHUVWDWH� 6\VWHP� VWXG\� ������ DFFLGHQW� GDWD� ZHUH� JDWKHUHG� E\� ��

GRFXPHQWV� RI� DFFLGHQWV� REVHUYHG�� ��� LQVXUDQFH� FRPSDQ\� UHFRUGV�� DQG� ��� URYLQJ� REVHUYHUV

GHSOR\HG�RQ�D����KRXU�EDVLV�LQ�FRQMXQFWLRQ�ZLWK�RWKHU�WUDIILF�VWXGLHV���,Q�RWKHU�VWXGLHV��SROLFH

UHFRUGV�DQG�RU�DFFLGHQW�GDWD�DFFXPXODWHG�E\�YDULRXV�GHSDUWPHQWV�RI�WUDQVSRUWDWLRQ�ZHUH�XVHG�



��

Intensity of Lighting – Too low

Right and left shoulder type,
presence of barrier curbs

Judged to have serious causative effect on accidents.
Judged to have considerable causative effect on accidents.
Judged to have some causative effect on accidents.
Judged to have slight causative effect on accidents.
Judged to have no causative effect on accidents.

Ramps of
Diamond

Slip
Ramps

Outer
Connections

Direct or
Semi-direct
Connections Loops

Variable [1]

[1] See Appendix V for specific values of each variable.

High Traffic Volumes, mainline

High Traffic Volumes, ramps

Unit Length – unusually long

Length of Adjoining speed
change lane – Too short

Type of Area – Urbanized

Design Speed, Too low

Max. Curvature, Too sharp

Min. stopping sight distance,
Too low

Distance from nose to point of
high curvature – Too short

Structure and guard rail clearance,
Too small

Type of crossroad
(or frontage road for slip ramps)

Traveling speed at time of accident,
Too high

Percent commercial traffic,
Too high

Edge Markings – Absence of

Percent Out-of-state traffic,
Too high

Delineators – Absence of

Max. Grade, Too steep

                   – unusually short

1.

3.

4.

5.

2.

6.

7.

8.

9.

10.10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

�6RXUFH� %DVHG RQ )LJXUH ��� 5HI� ��� S� ���

)LJXUH��������$FFLGHQW�H[SHULHQFH�YHUVXV�FDXVDWLYH�IDFWRUV
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2WKHU�SRLQWV�KDYH�EHHQ�UDLVHG�LQ�DQRWKHU�VWXG\������ LQ�ZKLFK�WKH�JHQHUDO�FRQFOXVLRQ

ZDV�WKDW�FXUUHQW�$$6+72�GHVLJQ�VWDQGDUGV��VSHFLILFDOO\�RSHQ�URDG�KRUL]RQWDO�FXUYH�GHVLJQ

SDUDPHWHUV��SURYLGH�VDIH�RSHUDWLRQ�IRU�ERWK�SDVVHQJHU�FDUV�DQG� WUXFNV�� �+RZHYHU��DFFLGHQWV

�UROORYHU�DQG�VNLGGLQJ��ZHUH�REVHUYHG�WR�RFFXU�DW�XQGHVLUDEOH�OHYHOV�ZKHQ�XQUHDOLVWLF�GHVLJQ

VSHHGV� ZHUH� XVHG�� � :KHUH� $$6+72� GHVLJQ� DVVXPSWLRQV� �L�H��� VSHHG� RI� YHKLFOH�� DUH� QRW

YLRODWHG��DGHTXDWH�PDUJLQV�RI�VDIHW\�DUH�SURYLGHG��EXW�ZKHUH�YHKLFOHV�H[FHHG�GHVLJQ�VSHHGV�

XQVDIH�FRQGLWLRQV�¥�FRQGLWLRQV�WKDW�KHLJKWHQ�WKH�SRWHQWLDO�IRU�DFFLGHQWV�¥�PD\�UHVXOW���7KLV

FRQFOXVLRQ������XQGHUVFRUHV�WKH�QHHG�IRU�FDUHIXO�FRQVLGHUDWLRQ�RI�GHVLJQ�VSHHG�DQG�FHUWDLQO\

OHDGV� RQH� WR� DW� OHDVW� TXHVWLRQ� ZKHWKHU� WKH� $$6+72� DOORZDQFH� RI� PLQLPXP� UDPS� GHVLJQ

VSHHGV�DW����SHUFHQW�RI�WKH�IUHHZD\�GHVLJQ�VSHHG�LV�UHDVRQDEOH�

7KH�VWXGLHV�SHUIRUPHG�KDYH�KDG�VRPH�FRQIOLFWLQJ�ILQGLQJV���:KLOH�RQH�VWXG\�IRXQG�QR

DFWXDO�UHODWLRQVKLS�EHWZHHQ�JHRPHWULFV�DQG�DFFLGHQWV��RWKHUV�IRXQG�WKDW�LPSURYHG�JHRPHWULF

VWDQGDUGV� FRXOG� UHGXFH� DFFLGHQWV�� � ,Q� DQ\� FDVH�� LQVLJKWIXO� UHVXOWV� DQG� FRQFOXVLRQV� ZHUH

REWDLQHG�GHVSLWH� WKH�GLIILFXOWLHV� LQYROYHG� LQ�GDWD�FROOHFWLRQ�DQG�DQDO\VLV�� �6RPH�FRUUHODWLRQ

EHWZHHQ�VRPH�RI�WKH�DFFLGHQW�UHVXOWV�DQG�UHVXOWV�REWDLQHG�E\�DWWHPSWV�DW�PRGHOLQJ�WKH�UDPS

DQG�VSHHG�FKDQJH�ODQHV�ZLOO�EH�VHHQ�LQ�WKH�QH[W�VHFWLRQ�

5(68/76�)520�27+(5�02'(/6

7KH� PHWKRGRORJ\� XVHG� LQ� WKH� GHYHORSPHQW� RI� WKH� $$6+72� PRGHO� RI� WKH� VSHHG�

FKDQJH� ODQH� OHQJWK� KDV� EHHQ� GLVFXVVHG� LQ� GHWDLO�� � 2WKHU� UHVHDUFKHUV� DQG� DJHQFLHV� KDYH

DWWHPSWHG� WR� UHILQH� WKH� $$6+72� DSSURDFK� RU� WR� GHYHORS� QHZ� PHWKRGRORJLHV� IRU� WKH

PRGHOLQJ�RI� WKH� UDPS� WR�IURP�IUHHZD\�PDQHXYHU�� �7KH�GHWDLOV� RI� WKHVH�PRGHOV�� DORQJ�ZLWK

VRPH�RI�WKHLU�VWUHQJWKV�DQG�ZHDNQHVVHV��DUH�SUHVHQWHG�LQ�JUHDWHU�GHWDLO�LQ�D�VXEVHTXHQW�VHFWLRQ

RI� WKLV� UHSRUW�� �7KLV� VHFWLRQ�GLVFXVVHV� VRPH�RI� WKH� UHVXOWV� DQG� FRQFOXVLRQV� RI� WKRVH� VWXGLHV

SHUWDLQLQJ�WR�WKH�$$6+72�DSSURDFK�DQG�WR�RWKHU�PRGHOV�

$� PRGHO� RI� IUHHZD\� PHUJLQJ� ZDV� GHYHORSHG� EDVHG� RQ� GULYHU� EHKDYLRU� LQ� 'ULYHU

%HKDYLRU�0RGHO�RI�0HUJLQJ��E\�0LFKDHOV�DQG�)D]LR��������,Q�JHQHUDO��WKH�PRGHO�GLYLGHG�WKH

PHUJLQJ�SURFHVV� LQWR� LQLWLDO� UDPS�FXUYH� WUDFNLQJ� DQG� WUDQVLWLRQ� WR� WKH� VSHHG�FKDQJH� ODQH�� D

UHSHWLWLYH�SURFHVV�RI�DFFHOHUDWLRQ�DQG�JDS�VHDUFK��DQG�D�ILQDO�VWHHULQJ�WR�WKH�IUHHZD\�ODQH�RU

DERUWLQJ� WKH�PHUJH�� �7KLV�PRGHO�ZDV� WHVWHG� DJDLQVW� GDWD�REWDLQHG� IURP�����PHUJHV��ZKLFK

LQFOXGHG�ERWK�FXUYHG�DQG�WDQJHQW�FRQQHFWRUV�WR�WKH�VSHHG�FKDQJH�ODQH���$�PDMRU�GHYLDWLRQ�RI

WKLV�PRGHO� IURP� WKH�$$6+72�PHWKRGRORJ\� LV� WKH� FRQFHSW�RI� DQ� LWHUDWLYH�SURFHVV�EHWZHHQ

DFFHOHUDWLRQ� DQG� JDS� VHDUFK�� WKDW� LV�� WKH� WZR� HYHQWV� GR� QRW� RFFXU� VLPXOWDQHRXVO\� DQG� DUH

SHUIRUPHG� LQ� D� UHSHWLWLYH� SURFHVV�� RQH� DIWHU� WKH� RWKHU�� � ,W� ZDV� GHWHUPLQHG� WKDW� DIWHU� RQH

DFFHOHUDWLRQ�JDS� VHDUFK� WULDO�� ��� SHUFHQW� RI� WKH� YHKLFOHV� KDG� PHUJHG�� DIWHU� WZR� WULDOV�� ��

SHUFHQW�KDG�PHUJHG��DQG�DIWHU�WKUHH�WULDOV�����SHUFHQW�KDG�PHUJHG���%DVHG�RQ�WKH�PRGHOLQJ�RI

WKLV� EHKDYLRU� DQG� RQ� WKH� RWKHU� DVSHFWV� RI� WKH� PRGHO�� VSHHG�FKDQJH� ODQH� OHQJWKV� ZHUH

GHYHORSHG�IRU�UDPS�GHVLJQ�VSHHG�YV��IUHHZD\�ODQH�YROXPHV���)LJXUH������VKRZV�WKH�OHQJWK�RI

VSHHG�FKDQJH� ODQHV� IRU� YDULRXV� UDPS� GHVLJQ� VSHHGV� UHTXLUHG� IRU� WKH� ��WK� SHUFHQWLOH� JDS

DFFHSWDQFH�
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37332925

Ramp Design Speed M/H

S
C

LL
   

F
T

41 4527 31 3935 43

900

800

700

600

500

400

300

200

1200
1400
1600
1800
2000

�6RXUFH� )LJXUH �� 5HI� ��� S� ��

)LJXUH��������6SHHG�FKDQJH�ODQH�OHQJWKV�E\�UDPS�GHVLJQ�VSHHG�IRU���WK

SHUFHQWLOH�JDS�DFFHSWDQFH

7KHUH�DUH�VHYHUDO�QRWDEOH�FRQFOXVLRQV� WKDW�PD\�EH�GUDZQ�IURP�WKLV�VWXG\�� �7KH� ILUVW

LQYROYHV�WKH�UDWH�DW�ZKLFK�WKH�UHFRPPHQGHG�OHQJWK�RI�WKH�VSHHG�FKDQJH�ODQH�GHFUHDVHV�DV�WKH

UDPS�GHVLJQ�VSHHG�LQFUHDVHV���)RU�H[DPSOH��DW�D�IUHHZD\�YROXPH�RI�������SFSOSK��SDVVHQJHU

FDUV� SHU� ODQH� SHU� KRXU�� D� ��� SHUFHQW� LQFUHDVH� LQ� UDPS� GHVLJQ� VSHHG� �IURP� ��� WR� ��� NP�K�

UHVXOWV� LQ� D� ��� SHUFHQW� GHFUHDVH� LQ� UHFRPPHQGHG� VSHHG�FKDQJH� ODQH� OHQJWK�� � :KLOH� WKH

$$6+72�PHWKRGRORJ\�DOVR� OHDGV� WR�GHFUHDVLQJ� VSHHG�FKDQJH� ODQH� OHQJWKV� DV� UDPS�GHVLJQ

VSHHG� LQFUHDVHV�� WKH� UDWH� RI� LQFUHDVH� LV� VXEVWDQWLDOO\� KLJKHU�� � )RU� WKH� VDPH� H[DPSOH�� EXW

XWLOL]LQJ�WKH�$$6+72�PHWKRGRORJ\��RQ�D�IUHHZD\�ZLWK�D�����NP�K�GHVLJQ�VSHHG��WKHUH�LV�D

QHDUO\� ��� SHUFHQW� UHGXFWLRQ� LQ� VSHHG�FKDQJH� ODQH� OHQJWK� UHFRPPHQGHG�� � 7KH� LURQ\� RI� WKLV

VWXG\�LV�WKDW�LW�OHDGV�WKH�UHDGHU�WR�WKH�FRQFOXVLRQ�WKDW�WKH�$$6+72�JXLGH�PD\�SURYLGH�EHWWHU

RSHUDWLRQ�DW�ORZ�UDPS�GHVLJQ�VSHHG�WKDQ�LW�GRHV�DW�KLJK�UDPS�GHVLJQ�VSHHGV�� �)RU�H[DPSOH�

EDVHG�VWULFWO\�RQ�D�FRPSDULVRQ�RI� WKH�YDOXHV�IURP�WKHVH�WZR�VWXGLHV��IRU�D����NP�K�IUHHZD\

WKH�$$6+72�JXLGH��ZKHQ�FRPSDUHG�ZLWK�0LFKDHOV�DQG�)D]LR��ZRXOG�SURYLGH� WKH� VDPH�RU

ORQJHU�OHQJWKV�IRU�UDPS�GHVLJQ�VSHHGV�RI����DQG����NP�K�DQG�VKRUWHU�OHQJWKV�IRU�UDPS�GHVLJQ

VSHHGV�RI����DQG����NP�K�� �$OWKRXJK�FDXWLRQ�PXVW�EH�H[HUFLVHG� LQ�GLUHFWO\�FRPSDULQJ� WKLV

VWXG\�ZLWK�$$6+72�RZLQJ�WR�WKH�OLPLWHG�VDPSOH�VL]H�DQG�SRWHQWLDO�GLIIHUHQFHV�LQ�PHDVXULQJ

VSHHG� FKDQJH� OHQJWK�� WKH� WUHQG� WRZDUG� UHGXFLQJ� WKH� VSHHG�FKDQJH� ODQH� OHQJWK� DW� D� UDWH� OHVV

WKDQ�WKDW�XWLOL]HG�E\�$$6+72�LV�FOHDU���7KLV�FRQFOXVLRQ�LV�VXSSRUWHG�E\�WKH�DFFLGHQW�DQDO\VLV

LQ�WKH�SUHYLRXV�VHFWLRQ��ZKHUH�UHFRPPHQGHG�PLQLPXP�VSHHG�FKDQJH�ODQH�OHQJWKV�DUH�KLJKHU

WKDQ�WKRVH�UHFRPPHQGHG�E\�$$6+72�IRU�WKH�KLJKHU�UDPS�GHVLJQ�VSHHGV�
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$�VHFRQG�SRLQW�RI�LQWHUHVW�LQ�WKLV�VWXG\�LV�WKDW�WKH�UHTXLUHG�OHQJWK�RI�D�VSHHG�FKDQJH

ODQH�GHFUHDVHV�DV�WKH�UDPS�YROXPH�LQFUHDVHV���7KH�UHDVRQ�IRU�WKLV�ZDV�DQ�DVVXPSWLRQ�WKDW�WKH

IUHHZD\� VSHHG� GHFOLQHG� DV� WKH� YROXPH� LQFUHDVHG�� � �0HDQ� IUHHZD\� VSHHGV� IRU� WKLV� DQDO\VLV

ZHUH� EDVHG� RQ� WKH�+LJKZD\�&DSDFLW\�0DQXDO� >��@��� � 7KH� LPSRUWDQFH� RI� WKLV� SRLQW� LV� WKDW

ZKHQ�VWXG\LQJ�WKH�RSHUDWLRQ�RI�VSHHG�FKDQJH�ODQHV��WKH�FULWLFDO�RSHUDWLRQ�IRU�GHWHUPLQLQJ�WKH

DFFHSWDELOLW\�RI�WKH�GHVLJQ�PD\�DFWXDOO\�RFFXU�GXULQJ�RII�SHDN��ORZHU�YROXPH�SHULRGV�

$�PRUH�GHWDLOHG�VWXG\�ZLWK�ZKLFK�WKH�DERYH�VWXG\�ZDV�FRQQHFWHG�LV�WKH�XQSXEOLVKHG

1&+53������6SHHG�&KDQJH�/DQHV��)LQDO�5HSRUW��RI������������7KLV�VWXG\�ZDV�ZLGH�UDQJLQJ�

HYDOXDWLQJ� FXUUHQW� GHVLJQ� JXLGHOLQHV� IRU� VSHHG�FKDQJH� ODQHV�� GHYHORSLQJ� D�PRGHO� RI� VSHHG�

FKDQJH�ODQH�RSHUDWLRQ��DQG�GHYHORSLQJ�QHZ�JXLGHOLQHV�IRU�VSHHG�FKDQJH�ODQH�GHVLJQ���/LNH�WKH

PRGHO� LQ� WKH�SUHYLRXV� VWXG\�� WKLV�PRGHO�DWWHPSWHG� WR�EHWWHU� FDSWXUH� WKH� LQIOXHQFH�RI� WUDIILF

IORZ�FKDUDFWHULVWLFV� DQG�GULYHU�EHKDYLRU�� �7KH�PRGHOV�GHYHORSHG� DWWHPSWHG� WR� LQWHJUDWH� WKH

KXPDQ�IDFWRU�GLPHQVLRQ�ZLWK�JHRPHWU\�DQG�YHKLFOH�RSHUDWLRQDO�FKDUDFWHULVWLFV���,Q�DGGLWLRQ�WR

$$6+72�UHTXLUHPHQWV�IRU�VSHHG�FKDQJH�ODQH�GHVLJQ��WKLV�VWXG\�DOVR�FRQVLGHUHG�PLQLPL]LQJ

WKH�GLVUXSWLRQ�WR�IUHHZD\�IORZ��PHHWLQJ�GULYHU�H[SHFWDWLRQV��DQG�DYRLGLQJ�RYHUODSSLQJ�FRQWURO

UHTXLUHPHQWV� IRU� WKH�GULYHU�� �)RU�H[DPSOH�� WKLV� VWXG\�GHILQHV� LGHDO�HQWUDQFH� UDPS�GHVLJQ�DV

¦RQH� ZKLFK� PLQLPL]HV� WKH� OLNHOLKRRG� RI� RYHUORDG� DQG� LV� DGDSWHG� WR� WKH� EHKDYLRUDO

UHTXLUHPHQWV�RI�WKH�HQWU\�SURFHVV�§��)XUWKHUPRUH��WKH�GHVLJQ��REMHFWLYH�VKRXOG�EH�WR��¦SURYLGH

D�VWDWLF�DQG�G\QDPLF�HQYLURQPHQW�WKDW�KDV�PD[LPXP�SUHGLFWDELOLW\�IRU�WKH�GULYHU�§��)RU�WKLV

VWXG\��GHVLJQ�ZDV�EDVHG�RQ�WKH���WK�GULYHU�SHUFHQWLOH��PHDQLQJ�WKDW����SHUFHQW�RI�WKH�GULYHUV

VKRXOG�EH�DEOH� WR�FRPSOHWH� WKH�UHTXLUHG�PDQHXYHU��L�H���HQWU\�PDQHXYHU�� LQ�D�VKRUWHU� OHQJWK

WKDQ�UHFRPPHQGHG�

7KHUH� DUH� VRPH�GLIIHUHQFHV� EHWZHHQ� WKH� DVVXPSWLRQV� RI� WKLV� VWXG\� DQG� WKRVH� RI� WKH

$$6+72�VWXG\��)RU�H[DPSOH��WKH�$$6+72�PRGHO�EDVHV�VSHHG�FKDQJH�OHQJWKV�RQ�RSHUDWLQJ

VSHHGV��ZKLFK� DUH� ORZHU� WKDQ� WKH� GHVLJQ� VSHHGV��ZKHUHDV�1&+53� ����� DVVXPHV� RSHUDWLQJ

VSHHGV�HTXDO�GHVLJQ�VSHHGV���,Q�DGGLWLRQ��WKH�$$6+72������JXLGH�GHILQHV�WKH�VSHHG�FKDQJH

ODQH�WR�EHJLQ�RU�HQG�DW�WKH�����P�WDSHU��1&+53������XVHV�WKH�����P�SRLQW���$OVR��WKH�1&+53

PRGHO�XWLOL]HV� VHYHUDO� VSHHGV�DORQJ� WKH� OHQJWK�RI� WKH� UDPS�DQG�GRHV�QRW�XWLOL]H� WKH���NP�K

GLIIHUHQWLDO� VSHHG�EHWZHHQ� WKH� UDPS�YHKLFOH� DQG� IUHHZD\�RSHUDWLRQ� DV� D�PHUJLQJ� WKUHVKROG�

LQVWHDG� XWLOL]LQJ� DQ� DQJXODU� YHORFLW\� WKUHVKROG�� � 7KHVH� GLIIHUHQFHV� KLJKOLJKW� WKH� FKDQJLQJ

DSSURDFK�WRZDUG�PRGHOLQJ�VSHHG�FKDQJH�ODQHV�

:KHQ�FRPSDUHG�WR�WKH�$$6+72�VSHHG�FKDQJH�ODQH�OHQJWK�GHVLJQ�YDOXHV��WKH�PRGHOV

GHYHORSHG� LQ� WKLV� VWXG\� SURGXFHG� VOLJKWO\� VKRUWHU� OHQJWKV� DW� KLJK� IUHHZD\� VSHHGV� DQG

VLJQLILFDQWO\� ORQJHU� DW� PRGHUDWH�WR�ORZ� IUHHZD\� VSHHGV� IRU� DFFHOHUDWLRQ� ODQH� OHQJWKV�� DQG

VLJQLILFDQWO\� ORQJHU�GHFHOHUDWLRQ� ODQH� OHQJWKV� IRU� DOO� IUHHZD\�DQG� UDPS� VSHHGV�� �7DEOH� ����

SURYLGHV�D� W\SLFDO�FRPSDULVRQ�RI� UHFRPPHQGHG�DFFHOHUDWLRQ� ODQH� OHQJWKV�E\�$$6+72�DQG

1&+53������� � ,Q� WKLV� WDEOH� WKH�$$6+72�YDOXHV� KDYH� EHHQ� DGMXVWHG� WR� EH� FRPSDUDEOH� WR

1&+53������OHQJWKV��D�GHWDLOHG�H[SODQDWLRQ�RI�DGMXVWPHQWV� LV�JLYHQ�LQ� WKH�1&+53�UHSRUW�

7KLV�WDEOH�VXJJHVWV�$$6+72�PD\�EH�WRR�TXLFNO\�UHGXFLQJ�WKH�VSHHG�FKDQJH�ODQH�OHQJWKV�DV
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VSHHG�GLIIHUHQWLDOV�GHFUHDVH��L�H���WKH�$$6+72����NP�K�IUHHZD\����NP�K�UDPS�FRPELQDWLRQ

VHHPV�LQVXIILFLHQW�ZKLOH�WKH�$$6+72�����NP�K�IUHHZD\����NP�K�UDPS�FRPELQDWLRQ�VHHPV

PRUH�WKDQ�VXIILFLHQW�ZKHQ�FRPSDUHG�ZLWK�1&+53������

$V�PHQWLRQHG�� WKH�GHFHOHUDWLRQ� ODQH� OHQJWKV�GHWHUPLQHG� LQ� WKLV�VWXG\�ZHUH�JHQHUDOO\

KLJKHU� WKDQ� WKRVH� UHFRPPHQGHG� LQ� $$6+72�� � 7DEOH� ����� FRPSDUHV� 1&+53� ����

UHFRPPHQGHG�GHFHOHUDWLRQ�OHQJWKV�ZLWK�WKRVH�RI�$$6+72���7KH�1&+53������VSHHG�FKDQJH

ODQH� OHQJWKV� �/VFO�� DUH� VHHQ� WR� YDU\� IURP� ��� SHUFHQW� WR� ���� SHUFHQW� RI� WKH� OHQJWKV

UHFRPPHQGHG� E\� $$6+72�� � 7KLV� VWXG\� DOVR� REVHUYHG� RQ� H[LVWLQJ� H[LW� UDPSV� WKH

SKHQRPHQRQ�RI�YHKLFOHV�EHJLQQLQJ�WR�VORZ�GRZQ�EHIRUH�HQWHULQJ�WKH�VSHHG�FKDQJH�ODQH��ZLWK

WKLV�EHLQJ�HVSHFLDOO\�SUHGRPLQDQW�RQ�VKRUWHU�H[LW�UDPSV�

7DEOH��������&RPSDULVRQ�RI�1&+53������DQG�$$6+72�YDOXHV�IRU�DFFHOHUDWLRQ�ODQH�OHQJWK

�IURP�5HI����

50

3-35 AASHTO

---
---

2,162
2,107
1,899
2,230

---
---

2,795
2,795
2,795
2,795

---
---

1,933
1,669
1,941

---

---
---

2,070
2,070
2,070

---

---
---

1,431
1,628

---
---

---
---

1,345
1,345

---
---

Acceleration Lane Length (ft)
V' (mph)

0
15
30
40
50
60

70

3-35 AASHTO

60

3-35 AASHTO
V'

(mph)
r

f

30 mph
1,800 peph

200 peph

=
Lane 1 Volume =
Ramp Volume =

V1
o

6800$5<

7KHVH�VWXGLHV�KDYH�FOHDUO\� UDLVHG�GRXEWV�DERXW� WKH�DSSOLFDELOLW\�RI�$$6+72�GHVLJQ

DQG��DFFRUGLQJO\��7['27�GHVLJQ�VWDQGDUGV�EDVHG�RQ�$$6+72���7KHUH�LV�WKH�SRVVLELOLW\�WKDW

$$6+72©V�DFFHSWDQFH�RI�D�PLQLPXP�UDPS�GHVLJQ�VSHHG�RI����SHUFHQW�RI�WKH�IUHHZD\�GHVLJQ

VSHHG� LV� LQDGHTXDWH��PRUHRYHU�� DW�KLJK�VSHHGV� WKH� UHFRPPHQGHG�$$6+72� OHQJWKV�PD\�EH

WRR� VKRUW�� � :KHQ� FRQVLGHULQJ� WKH� SRWHQWLDO� SUREOHP� IRU� 7['27� HQWUDQFH� UDPS� GHVLJQ

VWDQGDUGV�� VRPH� RI� WKH� KLJKHU� UDPS� VSHHG� GHVLJQ� FRQFHUQV� DUH� DOOHYLDWHG� EHFDXVH� 7['27

XWLOL]HV�D�VLQJOH�GHVLJQ�WKDW�SURYLGHV�OHQJWKV�JUHDWHU�WKDQ�WKH�$$6+72�UHFRPPHQGHG�OHQJWKV

IRU�KLJKHU�UDPS�GHVLJQ�VSHHGV���+RZHYHU��WKH�7['27�GHVLJQ�KDV�EHHQ�VKRZQ�WR�EH�SRVVLEO\

VKRUWHU� WKDQ� WKDW� UHFRPPHQGHG� LQ� WKH� ����� JXLGH� IRU� ORZ� UDPS� GHVLJQ� VSHHGV�� � :KHQ

FRQVLGHULQJ� GHFHOHUDWLRQ�� 7['27©V� VWDQGDUG� GHVLJQ� IDFHV� WKH� VDPH� LVVXHV� DV� GRHV

$$6+72©V�GHVLJQ��EHFDXVH�WKH�OHQJWKV�LW�XVHV�DUH�VLPSO\�D�URXQGHG�YHUVLRQ�RI�WKH�$$6+72

OHQJWKV�
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,Q� GLVFXVVLQJ� WKH�$$6+72� DFFHOHUDWLRQ� DQG� GHFHOHUDWLRQ� UDWHV� VHYHUDO� SRVVLELOLWLHV

ZHUH�PHQWLRQHG�DV�WR�WKHLU�DSSOLFDELOLW\�LQ�WRGD\©V�GHVLJQ���2QH�SRVVLELOLW\�ZDV�WKDW�WKH�����

DFFHOHUDWLRQ�DQG�GHFHOHUDWLRQ� UDWHV�PLJKW�QRW�DGHTXDWHO\�FRPSHQVDWH� IRU�GHILFLHQFLHV� LQ� WKH

$$6+72�PRGHO���7KHVH�VWXGLHV�ZRXOG�OHDG�WR�WKH�FRQFOXVLRQ�WKDW�WKLV�LV�WKH�OLNHO\�VLWXDWLRQ�

7DEOH��������([LW�PRGHO�FRPSRQHQW�DQDO\VHV��IURP�5HI����

LSCL
as % of

AASHTO
(%)

578
578
578
578
578
578
578
578

154
154
154
154
154
154
154
154

6.5
5.5
4.5
3.5
3
3
3
3

605
521
433
342
295
295
295
295

45.7
58.8
60.8
62.9
63.9
63.9
63.9
63.9

354
360
366
372
375
375
375
375

0
15
20
25
30
40
45
50

V'
(mph)

9.8
9.7
9.7
9.7
9.2
7.1
5.9
4.6

1,113
1,035

953
868
825
825
825
825

915
905
895
875
845
745
705
605

122
114
106

99
98

111
117

---

AASHTO
Length

(ft)
LSCL
(ft)

Db
(f/s/s)

c LSC
(ft)

LDS
(ft)

LDG
(ft)

tg
(f/s/s)

V'
(mph)

g LDB
(ft)

V'  = 70 mphd

LSCL
as % of

AASHTO
(%)

509
509
509
509
509
509
509
509
509

132
132
132
132
132
132
132
132
132

3
3
3
3
3
3
3
3
5

251
251
251
251
251
251
251
251
404

53.9
53.9
53.9
53.9
53.9
53.9
53.9
53.9
49.8

345
345
345
345
345
345
345
345
---

0
15
20
25
30
35
40
45
50

V'
(mph)

9.1
8.4
7.8
7.1
6.3
5.3
4.1
2.8
---

728
728
728
728
728
728
728
728
536

765
735
725
695
675
625
565
505
425

95
99

100
105
108
116
129
144

---

AASHTO
Length

(ft)
LSCL
(ft)

Db
(f/s/s)

c LSC
(ft)

LDS
(ft)

LDG
(ft)

tg
(f/s/s)

V'
(mph)

g LDB
(ft)

V'  = 60 mphd

LSCL
as % of

AASHTO
(%)

433
433
433
433
433
433
433
433
433

110
110
110
110
110
110
110
110
110

3
3
3
3
3
8
5
4
3

207
207
207
207
207
492
330
270
207

43.9
43.9
43.9
43.9
43.9
33.7
39.8
41.8
43.9

311
311
311
311
311
---
---
---
---

0
15
20
25
30
35
40
45
50

V'
(mph)

6.7
5.9
5.3
4.5
3.6
---
---
---
---

628
628
628
628
628
602
440
433
433

625
600
575
545
505
455
395
325
---

100
105
109
115
124
132
111
133
---

AASHTO
Length

(ft)
LSCL
(ft)

Db
(f/s/s)

c LSC
(ft)

LDS
(ft)

LDG
(ft)

tg
(f/s/s)

V'
(mph)

g LDB
(ft)

V'  = 50 mphd

�6RXUFH� %DVHG RQ 7DEOH ��� 5HI� �� S� ����
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&+$37(5�����6859(<�2)�'(6,*1�35$&7,&(

,Q�DGGLWLRQ� WR�H[DPLQLQJ� WKH�KLVWRU\�DQG� LPSOLFDWLRQV�RI� UDPS�GHVLJQ�VSHHG�FULWHULD�

FXUUHQW� SUDFWLFH� ZDV� DOVR� VWXGLHG�� � 'XULQJ� WKH� OLWHUDWXUH� UHYLHZ�� ZH� GHWHUPLQHG� WKDW� WKH

1DWLRQDO�&RRSHUDWLYH�+LJKZD\�5HVHDUFK�3URJUDP©V� �1&+53©V��6WXG\�������6SHHG�&KDQJH

/DQHV� )LQDO� 5HSRUW�� ZDV� SRWHQWLDOO\� XVHIXO�� � 3DUW� RI� WKDW� VWXG\� LQFOXGHG� D� VXUYH\� RI� VL[W\

DJHQFLHV��LQFOXGLQJ�DOO�ILIW\�VWDWH�WUDQVSRUWDWLRQ�DJHQFLHV��UHJDUGLQJ�VSHHG�FKDQJH�ODQH�GHVLJQ

SUDFWLFHV�� $OWKRXJK� WKH� VXUYH\� GDWD� ZHUH� QRW� SXEOLVKHG�� ZH� ORFDWHG� RQH� RI� WKH� RULJLQDO

FRQWUDFWRUV��ZKR�JUDFLRXVO\�SURYLGHG�D�ZRUNLQJ�SDSHU�GHVFULELQJ�VXUYH\�UHVXOWV���(YHQ�WKRXJK

WKH�VXUYH\�GRHV�QRW�H[SOLFLWO\�DGGUHVV�UDPS�GHVLJQ�VSHHG��WKH�FRUH�UDPS�GHVLJQ�VSHHG�LVVXH�LV

UHDOO\�VSHHG�FKDQJH��ZKLFK�WKH�VXUYH\�GRHV�GHDO�ZLWK�GLUHFWO\���7KH�OLVW�RI�VXUYH\�UHVSRQGHQWV

LV�SURYLGHG�DV�7DEOH�����DQG�D�TXDQWLWDWLYH�VXPPDU\�RI�UHVXOWV�LV�SURYLGHG�DV�7DEOH�������7KH

VSHHG�FKDQJH�ODQH�VXUYH\�ZDV�VXPPDUL]HG��LQ�SDUW��DV�IROORZV�

)RUW\�WKUHH� VXUYH\V� ZHUH� UHWXUQHG� DQG� UHYLHZHG�� �� �� �� $� PDMRULW\� RI� WKH

DJHQFLHV� FRQWDFWHG�XVH�$$6+72�DV� WKH� EDVLV� IRU� VSHHG�FKDQJH� ODQH� GHVLJQ�

+RZHYHU�� D� VLJQLILFDQW� QXPEHU� RI� DJHQFLHV� LQFRUSRUDWH� VWDQGDUGV� RWKHU� WKDQ

$$6+72©V� IRU� FHUWDLQ� GHVLJQ� HOHPHQWV�� VXFK� DV� PLQLPXP� OHQJWKV� RI

DFFHOHUDWLRQ� DQG� GHFHOHUDWLRQ� ODQHV�� DQG� WDSHU� UDWHV�� � 7KH� JUHDWHVW� GHVLJQ

GLIIHUHQFH� OLHV� LQ� PLQLPXP� DFFHOHUDWLRQ� ODQH� OHQJWK�� ZKHUH� VWDQGDUGV� UDQJH

IURP����� IHHW� WR������ IHHW�� OHVV� WKDQ� WKH�$$6+72� UHFRPPHQGHG������ IHHW

PLQLPXP���6HYHUDO�DJHQFLHV�XVH�FRPSOH[�WDEOHV�WR�GHWHUPLQH�DSSURSULDWH�WDSHU

UDWHV� DQG� DFFHOHUDWLRQ� ODQH� OHQJWKV�� � 1HDUO\� DOO� DJHQFLHV� ZKLFK� UHVSRQGHG

HLWKHU� H[FHHG� RU� FRPSO\� ZLWK� $$6+72� UHFRPPHQGDWLRQV� IRU� GHFHOHUDWLRQ

ODQH�OHQJWKV���7KH�VXUYH\�UHVXOWV�DOVR�VKRZHG�WKDW�WKH�PDMRULW\�����SHUFHQW��RI

UHVSRQGLQJ�GHVLJQ�DJHQFLHV�XVH�ERWK�SDUDOOHO�DQG�WDSHU�W\SH�GHVLJQ�GHSHQGLQJ

RQ� WKH� ORFDWLRQ� DQG� IUHHZD\� FRQGLWLRQV�� � 7KH� UHPDLQLQJ� DJHQFLHV� XVH� HLWKHU

WDSHU� RU� SDUDOOHO� W\SH� GHVLJQ� H[FOXVLYHO\�� ZLWK� WDSHU� EHLQJ� SUHGRPLQDQWO\

IDYRUHG���7KH�UHVXOWV�RI�WKLV�VXUYH\�DJUHHG�ZLWK�%DNHU©V�����UHYLHZ�RI�WHQ�VWDWH

GHVLJQ�PDQXDOV�� � ,QWHUHVWLQJO\��VHYHUDO�UHVSRQGHQWV� WR� WKLV�VXUYH\�FRQWLQXH� WR

EDVH� WKHLU�GHVLJQ�JXLGHOLQHV�RQ�$$6+72©V�%OXH�DQG�5HG�%RRNV� UDWKHU� WKDQ

WKH�PRUH�UHFHQW�*UHHQ�%RRN�

7KH�VHFRQG�VHFWLRQ�RI�WKH�VXUYH\�SHUWDLQHG�WR�ZKDW�PHDVXUHV�GHVLJQHUV

XVH�WR�HYDOXDWH�WKH�RSHUDWLRQDO�HIIHFWLYHQHVV�RI�VSHHG�FKDQJH�ODQHV�� �*UHDWHVW

LPSRUWDQFH�ZDV� SODFHG� RQ� WKH� VSHHG� GLIIHUHQFH� EHWZHHQ� WKURXJK� WUDIILF� DQG

PHUJLQJ�GLYHUJLQJ� YHKLFOHV�� �$FFHOHUDWLRQ�GHFHOHUDWLRQ� UDWHV� DQG� WKH� DYHUDJH

�RU�FULWLFDO��JDS�DFFHSWHG�DW�PHUJH�ZHUH�DOVR�FRQVLGHUHG�UHDVRQDEOH�PHDVXUHV

RI�RSHUDWLRQDO�HIIHFWLYHQHVV�� �7KH�SRLQW�RI�HQWU\�H[LW�DORQJ�WKH�PHUJH�GLYHUJH

DUHD�� WKH� IUHHZD\� VSHHG� WKURXJK� WKH�PHUJH�GLYHUJH� DUHD�� DQG� WKH� QXPEHU� RI

EUDNLQJV� WKURXJK� WKH�PHUJH�GLYHUJH�DUHD�ZHUH�QRW�FRQVLGHUHG� WR�EH� HIIHFWLYH



��

PHDVXUHV� RI� RSHUDWLRQ�� � 6HYHUDO� UHVSRQGHQWV� PHQWLRQHG� RWKHU� PHDVXUHV� RI

RSHUDWLRQ�VXFK�DV�UDPS�DQG�IUHHZD\�WUDIILF�YROXPHV��DFFLGHQW�UDWHV��DQG�GULYHU

XQGHUVWDQGLQJ�

7DEOH�������1&+53������VXUYH\�UHVSRQGHQWV��IURP�5HI���

67$7(�'(6,*1�$*(1&,(6

$ODEDPD 0RQWDQD

$ODVND 1HZ�+DPSVKLUH

&DOLIRUQLD 1HZ�-HUVH\

&RORUDGR 1HZ�0H[LFR

&RQQHFWLFXW 1HZ�<RUN

)ORULGD 1RUWK�'DNRWD

+DZDLL 2KLR

,GDKR 2NODKRPD

,OOLQRLV 2UHJRQ

,QGLDQD 3HQQV\OYDQLD

,RZD 5KRGH�,VODQG

.DQVDV 6RXWK�'DNRWD

.HQWXFN\ 7H[DV

/RXLVLDQD 8WDK

0DU\ODQG 9HUPRQW

0DVVDFKXVHWWV 9LUJLQLD

0LFKLJDQ :DVKLQJWRQ

0LQQHVRWD :LVFRQVLQ

0LVVLVVLSSL :\RPLQJ

0LVVRXUL

27+(5�'(6,*1�$*(1&,(6

)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ��7$06��+'5�(QJLQHHULQJ��-DFN�(��/HLVFK�	�$VVRFLDWHV
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7DEOH�����6XPPDU\�RI�VSHHG�FKDQJH�ODQH�VXUYH\�UHVSRQVH��IURP�5HI���

AASHTO
Compliance

89%

(Total Responses - 45)

DESIGN

Design Differences (As a Percentage of Total Respondents) Preferred Ramp Types

Length

20%

Width

2%

Taper
Rate

16%

Design
Vehicle

2%

Acc./Dec.
Rate

2%

Other

7%

Parallel

9%

Taper

24%

Parallel
& Taper

67%

Mean Rank

Standard
Deviation

MEASURES OF OPERATION
Speed

Difference

1.8

1.0

Other

5.3

2.7

Entry
Point

4.5

1.8

Freeway
Speed

4.2

1.4

Number of
Brakings

4.3

1.5

Average
Gap

3.5

1.5

Accel./Decel.
Rate

2.8

1.3

%DVHG� RQ� WKH� UHVSRQVH� IURP� WKH� VXUYH\� RI� GHVLJQ� DQG� RSHUDWLRQDO

H[SHULHQFH��WHQ�GHVLJQ�DJHQFLHV�ZHUH�VHOHFWHG�IRU�D�PRUH�LQ�GHSWK��IROORZ�XS

LQWHUYLHZ�� � 7KH� VHOHFWLRQ� FULWHULD� ZHUH� GHVLJQHG� VR� DV� WR� LQFOXGH� D

FRPSUHKHQVLYH� UHSUHVHQWDWLRQ� RI� VSHHG�FKDQJH� ODQH� GHVLJQ� JXLGHOLQHV�� ERWK

TXDOLWDWLYHO\�DQG�JHRJUDSKLFDOO\�� �7KH�GHVLJQ�DJHQFLHV�VHOHFWHG�IRU� IROORZ�XS

LQWHUYLHZV� LQFOXGHG� WKH� WUDQVSRUWDWLRQ� GHSDUWPHQWV� RI� WKH� VWDWHV� RI� 1HZ

0H[LFR��0DVVDFKXVHWWV��2UHJRQ��/RXLVLDQD��&DOLIRUQLD��2KLR��0DU\ODQG��1HZ

+DPSVKLUH��0LVVRXUL��DQG�0LVVLVVLSSL���7KH�SXUSRVH�RI�WKH�LQWHUYLHZV�ZDV�WR

JDWKHU� VSHFLILF� LQIRUPDWLRQ� RQ� GHVLJQ� FULWHULD� ZKLFK� H[SHULHQFHG� GHVLJQHUV

FXUUHQWO\�LQFOXGH�RU�IHHO�VKRXOG�EH�LQFOXGHG�LQ�WKH�GHVLJQ�SURFHVV�

5HYLHZ� RI� WKH� LQWHUYLHZ� UHVXOWV� FOHDUO\� VKRZHG� WKDW� FXUUHQW� GHVLJQ

SUDFWLFHV� IRU� VSHHG�FKDQJH� ODQHV� YDU\� EHWZHHQ� VWDWHV�� � $$6+72� JXLGHOLQHV

DUH�XVXDOO\�XVHG�DV�D�EDVLV�IURP�ZKLFK�HDFK�VWDWH�GHVLJQ�DJHQF\�LQFRUSRUDWHV

LWV� RZQ� XQLTXH� GHVLJQ� FULWHULD�� � 0RVW� VWDWHV� FRQIRUP� ZLWK� $$6+72

UHTXLUHPHQWV� IRU� PLQLPXP� VSHHG�FKDQJH� ODQH� OHQJWK� DQG� DGMXVW� WKH� OHQJWK

GHSHQGLQJ� RQ� ORFDO� FRQGLWLRQV�� VXFK� DV� JUDGLHQW�� UDPS� W\SH� DQG� FXUYDWXUH�

VSHHG� GLIIHUHQWLDO�� DQG� WUXFN� SHUFHQWDJHV�� � $$6+72�PHQWLRQV� WKH� HIIHFW� RI

KLJK� SHUFHQWDJHV� RI� KHDY\� YHKLFOHV� RQ� VSHHG�FKDQJH� ODQH� OHQJWK�� DOWKRXJK

GRHV� QRW� SURYLGH� DQ\� TXDQWLWDWLYH� DGMXVWPHQW� FULWHULD�� �0DU\ODQG��2KLR�� DQG

&DOLIRUQLD� KDYH� SUHSDUHG� WKHLU� RZQ� XQLTXH� GHVLJQ� JXLGHOLQHV�� � 0RVW� RI� WKH

GHVLJQ�FULWHULD�KDYH�UHVXOWHG�IURP�H[SHULHQFH��ZLWK�WKH�H[FHSWLRQ�RI�&DOLIRUQLD

ZKLFK� SHUIRUPHG� LQ�KRXVH� UHVHDUFK� RYHU� DQ� H[WHQGHG� SHULRG� �+5%�%XOOHWLQ

�������������7KH�2KLR�'27�GHILQHV�VSHHG�FKDQJH�ODQH�OHQJWK�DV�D�IXQFWLRQ�RI
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WKUHH� GLIIHUHQW� FODVVHV� RI� IDFLOLWLHV�� � 7KH� SXUSRVH� RI� WKH� FODVV� V\VWHP� LV� WR

VHSDUDWH� UXUDO��XUEDQ��DQG� OLPLWHG�DFFHVV�FRQWURO�KLJKZD\�GHVLJQ�� �$OO� RI� WKH

VWDWHV� LQWHUYLHZHG� XVH� ERWK� SDUDOOHO� DQG� WDSHU� GHVLJQV�� VRPHWLPHV� LQ

FRPELQDWLRQ���6HYHUDO�VWDWHV�QRWHG�WKDW�LQ�IROORZLQJ�$$6+72©V�JXLGHOLQHV�IRU

D�WDSHUHG�DFFHOHUDWLRQ�ODQH�GHVLJQ�� WKHUH� LV�VRPH�FRQIXVLRQ�DV� WR�ZKHWKHU� WKH

HQWLUH� WDSHU� OHQJWK� VKRXOG� EH� LQFOXGHG� LQ� WKH� DFFHOHUDWLRQ� ODQH� OHQJWK�

$OWKRXJK� ERWK� UDPS� W\SHV� DUH� XVHG�� WKH� SHUFHSWLRQ� RI� GULYHU� EHKDYLRU� RQ� D

SDUDOOHO� YHUVXV� WDSHUHG� GHVLJQ� GLIIHUHG�� � 2KLR� DQG� 0DU\ODQG� IHHO� D� SDUDOOHO

HOHPHQW� LQ� DQ� DFFHOHUDWLRQ� ODQH� RIIHUV� WKH� PRWRULVW� WKH� RSSRUWXQLW\� WR� VFDQ

IUHHZD\�WUDIILF�IRU�DQ�DFFHSWDEOH�JDS���&RQYHUVHO\��VHYHUDO�RWKHU�VWDWHV�IHHO�WKDW

SDUDOOHO� DFFHOHUDWLRQ� ODQHV�GR�QRW�RSHUDWH�ZHOO� DQG�SURYLGH� WKH�SHUFHSWLRQ� WR

WKH�GULYHU�RI�DQ�DX[LOLDU\� ODQH�� �7KHVH� ODWWHU� VWDWHV� IHHO� WKDW� D� WDSHUHG�GHVLJQ

JLYHV�WKH�GULYHU�D�EHWWHU�YLHZ�RI�WKH�IUHHZD\�DQG�DGGV�WR�WKH�QDWXUDO�PHUJLQJ

SURFHVV���$OO�RI�WKH�VWDWHV�LQWHUYLHZHG�SUHIHU�WDSHUHG�GHFHOHUDWLRQ�ODQHV�

1RQH� RI� WKH� VWDWHV� LQWHUYLHZHG� KDYH� H[SHULHQFHG� DQ\� VLJQLILFDQW

RSHUDWLRQDO� SUREOHPV� UHODWHG� WR� HLWKHU�$$6+72�RU� LQ�KRXVH� GHVLJQ� FULWHULD�

5HYLHZ�RI�DFFLGHQW�UHFRUGV�LV�WKH�SULPDU\��LI�QRW�H[FOXVLYH��PHDVXUH�RI�VSHHG�

FKDQJH� ODQH� SHUIRUPDQFH�� � $FWXDO� ILHOG� REVHUYDWLRQ�� GDWD� FROOHFWLRQ�� DQG

DQDO\VLV�LV�OLPLWHG���,Q�DQ�HIIRUW�WR�LGHQWLI\�FULWLFDO�GHVLJQ�IDFWRUV��FRPPHQWV�RQ

VXJJHVWHG� IDFWRUV� ZHUH� UHTXHVWHG� IURP� HDFK� GHVLJQHU�� � $V� H[SHFWHG�� WKH

FRPPHQWV�YDULHG��KRZHYHU��D�SDUWLDO�FRQVHQVXV�ZDV�UHDFKHG�� � ,Q�JHQHUDO�� WKH

GHVLJQHUV�LQWHUYLHZHG�IHOW�WKDW�JUDGLHQW��YROXPH��VSHHG��WUXFN�SHUFHQWDJH��DQG

DQJOH� RI�PHUJH� DUH� LPSRUWDQW�� LI� QRW� FULWLFDO� GHVLJQ� IDFWRUV�ZKLFK� VKRXOG� EH

LQFOXGHG� LQ� VSHHG�FKDQJH� ODQH� GHVLJQ� JXLGHOLQHV�� � $OWKRXJK� PRVW� RI� WKH

GHVLJQHUV� DJUHHG� WKDW� DQJOH� RI� PHUJH� LV� DQ� LPSRUWDQW� GHVLJQ� IDFWRU�� VHYHUDO

QRWHG� WKDW� LW� ZDV� RQO\� D� IDFWRU� RQ� WKH� ROGHU� GHVLJQV�� EXW� FRQWLQXHG

FRQVLGHUDWLRQ�VKRXOG�EH�JLYHQ�LQ�RUGHU�WR�PDLQWDLQ�VPDOO�PHUJH�DQJOHV�RQ�QHZ

GHVLJQV�� � /DQH�ZLGWK� ZDV� YLHZHG� DV� D� FRQVWDQW�� ZKLOH� GULYHU� W\SH� ZDV� QRW

FRQVLGHUHG� DQ� LPSRUWDQW� GHVLJQ� IDFWRU�� � 6HYHUDO� RI� WKH� GHVLJQHUV�� HVSHFLDOO\

WKRVH� IDPLOLDU� ZLWK� XUEDQ� IUHHZD\� GHVLJQ�� VXJJHVWHG� WKDW� D� PHWKRG� RI

GHOLQHDWLQJ�XUEDQ�YHUVXV�UXUDO�GHVLJQ��SRVVLEO\�VLPLODU�WR�2KLR©V�FODVVLILFDWLRQ

V\VWHP��VKRXOG�EH�LQFOXGHG�LQ�GHVLJQ�JXLGHOLQHV���&RQVLGHUDWLRQ�RI�KRUL]RQWDO

DQG� YHUWLFDO� VLJKW� GLVWDQFHV� LV� QHFHVVDU\�� EXW� LV� XVXDOO\� DFFRXQWHG� IRU� LQ� WKH

GHVLJQ���0RVW�RI�WKH�GHVLJQ�DJHQFLHV�LQWHUYLHZHG�XVH�D�VLQJOH�GHVLJQ�YHKLFOH�

DOWKRXJK�VHYHUDO�GHVLJQHUV�QRWHG�WKDW� WKH�SHUFHQWDJH�DQG�W\SH�RI� WUXFN� WUDIILF

FDQ�KDYH�D�VWURQJ�LPSDFW�RQ�WKH�GHVLJQ���7KLV�VXJJHVWV�WKDW�DQ�LPSURYHG�GHVLJQ

YHKLFOH� LQFRUSRUDWLQJ� WUXFN� FKDUDFWHULVWLFV�� RU� D� TXDQWLWDWLYH� PHWKRG� RI

DGMXVWLQJ�DFFHOHUDWLRQ�GHFHOHUDWLRQ�ODQH�OHQJWK�GXH�WR�KHDY\�WUXFN�WUDIILF��PD\

EH�DSSURSULDWH���,QSXW�RQ�WKH�FDQGLGDWH�UHVHDUFK�VLWHV�REWDLQHG�IURP�WKH�HDUOLHU

VXUYH\�ZDV�DOVR�UHFHLYHG�GXULQJ�WKH�LQWHUYLHZV�
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5HVXOWV�RI�'HVLJQ�([SHULHQFH�5HYLHZ

%RWK� WKH�GHVLJQ�H[SHULHQFH�TXHVWLRQQDLUH�DQG� WKH� LQ�GHSWK� LQWHUYLHZV

SURYLGHG� LQVLJKW� LQWR� WKH� SUDFWLFDO� DSSOLFDWLRQV� RI� FXUUHQW� $$6+72� GHVLJQ

FULWHULD�� �)URP�WKH�GHVLJQHU©V�YLHZSRLQW�� VHYHUDO�GHILFLHQW�DUHDV�RI�$$6+72

JXLGHOLQHV�ZHUH� LGHQWLILHG�� � ,QLWLDOO\�� WKH�5HVHDUFK�7HDP�DWWHPSWHG� WR�GHILQH

VSHFLILF� PHDVXUHV� RI� HIIHFWLYHQHVV� ZKLFK� PLJKW� EH� XVHG� E\� GHVLJQHUV� WR

HYDOXDWH�VSHHG�FKDQJH�ODQH�SHUIRUPDQFH���$OWKRXJK�VHYHUDO�UHDVRQDEOH�02(V

ZHUH� LGHQWLILHG� LQ� WKH� GHVLJQ� H[SHULHQFH� TXHVWLRQQDLUH�� IXUWKHU� GLVFXVVLRQ

GXULQJ�WKH�LQ�GHSWK�LQWHUYLHZV�VKRZHG�WKDW�QHDUO\�DOO�GHVLJQ�DJHQFLHV�XVH�RQO\

DFFLGHQW�GDWD�IRU�VSHHG�FKDQJH�ODQH�HYDOXDWLRQ���/LWWOH�RU�QR�ILHOG�REVHUYDWLRQV

DUH� SHUIRUPHG�� � 7KHUHIRUH�� LW� VHHPV� XQUHDVRQDEOH� WR� DVVXPH� WKDW� GHVLJQ

DJHQFLHV�ZLOO� HYDOXDWH� VSHHG�FKDQJH� ODQH� RSHUDWLRQ� EDVHG� RQ� ILHOG� REVHUYHG

FULWLFDO�JDSV��VSHHG�GLIIHUHQFH��RU�DFFHOHUDWLRQ�GHFHOHUDWLRQ�UDWHV�

'HVLJQHUV� GLG� H[SUHVV� WKH� QHHG� IRU� FODULILFDWLRQ� RI� VHYHUDO�$$6+72

GHVLJQ� HOHPHQWV�� � 2QH� VXFK� HOHPHQW� LV� WR� SURYLGH� D� TXDQWLWDWLYH� PHWKRG� RI

LQFRUSRUDWLQJ� KLJK� SHUFHQWDJHV� RI� KHDY\� YHKLFOHV� LQWR� WKH� GHVLJQ� SURFHVV�

6LPLODUO\�� GHVLJQ� GLIIHUHQFHV� ZLWKLQ� UXUDO� DQG� XUEDQ� DUHDV� QHHG� WR� EH

DGGUHVVHG�� � )XUWKHU� HYDOXDWLRQ� RI� GULYHU� EHKDYLRU� RQ� VSHHG�FKDQJH� ODQHV�

HVSHFLDOO\� DV� LW� UHODWHV� WR� UXUDO� YHUVXV� XUEDQ� DUHDV�� LV� QHFHVVDU\�� � )LQDOO\�

DOWKRXJK�OLWWOH�PHQWLRQ�ZDV�PDGH�RI�WKH�LPSRUWDQFH�RI�WUDIILF�FRQWURO�GHYLFHV

RQ� VSHHG�FKDQJH� ODQHV�� IXUWKHU� UHVHDUFK�� HVSHFLDOO\� DV� LW� UHODWHV� WR� GULYHU

EHKDYLRU��DSSHDUV�WR�EH�ZDUUDQWHG���,Q�SDUWLFXODU��UDPS�PHWHULQJ�ZLWKLQ�XUEDQ

DUHDV�PD\� KDYH� D� VLJQLILFDQW� LPSDFW� RQ� WKH� RSHUDWLRQ� RI� DFFHOHUDWLRQ� ODQHV�

6LPLODU� WR� WKH� UHVXOWV� RI� WKH� OLWHUDWXUH� UHYLHZ�� IHZ� GHVLJQHUV�PHQWLRQHG� DQ\

SUREOHPV�ZLWK�GHFHOHUDWLRQ� ODQHV�� �7KHUHIRUH�� LW�PD\�EH�DSSURSULDWH� WR�GLUHFW

PRUH� RI� WKH� UHVHDUFK� HIIRUW� WRZDUGV� DFFHOHUDWLRQ� ODQH� RSHUDWLRQ� DQG� GHVLJQ�

HVSHFLDOO\�GXULQJ�WKH�GDWD�FROOHFWLRQ�HIIRUW�

6LJQLILFDQW� ILQGLQJV� GHYHORSHG� WKURXJK� WKH� VXUYH\� LQFOXGHG�� DPRQJ� RWKHUV�� ��

DFFHOHUDWLRQ�RSHUDWLRQV�DUH�YLHZHG�DV�PRUH�SUREOHPDWLF�WKDQ�GHFHOHUDWLRQ�����GULYHU�EHKDYLRU

GXULQJ�VSHHG�FKDQJHV� LV�QRW�ZHOO� FKDUDFWHUL]HG�� ��� YLUWXDOO\� DOO� DJHQFLHV� UHO\�XSRQ�DFFLGHQW

H[SHULHQFH� DV� WKH� SULPDU\� SHUIRUPDQFH� HYDOXDWLRQ� PHDVXUH�� ��� YHU\� OLWWOH� RSHUDWLRQDO� GDWD

GHVFULELQJ�VSHHG�FKDQJH�RU�UDPS�RSHUDWLRQV�DUH�FROOHFWHG��DQG����DOO�DJHQFLHV�GR�QRW�XVH�WKH

VDPH�GHVLJQ�FULWHULD���$GGLWLRQDOO\��HIIHFWV�RI�FRQWURO�GHYLFHV��VSHFLILFDOO\�UDPS�PHWHULQJ��DUH

QRW�ZHOO�NQRZQ�

$OWKRXJK� WKLV� VXUYH\� ZDV� FRQGXFWHG� DOPRVW� ��� \HDUV� DJR�� PDMRU� FKDQJHV� LQ� WKHVH

ILQGLQJV�DUH�QRW�YHU\�OLNHO\���7KH�OLWHUDWXUH�UHYLHZ�FRQILUPHG�WKDW�OLWWOH�RSHUDWLRQDO�GDWD�KDYH

EHHQ�FROOHFWHG�HLWKHU�E\�DJHQF\�DFWLYLWLHV�RU� UHVHDUFK�HIIRUWV�� �7KH�UHVHDUFK� WHDP�� WKHUHIRUH�

UHFRPPHQGV� WKDW� WKRVH� HIIRUWV� WKDW� ZRXOG� EH� H[SHQGHG� RQ� D� FXUUHQW� IROORZ�XS� VXUYH\� EH

H[SHQGHG�RQ�RWKHU��PRUH�SURGXFWLYH�ZRUN�WDVNV���+RZHYHU��VRPH�YDOXDEOH�LQIRUPDWLRQ�ZRXOG
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EH�DOPRVW�FHUWDLQO\�SURGXFHG�E\�D�VXUYH\�GHVLJQHG�VSHFLILFDOO\�WR�GHDO�ZLWK�WKH�LVVXHV�RI�WKLV

VWXG\���7KHUHIRUH��D�QHZ�VXUYH\�LQVWUXPHQW�KDV�EHHQ�GHVLJQHG�DQG�LV�SURYLGHG�DV�)LJXUH�����

,I� WKH� 7['27� SURMHFW� GLUHFWRU� DQG� DGYLVRU\� SDQHO� UHFRPPHQG� FROOHFWLRQ� RI� DGGLWLRQDO

QDWLRQDO�SUDFWLFH�GDWD��WKH�UHVHDUFK�WHDP�LV�SUHSDUHG�WR�ILQDOL]H�DQG�GLVWULEXWH�WKLV�LQVWUXPHQW�

6800$5<

'HVLJQ� SUDFWLFH�ZDV� H[DPLQHG� WKURXJK� WKH� H[WHQVLYH� ILUVW� FKDSWHU� OLWHUDWXUH� UHYLHZ�

ZKLFK�OHG�WR�GLVFRYHU\�RI�D�VSHHG�FKDQJH�ODQH�QDWLRQZLGH�VXUYH\���5HVXOWV�RI�WKH�VXUYH\�WHQG

WR�FRQILUP�LQWXLWLYH�FRQFHSWV�UDWKHU�WKDQ�VXJJHVW�FKDQJHV�LQ�VWXG\�GLUHFWLRQ���$OWKRXJK�D�QHZ

VXUYH\�LQVWUXPHQW�KDV�EHHQ�GHYHORSHG��FRQGXFWLQJ�D�QHZ�VXUYH\�GRHV�QRW�VHHP�LPSHUDWLYH�

DQG�UHVRXUFHV�WKDW�ZRXOG�EH�H[SHQGHG�RQ�WKDW�HIIRUW�FRXOG�EH�YHU\�SURGXFWLYHO\�XVHG�LQ� WKH

GDWD�FROOHFWLRQ�HIIRUW�VXJJHVWHG�LQ�&KDSWHU���
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6XUYH\�4XHVWLRQQDLUH

4XHVWLRQV $�� WR $�� DUH JHQHUDO TXHVWLRQV UHJDUGLQJ ZKDW VRXUFH�V� \RXU DJHQF\ XWLOL]HV IRU UDPS GHVLJQ
JXLGHOLQHV�

$�� )RU UDPS GHVLJQ� LQFOXGLQJ WKH UDPS WHUPLQDO DW WKH IUHHZD\ DQG WKH UDPS SURSHU� GRHV \RXU DJHQF\ XWLOL]H
WKH $$6+72 GHVLJQ JXLGH� DQ DJHQF\ GHVLJQ JXLGH� RU ERWK" �&LUFOH RQH�

$$6+72 JXLGH RQO\ $JHQF\ JXLGH RQO\ %RWK

$�� ,I LQ TXHVWLRQ $�� \RX DQVZHUHG ¦ERWK�§ ZKLFK PDQXDO LV FRQVLGHUHG WR SURYLGH PLQLPXP DFFHSWDEOH
GHVLJQ YDOXHV" �&LUFOH RQH�

$$6+72 JXLGH $JHQF\ JXLGH

$�� ,I LQ TXHVWLRQ $�� \RX UHVSRQGHG WKDW \RXU DJHQF\ XWLOL]HV DQ DJHQF\ GHVLJQ PDQXDO WR SURYLGH PLQLPXP
GHVLJQ YDOXHV� DUH DQ\ RI WKHVH YDOXHV �LQ UHJDUG WR UDPS GHVLJQ� OHVV WKDQ WKRVH UHFRPPHQGHG LQ
$$6+72" �&LUFOH RQH�

<HV 1R

$�� ,V \RXU DJHQF\ FXUUHQWO\ GHVLJQLQJ QHZ SURMHFWV DFFRUGLQJ WR PHWULF RU (QJOLVK GHVLJQ JXLGHOLQHV"
�&LUFOH RQH�

0HWULF (QJOLVK

4XHVWLRQV %�� WR %�� UHODWH WR $$6+72 7DEOH ;��� ZKLFK LV DWWDFKHG WR WKLV VXUYH\� 7KLV WDEOH SURYLGHV
JXLGHOLQHV IRU XSSHU� PLGGOH� DQG ORZHU UDQJH UDPS GHVLJQ VSHHG� LQ UHODWLRQ WR WKH KLJKZD\ GHVLJQ VSHHG�

%�� 'RHV \RXU DJHQF\ XWLOL]H 7DEOH ;�� DV VKRZQ" �&LUFOH RQH�

<HV 1R

%�� ,I \RX DQVZHUHG ¦1R§ WR TXHVWLRQ %��� SOHDVH PDUNXS 7DEOH ;�� DWWDFKHG WR WKLV VXUYH\ RU DWWDFK WR WKLV
VXUYH\ D FRS\ RI \RXU DJHQF\©V JXLGHOLQHV UHJDUGLQJ UDPS GHVLJQ VSHHG�

%�� ,I \RX DQVZHUHG ¦<HV§ WR TXHVWLRQ %��� GRHV \RXU DJHQF\ SURYLGH DQ\ DGGLWLRQDO VLGHOLQHV EH\RQG ZKDW
PD\ EH IRXQG LQ WKH $$6+72 JXLGH LQ UHJDUGV WR ZKDW FRQGLWLRQV XSSHU� PLGGOH� RU ORZHU UDQJH GHVLJQ
YDOXHV VKRXOG RU PXVW EH XVHG" �&LUFOH RQH�

<HV 1R

%�� ,I \RX DQVZHUHG ¦<HV§ WR TXHVWLRQ %��� SOHDVH DWWDFK D EULHI VXPPDU\ RI \RXU DJHQF\©V JXLGH RU D FRS\ RI
WKH DSSURSULDWH SDJHV IURP \RXU GHVLJQ JXLGH�

)LJXUH������1HZ�VXUYH\�TXHVWLRQQDLUH
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4XHVWLRQV &�� WR &�� UHODWH WR WKH GHVLJQ RI UDPS WHUPLQDOV� VSHFLILFDOO\ VSHHG�FKDQJH ODQHV RQ KLJKZD\V�

&�� ,Q GHVLJQLQJ UDPS WHUPLQDOV� VSHFLILFDOO\ IRU D VLQJOH�ODQH HQWUDQFH�H[LW UDPS� GRHV \RXU DJHQF\ XWLOL]H
SDUDOOHO W\SH GHVLJQ RQO\� WDSHU W\SH GHVLJQ RQO\� RU ERWK"

(QWUDQFH UDPSV �&LUFOH RQH�

SDUDOOHO RQO\ WDSHU RQO\ ERWK

([LW UDPSV �&LUFOH RQH�

SDUDOOHO RQO\ WDSHU RQO\ ERWK

&�� ,I \RX DQVZHUHG ¦ERWK§ IRU HLWKHU H[LW RU HQWUDQFH UDPSV� SOHDVH SURYLGH D URXJK HVWLPDWH �LI SRVVLEOH� RI
WKH SHUFHQWDJH RI SDUDOOHO W\SH DQG WDSHU W\SH UDPS GHVLJQV WKDW \RXU DJHQF\ KDV GHVLJQHG RU LV FXUUHQWO\
GHVLJQLQJ�

(QWUDQFH UDPSV �3OHDVH ILOO LQ� LI DSSURSULDWH�

SHUFHQW SDUDOOHO W\SHBBBBBB SHUFHQW WDSHU W\SHBBBBBB

([LW UDPSV �3OHDVH ILOO LQ� LI DSSURSULDWH�

SHUFHQW SDUDOOHO W\SHBBBBBB SHUFHQW WDSHU W\SHBBBBBB

&�� )RU WKH GHVLJQ RI WKH DFFHOHUDWLRQ ODQH OHQJWK IRU DQ HQWUDQFH UDPS WKH $$6+72
JXLGH SURYLGHV 7DEOH ;�� �VHH VXUYH\ DWWDFKPHQWV�� 'RHV \RXU DJHQF\ XWLOL]H WKLV WDEOH DV VKRZQ"

<HV 1R

&�� ,I \RX DQVZHUHG ¦1R©© WR TXHVWLRQ &��� SOHDVH PDUNXS 7DEOH ;�� WR UHIOHFW \RXU DJHQF\©V JXLGHOLQHV RU
DWWDFK WR WKLV VXUYH\ D FRS\ RI WKH DSSURSULDWH SDJHV RI \RXU DJHQF\ JXLGHOLQH�

&�� )RU WKH GHVLJQ RI WKH GHFHOHUDWLRQ ODQH OHQJWK IRU DQ H[LW UDPS WKH $$6+72 JXLGH
SURYLGHV 7DEOH ;�� �VHH VXUYH\ DWWDFKPHQWV�� 'RHV \RXU DJHQF\ XWLOL]H WKLV WDEOH DV VKRZQ"

<HV 1R

&�� ,I \RX DQVZHUHG ¦1R©© WR TXHVWLRQ &��� SOHDVH PDUNXS 7DEOH ;�� WR UHIOHFW \RXU
DJHQF\©V JXLGHOLQHV RU DWWDFK WR WKLV VXUYH\ D FRS\ RI WKH DSSURSULDWH SDJHV RI \RXU
DJHQF\ JXLGHOLQH�

)LJXUH������1HZ�VXUYH\�TXHVWLRQQDLUH��FRQWLQXHG�
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4XHVWLRQV '�� DQG '�� VSHFLILFDOO\ UHIHU WR WKH GHVLJQ RI ORRS UDPSV�

,Q WKH GHVLJQ RI UDPSV $$6+72 7DEOH ;�� UHIHUV WKH GHVLJQHU WR 7DEOH ,,,�� IRU WKH FRUUHVSRQGLQJ PLQLPXP
UDGLXV IRU WKH GHVLJQ VSHHG FKRVHQ� ,Q WKH $$6+72 WH[W DFFRPSDQ\LQJ 7DEOH ;�� LW PD\ EH LQWHUSUHWHG WKDW IRU
D ORRS UDPS FRQQHFWLQJ WR D KLJKZD\� WKH VXSHUHOHYDWLRQ DQG PLQLPXP UDGLXV PD\ EH EDVHG RQ $$6+72 7DEOH
,,,��� �7DEOHV ,,,�� DQG ,,,��� DUH LQFOXGHG LQ WKH VXUYH\ DWWDFKPHQWV��

'�� ,I \RXU DJHQF\ XWLOL]HV WKH $$6+72 JXLGH LQ ORRS UDPS GHVLJQ GRHV \RXU DJHQF\ XWLOL]H GHVLJQ YDOXHV
IURP 7DEOH ,,,�� RU 7DEOH ,,,���" �&LUFOH RQH�

8VH 7DEOH ,,,�� 8VH 7DEOH ,,,���

'�� ,I \RXU DJHQF\ GHVLJQV D ORRS UDPS DFFRUGLQJ WR DQ DJHQF\ GHVLJQ JXLGH WKDW GLIIHUV IURP WKH $$6+72
UHFRPPHQGDWLRQV� SOHDVH PDUN 7DEOH ,,,��� WR UHIOHFW WKHVH FKDQJHV RU DWWDFK D FRS\ RI WKH DSSURSULDWH
SDJHV IURP \RXU DJHQF\©V GHVLJQ JXLGH�

4XHVWLRQV (�� WR (�� UHODWH WR UHVHDUFK HIIRUWV�

(�� $UH \RX DZDUH RI DQ\ UHVHDUFK FXUUHQWO\ EHLQJ SHUIRUPHG E\ \RXU DJHQF\ LQ WKH
DUHD RI UDPS GHVLJQ RU DQ DUHD UHODWHG WR UDPS GHVLJQ" �&LUFOH RQH�

<HV 1R

(�� ,I \RX DQVZHUHG ¦<HV§ WR TXHVWLRQ (�� SOHDVH SURYLGH� LI SRVVLEOH� D EULHI V\QRSVLV RI WKLV HIIRUW RQ WKH
IROORZLQJ SDJH RU DWWDFK DQ\ LQIRUPDWLRQ WR WKLV VXUYH\ WKDW \RX IHHO PD\ EH XVHIXO�

(�� 3OHDVH IHHO IUHH WR DGG DQ\ DGGLWLRQDO FRPPHQWV RQ WKH IROORZLQJ SDJH�

$JDLQ� WKDQN \RX IRU SDUWLFLSDWLQJ LQ WKLV YHU\ LPSRUWDQW VXUYH\� ,I \RX DUH DYDLODEOH IRU VRPH IROORZ�XS
TXHVWLRQV� SOHDVH OLVW EHORZ D SKRQH QXPEHU RU HPDLO DGGUHVV ZKHUH ZH PD\ UHDFK \RX�

)LJXUH������1HZ�VXUYH\�TXHVWLRQQDLUH��FRQWLQXHG�
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+LJKZD\ 'HVLJQ 6SHHG �PSK� �� �� �� �� �� ��
5DPS 'HVLJQ 6SHHG �PSK�
8SSHU 5DQJH ����� �� �� �� �� �� ��
0LGGOH 5DQJH ����� �� �� �� �� �� ��
/RZHU 5DQJH ����� �� �� �� �� �� ��

&RUUHVSRQGLQJ 0LQLPXP 5DGLXV �IW� 6HH 7DEOH �����

6RXUFH� ����� $$6+72 7DEOH ;��� *XLGH YDOXHV IRU UDPS GHVLJQ VSHHG DV UHODWHG WR KLJKZD\ GHVLJQ VSHHG

(QJOLVK 9HUVLRQV
$$6+72 7DEOH ;��

$FFHOHUDWLRQ /HQJWK� / �IW� IRU (QWUDQFH &XUYH 'HVLJQ 6SHHG �PSK�

+LJKZD\ 6WRS
&RQGLWLRQ

�� �� �� �� �� �� �� ��

'HVLJQ
6SHHG
�PSK�

6SHHG
5HDFKHG�
9D �PSK�

$QG ,QLWLDO 6SHHG� 9cD �PSK�

� �� �� �� �� �� �� �� ��

�� �� ��� ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥
�� �� ��� ��� ��� ��� ��� ¥ ¥ ¥ ¥
�� �� ��� ��� ��� ��� ��� ��� ��� ¥ ¥
�� �� ����� ����� ����� ����� ��� ��� ��� ��� ���
�� �� ����� ����� ����� ����� ����� ����� ����� ��� ���

6285&(� $$6+72� ����� $ 3ROLF\ RQ *HRPHWULF 'HVLJQ RI +LJKZD\V DQG 6WUHHWV�7DEOH ;��� 3DJH ���
0LQLPXP DFFHOHUDWLRQ OHQJWKV IRU HQWUDQFH WHUPLQDOV ZLWK IODW JUDGHV RI � SHUFHQW RU OHVV

$$6+72 7DEOH ;��

)LJXUH������1HZ�VXUYH\�TXHVWLRQQDLUH��FRQWLQXHG�
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'HFHOHUDWLRQ /HQJWK� / �IW� IRU 'HVLJQ 6SHHG RI ([LW &XUYH� 9c �PSK�

+LJKZD\ 6WRS
&RQGLWLRQ

�� �� �� �� �� �� �� ��

+LJKZD\
'HVLJQ
6SHHG� 9
�PSK�

$YHUDJH
5XQQLQJ
6SHHG� 9D
�PSK�

)RU $YHUDJH 5XQQLQJ 6SHHG RQ ([LW &XUYH� 9cD �PSK�

� �� �� �� �� �� �� �� ��

�� �� ��� ��� ��� ��� ¥ ¥ ¥ ¥ ¥
�� �� ��� ��� ��� ��� ��� ��� ¥ ¥ ¥
�� �� ��� ��� ��� ��� ��� ��� ��� ��� ¥
�� �� ��� ��� ��� ��� ��� ��� ��� ��� ���
�� �� ��� ��� ��� ��� ��� ��� ��� ��� ���
�� �� ��� ��� ��� ��� ��� ��� ��� ��� ���

6RXUFH� $$6+72� ����� $ 3ROLF\ RQ *HRPHWULF 'HVLJQ RI +LJKZD\V DQG 6WUHHWV�7DEOH ;��� SDJH ���
0LQLPXP GHFHOHUDWLRQ OHQJWKV IRU H[LW WHUPLQDOV ZLWK IODW JUDGHV RI � SHUFHQW RU OHVV

7$%/( ���

'HVLJQ �WXUQLQJ� VSHHG� 9 �PSK� �� �� �� �� �� �� ��
6LGH )ULFWLRQ )DFWRU� I ���� ���� ���� ���� ���� ���� ����
$VVXPHG PLQLPXP VXSHUHOHYDWLRQ� H ���� ���� ���� ���� ���� ���� ����
7RWDO H � I ���� ���� ���� ���� ���� ���� ����
&DOFXODWHG PLQLPXP UDGLXV� 5 �IW� �� �� �� ��� ��� ��� ���

6XJJHVWHG FXUYDWXUH IRU ¥ GHVLJQ�
5DGLXV ¥ PLQLPXP �IW� �� �� �� ��� ��� ��� ���
'HJUHH RI FXUYH ¥ PD[LPXP ¥ ¥ �� �� �� �� ��

$YHUDJH UXQQLQJ VSHHG �PSK� �� �� �� �� �� �� ��

1RWH� )RU GHVLJQ VSHHGV RI PRUH WKDQ �� PSK� XVH YDOXHV IRU RSHQ KLJKZD\ FRQGLWLRQV

6RXUFH� ����� $$6+72 7DEOH ,,,� ��� SS� ���

)LJXUH������1HZ�VXUYH\�TXHVWLRQQDLUH��FRQWLQXHG�
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7KH�&KDSWHU���OLWHUDWXUH�UHYLHZ�DQDO\VLV�LQGLFDWHG�WKDW�WKHUH�LV�QR�FOHDU�EDVLV�IRU� WKH

ORZHU�UDPS�GHVLJQ�VSHHG�YDOXHV��SDUWLFXODUO\����SHUFHQW�RI�IUHHZD\�GHVLJQ�VSHHG��SURYLGHG�LQ

WKH�$$6+72�DQG�7['27�JXLGHOLQHV�� �7KDW�DQDO\VLV�VXJJHVWHG�WKDW�� LQ�IDFW�� WKH� ORZ�YDOXHV

FRXOG�EH�SUREOHPDWLF�� �$W� WKH� VDPH� WLPH�� WKH� VXUYH\�RI� FXUUHQW� SUDFWLFH� LGHQWLILHG�QRW� RQO\

VLJQLILFDQW� YDULDELOLW\� DPRQJ� GHVLJQ� DJHQFLHV� UHJDUGLQJ� VSHHG�FKDQJH� ODQH� JXLGHOLQHV�� EXW

DOVR�DOPRVW�QR�DYDLODELOLW\�RI�RSHUDWLRQDO�UDPS�GDWD���$FFRUGLQJO\��WKH�FROOHFWLRQ�RI�SULPDU\

GDWD�GHVFULELQJ�UDPS�RSHUDWLRQV�UHSUHVHQWV�D�ZD\�RI�UHVROYLQJ�WKH�TXHVWLRQV�UHJDUGLQJ�UDPS

GHVLJQ�VSHHG�JXLGHOLQHV���7KH�IROORZLQJ�GHVFULEHV�D�SODQ�IRU�WKDW�GDWD�FROOHFWLRQ�HIIRUW�

'$7$�&2//(&7,21�&21&(376

7ZR�SRVVLEOH�DSSURDFKHV�PLJKW�EH�XVHG�LQ�FROOHFWLQJ�GDWD�HQDEOLQJ�UDPS�GHVLJQ�VSHHG

JXLGHOLQH� HYDOXDWLRQ�� � ,Q� RQH� DSSURDFK�� WKH� GDWD� FROOHFWLRQ� HIIRUW� FRXOG� EH� GHVLJQHG� WR� EH

VXIILFLHQWO\� H[WHQVLYH� WR� SHUPLW� GHULYDWLRQ� RI� WRWDOO\� QHZ� JXLGHOLQHV�� ZKLFK� FRXOG� EH

FRPSDUHG� ZLWK� WKH� H[LVWLQJ� QXPEHUV�� WKHUHE\� YDOLGDWLQJ� RU� VXJJHVWLQJ� UHYLVLRQV�� � 7KLV

DSSURDFK��ZKLOH� SRWHQWLDOO\� VDWLVI\LQJ�� UHTXLUHV� YHU\� H[WHQVLYH� TXDQWLWLHV� RI� GDWD�� � $QRWKHU

DSSURDFK�PLJKW�FRQFHQWUDWH�GDWD�FROOHFWLRQ�RQ�WKRVH�H[LVWLQJ�JXLGHOLQH�HOHPHQWV�WKDW�DUH�PRVW

OLNHO\�WR�EH�WURXEOHVRPH���7KLV�DSSURDFK�LV�DWWUDFWLYH�EHFDXVH�LW�RIIHUV�WKH�RSSRUWXQLW\�WR�GHDO

HIIHFWLYHO\�ZLWK�WKH�PRVW�FULWLFDO�TXHVWLRQV�DQG�UHTXLUHV�IDU� OHVV�HIIRUW�� �7KH�SODQ�GHYHORSHG

KHUH�FRQWDLQV�HOHPHQWV�RI�ERWK�DSSURDFKHV�

$� FRQFHSWXDO� GDWD� FROOHFWLRQ� SODQ� LV� SUHVHQWHG� LQ� PDWUL[� IRUP� LQ� 7DEOH� ����

9LGHRWDSLQJ� LV� FRQVLGHUHG� WKH� PRVW� GHVLUDEOH� PHWKRG� RI� VLPXOWDQHRXVO\� FDSWXULQJ� DOO

SRWHQWLDOO\� VLJQLILFDQW� LQIRUPDWLRQ�� � +RZHYHU�� H[WHQVLYH� YLGHR� GDWD�UHGXFWLRQ� H[SHULHQFH

LQGLFDWHV� WKDW� WKLV�DSSURDFK�HQWDLOV�VLWH�VHWXS��YLGHRWDSLQJ��DQG�GDWD� UHGXFWLRQ�IRU�HDFK�GDWD

VHW� DW� HDFK� VLWH� DQG� UHTXLUHV� URXJKO\� WZR�ZHHNV�� � 7KXV��ZLWK� URXJKO\� WZHOYH�PRQWKV©� GDWD

FROOHFWLRQ� WLPH� DYDLODEOH�� WZHQW\�IRXU� GDWD� VHWV� FDQ� EH� VWXGLHG� DQG� WKHVH� ZRXOG� EH� LGHDOO\

FROOHFWHG�DW�WZHOYH�VLWHV�

$V� LQGLFDWHG� LQ� WKH�PDWUL[�� WKUHH� UDPS� FRQILJXUDWLRQV�� WZR� UDPS� W\SHV�� WZR� GHVLJQ

VSHHGV��DQG�WZR�WUDIILF�YROXPH�OHYHOV�DUH�DGGUHVVHG���+RZHYHU��LQIRUPDWLRQ�REWDLQHG�WKURXJK

WKH�OLWHUDWXUH�UHYLHZ�DQG�LQ�WKH�&KDSWHU���VXUYH\�RI�SUDFWLFH�LQGLFDWHV�DOO�FHOOV�LQ�WKLV�PDWUL[

DUH�QRW�HTXDOO\�LPSRUWDQW���(QWUDQFH�UDPS�VLWXDWLRQV�DUH�SRVVLEO\�PRUH�SUREOHPDWLF�WKDQ�H[LWV�

DQG�WKRVH�KDYLQJ�VKRUW� OHQJWKV�RU� ORZ�GHVLJQ�VSHHGV�DUH�SUREDEO\� WKH�ZRUVW�FDVHV�� � ,I� WKHVH

FRQFHSWXDO� LGHDV�DUH� WUXH��FHOOV������������������DQG����PLJKW�EH�FRQVLGHUHG�KLJKHVW�SULRULW\

HIIRUWV�� �+RZHYHU�� HDFK� ORZ� GHVLJQ� VSHHG� RU� VKRUW� UDPS� FDVH� LV�PDWFKHG� WR� D� KLJK� GHVLJQ

VSHHG�RU� ORQJ� UDPS�FDVH�DQG�FRPSDULVRQV�RI�RSHUDWLRQDO�GDWD� IRU� WKHVH�SDLUV� DUH� H[WUHPHO\

LPSRUWDQW���7KHUHIRUH��FHOOV�������������������DQG����DUH�DOPRVW�HTXDOO\�KLJK�SULRULW\�EHFDXVH

RI�WKH�QHHG�IRU�FRPSDUDWLYH�LQIRUPDWLRQ�
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7DEOH�������&RQFHSWXDO�EDVLF�GDWD�FROOHFWLRQ�SODQ

5DPS &RQILJXUDWLRQ

7DSHU 3DUDOOHO /RRS

5DPS 7\SH 5DPS 7\SH 5DPS 7\SH

(QWUDQFH ([LW (QWUDQFH ([LW (QWUDQFH ([LW

'HVLJQ 6SHHG 'HVLJQ 6SHHG 'HVLJQ 6SHHG 'HVLJQ 6SHHG 'HVLJQ 6SHHG 'HVLJQ 6SHHG

/RZ +LJK /RZ +LJK /RZ +LJK /RZ +LJK /RZ +LJK /RZ +LJK
7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

/ + / + / + / + / + / + / + / + / + / + / + / +

� � � � � � � � � �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

,I�WKH�7['27�SUHIHUUHG�UDPS�GHVLJQ�LV�WKH�WDSHU�UDWKHU�WKDQ�WKH�SDUDOOHO�FRQILJXUDWLRQ�

WKH�QHHG�IRU�WKH�SDUDOOHO�FRQILJXUDWLRQ�LQ�WKH�GDWD�FROOHFWLRQ�SODQ�PLJKW�EH�TXHVWLRQHG���%RWK

UDPS�FRQILJXUDWLRQV�DUH�LQ�XVH�DORQJ�7H[DV�IUHHZD\V��KRZHYHU��LI�IXWXUH�GHVLJQV�JHQHUDOO\�GR

QRW�HPSOR\�WKH�SDUDOOHO�FRQILJXUDWLRQ��RSHUDWLRQDO�GDWD�SUREDEO\�QHHG�QRW�EH�FROOHFWHG�

,I�DOO�H[LW� UDPSV�DQG� WKH�SDUDOOHO�FRQILJXUDWLRQ�ZHUH�HOLPLQDWHG�IURP�WKH�EDVLF�SODQ�

HLJKW�FHOOV�ZRXOG�UHPDLQ��ZLWK�D�EXGJHW�RI�WZHQW\�IRXU�GDWD�VHWV��WKUHH�UHSOLFDWH�VLWHV�FRXOG�EH

DFTXLUHG�IRU�HDFK�FHOO���%HFDXVH�UHSOLFDWH�REVHUYDWLRQV�DW�PXOWLSOH�VLWHV�IRU�HDFK�H[SHULPHQWDO

FRQGLWLRQ� DUH� DOPRVW� HVVHQWLDO� IRU� XQGHUVWDQGLQJ� GULYHU� EHKDYLRUDO� LVVXHV�� WKLV� FRQFHSW

IHDWXULQJ�UHSOLFDWHV�LV�KLJKO\�GHVLUDEOH�

7DEOH�������&RQFHSWXDO�PRGLILHG�GDWD�FROOHFWLRQ�SODQ

5DPS &RQILJXUDWLRQ

7DSHU /RRS

5DPS 7\SH 5DPS 7\SH

(QWUDQFH ([LW (QWUDQFH ([LW

'HVLJQ 6SHHG 'HVLJQ 6SHHG 'HVLJQ 6SHHG 'HVLJQ 6SHHG

/RZ +LJK /RZ +LJK /RZ +LJK /RZ +LJK

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

7UDIILF

9ROXPH

5DPS &RQILJXUDWLRQ

� � � � � � � �

5� 5� 5� 5� 5� 5� 5� 5�

5HSOLFDWHV 5� 5� 5� 5� 5� 5� 5� 5�

5� 5� 5� 5� 5� 5� 5� 5�
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6,7(�6(/(&7,21�&216,'(5$7,216

&DQGLGDWH� YLGHR� GDWD� FROOHFWLRQ� VLWHV� PXVW� LQFOXGH� WKH� GHVLUHG� JHRPHWULF� IHDWXUHV�

DSSURSULDWH� WUDIILF� GHPDQGV�� DQG� DQ� HOHYDWHG� REVHUYDWLRQ� SRVLWLRQ�� LGHDOO\� D� WDOO� EXLOGLQJ�

'DWD� IRU� VHYHUDO� VXFK� VLWHV� LQ�+RXVWRQ� DQG�$XVWLQ� KDYH� EHHQ� FROOHFWHG�� DQDO\]HG�� DQG�ZLOO

EHFRPH�SDUW�RI�WKH�VWXG\�GDWDEDVH���+RZHYHU��DW�OHDVW�WZHQW\�DGGLWLRQDO�VLWHV�ZLOO�EH�UHTXLUHG

WR� ILOO� WKH�FHOOV�RI� WKH�PRGLILHG�SODQ� �LQFOXGLQJ� UHSOLFDWHV��� �3RWHQWLDO� VLWHV� LQ�6DQ�$QWRQLR�

'DOODV�)RUW�:RUWK��(O�3DVR��&RUSXV�&KULVWL��DQG�+RXVWRQ�ZLOO�EH�H[DPLQHG���3HUVRQQHO�ZLWK

WKH� WUDIILF�FRQWURO�FHQWHUV� LQ�6DQ�$QWRQLR�DQG�+RXVWRQ� LQGLFDWH� D� IHZ� VLWHV� FXUUHQWO\�XQGHU

YLGHR�VXUYHLOODQFH�PD\�EH�DSSURSULDWH�� �+RZHYHU��RZLQJ�WR�FDPHUD�SRVLWLRQV�DQG�JHRPHWULF

UDPS�IHDWXUHV��WKH�QXPEHU�RI�VXFK�ORFDWLRQV�LV�DSSDUHQWO\�TXLWH�OLPLWHG�

7KH�&KDSWHU���VWDWH�RI�SUDFWLFH�UHYLHZ�LQGLFDWHG�DQ�DSSDUHQW�QHHG�IRU�GLVFULPLQDWLRQ

EHWZHHQ�UXUDO�DQG�XUEDQ�GHVLJQ�FULWHULD��$OWKRXJK�OHVV�VWULQJHQW�FULWHULD�IRU�UXUDO�GHVLJQ�PLJKW

EH�VHQVLEOH��GHVLJQLQJ�WKLV�GDWD�FROOHFWLRQ�HIIRUW�WR�PHHW�WKDW�QHHG�GRHV�QRW�VHHP�DSSURSULDWH�

8VHU�FRVWV�UHVXOWLQJ�IURP�UDPS�RSHUDWLRQDO�DQG�VDIHW\�GHILFLHQFLHV�DUH�PXFK�JUHDWHU�LQ�XUEDQ

DUHDV�EHFDXVH�RI� ODUJHU� WUDIILF�GHPDQGV�� �7KHUHIRUH�� FRQFHQWUDWLRQ�RI� WKH� UHVHDUFK� HIIRUW� RQ

XUEDQ� ORFDWLRQV� VHHPV� KLJKO\� GHVLUDEOH�� $FFRUGLQJO\�� UXUDO� GDWD� FROOHFWLRQ� VLWHV� DUH� QRW

UHFRPPHQGHG�DV�KLJK�SULRULW\�FKRLFHV�

'(3(1'(17�9$5,$%/(6

$OO� TXDQWLWLHV� SUHVHQWHG� LQ� WKH� EDVLF� DQG� PRGLILHG� GDWD� PDWULFHV� �IURP� UDPS

FRQILJXUDWLRQ� WR� WUDIILF� YROXPH�� DUH� SRWHQWLDO� LQGHSHQGHQW� RU� SUHGLFWRU� YDULDEOHV�

$GGLWLRQDOO\�� VSHFLILF� FKDUDFWHUL]DWLRQV� RI� JHRPHWULF� IHDWXUHV� DW� HDFK� GDWD� FROOHFWLRQ� VLWH�

LQFOXGLQJ� ODQH� ZLGWKV�� FXUYH� UDGLL�� ODQH� OHQJWKV�� JUDGHV�� DQG� RWKHU� HOHPHQWV�� DUH� SRWHQWLDO

LQGHSHQGHQW�RU�SUHGLFWRU�YDULDEOHV���'HSHQGHQW�RU�SUHGLFWHG�YDULDEOHV�ZLOO�OLNHO\�LQFOXGH�UDPS

YHKLFOH� SRVLWLRQ�� VSHHG�� DFFHOHUDWLRQ�� DQG� LQWHUDFWLRQ� ZLWK� IUHHZD\� YHKLFOHV�� 7KH� ����

+LJKZD\�&DSDFLW\�0DQXDO��+&0���&KDSWHU����GHDOV�ZLWK�IUHHZD\�HQWUDQFH�DQG�H[LW�UDPSV��LW

GHILQHV� D� IUHHZD\� LQIOXHQFH� DUHD� LQ� WKH� YLFLQLW\� RI� UDPSV� DV� LQFOXGLQJ� WKH� WZR� ULJKW�PRVW

IUHHZD\�PDLQ�ODQHV�DQG�H[WHQGLQJ�URXJKO\�����P�XS�RU�GRZQVWUHDP�IURP�WKH�UDPS�JRUH���$

VLPLODU�GHILQLWLRQ�KDV�EHHQ�XVHG� LQ�SUHYLRXV� UDPS�VWXGLHV�E\� WKH� UHVHDUFK� WHDP�DQG�ZLOO�EH

WHQWDWLYHO\� DGRSWHG� KHUH�� � :LWKLQ� WKH� LQIOXHQFH� DUHD�� IUHHZD\� IORZ� DQG� GHQVLW\� ZLOO� EH

PHDVXUHG�XVLQJ�VKRUW��PXOWLSOH�PLQXWH�WLPH�LQWHUYDOV�DQG�VSDFH�PHDQ�VSHHG�ZLOO�EH�LQIHUUHG

IURP�WKH�IORZ�DQG�GHQVLW\���3RVLWLRQ�VSHHG�WLPH�KLVWRULHV�RI�UDPS�YHKLFOHV�ZLOO�EH�GHWHUPLQHG�

7KHVH� GDWD� FDQ� EH� XVHG� ERWK� WR� GHULYH� SUHGLFWLYH� UDPS� YHKLFOH� WUDMHFWRU\� PRGHOV� DQG� WR

FRPSDUH�GULYHU�EHKDYLRU�RQ�KLJK��DQG�ORZ�GHVLJQ�VSHHG�UDPSV�

$&&,'(17�+,6725<

$V� LQGLFDWHG� LQ� WKH� &KDSWHU� �� VXUYH\� LQIRUPDWLRQ�� PRVW� DJHQFLHV� HYDOXDWH� VSHHG�

FKDQJH�IDFLOLWLHV�XVLQJ�SULPDULO\�DFFLGHQW�GDWD���&HUWDLQO\��DFFLGHQW�H[SHULHQFH�LV�DQ�LQGLFDWRU

RI�JHRPHWULF�GHVLJQ�SUREOHPV�DQG�PXVW�EH�LQFOXGHG�LQ�WKHVH�GDWD�FROOHFWLRQ�HIIRUWV�� �8VH�RI

DFFLGHQW�GDWD�DV�WKH�SULPDU\�HYDOXDWLRQ�PHDVXUH�LQ�WKLV�VWXG\�ZRXOG�DOPRVW�FHUWDLQO\�SURYH�WR



��

EH�SUREOHPDWLF�RZLQJ�WR� WKH�UHSRUWHG�OHYHO�RI�GHWDLO�UHJDUGLQJ�VSHFLILF� ORFDWLRQ��QDWXUH��DQG

FDXVH�RI�PRVW�DFFLGHQWV���$GGLWLRQDOO\��VWDWH�ODZ�GRHV�QRW�UHTXLUH�UHSRUWLQJ�RI�PLQRU�SURSHUW\

GDPDJH� �RQO\� DFFLGHQWV��� DQG� UHSRUWV� RI� PDQ\� PDMRU� DFFLGHQWV� DUH� QHYHU� HQWHUHG� LQWR� WKH

DSSURSULDWH�GDWDEDVH�

5HFRJQL]LQJ�WKH�SUREOHPV�DVVRFLDWHG�ZLWK�DFFLGHQW�GDWD��ZH�QRQHWKHOHVV�UHJDUG�VDIHW\

DV�DQ�HVVHQWLDO�HYDOXDWLRQ�WRRO�WKDW�VKRXOG�EH�LQFOXGHG���7KXV��DFFLGHQW�GDWD�ZLOO�EH�UHTXHVWHG

IRU�DOO�VLWHV�LQYROYHG�LQ�WKH�RSHUDWLRQDO�GDWD�FROOHFWLRQ�HIIRUW���$FFLGHQW�KLVWRULHV�IRU�DOO�VLWHV

ZLOO�EHFRPH�DQRWKHU�GHSHQGHQW�RU�SUHGLFWHG�YDULDEOH�LQ�WHUPV�RI�WKLV�H[SHULPHQW���5HODWLYHO\

FRPSOHWH�DFFLGHQW�KLVWRU\�GDWD�ZLOO�SHUPLW�ERWK�GLUHFW�FRPSDULVRQV�EHWZHHQ�KLJK��DQG� ORZ�

GHVLJQ�VSHHG�VLWHV�DQG�SUHGLFWLYH�PRGHO�GHYHORSPHQW�

([SDQVLRQ� RI� WKH� DFFLGHQW� KLVWRU\� DQDO\VLV� WR� LQFOXGH� PRUH� UDPS� FDVHV� WKDQ� DUH

LQFOXGHG� LQ� WKH�RSHUDWLRQDO� GDWD� FROOHFWLRQ�ZRXOG�EH�YHU\�GHVLUDEOH�� �3DVW� H[SHULHQFHV�ZLWK

DYDLODEOH�DFFLGHQW�GDWDEDVHV� LQGLFDWH� WKLV� H[SDQVLRQ�PD\�QRW�EH� IUXLWIXO� RZLQJ� WR� D� ODFN�RI

SUHFLVH�DFFLGHQW�UHSRUW�GDWD���+RZHYHU��WKH�UHVHDUFK�WHDP�LQWHQGV�WR�PDNH�D�FRQFHUWHG�HIIRUW

WR�H[WHQG�WKH�DQDO\VLV�XVLQJ�DFFLGHQW�KLVWRU\�LQIRUPDWLRQ�

63(&,$/�/223�5$03�&216,'(5$7,216

,Q� WKH� FRQWH[W� RI� WKLV� GLVFXVVLRQ�� ORRS� UDPSV� DUH� FKDUDFWHUL]HG� DV� DQ\� UDPS� ZKHUH

KRUL]RQWDO� FXUYDWXUH� LV� D� GRPLQDQW�� SRVVLEO\� VSHHG�OLPLWLQJ�� HOHPHQW�� � 6XFK� JHRPHWULF

IHDWXUHV�FRPPRQO\�RFFXU�LQ�GLUHFWLRQDO�DQG�FORYHUOHDI�LQWHUFKDQJHV��DV�ZHOO�DV�LQ�WUXPSHW�DQG

<�FRQILJXUDWLRQV�� �6LWHV�ZLWK� HOHYDWHG�REVHUYDWLRQ�SRVLWLRQV� HQDEOLQJ�KLJK�OHYHO� YLGHR� GDWD

FROOHFWLRQ�� DV� HQYLVLRQHG� IRU� WDSHU� W\SH� UDPSV��PD\� QRW� EH� SRVVLEOH�� � ,I� VXFK� VLWHV�PXVW� EH

LQFOXGHG��FKDVH�FDU�RU�IORDWLQJ�FDU�PHWKRGV�PD\�EH�VXEVWLWXWHG�IRU�YLGHR�EDVHG�UDPS�YHKLFOH

VSHHG� WLPH� KLVWRU\�� � 2EVHUYHU� DQG�RU� LQIUDUHG� VHQVRU� WHFKQRORJ\� PLJKW� EH� VXEVWLWXWHG� IRU

YLGHR�EDVHG�IUHHZD\�IORZ�GDWD�� �6XFK�VXEVWLWXWLRQV�IRU�SUHIHUDEOH�YLGHR�GDWD�FROOHFWLRQ�PD\

UHTXLUH� VSHFLDO� VFKHGXOLQJ� DQG� DQDO\VLV� DGDSWDWLRQV�� � 6SHFLDO� FDUH� PXVW� DOVR� EH� WDNHQ� LQ

PDWFKLQJ�SDLUV�RI�KLJK��DQG�ORZ�GHVLJQ�VSHHG�ORRS�UDPSV��VXFK�WKDW�WKH\�FRQIRUP�LQ�WHUPV�RI

JHRPHWULF� DQG� GULYHU� EHKDYLRUDO� HOHPHQWV�� � )RU� H[DPSOH�� GULYHU� EHKDYLRU� LQ� D� ORZ�GHVLJQ�

VSHHG�ORRS�RI�D�UXUDO�FORYHUOHDI�LQWHUFKDQJH�PLJKW�GLIIHU�VR�VXEVWDQWLDOO\�IURP�GULYHU�EHKDYLRU

LQ� D� KLJK�GHVLJQ�VSHHG� XUEDQ� GLUHFWLRQDO� LQWHUFKDQJH� WKDW� FRPSDULVRQV� RI� VXFK� D� UDPS�SDLU

PLJKW�EH�SUREOHPDWLF�

6800$5<

&RQFHSWXDO� EDVLF� DQG�PRGLILHG� GDWD� FROOHFWLRQ� SODQV� KDYH� EHHQ� SUHVHQWHG� IHDWXULQJ

RSHUDWLRQDO� DQG� DFFLGHQW� KLVWRU\� HOHPHQWV�� � 7KH� SODQV� DWWHPSW� WR�PDWFK� SDLUV� RI� ORZ�� DQG

KLJK�GHVLJQ�VSHHG� UDPSV� VR� DV� WR� SHUPLW� GLUHFW� RSHUDWLRQDO� DQG� VDIHW\� FRPSDULVRQV�� � ,I

DGHTXDWH� DFFLGHQW� KLVWRU\� GDWD� FDQ� EH� SURFXUHG�� WKH� VDIHW\� FRPSDUDWLYH� DQDO\VLV� FDQ� EH

H[WHQGHG� WR�FRYHU�DGGLWLRQDO�FDVHV�� �7KH�SUHIHUUHG�PHWKRG�RI�RSHUDWLRQDO� GDWD� FROOHFWLRQ� LV

KLJK�OHYHO�YLGHR�� WKRXJK�WKLV�PHWKRG�FDQ�EH�VXSSOHPHQWHG�RU�UHSODFHG�E\�RWKHU�� OHVV� UREXVW

WHFKQLTXHV��LI�QHFHVVDU\�



��

5()(5(1&(6

��� $PHULFDQ�$VVRFLDWLRQ� RI� 6WDWH� +LJKZD\� DQG� 7UDQVSRUWDWLRQ� 2IILFLDOV� �$$6+72���$

3ROLF\�RQ�*HRPHWULF�'HVLJQ�RI�+LJKZD\V�DQG�6WUHHWV��:DVKLQJWRQ��'�&��������

��� &�� (�� /HH�� &ODVV� 1RWHV�� &(� ���0�� $GYDQFHG� *HRPHWULF� 'HVLJQ�� 7KH� 8QLYHUVLW\� RI

7H[DV�DW�$XVWLQ��VSULQJ�������

��� :LOOLDP� 5�� 0F6KDQH� DQG� 5RJHU� 3�� 5RHVV�� 7UDIILF� (QJLQHHULQJ�� 3UHQWLFH� +DOO�

(QJOHZRRG�&OLIIV��1-�������

��� *��-RKDQVVRQ�DQG�.��5XPDU��¦'ULYHUV©�%UDNH�5HDFWLRQ�7LPHV�§�+XPDQ�)DFWRUV��9RO�

����1R�����)HEUXDU\�������SS��������

��� 6WDWH�'HSDUWPHQW�RI�+LJKZD\V� DQG�3XEOLF�7UDQVSRUWDWLRQ� �6'+37���+LJKZD\�'HVLJQ

'LYLVLRQ�2SHUDWLRQV�DQG�3URFHGXUHV�0DQXDO��6'+37��)HEUXDU\����������

��� $PHULFDQ�$VVRFLDWLRQ� RI� 6WDWH�+LJKZD\�2IILFLDOV� �$$6+2���$�3ROLF\� RQ�*HRPHWULF

'HVLJQ�RI�5XUDO�+LJKZD\V��:DVKLQJWRQ��'�&��������

��� '��:��/RXW]HQKHLVHU��6SHHG�&KDQJH�5DWHV�RI�3DVVHQJHU�9HKLFOHV��+LJKZD\�5HVHDUFK

%RDUG��������SS��������

��� &�� :�� 3ULVN�� 3DVVLQJ� 3UDFWLFHV� RQ� 5XUDO� +LJKZD\V�� +LJKZD\� 5HVHDUFK� %RDUG

3URFHHGLQJV�������

��� 6SHHG�&KDQJH�/DQHV�)LQDO�5HSRUW��1DWLRQDO�&RRSHUDWLYH�+LJKZD\�5HVHDUFK�3URJUDP

�1&+53���7UDQVSRUWDWLRQ�5HVHDUFK�%RDUG� �75%���1DWLRQDO�5HVHDUFK�&RXQFLO� �15&��

3URMHFW�������'HFHPEHU������

���� (�� (�� :LOVRQ�� 'HFHOHUDWLRQ� 'LVWDQFHV� IRU� +LJK�6SHHG� 9HKLFOHV�� +LJKZD\� 5HVHDUFK

%RDUG�3URFHHGLQJV��������SS����������



��

���� -RKQ� %HDOH\�� $FFHOHUDWLRQ� DQG� 'HFHOHUDWLRQ� &KDUDFWHULVWLFV� RI� 3ULYDWH� 3DVVHQJHU

9HKLFOHV��+LJKZD\�5HVHDUFK�%RDUG�3URFHHGLQJV��������SS��������

��� 7UDIILF� 3HUIRUPDQFH� DW� 8UEDQ� 6WUHHW� ,QWHUVHFWLRQV��� 7HFKQLFDO� 5HSRUW� 1R�� ��� <DOH

%XUHDX�RI�+LJKZD\�7UDIILF�������

���� 3�� /��2OVRQ��'�� (�� &OHYHODQG�� 3�� 6�� )DQFKHU�� /�� 3��.RVW\QLXN�� DQG� /��:�� 6FKQHLGHU�

3DUDPHWHUV�$IIHFWLQJ�6WRSSLQJ�6LJKW�'LVWDQFH��1&+53�5HSRUW������75%��15&��-XQH

�����

���� :�� 6�� +RPEXUJHU�� /�� (�� .HHIHU�� DQG� :�� 5�� 0F*UDIW�� 7UDQVSRUWDWLRQ� DQG� 7UDIILF

(QJLQHHULQJ� +DQGERRN�� 6HFRQG� (GLWLRQ�� ,QVWLWXWH� RI� 7UDQVSRUWDWLRQ� (QJLQHHUV�

3UHQWLFH�+DOO��,QF���(QJOHZRRG�&OLIIV��1-�������

���� -�� 1�� +RRNHU�� 2SWLPDO� 'ULYLQJ� IRU� 6LQJOH�9HKLFOH� )XHO� (FRQRP\�� 7UDQVSRUWDWLRQ

5HVHDUFK��3DUW�$��9ROXPH���$��1XPEHU����0D\�������SS����������

��� $$6+72��$�3ROLF\�RQ�'HVLJQ�RI�8UEDQ�+LJKZD\V�DQG�$UWHULDO�6WUHHWV��:DVKLQJWRQ�

'�&��������

���� '�� (�� +HDUQH� DQG� -�� (�� &ODUN�� ¦$FFHOHUDWLRQ� &KDUDFWHULVWLFV� RI� /DWH�0RGHO

$XWRPRELOHV�§�7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG�������

���� 5�� /�� 6WXDUG�� $FFHOHUDWLRQ� &KDUDFWHULVWLFV� RI� D� 3DVVHQJHU� &DU� DW� D� 6WRS�&RQWURO

,QWHUVHFWLRQ��PDVWHU©V�WKHVLV��7KH�8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ�������

���� -�� '�� +D\ZRUG��:�� (�� )XVHWWL�� DQG� -��0LFKHOH�� ,PSURYHG�2SHUDWLRQV� IRU� 5DPSV� DQG

6SHHG�&KDQJH�/DQHV���([HFXWLYH�6XPPDU\�� �5HSRUW�1R��)+:$�5'���������$XJXVW

�����

��� +DUROG� /XQHQIHOG�� ¦+XPDQ� )DFWRUV� $VVRFLDWHG� ZLWK� ,QWHUFKDQJH� 'HVLJQ� )HDWXUHV�§

7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��1R��������SS��������



��

���� -��0��7ZRPH\��0��/��+HFNPDQ��-��&��+D\ZDUG��DQG�5��-��=XN��¦$FFLGHQWV�DQG�6DIHW\

$VVRFLDWHG� ZLWK� ,QWHUFKDQJHV�§� 7UDQVSRUWDWLRQ� 5HVHDUFK� 5HFRUG�� 1R�� ������ SS�

��������

���� '��:��+DUZRRG�DQG�-��0��0DVRQ�-U���¦5DPS�0DLQOLQH�6SHHG�5HODWLRQVKLSV�DQG�'HVLJQ

&RQVLGHUDWLRQV�§�7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��1R��������SS����������

���� )UDQN� -��.RHSNH�� ¦5DPS�([LW�(QWUDQFH�'HVLJQ��� 7DSHU�9HUVXV�3DUDOOHO� DQG�&ULWLFDO

'LPHQVLRQV�§�7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��1R��������SS����������

��� -��$��.HOOHU��¦,QWHUFKDQJH�5DPS�*HRPHWULFV���$OLJQPHQW�DQG�6XSHUHOHYDWLRQ�'HVLJQ�§

7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��1R��������SS����������

���� &��:��3OXPPHU�-U���0DUWLQ�7��3LHWUXFKD��DQG�-��0��0DVRQ�-U���'HVLJQ�RI�,QWHUFKDQJH�$W�

*UDGH�5DPS�7HUPLQDOV��7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��1R��������SS����������

���� -��$�� &LULOOR�� 6��.��'LHW]�� DQG�5�� /�� %HDWW\��$QDO\VLV� DQG�0RGHOLQJ� RI� 5HODWLRQVKLSV

%HWZHHQ� $FFLGHQWV� DQG� WKH� *HRPHWULF� DQG� 7UDIILF� &KDUDFWHULVWLFV� RI� WKH� ,QWHUVWDWH

6\VWHP�� 2IILFH� RI� 5HVHDUFK� DQG� 'HYHORSPHQW�� 7UDIILF� 6\VWHPV� 'LYLVLRQ�� 8�6�

'HSDUWPHQW�RI�7UDQVSRUWDWLRQ�)HGHUDO�+LJKZD\�$GPLQLVWUDWLRQ�%35�

���� &KDUOHV� 0�� 1REOH�� 7KRXJKWV� RQ� +LJKZD\� 'HVLJQ� 5HVHDUFK� DV� 5HODWHG� WR� 6DIHW\� RI

9HKLFOH�2SHUDWLRQ��+LJKZD\�5HVHDUFK�%RDUG��������SS����������

��� 5��0��0LFKDHOV�DQG�-��)D]LR��¦'ULYHU�%HKDYLRU�0RGHO�RI�0HUJLQJ�§�75%�5HSRUW������

+XPDQ�3HUIRUPDQFH�DQG�+LJKZD\�9LVLELOLW\��'HVLJQ��6DIHW\��DQG�0HWKRGV��SS�������

���� &RQWUROOHG�$FFHVV�([SUHVVZD\V� LQ�8UEDQ�$UHDV���$�6\PSRVLXP��+LJKZD\�5HVHDUFK

%RDUG�%XOOHWLQ�1R������:DVKLQJWRQ��'�&���-XO\������

���� '�� :�� /RXW]HQKHLVHU�� 3URSRVHG� 'HVLJQ� 6WDQGDUGV� IRU� ,QWHUUHJLRQDO� +LJKZD\V�

+LJKZD\�5HVHDUFK�%RDUG��������SS����������



��

���� 3��1��6HQHYLUDWQH�DQG�0��1��,VODP��¦6SHHG�(VWLPDWHV�IRU�5RDGZD\�'HVLJQ�DQG�7UDIILF

&RQWURO�§�7UDQVSRUWDWLRQ�5HVHDUFK�5HFRUG��1R�� ������ 6DIHW\�5HVHDUFK��(QIRUFHPHQW�

6SHHG��2OGHU�'ULYHUV��DQG�3HGHVWULDQV��SS��������

��� 0��0��'DYLV� DQG�.��0��:LOOLDPV��9HKLFOH�2SHUDWLQJ�&KDUDFWHULVWLFV� RQ�2XWHU�/RRS

'HFHOHUDWLRQ� /DQHV� RI� ,QWHUFKDQJHV�� 'HSDUWPHQW� RI� &LYLO� (QJLQHHULQJ�� 8QLYHUVLW\� RI

7RURQWR��7RURQWR����2QWDULR��2�-�+�5�3���1R������0DUFK������

���� -�� *�� <DWHV��5HODWLRQVKLS� %HWZHHQ� &XUYDWXUH� DQG� $FFLGHQW� ([SHULHQFH� RQ� /RRS� DQG

2XWHU� &RQQHFWLRQ� 5DPSV�� +LJKZD\� 5HVHDUFK� 5HFRUG� ����� 15&��:DVKLQJWRQ�� '�&��

������SS��������

���� 5��$��/XQG\��7KH�(IIHFW�RI�5DPS�7\SH�DQG�*HRPHWU\�RQ�$FFLGHQWV��+LJKZD\�5HVHDUFK

5HFRUG������15&��:DVKLQJWRQ��'�&���������SS���������

���� 5��(UYLQ��0��%DUQHV��&��0DF$GDP��DQG�5��6FRWW��,PSDFW�RI�6SHFLDO�*HRPHWULF�)HDWXUHV

RQ�7UXFN�2SHUDWLRQV�DW� ,QWHUFKDQJHV��7UDQVSRUWDWLRQ�5HVHDUFK�,QVWLWXWH��8QLYHUVLW\�RI

0LFKLJDQ��$QQ�$UERU�������

��� -�� $�� &LULOOR�� ,QWHUVWDWH� 6\VWHP� $FFLGHQW� 5HVHDUFK� 6WXG\� ,,�� ,QWHULP� 5HSRUW�� 3DUW� ,�

+LJKZD\�5HVHDUFK�5HFRUG������1DWLRQDO�5HVHDUFK�&RXQFLO��:DVKLQJWRQ��'�&���$XJXVW

������SS��������

���� 6SHFLDO�5HSRUW������+LJKZD\�&DSDFLW\�0DQXDO��75%��15&��:DVKLQJWRQ��'�&��������

��� -��&��*OHQQRQ��7��5��1HXPDQ��DQG�-��(��/HLVK��6DIHW\�DQG�2SHUDWLRQDO�&RQVLGHUDWLRQV

IRU�'HVLJQ�RI�5XUDO�+LJKZD\�&XUYHV��5HSRUW�5'���������)+:$��86'27�������
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