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ABSTRACT

6LQJOH�ZDIHU�SURFHVVLQJ� \LHOGV� EHWWHU� RQ�ZDIHU� UHVXOW� WKDQ� D
EDWFK�SURFHVV��7KLV�LV�EHFDXVH�D�VLQJOH�ZDIHU�SURFHVVLQJ�SURYLGHV
VXSHULRU� SURFHVV� SDUDPHWHU� FRQWURO�� � $� VLQJOH�ZDIHU� SURFHVVLQJ
KDV�WR�UHO\�RQ�SDUDOOHO�SURFHVVLQJ�DW�KLJK�VSHHG�ZLWK�H[WHQVLYH�XVH
RI �UHGXQGDQW�SURFHVV�PRGXOHV�DQG�WUDQVSRUWHUV�WR�FRPSHWH�ZLWK
WKH� WKURXJKSXW� RI � EDWFK� SURFHVVLQJ�� � $� FOXVWHU� RI � WKH� PDQ\
VLQJOH�ZDIHU�PRGXOHV� DQG� WUDQVSRUWHUV�PD\� UHVXOW� LQ� D� FRPSOH[
ZDIHU�PRYHPHQW��ZKLFK�UHTXLUHV�FRPSOH[�FRRUGLQDWLRQ�RI �ZDIHU
SURFHVVLQJ�DQG�ZDIHU�WUDQVSRUW�

7KLV� SDSHU� VKRZV� WKDW� WKH� FRPSOH[� ZDIHU� PRYHPHQW� LV� D
FRQVHTXHQFH� RI � WKH� FRXSOLQJ� EHWZHHQ� WKH� ZDIHU�SURFHVVLQJ
IXQFWLRQDO� UHTXLUHPHQW� DQG� WKH� ZDIHU�WUDQVSRUW� IXQFWLRQDO
UHTXLUHPHQW�� � %\� DGGLQJ� � ´SODQQHG� GHOD\Vµ�� L�H��� TXHXHV�� WR� WKH
SURFHVV�WLPH�RI �WKH�QRQ�FULWLFDO�SURFHVV�VWHSV��LW�LV�VKRZQ�WKDW�WKH
WZR�IXQFWLRQDO�UHTXLUHPHQWV�FDQ�EH�VXFFHVVIXOO\�GH�FRXSOHG��7KH
FRQVHTXHQFHV�RI �WKH�GH�FRXSOLQJ�DUH�����D�V\QFKURQL]DWLRQ�RI �WKH
WZR� IXQFWLRQDO� UHTXLUHPHQWV� DQG� ���� D� GUDVWLF� UHGXFWLRQ� LQ� WKH
QXPEHU� RI � ZDIHU� IORZ� SDWKV�� � ,WHP� ���� HQVXUHV� WKDW� SURFHVVHG
ZDIHUV� DUH� WUDQVSRUWHG� DOZD\V� LQ� D� WLPHO\�PDQQHU� DQG�� WKXV�� WKH
FRQVLVWHQF\�LQ�RQ�ZDIHU�UHVXOW�DQG�WKURXJKSXW�LV�LPSURYHG���,WHP
����PLQLPL]HV�WKH�QHHG�RI �RUFKHVWUDWLRQ�RI �ZDIHU�IORZ��DQG�DOORZV
D�FRQVLVWHQW�ZDIHU�SURFHVV�KLVWRU\�� �7KH� HQG� UHVXOW� LV� D� UHGXFHG
ZDIHU�WR�ZDIHU�YDULDWLRQ�LQ�RQ�ZDIHU�UHVXOW�

$� UHDO� OLIH� H[DPSOH� RI � TXHXLQJ� WR� GH�FRXSOH� WKH� ZDIHU
SURFHVVLQJ� DQG� WKH� ZDIHU� WUDQVSRUWLQJ� LQ� D� SKRWR�UHVLVW
SURFHVVLQJ� V\VWHP� LV�SUHVHQWHG� WR� LOOXVWUDWH� WKH� FRQFHSW� DQG� WKH
PHWKRGRORJ\�

.H\ZRUGV��D[LRPDWLF�GHVLJQ��GHFRXSOLQJ��FRPSOH[LW\��VFKHGXOLQJ

1 INTRODUCTION

6LQJOH�ZDIHU� SURFHVVLQJ� \LHOGV� EHWWHU� RQ�ZDIHU� UHVXOW� WKDQ
SURFHVVLQJ�KXQGUHGV�RI �ZDIHUV�LQ�EDWFK��7KLV�LV�EHFDXVH�RQH�FDQ
FRQWURO� WKH� SURFHVV� SDUDPHWHUV� EHWWHU� LQ� D� VLQJOH�ZDIHU�PRGXOH�
$QRWKHU�DGYDQWDJH� LV� WKH�IOH[LELOLW\� LQ�FDSDFLW\�SODQQLQJ� WKDW� WKH
VLQJOH�ZDIHU� SURFHVVLQJ� SURYLGHV�� � 7KLV� IOH[LELOLW\� LV� OLPLWHG� LQ
EDWFK�ZDIHU�SURFHVVLQJ���+RZHYHU��VLQJOH�ZDIHU�SURFHVVLQJ�KDV�WR
UHO\� RQ� SDUDOOHO� SURFHVVLQJ� DW� KLJK� VSHHG� ZLWK� H[WHQVLYH� XVH� RI
UHGXQGDQW� SURFHVV� PRGXOHV� DQG� WUDQVSRUWHUV� WR� PDWFK� WKH
WKURXJKSXW�RI �EDWFK�ZDIHU�SURFHVVLQJ�V\VWHP�� �7\SLFDOO\��SDUDOOHO

SURFHVVLQJ� DW�KLJK� VSHHG� LV� LPSOHPHQWHG� WKURXJK� D� VLQJOH�ZDIHU
FOXVWHU�WRRO�

$�VLQJOH�ZDIHU�FOXVWHU�WRRO�UHIHUV�WR�D�JURXS�RI �VLQJOH�ZDIHU
SURFHVV�PRGXOHV�RUJDQL]HG�DURXQG�D�JURXS�RI �ZDIHU�WUDQVSRUWHUV
WR� SHUIRUP� VHTXHQWLDOO\� D� VHULHV� RI � SURFHVV� VWHSV� RQ� WKH� ZDIHU
>3HUNLQVRQ��HW�DO�@���)LJXUH���VKRZV�D�FOXVWHU�WRRO�ZLWK�ILYH�SURFHVV
PRGXOHV� RUJDQL]HG� DURXQG� RQH� WUDQVSRUWHU�� � :DIHUV� HQWHU� DQG
H[LW� WKH� FOXVWHU� WRRO� WKURXJK�D�EXIIHU� FDOOHG� WKH� ORDG�SRUW�� � 7KH
ORDG�SRUW�VHUYHV�DV�WKH�LQWHUIDFH�EHWZHHQ�WKH�IDE�DQG�WKH�FOXVWHU
WRRO���2QFH�WKH�WUDQVSRUWHU�WDNHV�D�ZDIHU�IURP�WKH�ORDG�SRUW�� WKH
ZDIHU� LV� WUDQVSRUWHG� VHTXHQWLDOO\� WKURXJK� WKH� VHULHV� RI �PRGXOHV
IRU� SURFHVVLQJ�� � )LJXUH� �� LV� D� VFKHPDWLF� UHSUHVHQWDWLRQ� RI � WKH
ZDIHU� PRYHPHQW� LQ� WKH� FOXVWHU� WRRO�� 7KH� OHQJWKV� RI � WKH� EDU
LQGLFDWH�WKH�SURFHVV�DQG�WUDQVSRUW�WLPHV���7KH�SURFHVV�WLPH�LV�WKH
WLPH�IURP�ZKHQ�D�ZDIHU�HQWHUV�D�PRGXOH�IRU�SURFHVVLQJ�WR�ZKHQ
WKH�ZDIHU�LV�UHDG\�WR�H[LW���7KH�WUDQVSRUW�WLPH�LV�WKH�WLPH�UHTXLUHG
IRU�D�WUDQVSRUWHU�WR�PRYH�D�ZDIHU�EHWZHHQ�WZR�PRGXOHV���3URFHVV
WLPH�RI �VRPH�VWHSV�LV�VR�FULWLFDO�WKDW�LW�FDQ�QRW�WROHUDWH�WUDQVSRUW
GHOD\�� � �$�VHULHV�RI �SURFHVV�VWHSV�� WRJHWKHU�ZLWK� WKH�SURFHVV� DQG
WUDQVSRUW�WLPH�DVVRFLDWHG�ZLWK�HDFK�VWHS��FRQVWLWXWHV�D�UHFLSH�

A SYNCHRONOUS ALGORITHM TO REDUCE COMPLEXITY IN WAFER
FLOW
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Figure 1. Schematic of a five-module cluster tool
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Figure 2. Timing diagram of processing and transporting
a wafer

7R� VDWLVI\� WKH� WKURXJKSXW� UHTXLUHPHQW�� JLYHQ� LQ� ZDIHU� SHU
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%\�WKH�VL[WK�ZDIHU��IRU�D�UHFLSH�ZLWK�ILYH�SURFHVV�VWHSV��� WKH
FOXVWHU�WRRO�ZLOO�EH�IXOO\�SRSXODWHG�ZLWK�ZDIHUV�� �)RU�HYHU\�ZDIHU
H[LWLQJ� WKH� FOXVWHU� WRRO�� WKHUH� LV� DQRWKHU� ZDIHU� HQWHULQJ� WR
UHSOHQLVK� LW�� �$OO� SURFHVV� DQG� WUDQVSRUW� WDVNV� SHUIRUPHG� RQ� WKH
ZDIHUV�RFFXU�LQ�D�SHULRGLF�IDVKLRQ��WKH�SHULRGLFLW\�EHLQJ�WKH�VHQG
SHULRG�� �:KHQ� WKH� V\VWHP� UHDFKHV� WKLV� VWDWH�� LW� LV� VDLG� WR� EH� LQ
VWHDG\� SHULRGLF� VWDWH�� � 7KH� PRYHPHQW� RI � WKH� ZDIHUV�� L�H��� WKH
ZDIHU� IORZ�� LQ� D� FOXVWHU� WRRO� XQGHU� VWHDG\� SHULRGLF� VWDWH� LV
SUHGLFWDEOH���,WV�PDQDJHPHQW�� L�H��� WKH�RUFKHVWUDWLRQ�RI �WKH�ZDIHU
SURFHVVLQJ� DQG� WKH� ZDIHU� WUDQVSRUWLQJ�� GHWHUPLQHV� WKH
WKURXJKSXW�DQG�WKH�RQ�ZDIHU�UHVXOW�GHOLYHUHG�E\�WKH�FOXVWHU�WRRO�

2 AXIOMATIC DESIGN PERSPECTIVE OF
WAFER FLOW

2.1 SOURCE OF "COUPLING"
7KH� PDQDJHPHQW� RI � ZDIHU� IORZ� FDQ� EH� YLHZHG� IURP� DQ

D[LRPDWLF�GHVLJQ�SHUVSHFWLYH��VHH�7DEOH���

Table 1. Decomposition of wafer flow
'3��

QXPEHU�RI
SURFHVV
PRGXOHV

'3��
QXPEHU�RI
WUDQVSRUWHUV

)5���WR�SURFHVV�ZDIHU�SHU
UHFLSH�DQG�WKURXJKSXW
UHTXLUHG

$��� �; $��� �"

)5���WR�WUDQVSRUW�SURFHVVHG
ZDIHU�LQ�D�WLPHO\�PDQQHU

$��� �; $��� �;

7KH� QXPEHU� RI � SURFHVV�PRGXOHV�'3��� QHFHVVDU\� WR� VDWLVI\
)5�� LV� GHWHUPLQHG� E\� WKH� UHTXLUHG� WKURXJKSXW� DQG� WKH� QXPEHU
RI �SURFHVV� VWHSV�ZLWK� DVVRFLDWHG�SURFHVV� WLPHV� FDOOHG� IRU�E\� WKH
UHFLSH���)RU�H[DPSOH�LQ�)LJXUH����DW�OHDVW�ILYH�SURFHVV�PRGXOHV�DUH
QHHGHG�WR�SURFHVV�ZDIHUV� LQ� ILYH�SURFHVV�VWHSV��$GGLWLRQDOO\��RQH
UHGXQGDQW� PRGXOH� PXVW� HDFK� EH� DGGHG� WR� WKH� V\VWHP� IRU� WKH

SURFHVV� VWHSV� &� DQG� '� WR� HIIHFW� SDUDOOHO� SURFHVVLQJ� RI
FRQVHFXWLYH�ZDIHUV��:LWKRXW�WKH�UHGXQGDQW�PRGXOHV��FRQVHFXWLYH
ZDIHUV� FDQ�QRW�EH�SURFHVVHG� VHTXHQWLDOO\� DW� WKHVH� SURFHVV� VWHSV�
7KLV� LV� EHFDXVH� D� ZDIHU�� H�J��� ZDIHU� ���� WKDW� KDV� MXVW� EHHQ
SURFHVVHG� DW� WKH�SURFHVV�PRGXOH�%� �RU�&�� FDQ�QRW� OHDYH� IRU� WKH
SURFHVV�PRGXOH�&� �RU�'�� VLQFH� LW� LV� VWLOO� RFFXSLHG� E\� WKH�ZDIHU�
ZDIHU� ���� DKHDG� RI � LW�� 7KLV� VLWXDWLRQ� RFFXUV� ZKHQHYHU� WKH
SURFHVV� WLPH� RI � D� SURFHVV� VWHS� SOXV� WKH� WUDQVSRUW� WLPHV� WR� DQG
DZD\� IURP� WKDW� VWHS� LV� ORQJHU� WKDQ� WKH� VHQG� SHULRG� UHTXLUHG� E\
WKH�WKURXJKSXW�UHTXLUHPHQW�

7KH� FKRLFH� RI � WKH� QXPEHU� RI � SURFHVV� PRGXOHV� '3��� WR
VDWLVI\� )5�� ZLOO� DIIHFW� )5�� �$����� � )RU� H[DPSOH�� E\� FKRRVLQJ
'3�� WR� VDWLVI\� )5��� WKH� SDUWLFXODU� UHFLSH� DQG� WKH� WKURXJKSXW
UHTXLUHPHQW� ZRXOG� JHQHUDWH� WKH� WLPLQJ� RI � WKH� WUDQVSRUW� WDVNV
LQGLFDWHG�E\�GDUN�JUD\�EDUV�VKRZQ�LQ�)LJXUH�����1RWH�LQ�WKH�ILJXUH
WKDW�ZDIHUV�DW�SURFHVV�VWHSV�$��%��DQG�'�� FRPSOHWH� WKHLU� SURFHVV
DQG�GHPDQG�WKHLU�WUDQVSRUW�DOO�DW�WKH�VDPH�WLPH���7KXV�VXIILFLHQW
QXPEHU� RI � WUDQVSRUWHUV�� '3��� VKRXOG� EH� DYDLODEOH� WR� WUDQVSRUW
WKH� SURFHVVHG� ZDIHUV� DZD\� IURP� $�� %�� DQG� '� WR� VDWLVI\� )5�
�$����� � ,I � WKH� QXPEHU� RI � WUDQVSRUWHUV� '3�� LV� QRW� VXIILFLHQW� WR
KDQGOH�DOO�RI � WKHVH�GHPDQGV�� WKHQ� VRPH�RI � WKH�ZDIHU� WUDQVSRUWV
KDYH�WR�EH�GHOD\HG�XQWLO�D� WUDQVSRUWHU� LV�DYDLODEOH��7KLV�VLWXDWLRQ�
ZKHUHLQ� PRUH� WKDQ� RQH� ZDIHUV� FDOO� IRU� WUDQVSRUW� ZLWKLQ� D� WLPH
LQWHUYDO� VKRUWHU� WKDQ� WKH� WUDQVSRUW� WLPH� RI � D� WUDQVSRUWHU�� LV
KHUHDIWHU� FDOOHG� �WUDQVSRUW� FRQIOLFW��� :KHQ� D� WUDQVSRUW� FRQIOLFW
RFFXUV��D�ZDIHU�DW�WKH�PRVW�FULWLFDO�SURFHVV�PRGXOH�LV�WUDQVSRUWHG
ILUVW�ZKLOH�WKH�RWKHUV�DW�WKH�OHVV�FULWLFDO�SURFHVV�PRGXOHV�DUH�NHSW
ZDLWLQJ��L�H��GHOD\HG�

,Q�SULQFLSOH��'3��ZLOO� QRW� DIIHFW�)5�� �$�� �´2µ�� LI � HYHU\
SURFHVV� PRGXOH� LV� SURYLGHG� ZLWK� D� GHGLFDWHG� WUDQVSRUWHU�� � ,Q
UHDOLW\�� WKLV� LV� QRW� SRVVLEOH� EHFDXVH� LQFUHDVHG� QXPEHU� RI
WUDQVSRUWHUV� FRPSOLFDWHV�PRGXOH� OD\RXW�� WRRO� IRRWSULQW� DQG� FRVW�
,QYDULDEO\�� WKH�QXPEHU�RI � WUDQVSRUWHUV� DUH� LQVXIILFLHQW�� DQG� WKXV
LW�FDXVHV�WUDQVSRUW�GHOD\V�DQG�DIIHFWV�)5���$�� �´;µ�����)URP�DQ
$[LRPDWLF� 'HVLJQ� SHUVSHFWLYH�� ZDIHU� IORZ� LQ� FOXVWHU� WRRO� DV
GHVFULEHG�DERYH�LV�LQKHUHQWO\�FRXSOHG�

2.2 INCREASED COMPLEXITY AS A CONSEQUENCE OF
"COUPLING"

7KH�URRW�FDXVH�RI �LQFUHDVHG�FRPSOH[LW\�LQ�ZDIHU�IORZ�FRPHV
IURP� WKH� LQFUHDVHG� SDUDOOHO� IORZ� SDWKV� QHFHVVDU\� WR� SURFHVV
ZDIHUV�ZLWK�ORQJ�SURFHVV� WLPH�DW�KLJK� WKURXJKSXW�� �$V�GHVFULEHG
HDUOLHU��ZKHQHYHU� WKH�SURFHVV� WLPH�SL� RI � D� SURFHVV� VWHS� SOXV� WKH

Figure 3. Cascade of wafers
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WUDQVSRUW� WLPHV� WR� DQG� DZD\� IURP� WKDW� VWHS�� WL��� DQG� WL�� LV� ORQJHU
WKDQ� WKH� VHQG� SHULRG�� UHGXQGDQW� PRGXOH� LV� QHHGHG� WR� HIIHFW
SDUDOOHO� SURFHVVLQJ� DW� WKDW� VWHS�� � 7KH� QXPEHU� RI � PRGXOHV� PL
QHHGHG�DW�WKH�LWK�SURFHVV�VWHS�WR�HIIHFW�SDUDOOHO�SURFHVVLQJ�LV�
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ZKHUH�1�LV� WKH�WRWDO�QXPEHU�RI �SURFHVV�VWHSV� LQ� WKH� UHFLSH�� DQG

WKH�V\PERO�,17�x��GHQRWHV�D�IXQFWLRQ�WKDW�URXQGV�D�UHDO�QXPEHU
GRZQ� WR� WKH� QHDUHVW� LQWHJHU�� � 7KLV� LQWHJHU�� ,17�x�� RQ� WKH� ULJKW
KDQG� VLGH�RI �(TXDWLRQ� ����� LV� WKH�QXPEHU�RI � UHGXQGDQW�PRGXOH
QHHGHG�

7KH� FRQVHTXHQFH� RI � DGGLQJ� UHGXQGDQW� PRGXOHV� LV� DQ
LQFUHDVH� LQ� WKH� QXPEHU� RI � SDUDOOHO� IORZ� SDWKV�� � &RQVLGHU� IRU
H[DPSOH� WKH�ZDIHU� IORZ� VKRZQ� LQ� )LJXUH� ��� � )RU� WKRVH� SURFHVV
VWHSV� ZLWK� RQH� UHGXQGDQW� PRGXOH�� VXFFHVVLYH� ZDIHUV� ZLOO� EH

SURFHVVHG�LQ�WKH�VHTXHQFH�RI �������������������������«���ZKLOH�IRU
WKRVH�SURFHVV�VWHSV�ZLWK�WZR�UHGXQGDQW�PRGXOHV��LQ�WKH�VHTXHQFH
RI � ���� ��� ��� ��� ��� ��� ��� ��«��� � ,I � WKH� IORZ� LV� PDLQWDLQHG� LQ� D
SHULRGLF�VWHDG\�VWDWH��WKHQ�WKH��WK�ZDIHU�ZLOO�UHSHDW�WKH�SDWWHUQ�RI
WKH� �VW�ZDIHU�� WKH� �WK� ZDIHU� ZLOO� UHSHDW� WKH� SDWWHUQ� RI � WKH� �QG
ZDIHU��«HWF���,Q�RWKHU�ZRUGV��HYHU\��WK�ZDIHU�ZLOO�WDNH�WKH�VDPH
SDWK�� �� EHLQJ� WKH� OHDVW� FRPPRQ� PXOWLSOH� �/&0�� RI � ���� ��� ���
7KXV�� LQ� D� VWHDG\� SHULRGLF� ZDIHU� IORZ�� WKH� QXPEHU� RI � SDUDOOHO
IORZ� SDWKV� LV� WKH� OHDVW� FRPPRQ� PXOWLSOH� RI � WKH� QXPEHUV� RI
PRGXOHV�IRU�HDFK�SURFHVV�VWHS�

� �NmmmLCMpathsparallelofNo ,...,2,1.  ����������

3DUDOOHO�ZDIHU�IORZ�LQ�WKH�SUHVHQFH�RI �WUDQVSRUW�FRQIOLFWV�ZLOO
GHJHQHUDWH� LQWR�D�FRPSOH[�QHWZRUN�RI � IORZ�� �7KLV� LV� VR�EHFDXVH
WKH� WUDQVSRUW� GHPDQGV� WKDW� ZHUH� GHOD\HG� LQ� WUDQVSRUW� FRQIOLFWV
ZLOO�DOWHU�WKH�SDWWHUQ�RI �LQWHU�DUULYDO�WLPH�RI �VXEVHTXHQW�WUDQVSRUW
GHPDQGV�� � 7KH� DOWHUDWLRQ� PD\� FUHDWH� XQSUHGLFWDEOH� IXWXUH
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Figure 4. Parallel flow paths in a cluster tool

Figure 5. Degeneration of parallel flow into a network of flow
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FRQIOLFWV� WKDW� PD\� OHDG� WR� LQVWDELOLW\� RI � WKH� ZDIHU� IORZ�� � 7KH
GHOD\HG� GHPDQGV� FRXOG� DOVR� VSLOO� RYHU� D� VHQG� SHULRG� RQWR� WKH
QHLJKERULQJ�VHQG�SHULRGV�DQG�EHJLQ�WR�GHVWUR\�WKH�SHULRGLFLW\�RI
WKH�ZDIHU�IORZ���2QFH�WKH�SHULRGLFLW\�LV�ORVW��WKH�LQWHU�DUULYDO�WLPH
RI � WUDQVSRUW� GHPDQGV� EHFRPHV� UDQGRPL]HG�� � 'ULYHQ� E\� WKH
UDQGRP�RFFXUUHQFH�RI �WKH�WUDQVSRUW�GHPDQGV��D�SURFHVVHG�ZDIHU
ZLOO� EH� VHQW� WR� ZKDWHYHU� SURFHVV� PRGXOHV� WKDW� KDSSHQ� WR� EH
DYDLODEOH� DW� WKH� WLPH� ZKHQ� WKH� GHPDQG� LV� PDGH�� � 7KXV�� ZDIHUV
PD\�QRW�JR�WKURXJK�WKH�SDUDOOHO�IORZ�SDWKV�DV�VKRZQ�LQ�)LJXUH���
,QVWHDG�� WKH\� ZLOO� JR� WKURXJK� D� QHWZRUN� RI � XQSUHGLFWDEOH� IORZ
SDWKV�WR�FRPSOHWH�WKH�SURFHVV�VWHSV�DV�LQ�)LJXUH�����7KH�RULJLQDO�
UHODWLYHO\� IHZ�� GHWHUPLQLVWLF� SDUDOOHO� IORZ� SDWKV� DV� VKRZQ� LQ
)LJXUH���ZLOO�� LQ� WKH�SUHVHQFH�RI � WUDQVSRUW� FRQIOLFWV�� GHJHQHUDWH
LQWR� D� FRPSOH[� QHWZRUN� RI � WKRXVDQGV� SRVVLEOH� IORZ� SDWKV� DV� LQ
)LJXUH� ��� � 7KH� ODWHQW� WKURXJKSXW� RI � D� SDUDOOHO� IORZ� FDQ� QRW� EH
DFKLHYHG�ZLWKRXW�FRPSOH[�FRRUGLQDWLRQ�RI �ZDIHU�SURFHVVLQJ�DQG
ZDIHU�WUDQVSRUWLQJ�� �7KH�RQ�ZDIHU�UHVXOW�ZLOO�YDU\�IURP�ZDIHU� WR
ZDIHU�EHFDXVH�WKH�ZDIHUV�H[SHULHQFHG�YDU\LQJ�SURFHVV�KLVWRU\� DV
WKH\� WUDYHO� WKURXJK� WKH�P\ULDG� RI � IORZ� SDWKV�� � ,Q� RWKHU� ZRUGV�
FRPSOH[LW\�RI �ZDIHU�IORZ�LQFUHDVHV�DV�D�FRQVHTXHQFH�RI �FRXSOLQJ
EURXJKW� DERXW� E\� LQVXIILFLHQW� '3�� �$�� � ´;µ�� WR� KDQGOH
WUDQVSRUW� FRQIOLFWV�� � 7R� UHGXFH� WKH� FRPSOH[LW\�� RQH� KDV� WR
HOLPLQDWH� WKH� FRXSOLQJ� WKURXJK� WKH� LGHQWLILFDWLRQ� DQG� UHVROXWLRQ
RI �WKH�WUDQVSRUW�FRQIOLFWV���7KLV�LV�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ�

2.3 SYNCHRONOUS ALGORITHM TO DE-COUPLE
WAFER FLOW

2.3.1 Identifying transport conflicts
*LYHQ�D�UHFLSH��WKH�WLPH�D�WUDQVSRUW�GHPDQG�WDNHV�SODFH�FDQ

EH�GHULYHG�DV� IROORZV�� �0HDVXUH� WLPH� IURP�ZKHQ� D�ZDIHU� OHDYHV
WKH� ORDG�SRUW��VHH�)LJXUH���� �/HW�WKH�WLPH�ZKHQ�WKH�ZDIHU� LQ� WKH
LWK�PRGXOH�LV�UHDG\�IRU�SLFN�XS�EH�7L��L� ������«��1���6LQFH�7L�LV
WKH�DFFXPXODWLRQ�XS�WR�WKH�LWK�PRGXOH�RI �WKH�SURFHVV�WLPH�SM��M� 
�����«��L��DQG�WKH�WUDQVSRUW�WLPH�WN��N ������«��L����WKHQ
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,Q�WKH�DERYH�HTXDWLRQ��TL�LV�DQ�LQWHQWLRQDO�GHOD\��FDOOHG�TXHXH�
ZKRVH�YDOXH� LV� \HW� WR�EH�GHWHUPLQHG�� � %\� VXEVWUDFWLQJ�PXOWLSOHV

RI �VHQG�SHULRG�63�IURP�7L���WKH�UHPDLQGHU�WL�LV�WKH�WLPLQJ�RI �WKH
WUDQVSRUW� GHPDQG� E\� D�ZDIHU� DW� WKH� LWK�PRGXOH�PHDVXUHG� IURP
WKH�EHJLQQLQJ�RI �DQG�ZLWKLQ�D�VHQG�SHULRG��VHH�)LJXUHV���DQG���
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3URYLGHG�WKDW�WKH�SHULRGLFLW\� LV�PDLQWDLQHG�� WKH�YDOXHV�RI �WL
ZLOO� UHSHDW� WKHPVHOYHV� IURP� RQH� SHULRG� WR� WKH� QH[W� SHULRG�
7UDQVSRUW� FRQIOLFW�RFFXUV�ZLWKLQ� D� VHQG� SHULRG�ZKHQHYHU� D� SDLU
RI � WUDQVSRUW� GHPDQGV�� WKH� LWK� DQG� WKH� MWK�� DUH� ZLWKLQ� D� WLPH
LQWHUYDO� VKRUWHU� WKDQ� WKH� WUDQVSRUW� WLPH� RI � WKH� WUDQVSRUWHU�
7KHUHIRUH� WKH� H[LVWHQFH� RI � FRQIOLFWV� FDQ� EH� LGHQWLILHG� E\
FKHFNLQJ�IRU�WKH�IROORZLQJ�LQHTXDOLWLHV�DPRQJ�WKH�1�1������SDLUV
RI ��L��M��WUDQVSRUW�GHPDQGV�

� � Niijgji ,,3,2;1,,2,1; ��  � ��WW

ZKHUH�J�t�WL���L� �����«�1�LV�WKH�WLPH�DOORFDWHG�WR�WKH�WUDQVSRUWHUV
IRU�WUDQVSRUW�EHWZHHQ�SURFHVV�PRGXOHV�

2.3.2 Queuing to resolve transport conflict
6LQFH�WUDQVSRUW�WLPHV�WN�DUH�IL[HG�IRU�D�JLYHQ�FOXVWHU�WRRO��LW�LV

FOHDU� IURP� (TXDWLRQV� ���� DQG� ���� WKDW� WKH� WLPLQJ� RI � WUDQVSRUW

GHPDQG� WL� LV� VROHO\� GHSHQGHQW� RQ� WKH� SURFHVV� WLPHV� SM� DV
SUHVFULEHG�E\�WKH�UHFLSH�� �7KXV� LI �D�UHFLSH� LV�VXFK�WKDW� LW�FUHDWHV
WUDQVSRUW� FRQIOLFWV�� WKH� VROXWLRQ� LV� QHLWKHU� WR� DGG� PRUH
WUDQVSRUWHUV� QRU� WR� GHOD\� VRPH� RI � WKH� FRQIOLFWLQJ� WUDQVSRUW
GHPDQGV���,QVWHDG��WKH�FRQIOLFWV�VKRXOG�EH�UHVROYHG�E\�PRGLI\LQJ
WKH� UHFLSH� XVLQJ� TXHXHV� TL�� L�H��� LQWHQWLRQDO� GHOD\V�� WR� DOWHU� WKH
SURFHVV� WLPHV�� � ,Q� RWKHU� ZRUGV�� GHOD\V�� LQVWHDG� RI � EHLQJ� WKH
RXWFRPHV�RI � WUDQVSRUW� FRQIOLFWV�� DUH� GHOLEHUDWHO\� LQVHUWHG� LQ� WKH
IRUP�RI �TXHXHV�WR�HQVXUH�WKDW�WUDQVSRUW�FRQIOLFWV�GR�QRW�RFFXU�LQ
WKH�ILUVW�SODFH���$GGLQJ�TXHXHV�WR�SURFHVV�WLPHV� LV�HDVLO\�UHDOL]HG
VLQFH� SURFHVV� PRGXOHV� FDQ� EH� FRQYHQLHQWO\� XVHG� DV� WHPSRUDU\
EXIIHUV� IRU� ZDIHU�� � ,Q� WKH� FRQWH[W� RI � $[LRPDWLF� 'HVLJQ�� WKH
TXHXHV� DUH� WKH� ´GH�FRXSOHUVµ� WKDW� HOLPLQDWH� WKH� WUDQVSRUW
FRQIOLFWV��WKH�VRXUFHV�RI �FRXSOLQJ�LQ�ZDIHU�IORZ�

+RZHYHU�� TXHXHV� FDQ� QRW� EH� DGGHG� LQGLVFULPLQDWHO\� WR� DOO
SURFHVV� VWHSV�� 6RPH� SURFHVV� VWHSV� FDQ� QRW� WROHUDWH� GHOD\� LQ
SLFNLQJ�XS�WKH�SURFHVVHG�ZDIHU�VLQFH� LW�PD\� DGYHUVHO\� DIIHFW� WKH
RQ�ZDIHU� UHVXOWV�� � 6XFK� SURFHVV� VWHSV� DUH� LGHQWLILHG� DV� FULWLFDO
SURFHVV�VWHSV���7KH�VWHS�ZKRVH�SURFHVV�WLPH�LV�WKH�ORQJHVW�DPRQJ
DOO�SURFHVV�VWHSV� LQ�WKH�FOXVWHU�WRRO�� NQRZQ�DV� WKH�JDWLQJ� VWHS�� LV
WKH� ERWWOHQHFN� RI � WKH� FOXVWHU� WRRO�� � 3URFHVV� WLPH� DW� WKLV� VWHS
GHWHUPLQHV�WKH�WKURXJKSXW�RI �WKH�FOXVWHU�WRRO���7KH�JDWLQJ�VWHS�LV
DOVR�LGHQWLILHG�DV�FULWLFDO�SURFHVV�VWHS�VLQFH�GHOD\V�LQ�WKLV�VWHS�ZLOO
UHGXFH�WKH�WKURXJKSXW�RI �WKH�FOXVWHU�WRRO�� �([FHVVLYH�GHOD\V�WKDW
FDXVH� WUDQVSRUW� GHPDQGV� WR� VSLOO� RYHU� D� VHQG� SHULRG� RQWR� WKH
QHLJKERULQJ�VHQG�SHULRGV�DQG�WKXV�GHVWUR\�WKH�SHULRGLFLW\�RI �WKH
ZDIHU�IORZ�PXVW�DOVR�EH�DYRLGHG���7KHUHIRUH�WKH�EDVLF�VWDWHJ\�WR
DGG�TXHXHV�IRU�WUDQVSRUW�FRQIOLFW�UHVROXWLRQ� LV� WR� LPSOHPHQW� WKH
IROORZLQJ�VWHSV�

�� 6\QFKURQL]H� DOO� DFWLYLWLHV� WR� WKH� VHQG� SHULRG�� WKH
KHDUWEHDW� RI � WKH� FOXVWHU� WRRO�� � 7KLV� PHDQV� WKDW� DOO
SURFHVV� WLPHV� DQG� WUDQVSRUW� WLPHV� DUH� QRUPDOL]HG�ZLWK
WKH�VHQG�SHULRG�

�� 3URYLGH�VXIILFLHQW�WUDQVSRUWHUV�WR�FRPSOHWH�DOO�WUDQVSRUW
GHPDQGV�ZLWKLQ�RQH�VHQG�SHULRG�

�� ,QVHUW�TXHXHV�DW�WKH�QRQ�FULWLFDO�VWHSV�LQ�VXFK�D�ZD\�WKDW
QR� GHOD\V� RFFXU� DW� WKH� FULWLFDO� VWHSV� DQG� QR� WUDQVSRUW
FRQIOLFWV�RFFXU�

,PSOHPHQWLQJ�6WHS����� HVWDEOLVKHV�SHULRGLFLW\� LQ� WKH� V\VWHP�
7KLV� LV� FHQWDO� WR� V\QFKURQL]LQJ� ZDIHU�SURFHVVLQJ� )5�� WR� ZDIHU
WUDQVSRUWLQJ� )5��� � ,PSOHPHQWLQJ� 6WHS� ���� HQVXUHV� WKDW� QR
WUDQVSRUW�WDVN�VSLOOV�RYHU�WKH�QH[W�VHQG�SHULRG���7KXV��SHULRGLFLW\
FDQ� EH� PDLQWDLQHG�� � ,PSOHPHQWLQJ� 6WHS� ���� HQVXUHV� WKH
SHULRGLFLW\� WKDW� LV� HVWDEOLVKHG�ZLOO�QRW�EH�GHVWUR\HG� E\� WUDQVSRUW
FRQIOLFWV�� �2QFH� WKH�SHULRGLFLW\� LV� HVWDEOLVKHG�DQG�PDLQWDLQHG� LQ
WKH�ZDIHU�IORZ��WKH�SURFHVVLQJ�DQG�WKH�WUDQVSRUWLQJ�RI �ZDIHU�DUH
LQ�V\QFKURQL]DWLRQ���7KH�ZDIHU�IORZ�ZLOO�KDYH�D�IHZ�GHWHUPLQLVWLF
SDUDOOHO� IORZ� SDWKV� WKDW� UHTXLUH� PLQLPDO� FRRUGLQDWLRQ� RI � ZDIHU
SURFHVVLQJ�DQG�ZDIHU�WUDQVSRUWLQJ���6LQFH�WKH�IORZ�LV�SHULRGLF��DOO
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HYHQWV� SODQQHG� RU� XQSODQQHG� WKDW� RFFXU� GXULQJ� D� SHULRG� ZLOO
WHUPLQDWH�DW�WKH�HQG�RI �WKH�SHULRG�� �7KH�IORZ�SURFHVV� LV�UHVHW�DW
WKH�HQG�RI �HYHU\�VHQG�SHULRG�

)ROORZLQJ�6WHS������(TXDWLRQ�����LV�GLYLGHG�LQWR�63�WR�REWDLQ
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7R� LPSOHPHQWLQJ� 6WHS� ����� WKH� QXPEHU� RI � WUDQVSRUWHUV� 0
QHFHVVDU\� WR� DFFRPSOLVK� DOO� WUDQVSRUW� GHPDQGV� ZLWKLQ� RQH� VHQG
SHULRG�LV
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)LQDOO\��WR�IROORZ�6WHS������D�VHW�RI �TXHXHV�TM���M ����«��1��WR
EH� DGGHG� WR� WKH� SURFHVV� WLPH� SM� �� M ����«�1�� LV� VHDUFKHG� IRU� WR
HQVXUH� WKH� IROORZLQJ� LQHTXDOLWLHV� DUH� VDWLVILHG� IRU� DOO� 1�1�����
SDLUV�RI ��L��M��WUDQVSRUW�GHPDQGV�
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VXEMHFW�WR�WKH�FRQVWUDLQW�WKDW�TM�IRU�WKH�FULWLFDO�VWHSV�DUH�]HURV�
1RWH� WKDW� IRU� D� JLYHQ� FOXVWHU� WRRO�� WKH� WUDQVSRUW� WLPH� WM

EHWZHHQ�PRGXOHV�DUH�NQRZQ���7KH�SURFHVV�WLPH�SM�IRU�DOO�PRGXOHV
DUH� DOVR� NQRZQ� IRU� D� SUHVFULEHG� UHFLSH�� � 7KXV� DV� LQGLFDWHG� LQ
(TXDWLRQ� ����� WKH� RQO\� XQNQRZQ� LV� WKH� VHW� RI � TL� WKDW� VDWLVI\
LQHTXDOLWLHV�������:KLOH�WKHUH�DUH�PDQ\�VROXWLRQ�VHWV��WKH�SUHIHUUHG
VHW�LV�WKH�RQH�WKDW�JLYHV�WKH�OHDVW�VXP�RI �TL���,Q�RWKHU�ZRUGV��WKLV
LV�D�FRQVWUDLQW�RSWLPL]DWLRQ�SUREOHP�LQYROYLQJ�WKH�VHDUFK�IRU�WKH
TL��WKDW�VDWLVI\�LQHTXDOLW\�����VXEMHFW� WR�WKH�FRQVWUDLQW�WKDW�T


L� IRU

WKH� FULWLFDO�SURFHVV� VWHSV� DUH� ]HUR�� � 7KH� VROXWLRQ� TL� RQFH� IRXQG
ZRXOG�VDWLVI\�6WHS�����

2.4 AN EXAMPLE

$� SKRWR�UHVLVW� SURFHVVLQJ� V\VWHP� LV� SUHVHQWHG� KHUH� WR
LOOXVWUDWH� WKH� FRQFHSW� DQG� WKH� PHWKRGRORJ\�� � 7DEOH� �� VKRZV� D
V\VWHP� WKDW�SHUIRUPV�HOHYHQ�SURFHVV� VWHSV�� � 7KH� SURFHVV� QDPHV
DQG�WKHLU�SURFHVV�WLPHV�DUH�VKRZQ�LQ�WKH��QG�DQG�WKH��UG�FROXPQ
RI �7DEOH�����7KH�WKURXJKSXW�UHTXLUHPHQW�LV����:3+���7KHUHIRUH
WKH�VHQG�SHULRG�LV��������� ����VHFRQGV���6LQFH�DOO�SURFHVV�WLPHV
H[FHSW� IRU� �(;32685(�� H[FHHGV� WKH� VHQG� SHULRG�� UHGXQGDQW
PRGXOHV� DUH� QHHGHG� WR�PHHW� WKH� WKURXJKSXW� UHTXLUHPHQW�� � 7KH
QXPEHU�RI �PRGXOHV�QHHGHG�LV�FDOFXODWHG�SHU�(TXDWLRQ�����LQ�WKH
�WK�FROXPQ��7KH� OHDVW� FRPPRQ�PXOWLSOH�RI � WKHVH�QXPEHUV� LV���
7KHUHIRUH�� WKHUH� ZLOO� EH� �� SDUDOOHO� IORZ� SDWKV� FDOFXODWHG� SHU
(TXDWLRQ�������7KHVH�SDWKV�DUH�VKRZQ�LQ�)LJXUH���

7UDQVSRUW� WLPHV� EHWZHHQ�PRGXOHV�� HTXDO� WR� �� VHFRQGV�� DUH
DVVXPHG�WR�EH�WKH�VDPH�IRU� DOO� WUDQVSRUWHUV��:LWK� D� VHQG�SHULRG
RI � ��� VHFRQGV�� D� WUDQVSRUW� WLPH� RI � �� VHFRQGV� DQG� ��� SURFHVV
VWHSV�� WKH�QXPEHU�RI �WUDQVSRUWHUV�QHHGHG� LV�DW� OHDVW��� FDOFXODWHG
SHU�(TXDWLRQ�������7KHVH�DUH�WKH�&(6��WKH�0$,1�DQG�WKH�6735
VKRZQ� LQ� WKH� �WK� FROXPQ�� � 7KH� SURFHVV�PRGXOHV� DUH� RUJDQL]HG
DURXQG�WKH�WUDQVSRUWHUV�DV�VKRZQ�LQ�)LJXUH���DQG�LQGLFDWHG�LQ�WKH
�QG�DQG�WKH��WK�FROXPQ��7KH�FDVVHWWH��WKH�YDSRU�SULPH��WKH�FKLOO�
WKH� KDUG� EDNH� DQG� WKH� FKLOO� PRGXOH� DUH� RUJDQL]HG� DURXQG� WKH
&(6�� WKH� FKLOO�� WKH� UHVLVW� FRDW�� WKH� VRIW� EDNH�� WKH� SRVW� H[SRVXUH
EDNH�� WKH� FKLOO�� WKH� GHYHORSHU� DQG� WKH� KDUG� EDNH� PRGXOHV� DUH
RUJDQL]HG� DURXQG� WKH� 0$,1�� WKH� VRIW� EDNH�� WKH� FKLOO�� WKH
OLWKRJUDSKLF� H[SRVXUH� DQG� WKH� SRVW� H[SRVXUH� EDNH� PRGXOHV� DUH
RUJDQL]HG�DURXQG�WKH�6735�

&RXQWLQJ� WLPH� IURP� ZKHQ� D� ZDIHU� OHDYHV� WKH� FDVVHWWH�
FROXPQ��� VKRZV� WKH� WLPH�ZKHQ� WKH� LWK� SURFHVV� VWHS� GHPDQGV� D
ZDIHU� WUDQVSRUW�� � 7KH� WLPLQJ� RI � WKLV� WUDQVSRUW� GHPDQG� LV
FDOFXODWHG�SHU�(TXDWLRQ�����ZLWK�TXHXH�TM�VHW�WR�]HUR���,Q�FROXPQ
��� WKLV� WLPLQJ� LV� WUDQVODWHG� LQWR� WKH� RQH� UHIHUHQFHG� WR� WKH
EHJLQQLQJ� RI � D� VHQG� SHULRG�� DQG� LV� QRUPDOL]HG� ZLWK� WKH� VHQG
SHULRG�XVLQJ�(TXDWLRQ������ � 6LQFH� WKH�QRUPDOL]HG� WUDQVSRUW� WLPH
LV������ � ������� LI � WKH� GLIIHUHQFH� LQ� WLPLQJ� RI � DQ\� SDLU� RI � WKH
WUDQVSRUW�GHPDQG�LQ�WKH��WK�FROXPQ�LV�OHVV�WKDQ��������WKHUH�ZLOO
EH�D�WUDQVSRUW� FRQIOLFW�� �7KH��WK�FROXPQ�VKRZV�ZKHUH� DQG�KRZ

Table 2. Single-wafer photoresist pro cessing

Throughput = 90 WPH Sending Period,SP = 40 sec Transport Time  = 7 sec Normalized Transport Time  = 0.175

              Process Robot Used Pickup Time Per Recipe Conflictq max q* Pickup Time As Queued

Step Module Time, p i # of Unit In Picking Ti T i /SP W i / SP Pair Allowed Solved T i T i /SP W i / SP

0 CASSETTE 0 CES 0.00 0.000 0.000 1 24.000 0.000 0.00 0.000 0.000

1st VAPOR PRIME 55 2 CES 62.00 1.550 0.550 24.000 9.860 71.86 1.796 0.796

2nd CHILL 50 2 MAIN 119.00 2.975 0.975 24.000 12.100 140.96 3.524 0.524

3rd RESIST COAT 55 2 MAIN 181.00 4.525 0.525 3 0.000 0.000 202.96 5.074 0.074

4th SOFT BAKE 60 2 STPR 248.00 6.200 0.200 4 0.000 0.000 269.96 6.749 0.749

5th CHILL 45 2 STPR 300.00 7.500 0.500 24.000 13.640 335.60 8.390 0.390

6th EXPOSURE 24 1 STPR 331.00 8.275 0.275 4 0.000 0.000 366.60 9.165 0.165

7th POST EXP BAKE 80 3 MAIN 418.00 10.450 0.450 2, 3 0.000 0.000 453.60 11.340 0.340

8th CHILL 45 2 MAIN 470.00 11.750 0.750 24.000 10.120 515.72 12.893 0.893

9th DEVELOP 95 3 MAIN 572.00 14.300 0.300 2 12.000 10.860 628.58 15.714 0.714

10th HARD BAKE 50 2 CES 629.00 15.725 0.725 12.000 5.620 691.20 17.280 0.280

11th CHILL 40 2 CES 676.00 16.900 0.900 1 24.000 0.280 738.48 18.462 0.462

0 CASSETTE 0

Number of  parallel paths = 6



$�6<1&+521286�$/*25,7+0�72�5('8&(�&203/(;,7<�,1�:$)(5�)/2:
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ��

PDQ\�WKHVH�FRQIOLFWV�DUH���7KHUH�LV�D�WRWDO�RI ���WUDQVSRUW�FRQIOLFWV
LQ�WKLV�H[DPSOH�� � ,I � WKHVH� FRQIOLFWV� DUH�QRW� UHVROYHG�� WKH�SDUDOOHO
IORZ�LQ�)LJXUH���ZLOO�GHJHQHUDWH�HYHQWXDOO\�WR�D�QHWZRUN�RI �IORZ
DV�LQ�)LJXUH���

*HQHWLF� $OJRULWKP�� DQ� RSWLPL]DWLRQ� DOJRULWKP�� LV� XVHG� WR
VROYH�IRU�WKH�OHDVW�VXP�RI �TXHXH�TL�WKDW�ZLOO�UHVROYH�WKH�WUDQVSRUW
FRQIOLFWV�SHU�(TXDWLRQ������ �7KH�PD[LPXP�DOORZDEOH�TXHXHV� IRU
HDFK� SURFHVV� VWHS� DUH� VKRZQ� LQ� WKH� ��WK� FROXPQ�� � 7KRVH� VWHSV
ZLWK� ]HUR� VHFRQGV� DUH� WKH� FULWLFDO� SURFHVV� VWHSV�� WKRVH� ZLWK� ��
VHFRQGV� DUH� WKH� VRPHZKDW� FULWLFDO� VWHSV�� DQG� WKRVH� ZLWK� ��
VHFRQGV� DUH� WKH� QRQ�FULWLFDO� VWHSV�� � 7KH�*HQHWLF�$OJRULWKP�ZLOO
VHDUFK� IRU� WKH� OHDVW� VXP� RI � TXHXH� TL� ZLWKLQ� WKHVH� PD[LPXP
DOORZDEOH� YDOXHV�� � 7KH� VROXWLRQ� LV� VKRZQ� LQ� WKH� ��WK� FROXPQ�
:KHQ�WKLV�VROXWLRQ�VHW�LV�DGGHG�WR�WKH�UHVSHFWLYH�SURFHVV�WLPHV�LQ
WKH� �UG� FROXPQ� DV� SUHVFULEHG� E\� WKH� UHFLSH�� WKH� WUDQVSRUW
FRQIOLFWV�DUH�UHVROYHG���1RQH�RI �WKH�SRVVLEOH�FRPELQDWRULDO�SDLUV

RI �WM��63�VKRZQ�LQ�WKH���WK�FROXPQ�KDYH� D�GLIIHUHQFH� LQ� WLPLQJ
OHVV�WKDQ�������
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Figure 6. Assignment of modules to transporters
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