
7+(�)281'$7,216�2)�,17(//,*(17�352&(66

&21752/�)25�,1-(&7,21�02/',1*

VXEPLWWHG�IRU�SXEOLFDWLRQ�LQ�WKH�SUHPLHU�LVVXH�RI

7+(�-2851$/�2)�,1-(&7,21�02/',1*�7(&+12/2*<

$XWKRUHG�E\�

'DYLG�.D]PHU

(QJLQHHULQJ�/DERUDWRU\�%XLOGLQJ
8QLYHUVLW\�RI�0DVVDFKXVHWWV�$PKHUVW

$PKHUVW��0$�������86$

DQG

-RKQ�5RZODQG
*DO�6KHUEHOLV

0ROGIORZ�3W\��/WG�
��������&ROFKHVWHU�5RDG

.LOV\WK��9LFWRULD����� $8675$/,$



)RXQGDWLRQV�RI�,QWHOOLJHQW�3URFHVV�&RQWURO -RXUQDO�RI�,QMHFWLRQ�0ROGLQJ�7HFKQRORJ\

��RI���

ABSTRACT

0RGHUQ� LQMHFWLRQ� PROGLQJ� PDFKLQHV� XWLOL]H� VRSKLVWLFDWHG� V\VWHPV� IRU� FRQWURO� RI� PDFKLQH

SDUDPHWHUV� DQG� SODVWLF� SURFHVV� YDULDEOHV�� 7KH� UHODWLRQVKLSV� EHWZHHQ� WKHVH� YDULDEOHV� DQG� VHOHFWHG

DVSHFWV�RI�PROGHG�SDUW�TXDOLW\�KDV�EHHQ�ZLGHO\�VWXGLHG��:KLOH�WKHVH�DSSURDFKHV�KDYH�SURGXFHG�VRPH

LQWHUHVWLQJ� FRUUHODWLRQV� UHJDUGLQJ�PROGHG�SDUW� TXDOLW\�� WKH\� FDQ�QRW� JHQHUDOO\� RU� UHOLDEO\� JXDUDQWHH

VDWLVIDFWRU\� SDUWV� ZLWKRXW� WLPH� FRQVXPLQJ� DQG� XQHFRQRPLFDO� DSSOLFDWLRQ�VSHFLILF� UHVHDUFK�� 7KH

V\VWHP�GHVFULEHG�LQ�WKLV�SDSHU�KDV�EHHQ�FRPPHUFLDOO\� LPSOHPHQWHG�EXW�QRW�ZLGHO\�XQGHUVWRRG�>�@�

7KLV� V\VWHP� LV� FRPSRVHG�RI�� ��� DQ� LQLWLDO� LQSXW� XWLOL]LQJ� IORZ� VLPXODWLRQ� IRU� SURGXFW� DQG� SURFHVV

RSWLPL]DWLRQ�� ��� DQ� H[SHUW� V\VWHP� GHYHORSHG� IRU� GHIHFW� HOLPLQDWLRQ� RQ� WKH� SURGXFWLRQ� IORRU�� ��� D

GHVLJQ�RI� H[SHULPHQWV� DSSURDFK� WR� YHULI\� SURFHVV� VWDELOLW\� DQG�PRGHO� WKH� TXDOLW\� G\QDPLFV�ZKLFK

SURYLGHV� LQIRUPDWLRQ�WR����D�FRQWLQXRXV�DQG�DXWRPDWLF�SURGXFWLRQ�TXDOLW\�PRQLWRU�DQG�FRQWUROOHU�

7KLV� SDSHU� GLVFXVVHV� WKH� GHVLJQ� IRXQGDWLRQV�� LPSOHPHQWDWLRQ�� DQG� EHQHILWV� RI� WKLV� RQ�OLQH� TXDOLW\

PRQLWRULQJ�V\VWHP�
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INTRODUCTION

,QMHFWLRQ� PROGLQJ� RI� WKHUPRSODVWLFV� LV� LQFUHDVLQJO\� UHJDUGHG� DV� WKH� SUHIHUUHG� PHWKRG� IRU

GHOLYHULQJ�KLJK�TXDOLW\�� YDOXH� DGGHG� FRPPHUFLDO� SDUWV� WR� WKH�PDUNHWSODFH��7KLV� SURFHVV� DOORZV� IRU

KLJK� YROXPH� SURGXFWLRQ� RI� FRPSOH[� WKUHH�GLPHQVLRQDO� SDUWV�� EXW� LV� SODJXHG� E\� FRPSOH[� SURFHVV

G\QDPLFV� DQG�PDWHULDO� SURSHUWLHV��ZKLFK�PDNH� LW� GLIILFXOW� WR� XQGHUVWDQG�� SUHGLFW�� DQG� FRQWURO� WKH

PROGHG�SDUW�TXDOLW\��7KH�PROGHG�SDUW�TXDOLW\�KDV�EHHQ�WUDGLWLRQDOO\�HQVXUHG�E\�VHWWLQJ�XS�WKH�FORVHG�

ORRS� FRQWUROV� RI� VRPH� LPSRUWDQW� SURFHVV�PDFKLQH� YDULDEOHV� VXFK� DV� EDUUHO� KHDWHU� WHPSHUDWXUHV�

LQMHFWLRQ�YHORFLW\�SURILOH�DQG�SDFNLQJ�SUHVVXUH�SURILOH��7KH�FRUUHODWLRQ�RI�WKHVH�SURFHVV�FRQGLWLRQV�WR

WKH�PROGHG�SDUW·V�ILQDO�TXDOLW\�KDV�EHHQ�ZLGHO\�VWXGLHG�ERWK�H[SHULPHQWDOO\�DQG�WKHRUHWLFDOO\��7KHVH

VWXGLHV�KDYH�HQKDQFHG�WKH�SK\VLFDO�XQGHUVWDQGLQJ�RI�WKH�LQMHFWLRQ�PROGLQJ�SURFHVV��+RZHYHU��WKH\

RQO\� UHODWH� WKH� SURFHVV� FRQGLWLRQV� WR� D� IHZ�PROGHG� SDUW� TXDOLWLHV� IRU� WKH� H[DPLQHG� DSSOLFDWLRQ·V

VSHFLILF�PROG�JHRPHWU\��PDWHULDO�SURSHUWLHV��DQG�PDFKLQH�G\QDPLFV�

)XQGDPHQWDOO\�� WKH� GLIILFXOWLHV� DVVRFLDWHG� ZLWK� LQMHFWLRQ� PROGLQJ� DULVH� IURP� WKH� ODFN� RI

VLPSOH�DQG�FRQVLVWHQW�UHODWLRQVKLSV�EHWZHHQ�WKH�PDFKLQH�LQSXWV��SDUW�JHRPHWU\��PDWHULDO�SURSHUWLHV�

DQG�PROGHG�SDUW�TXDOLW\�� �,Q�SURGXFW�DQG�WRRO�GHVLJQ��K\EULG�ILQLWH�HOHPHQW�GLIIHUHQFH�VLPXODWLRQV

FDQ�DLG�WKH�GHVLJQ�HQJLQHHU�>�@��,Q�WXQLQJ�DQG�UHJXODWLRQ�RI�LQMHFWLRQ�PROGLQJ��KRZHYHU��QR�PHWKRG

KDV�KDG�VLPLODU�VXFFHVV�LQ�DLGLQJ�WKH�SURFHVV�HQJLQHHU���6HWWLQJ�DQG�FRQWURO�RI�WKH�LQMHFWLRQ�PROGLQJ

SURFHVV� LV�XQLTXH� LQ� WKDW�TXDOLW\� LV�PXOWL�GLPHQVLRQDO�DQG�GLVFUHWH� �QRW� FRQWLQXRXV��� WKH�SURFHVV� LV

VWRFKDVWLF��QRW�GHWHUPLQLVWLF���DQG�WKDW�TXDOLW\�GDWD�LV�ERWK�QRQ�XQLIRUP�DQG�VSDUVH��7KH�REMHFWLYH�RI

WKLV�UHVHDUFK�LV�WR�ILOO�WKLV�JDS�E\�LQWURGXFLQJ�DQ�HIILFLHQW�PHWKRG�RI�LQWHOOLJHQW�SURFHVV�FRQWURO�IRU

WKH�LQMHFWLRQ�PROGLQJ�SURFHVV�
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RELATED APPROACHES

4XDOLW\� FRQWURO� IRU� LQMHFWLRQ� PROGLQJ� LV� LQKHUHQWO\� D� WZR�VWDJH� SURFHVV�� � 7KH� ILUVW� VWDJH

FRQVLVWV� RI� SURFHVV� WXQLQJ�� LQ� ZKLFK� DFFHSWDEOH� SURFHVV� G\QDPLFV� DQG� PROGHG� SDUW� TXDOLW\� DUH

DFKLHYHG�� �7KH� VHFRQG� VWDJH�FRQVLVWV�RI� VRPH� IRUP�RI�FRQWLQXRXV�TXDOLW\�PRQLWRULQJ� DQG� FRQWURO

GXULQJ�SURGXFWLRQ���)RU�HDFK�VWDJH��VHYHUDO�IXQGDPHQWDOO\�GLIIHUHQW�DSSURDFKHV�KDYH�EHHQ�SURSRVHG

IRU�ORFDWLQJ�DQG�RU�HQVXULQJ�PROGHG�SDUW�TXDOLW\�

Process Tuning

7KH�WUDGLWLRQDO�DSSURDFK�WR�PDFKLQH�LQSXW�VHOHFWLRQ��WXQLQJ��LQ�WKH�SODVWLFV�LQGXVWU\�KDV�EHHQ

EDVHG� RQ� ´WULDO� DQG� HUURUµ�� � )RU� WKLV�� VKRWV� DUH� XVXDOO\� WDNHQ� GXULQJ� VWDUW�XS�� DQG� SDUW� TXDOLW\

DWWULEXWHV�DUH�PHDVXUHG�DIWHU�HDFK�VKRW�WR�HYDOXDWH�WKH�TXDOLW\�RI�SURGXFHG�SDUWV��$�KXPDQ�H[SHUW

WKHQ�XVHV�WKHLU�NQRZOHGJH�RI�WKH�SURFHVV�WR�VHOHFW�WKH�PDFKLQH�LQSXWV�LQ�VXFK�D�ZD\�DV�WR�LPSURYH

WKH�TXDOLW\�RI�WKH�SDUW�IURP�VKRW�WR�VKRW��7KLV�WXQLQJ�H[HUFLVH�LV�UHSHDWHG�XQWLO�WKH�VSHFLILFDWLRQV�IRU

SDUW�TXDOLW\�DUH�VDWLVILHG��7KH�PDLQ�GUDZEDFN�RI� WKH� WUDGLWLRQDO� WXQLQJ�DSSURDFK� LV� LWV� LQHIILFLHQF\�

ZKLFK� DULVHV� IURP� LWV� ´DG� KRFµ� QDWXUH��+XPDQV� XVXDOO\� XVH� OLQHDU� UHODWLRQVKLSV� WR� UHODWH�PDFKLQH

LQSXWV�WR�TXDOLW\�DWWULEXWHV��WKHUHIRUH��WKH\�RIWHQ�KDYH�GLIILFXOW\�DGMXVWLQJ�WKH�LQSXWV�RYHU�ODUJH�UDQJHV

>�@�� )XUWKHUPRUH�� WKH\� WHQG� WR� WUHDW� WKH� YDULRXV� DWWULEXWHV� DV� LQGHSHQGHQW�� DQG� VR� LJQRUH� WKH

FRXSOLQJV�DPRQJ�WKH�DWWULEXWHV��7KH�FRPSOH[LW\�RI�WKH�PROGLQJ�SURFHVV��DQG�WKH�DGGHG�GLIILFXOW\�RI

FRSLQJ�ZLWK�QRLVH��RIWHQ�OHDG�WR�WLPH�FRQVXPLQJ�WXQLQJ�VHVVLRQV�DQG�FRQVLGHUDEOH�ZDVWH�

$Q�DOWHUQDWLYH�WR�WKH�WUDGLWLRQDO�WULDO�DQG�HUURU�DSSURDFK�KDV�EHHQ�WKH�XVH�RI�H[SHUW�V\VWHPV�

7KHVH� H[SHUW� V\VWHPV�� ZKLFK� KDYH� DWWUDFWHG� FRQVLGHUDEOH� DWWHQWLRQ� LQ� UHFHQW� \HDUV�� UHSUHVHQW

FRUUHFWLYH�JXLGHOLQHV�LQ�WKH�IRUP�RI�´LI�WKHQµ�UXOHV�>�������@��VR�WKH\�KDYH�WKH�DSSHDO�RI�UHSODFLQJ�WKH

KXPDQ� H[SHUW� LQ� SURYLGLQJ� WURXEOH�VKRRWLQJ� NQRZOHGJH�� +RZHYHU�� H[SHUW� V\VWHPV� KDYH� WKH

OLPLWDWLRQV�RI�EHLQJ�QRQ�TXDQWLWDWLYH�� DQG�XQDEOH� WR� FRSH�ZLWK�TXDOLW\� LVVXHV�QRW� DGGUHVVHG� LQ� WKH
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UXOH�EDVH��2QJRLQJ�UHVHDUFK�>�@�LV�GHYHORSLQJ�VSHFLDO�OHDUQLQJ�FDSDELOLW\�WR�XSJUDGH�SHUIRUPDQFH

GXULQJ�XVDJH�E\�FKDQJLQJ�FHUWDLQW\�IDFWRUV�DQG��WKHUHIRUH��DGMXVWLQJ�DQ�RUGHU�RI�D�SULRULW\�OLVW�RI

UHFRPPHQGHG�IDXOW�UHPRYLQJ�UHPHGLHV�

$� PRUH� PHWKRGLFDO� DSSURDFK� WR� WXQLQJ� LV� SURYLGHG� E\� 7DJXFKL� DQDO\VLV� DQG� 'HVLJQ� RI

([SHULPHQWV��'2(��>����@�ZKHUH�DQ�HPSLULFDO�PRGHO�LV�IRUPHG�EDVHG�RQ�GDWD�REWDLQHG�IURP�D�VHW�RI

GHVLJQHG� H[SHULPHQWV�� � %DVHG� RQ� WKLV� PRGHO�� WKH� REMHFWLYH� IXQFWLRQ� RI� DQ� XQFRQVWUDLQHG

RSWLPL]DWLRQ�SUREOHP� LV�GHILQHG� LQ� WHUPV� �RI� WKH�SDUW�TXDOLW\�DWWULEXWHV��DQG� WKH�VHW�RI� LQSXWV� WKDW

SURGXFH�WKH�EHVW�TXDOLW\�DWWULEXWHV�DUH�REWDLQHG�DV�WKH�´RSWLPDOµ�SRLQW�RI�WKLV�RSWLPL]DWLRQ�SUREOHP�

:KLOH�'2(�EDVHG�PHWKRGV�RIIHU�D�PHWKRGLFDO�DSSURDFK�WR�WXQLQJ�WKDW�FDQ�DOVR�EH�XVHG�IRU�PROG

TXDOLILFDWLRQ�>����������������������@��WKH\�KDYH�RQO\�EHHQ�SUDFWLFDO�IRU�ODUJH�VFDOH�LQMHFWLRQ�PROGLQJ

DSSOLFDWLRQV�ZKHUH�WKH�KLJK�FRVW�DVVRFLDWHG�ZLWK�FRQVWUXFWLQJ�D�FRPSUHKHQVLYH�HPSLULFDO�PRGHO�FDQ

EH�MXVWLILHG�

Continuous Quality Control

0DQ\� IRUPV� RI� FRQWLQXRXV� TXDOLW\� FRQWURO� KDYH� EHHQ� LPSOHPHQWHG� FRPPHUFLDOO\�� � 0RVW

FRPPRQ�DUH�VLPSO\�VWDWLVWLFDO�SURFHVV�FRQWURO��63&��WHFKQLTXHV�RI�FULWLFDO�SURFHVV�YDULDEOHV��VXFK�DV

DYHUDJH� PHOW� WHPSHUDWXUH�� PD[LPXP� LQMHFWLRQ� VWURNH�� SHDN� LQMHFWLRQ� SUHVVXUH�� HWF�� :LWK� 63&�

SURFHVV� VSHFLILFDWLRQ� OLPLWV� DUH� GHILQHG� ZKLFK� DUH� NQRZQ� WR� SURGXFH� DFFHSWDEOH� PROGHG� SDUWV�

6LJQLILFDQW�SURFHVV�GLVWXUEDQFHV�VKRXOG�DSSHDU�DV�UDQGRP�YDULDWLRQ�RU�WUHQGV��SHUPLWWLQJ�WKH�PROGHG

SDUWV�WR�EH�LGHQWLILHG�DV�GHIHFWLYH���,QLWLDOO\�GHYHORSHG�E\�6KHZKDUW�LQ�WKH�����V�IRU�TXDOLW\�DVVXUDQFH

RI� FRPPXQLFDWLRQ� HTXLSPHQW� XVLQJ� VWDWLVWLFDO� VDPSOLQJ� DQG� DQDO\VLV� WHFKQLTXHV� >���� ��@�� VXFK

V\VWHPV�KDYH�RQO\�UHFHQWO\�EHHQ�LQWHUQDOL]HG�ZLWKLQ�PDQ\�PROGLQJ�PDFKLQHV�

7KHUH�KDYH�EHHQ�PDQ\�UHODWHG�WHFKQRORJLHV�ZKLFK�PLUURU�WKH�63&�DUFKLWHFWXUH��)RU�LQVWDQFH�

TXDOLW\� FRQWUROOHUV�KDYH�EHHQ�SURSRVHG� WR�XWLOL]H�SURFHVV�GDWD� IRU� FDYLW\�SUHVVXUH� >�����@�� LQIUDUHG
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PHOW�WHPSHUDWXUH�>��@��K\GUDXOLF�SUHVVXUH�UDWLRV�>��@��RU�D�KRVW�RI�RWKHU�VLJQDOV�>������@���$OO�RI�WKHVH

V\VWHPV� IXQGDPHQWDOO\� UHO\� XSRQ� WKH� XVH� RI� VWDWLVWLFDO� SURFHVV� FRQWURO� WR� H[WUDSRODWH�PROGHG� SDUW

TXDOLW\�IURP�WKH�PHDVXUHG�SURFHVV�VLJQDOV��H�J��DVVHVVLQJ�SDUW�GLPHQVLRQV�IURP�PHDVXUHG�ZHLJKW�RU

REVHUYHG�FDYLW\�SUHVVXUH�

7KHUH� DUH� WZR� VLJQLILFDQW�GLIILFXOWLHV�ZLWK�63&�DSSURDFKHV�� �)LUVW�� WKH� FRUUHODWLRQ� EHWZHHQ

WKH�PHDVXUHG�SURFHVV�VLJQDOV�DQG�VSHFLILF�DWWULEXWHV�RI�PROGHG�SDUW�TXDOLW\�DUH�QRW�NQRZQ�SUHFLVHO\�

,Q�IDFW��WKHUH�LV�QR�JXDUDQWHH�WKDW�WKH�VHOHFWHG�SURFHVV�VLJQDOV�ZLOO�HYHQ�KDYH�D�VLJQLILFDQW�FRUUHODWLRQ�

)RU�LQVWDQFH��SHDN�FDYLW\�SUHVVXUH�PD\�KDYH�D�YHU\�SRRU�FRUUHODWLRQ�WR�SDUW�JORVV�IRU�PDQ\�PROGLQJ

DSSOLFDWLRQV���7KH�VHFRQG�PDMRU�GLIILFXOW\�LV�WKH�HIIHFW�RI�H[WHUQDO�SURFHVV�GLVWXUEDQFHV�RQ�WKH�TXDOLW\

V\VWHP�� � ,Q� VXFK� LQVWDQFHV�� WKHVH� GLVWXUEDQFHV� PD\� UHVXOW� LQ� SHUWXUEDWLRQV� LQ� WKH� SURFHVV� VLJQDOV

ZKLFK�VKRXOG�QRW�EH�FRUUHFWHG�XVLQJ�WKH�HPEHGGHG�63&�UXOHV���7KHVH�GLIILFXOWLHV�KDYH�SUHYHQWHG�WKH

FRPPHUFLDO�VXFFHVV�RI�63&�V\VWHPV�LQ�HQVXULQJ�PROGHG�SDUW�TXDOLW\�GXULQJ�SURGXFWLRQ�

'LIIHUHQW�KDYH�SURSRVHG�XWLOL]LQJ�DUWLILFLDO�QHXUDO�QHWZRUNV�>������@�DQG�IX]]\�ORJLF�>������@

IRU�TXDOLW\�FRQWURO��:KLOH�WKHVH�DSSURDFKHV�DUH�IXQGDPHQWDOO\�GLIIHUHQW��ERWK�UHO\�XSRQ�GHYHORSLQJ�D

UHOHYDQW�TXDOLW\�PRGHO�IRU� WKH�VSHFLILF�DSSOLFDWLRQ��2QFH�D�QHXUDO�QHWZRUN�KDV�EHHQ� WUDLQHG�RU�D

IX]]\� PRGHO� GHYHORSHG�� WKH� TXDOLW\� FKDUDFWHULVWLFV� RI� WKH� PROGHG� SURGXFW� DUH� W\SLFDOO\

IRUHFDVWHG� IURP� WKH�PHDVXUHG�SURFHVV�GDWD� LQ�GXULQJ� SURGXFWLRQ�� 7KH� LQSXW� WR� WKHVH�PRGHOV

XVXDOO\� FRUUHVSRQGV� WR� WKH�SURFHVV�SDUDPHWHUV� DQG� WKH� RXWSXWV� WR� WKH� TXDOLW\� FKDUDFWHULVWLFV�

%RWK�QHXUDO�QHWZRUNV�DQG�IX]]\�PRGHOV�FDQ�SURYLGH�YDOXHV�IRU�WKH�TXDOLW\�FKDUDFWHULVWLFV�UDWKHU

WKDQ�VLPSOH�JRRG�RU�EDG�

7KH�FUHDWLRQ�RI�WKH�LQWHUQDO�IRUHFDVWLQJ�PRGHO�FDQ�EH�SHUIRUPHG�HLWKHU�RQ�WKH�EDVLV�RI�D

WHVW�SODQ�RU�KLVWRULFDO�SURFHVV�REVHUYDWLRQ�� � ,Q�HLWKHU� FDVH�� WKH� IRUHFDVWLQJ�PRGHO� LV�YDOLG�RQO\

ZLWKLQ�WKH�WHVWHG�UHJLPH�RI�WKH�SURFHVV����$V�VXFK��WKH�PRGHOV�FDQ�EH�H[WUHPHO\�LQDFFXUDWH�LQ�WKH

SUHVHQFH�RI�H[WHUQDO�YDULDWLRQ�RU�RWKHU�SURFHVV�FKDQJHV�
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OBJECTIVES OF INTELLIGENT PROCESS CONTROL

7KH� YLVLRQ� RI� LQWHOOLJHQW� SURFHVV� FRQWURO� IRU� LQMHFWLRQ� PROGLQJ� LV� WR� HQDEOH� DFFHOHUDWHG

SURGXFWLRQ�RI�KLJKHU�TXDOLW\�PROGHG�SURGXFWV�DW� ORZHU�WRWDO�FRVW�� L�H��´IDVWHU��EHWWHU��FKHDSHU�µ� �$V

VXFK�� WKHUH� DUH� VHYHUDO� REMHFWLYHV� ZKLFK�� LI�PHW�� ZLOO� HQDEOH� WKH� IXOILOOPHQW� RI� WKLV� YLVLRQ�� � 7KHVH

REMHFWLYHV�PD\�EH�JURXSHG�LQWR�WZR�EURDG�FDWHJRULHV�����DWWDLQPHQW�RI�DFFHSWDEOH�PROGHG�SDUWV��DQG

���LPSURYHG�SURGXFWLRQ�RI�PROGHG�SDUWV�

$Q�RSHUDWLRQV�PDQDJHU�RI�D�ZHOO�NQRZQ�DSSOLDQFH�PDQXIDFWXUHU�UHFHQWO\�WHVWLILHG�WKDW�WKHLU

FRPSDQ\·V�SURGXFW�GHYHORSPHQW�SURFHVV�LV�FDSDEOH�RI�EHLQJ�FRPSUHVVHG�IURP�WZHQW\�IRXU�PRQWKV

WR� WZHOYH�� � +RZHYHU�� WKH� PROG� FRPPLVVLRQLQJ� DQG� PDQXIDFWXULQJ� VWDUW�XS� UHTXLUHV� DQRWKHU� VL[

PRQWKV��ZLWK�IXUWKHU�UHGXFWLRQV�TXLWH�GLIILFXOW� >��@�� �7R�DGGUHVV�WKLV�QHHG�� WKH�GHVFULEHG�DSSURDFK

IDFLOLWDWHV� DVVHVVPHQW� RI� PROGHG� SDUW� TXDOLW\� SULRU� WR� WRROLQJ� DQG� PROGLQJ� WULDOV�� � 7KLV� HQDEOHV

RSWLPL]DWLRQ�RI� WKH�SURGXFW� FRQFHSW� DQG�PROG� JHRPHWU\� WR� UHGXFH� WKH� GLIILFXOW\� RI�PDQXIDFWXUH�

$IWHU�PROG�GHVLJQV�KDYH�EHHQ�DSSURYHG�DQG�EXLOW�� WKLV� VDPH�DQDO\VLV� V\VWHP�SURYLGHV�JXLGDQFH� WR

WKH�PROGLQJ�RSHUDWLRQ�WR�UHGXFH�PROG�FRPPLVVLRQLQJ�WLPHV���7KLV�LQIRUPDWLRQ�PD\�LQFOXGH�PROGLQJ

VHW�SRLQWV�DQG�SURILOHV�LQ�PDFKLQH�UHDGDEOH�IRUPDW�DV�ZHOO�DV�TXDOLW\�PRGHOV�IRU�TXLFNO\�HOLPLQDWLQJ

GHIHFWV�� � 7KH� GHVFULEHG� DSSURDFK� VKRXOG� WKHQ� DXWRPDWLFDOO\� DQG� HIILFLHQWO\� DGMXVW� WKH� PDFKLQH

VHWWLQJV�WR�SURGXFH�DFFHSWDEOH�PROGLQJV���7KLV�LV�PDGH�IHDVLEOH�JLYHQ�UHDVRQDEOH�PROG�GHVLJQV�DQG

DGYDQFHG�SURFHVV�NQRZOHGJH�DV�LQSXWV���,I�VXFFHVVIXO��WKLV�REMHFWLYH�ZLOO�UHVXOW�LQ�WKH�SURGXFWLRQ�RI

RQH�DFFHSWDEOH�PROGHG�SDUW�ZLWK�UHGXFHG�SURGXFW�GHYHORSPHQW�WLPH�DQG�FRVW�

7KH�VHFRQG�REMHFWLYH�RI�LQWHOOLJHQW�SURFHVV�FRQWURO��LPSURYHG�SURGXFWLRQ�RI�PROGHG�SDUWV��LV

WR� WKHQ� FRQWLQXRXVO\� PDQXIDFWXUH� KLJK� TXDOLW\� PROGHG� SDUWV� DW� PLQLPDO� FRVW�� � 7R� DFKLHYH� WKLV

REMHFWLYH�� WKH�GHVFULEHG�DSSURDFK�ZLOO� LQYHVWLJDWH� WKH�SURFHVV� VSDFH�DURXQG� WKH� VHW�SRLQW� WR�YHULI\

WKH�SURFHVV�VWDELOLW\���$V�ZLOO�EH�GHVFULEHG��WKH�V\VWHP�ZLOO�DXWRPDWLFDOO\�PRYH�WKH�RSHUDWLQJ�SRLQW�WR

DQ�DUHD�RI�KLJKHU�TXDOLW\�DQG�ORZHU�FRVW��$W�WKH�VDPH�WLPH��TXDOLW\�PRGHOV�ZLOO�EH�GHYHORSHG�RQ�OLQH
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ZKLFK�FDQ�EH�XVHG�IRU�TXDOLW\�DVVHVVPHQW�DQG�FRQWURO�GXULQJ�DXWRPDWLF�SURGXFWLRQ��,I�VXFFHVVIXO��WKH

REMHFWLYH�WR�PD[LPL]H�WKH�\LHOG�RI�KLJK�TXDOLW\�SDUWV�DW�PLQLPDO�SURGXFWLRQ�FRVWV�ZLOO�EH�DFKLHYHG�

ASSUMPTIONS OF INTELLIGENT PROCESS CONTROL

7KHUH�DUH�WZR�SULPDU\�DVVXPSWLRQV�UHJDUGLQJ�WKH�GHVLJQ�RI�LQWHOOLJHQW�SURFHVV�FRQWURO���%RWK

WKHVH� DVVXPSWLRQV� DUH� H[WUHPHO\� FRQVHUYDWLYH�� PHDQLQJ� WKDW� WKH� V\VWHP� PXVW� EH� GHVLJQHG� ZLWK

IXQGDPHQWDO�DQG�UREXVW�PHWKRGV�WR�FRSH�ZLWK�WKH�FRPSOH[�G\QDPLFV�DQG�XQH[SHFWHG�RFFXUUHQFHV

ZKLFK�WKH�LQMHFWLRQ�PROGLQJ�SURFHVV�SUHVHQWV�

7KH�ILUVW�DVVXPSWLRQ�LV��VLPXODWLRQ�WHFKQRORJ\�LV�QRW�FXUUHQWO\�FDSDEOH��DQG�PD\�QHYHU

EH� FDSDEOH�� RI� SUHFLVHO\� SURGXFLQJ� RSWLPDO� PDFKLQH� VHWWLQJV� LQ� D� UHOLDEOH� PDQQHU�� 7KLV

DVVXPSWLRQ�LV�QHFHVVLWDWHG�E\�VHYHUDO�VLJQLILFDQW�VRXUFHV�RI�HUURU���)RU�LQVWDQFH��WKH�VLPXODWLRQ�PD\

QRW�PRGHO�VRPH�IXQGDPHQWDO�SURFHVV�SKHQRPHQD�VXFK�DV�WKUHH�GLPHQVLRQDO�IORZ�HIIHFWV��FRPSOH[

PDWHULDO� EHKDYLRU�� HWF�� � (YHQ� DVVXPLQJ� D� SHUIHFW� VLPXODWLRQ�� PRUHRYHU�� WKHUH� DUH� PDQ\� SK\VLFDO

DEHUUDWLRQV�ZKLFK�FDQ��LQGXFH�HUURU���6XFK�LQVWDQFHV�PD\�LQFOXGH�XQPRGHOOHG�PROG�JHRPHWU\��VKXW

RII�DQG�OHDNDJH�RI�WKH�FKHFN�ULQJ��WXQLQJ�GHSHQGHQW�PROGLQJ�PDFKLQH�G\QDPLFV��HWF��7KLV�FRXQWHU�

DVVXPSWLRQ� UHTXLUHV� WKDW� WKH�GHYHORSHG� V\VWHP�PXVW�EH�DEOH� WR�DXWRPDWLFDOO\� FRUUHFW� WKH�PROGLQJ

SURFHVV�IRU�SRWHQWLDOO\�LQDFFXUDWH�UHVXOWV�

7KH� VHFRQG� DVVXPSWLRQ� JRYHUQV� WKH� XVH� RI� SURFHVV� VHQVRUV� WR� DXWRPDWLFDOO\� HVWLPDWH� DQG

FRQWURO�WKH�PROGHG�SDUW�TXDOLW\�GXULQJ�SURGXFWLRQ���7KLV�DVVXPSWLRQ�VWDWHV��WKHUH�LV�QRW�RQH�VLQJOH

VHQVRU� WHFKQRORJ\� ZKLFK� LV� FXUUHQWO\� FDSDEOH� RI� FRQVLVWHQWO\� LQGLFDWLQJ� HYHU\� DVSHFW� RI

PROGHG�SDUW�TXDOLW\���7KLV�DVVXPSWLRQ�LV�QHFHVVLWDWHG�E\�WKH�YDVW�DUUD\�RI�PDWHULDO�SURSHUWLHV��PROG

JHRPHWULHV�� PDFKLQH� G\QDPLFV�� DQG� SURGXFW� VSHFLILFDWLRQV�� � :KLOH� WKHUH� DUH� VRPH� WHFKQRORJLHV

ZKLFK�PD\� \LHOG� HVWLPDWHV� RI� JURVV� SDUW� SURSHUWLHV� FRQVLVWHQWO\�� QR� RQH� WHFKQRORJ\� FDQ� SUHGLFW� D

GLYHUVH�VHW�RI�SDUW�SURSHUWLHV�JLYHQ�SUH�GHILQHG�UXOHV�RU�SDUDPHWHUV���)RU�LQVWDQFH��FDYLW\�SUHVVXUH�LV�D
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YHU\�YDOXDEOH�VRXUFH�RI�SURFHVV�GDWD�ZKLFK�LV�EHLQJ�LQFUHDVLQJO\�XWLOL]HG�WR�SUHGLFW�WKH�FRQVLVWHQF\�RI

PROGHG�SDUWV���$Q�LQFUHDVLQJO\�FRPPRQ�DVVXPSWLRQ��ZKLFK�WKH�GHVFULEHG�DSSURDFK�GRHV�QRW�XVH��LV

WKDW�PROGHG�SDUWV�ZLOO�EH�LGHQWLFDO�LI�FDYLW\�SUHVVXUH�WUDFHV�DUH�LGHQWLFDO���+RZHYHU��JLYHQ�YLVFRVLW\�RU

WHPSHUDWXUH�FKDQJHV��FRQVLVWHQW�FDYLW\�SUHVVXUH�WUDFHV�PD\�QRW�UHVXOW�LQ�FRQVLVWHQW�PROGHG�SDUWV���$V

VXFK�� WKH� GHVFULEHG� DSSURDFK�ZLOO� GHYHORS� WKH� UHODWLRQVKLSV� EHWZHHQ� WKH�PROGHG� SDUW� TXDOLW\� DQG

SURFHVV�GDWD�RQ�OLQH�UDWKHU�WKDQ�UHO\LQJ�RQ�DQ\�VLQJOH�KHXULVWLF�

FOUNDATIONS OF INTELLIGENT PROCESS CONTROL

7KH� GHVFULEHG� DVVXPSWLRQV� DUH� ZDUUDQWHG� WR� HQVXUH� D� UREXVW� DQG� FDSDEOH� SURFHVV�

+RZHYHU�� WKHVH� DVVXPSWLRQV�PDNH� WKH� GHYHORSPHQW� RI� DQ� LQWHOOLJHQW� SURFHVV� FRQWURO� V\VWHP�YHU\

GLIILFXOW�²�QR�H[LVWLQJ�TXDOLW\�FRQWURO�V\VWHP�IXOILOOV�WKH�GHVFULEHG�REMHFWLYHV�DQG�DVVXPSWLRQV���7KLV

VHFWLRQ�GHVFULEHV� WKH�PHWKRGV�ZKLFK�KDYH�EHHQ� LPSOHPHQWHG� WR�PHHW� WKH�REMHFWLYHV�RI� LQWHOOLJHQW

SURFHVV�FRQWURO�

Simulation

&RPSXWHU� VLPXODWLRQ� HPSOR\V� SK\VLFDO� ODZV� �L�H�� WKH� FRQWLQXLW\� HTXDWLRQ�� PRPHQWXP

HTXDWLRQ��DQG�HQHUJ\�HTXDWLRQ��WR�VLPXODWH�WKH�PDFKLQH�DQG�SODVWLFV�EHKDYLRU�>����������@��6LPXODWLRQ

WHFKQRORJ\� KDV� DGYDQFHG� UDSLGO\� LQ� WKH� ODVW� GHFDGH�� � ,Q� IDFW�� SURFHVV� VLPXODWLRQ� KDV� EHFRPH� DQ

LQWHJUDO� WRRO� LQ�PDQ\�ILUPV·�SODVWLF�SDUW�GHVLJQ�SURFHVVHV��+RZHYHU��PROGHUV�DQG�HQG�XVHUV�GR�QRW

QRUPDOO\�VSHFLI\�WKH�SURGXFWV�UHTXLUHPHQWV�EDVHG�RQ�SK\VLFDO�SURSHUWLHV�VXFK�DV�PHOW�IURQW�YHORFLW\�

SUHVVXUH�DQG�WHPSHUDWXUH�KLVWRULHV��ILEUH�RULHQWDWLRQV��HWF���7KH\�QRUPDOO\�H[DPLQH�WKH�SDUWV�WR�VHH�LI

WKH\�DUH�¶ILW��IRU�SXUSRVH�·��(DFK�FXVWRPHU�KDV�D�GLIIHUHQW�SDUW�TXDOLW\�UHTXLUHPHQW���)RU�H[DPSOH��WKH

VXUIDFH�TXDOLW\�IRU�D�YLVLEOH�H[WHUQDO�SDUW�PLJKW�EH�H[WUHPHO\�LPSRUWDQW���+RZHYHU��WKLV�UHTXLUHPHQW

IRU� DQ� LQWHUQDO� DXWRPRWLYH� FRPSRQHQW� FDQ� EH� VLJQLILFDQWO\� UHGXFHG� RU� HOLPLQDWHG�� $V� VXFK�� WKH

SURFHVV� VLPXODWLRQ� WHFKQRORJ\� KDV� EHHQ� H[WHQGHG� WR� SUHGLFW�PROGHG� SDUW� TXDOLW\� DWWULEXWHV� UDWKHU
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WKDQ�UDZ�SURFHVV�GDWD��7DEOH���OLVWV�D�IHZ�RI�WKH�SUHGLFWHG�SDUW�DWWULEXWHV���7KLV�DOORZV�WKH�GHVLJQHU�WR

EHWWHU�XQGHUVWDQG�WKH�PROGLQJ�DSSOLFDWLRQ�DQG�GHYHORS�PRUH�UREXVW�SDUW�DQG�PROG�GHVLJQV�

7KH� SURFHVV� VLPXODWLRQ� DOVR� SURYLGHV� QHZ� IXQFWLRQDOLW\� QRW� SUHYLRXVO\� DYDLODEOH��PDFKLQH�

RSWLPDO� SURFHVV� VHWWLQJV� LQ� D� VKRS�IORRU� IRUPDW�� H�J�� PROGLQJ� SURILOHV� DQG� VHW�SRLQWV� IRU� PROG

FRPPLVVLRQLQJ�� 7KHVH� RXWSXWV� UHIOHFW� WKH� DGYDQFHG� SURFHVV� DQG� PDWHULDO� NQRZOHGJH� ZKLFK� LV

DYDLODEOH�ZLWKLQ�WKH�VLPXODWLRQ���)RU�LQVWDQFH��WKH�ILOOLQJ�VWDJH�SURILOH�ZLOO�EH�VHOHFWHG�WR�PLQLPL]H�ILOO

WLPH�ZKLOH�WU\LQJ�WR�PDLQWDLQ�XQLIRUP�PHOW�IURQW�YHORFLW\��SURYLGH�XQLIRUP�PHOW�IURQW�WHPSHUDWXUH�

DQG�DYRLG�H[FHVVLYH� VKHDU�� �7KH� UHVXOW�ZLOO� EH�PD[LPDO�KRPRJHQHLW\�RI� WKH� LQMHFWHG�PDWHULDO�ZLWK

PLQLPXP�IUR]HQ�OD\HU�IRUPDWLRQ�DQG�SUHVVXUH�GURS�DFURVV�WKH�FDYLW\���7R�HQVXUH�D�IHDVLEOH�SURILOH��D

VHW� RI� PDFKLQH� SURSHUWLHV�� LQFOXGLQJ� QXPEHU� RI� VWHSV� SHU� SURILOH�� PDFKLQH� UHVSRQVH� WLPH�� EDUUHO

GLDPHWHU��PD[LPXP�UDP�YHORFLW\��HWF���LV�LQSXW�WR�WKH�VLPXODWLRQ�

7KH� ILOOLQJ� WR�SDFNLQJ� VWDJH� WUDQVLWLRQ� LV� VHOHFWHG� VXFK� WKDW� WKH� SRO\PHU�PHOW� LQ� WKH� FDYLW\

H[SHULHQFHV�D�FRQWUROOHG�WUDQVLWLRQ���7R�VXFFHVVIXOO\�DFKLHYH�WKLV�JRDO��WKH�VLPXODWLRQ�PXVW�FRQVLGHU

WKH�G\QDPLFV�RI�WKH�PROGLQJ�PDFKLQH�DQG�FRPSUHVVLELOLW\�RI�PDWHULDO�LQ�WKH�IHHG�V\VWHP�DQG�FDYLW\�

7KH�UHVXOWLQJ�G\QDPLFV�DUH�VKRZQ� LQ�)LJXUH���� �$W�SRLQW� �D��� WKH� UDP�EHJLQV�PRYLQJ� IRUZDUG�DQG

FRPSUHVVHV�WKH�PDWHULDO�LQ�WKH�EDUUHO���$W�SRLQW��E���WKH�UDP�LV�IRUFLQJ�FRPSUHVVHG�PDWHULDO�LQWR�WKH

FDYLW\���$W�SRLQW��F���WKH�UDP�VWRSV�PRYLQJ�HYHQ�WKRXJK�WKH�FDYLW\�LV�LQFRPSOHWHO\�ILOOHG���+RZHYHU�

WKH�GHFRPSUHVVLRQ�RI�WKH�PHOW�FRPSOHWHV�WKH�ILOOLQJ�RI�WKH�FDYLW\�DV�VKRZQ�LQ��G��

'XULQJ� WKH� SDFNLQJ� VWDJH� RSWLPL]DWLRQ�� WKH� VLPXODWLRQ� VHOHFWV� D� SDFNLQJ� SURILOH� WR� DWWDLQ

XQLIRUP�YROXPHWULF� VKULQNDJH� DQG�SDUW� GLPHQVLRQV�ZLWKRXW� VLQN�PDUNV� RU� IODVK�� � 7KHUH� DUH� WKUHH

SULPDU\�VWHSV�LQ�WKH�DOJRULWKP���)LUVW��D�OHYHO�RI�SDFNLQJ�SUHVVXUH�LV�VHOHFWHG�WR�PLQLPL]H�WKH�YDULDQFH

RI�WKH�YROXPHWULF�VKULQNDJH���7KLV�SDFN�SUHVVXUH�LV�PDLQWDLQHG�XQWLO�D�IUHH]H�IURQW�GHYHORSV���7KHQ�

WKH�SDFNLQJ�SUHVVXUH� LV� GHFD\HG� DV� WKH� IUHH]H� IURQW� FRQYHUJHV�EDFN� WR� WKH� JDWH� DW�ZKLFK� WLPH� WKH

SDFNLQJ�VWDJH�LV�WHUPLQDWHG���$V�ZLOO�EH�GHPRQVWUDWHG�ODWHU��WKH�XVH�RI�VLPXODWLRQ�LV�ERWK�ZDUUDQWHG
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DQG� DGYDQWDJHRXV�²� WKH� VLPXODWLRQ� FRQVLVWHQWO\�SURGXFHV� LQLWLDO� VHW�SRLQWV� DQG�SURFHVV� NQRZOHGJH

ZKLFK�QR�SURFHVV�H[SHUW�FDQ�DSSURDFK�

Process Tuning

7KH� LQMHFWLRQ�PROGLQJ�SURFHVVLQJ� VSDFH� LV�PXOWL�GLPHQVLRQDO� DQG� UHODWLYHO\� XQNQRZQ� IRU� D

JLYHQ� DSSOLFDWLRQ�SULRU� WR�PROG� FRPPLVVLRQLQJ��$V� VXFK�� LW� LV� GHVLUDEOH� WR� TXLFNO\� ORFDWH� D� UHJLRQ

ZLWKLQ� WKH� SURFHVV� VSDFH� LQ� ZKLFK� WKH� TXDOLW\� RI� WKH� PROGHG� SDUWV� DUH� DFFHSWDEOH�� � ,Q� RUGHU� WR

HVWDEOLVK� DQ� DFFHSWDEOH� VHW� RI� SURFHVVLQJ� FRQGLWLRQV�� DQ� H[SHUW� V\VWHP� XWLOL]HV� D� VHW� RI� UXOHV� WKDW

FRPELQHV�DQ�H[SHUW�NQRZOHGJH�RI�WKH�SURFHVV�ZLWK�VRPH�UHDOLVWLF�SURFHVV�OLPLWV�WKDW�DUH�SUHGLFWHG�E\

WKH� &$(� RSWLPL]DWLRQ� DQDO\VLV�� � 7KHVH� KHXULVWLFV� DUH� XVHG� WR� PRGLI\� WKH� LQMHFWLRQ� DQG� SDFNLQJ

SURILOHV� LQ� RUGHU� WR� JHW� DQ� DFFHSWDEOH� TXDOLW\� SDUW�� � 7KLV� SURFHVV� LV� QRW� IXOO\� DXWRPDWLF� ²� WKH

SUHYLRXVO\� GHVFULEHG� DVVXPSWLRQV� SURKLELW� DXWRPDWLF� MXGJLQJ� RI� PROGHG� SDUW� TXDOLW\� LQ� LVRODWLRQ�

7KXV��WKH�H[SHUW�V\VWHP�GRHV�UHTXLUH�WKH�RSHUDWRU�WR�DVVHVV�WKH�PROGHG�SDUW�TXDOLW\�� �+RZHYHU��DOO

LQIHUHQFHV�UHODWHG�WR�SURFHVV�IDXOWV�DQG�FKDQJHV�WR�PDFKLQH�SDUDPHWHUV�DUH�SHUIRUPHG�DXWRPDWLFDOO\�

7KH�NQRZOHGJH�EDVH�RI�WKH�H[SHUW�V\VWHP�ZDV�GHVLJQHG�ZLWK�WZR�LQWHQWV���)LUVW��WKH�V\VWHP

VKRXOG� XWLOL]H� FRQVHUYDWLYH� SURFHVV� FKDQJHV� WR� VDIHJXDUG� DJDLQVW� GDPDJLQJ� WKH�PROG� RU�PDFKLQH�

6HFRQG��WKH�V\VWHP�VKRXOG�XWLOL]H�D�VHW�RI�UXOHV�RQO\�LI�WKH\�ZHUH�SUHYLRXVO\�HIIHFWLYH��7KH�PROG�VWDUW

SURFHGXUH�EHJLQV�E\�PROGLQJ�D� VKRW�ZLWK�D� VLPXODWLRQ�SURYLGHG�RU�XVHU�VSHFLILHG� VHW�RI�RSHUDWLQJ

FRQGLWLRQV�DV�VKRZQ�LQ�)LJXUH�����$IWHU�D�VKRW�KDV�EHHQ�PROGHG��WZR�OHYHOV�RI�KHXULVWLFV�DUH�DSSOLHG�

)LUVW��WKH�TXDOLW\�RI�WKH�SURFHVV�G\QDPLFV�DUH�MXGJHG�DXWRPDWLFDOO\�XVLQJ�SURFHVV�NQRZOHGJH�IURP�WKH

VLPXODWLRQ�� )RU� LQVWDQFH�� H[FHVVLYH� VFUHZ� GLVSODFHPHQW� GXULQJ� WKH� SDFNLQJ� VWDJH� LQGLFDWHV� PROG

ILOOLQJ� GXULQJ� SDFN�� ZKLFK� SRWHQWLDOO\� UHSUHVHQWV� WKDW� D� VKRUW� VKRW� KDV� RFFXUUHG�� � $V� VXFK�� WKH

LQMHFWLRQ�VWURNH�ZRXOG�EH�DXWRPDWLFDOO\�LQFUHDVHG�E\�DQ�DSSURSULDWH�DPRXQW�ZLWKRXW�UHTXHVWLQJ�DQ\

LQSXW�IURP�WKH�RSHUDWRU��7KLV�LV�RQH�RI�PDQ\�UXOHV�ZKLFK�KDYH�EHHQ�HPEHGGHG�LQ�D�FDSDEOH�H[SHUW

V\VWHP�VKHOO��&/,36�>��@��WR�GLDJQRVH�WKH�SURFHVV�TXDOLW\�
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2QFH�WKH�PROGLQJ�SURFHVV�G\QDPLFV�DUH�DFFHSWDEOH��WKH�VDPH�H[SHUW�V\VWHP�LV�XWLOL]HG�WR�ILQG

WKH� FDXVH� RI� PROGLQJ� GHIHFWV� DQG� DXWRPDWLFDOO\� LQYRNH� SURFHVV� FKDQJHV� IRU� GHIHFW� HOLPLQDWLRQ�

:RUNLQJ�ZLWK�GHWDLOHG�SURFHVV�LQIRUPDWLRQ�DQG�VLPXODWLRQ�UHVXOWV��WKH�H[SHUW�V\VWHP�FDQ�HIILFLHQWO\

FRUUHFW�VHYHUDO�SURFHVV�SDUDPHWHUV�VLPXOWDQHRXVO\���,Q�WKH�FDVH�RI�VLQN�PDUNV��IRU�LQVWDQFH��WKH�UXOH

EDVH�PD\� WU\� WR�HOLPLQDWH� VLQN�PDUNV�E\� LQFUHDVLQJ� WKH�SDFN� WLPH�� �+RZHYHU�� LI� QR�PRUH�PDWHULDO

HQWHUV� WKH� FDYLW\�� DV� PHDVXUHG� E\� WKH� UDP� GLVSODFHPHQW� GXULQJ� SDFNLQJ�� WKH� H[SHUW� V\VWHP� PD\

UHDVRQ�WKDW�WKH�SDFN�WLPH�LV�VXIILFLHQW��WKH�JDWH�KDV�DOUHDG\�IUR]HQ�RII��DQG�DWWHPSW�WR�LQFUHDVH�WKH

SDFN�SUHVVXUH�LI�IHDVLEOH���$W�WKH�VDPH�WLPH��WKH�H[SHUW�V\VWHP�ZLOO�VHW�D�IODJ�VXFK�WKDW�GHIHFWV�ZKLFK

UHTXLUH�SDFN�SUHVVXUH�UHGXFWLRQ�ZLOO�EH�IRUFHG�WR�WDNH�VPDOO�VWHSV�VR�DV� WR�QR�FDXVH�VLQN�PDUNV� WR

UHFXU�

Process Characterization

7KH�GHVFULEHG�SURFHVV�WXQLQJ�PHWKRG�UHVXOWV�LQ�WKH�FRQILUPHG�PROGLQJ�RI�DFFHSWDEOH�SDUW�V��

3URGXFLQJ� RQH� JRRG� SDUW�� KRZHYHU�� GRHV� QRW� HQVXUH� WKDW� WKH� SURFHVV� LV� LQ� D� GHVLUDEOH� RSHUDWLQJ

UHJLPH���,Q�IDFW��YDULDWLRQ�LV�LQKHUHQW�LQ�WKH�PROGLQJ�SURFHVV�DQG�DOO�PROGLQJ�DSSOLFDWLRQV�PD\�H[KLELW

VRPH�FRQVLVWHQF\�LVVXHV��)RU�WKLV�UHDVRQ��LW�LV�QHFHVVDU\�WR�FRQILUP�WKDW�WKH�SURFHVV�ZLQGRZ�DURXQG

WKH�VXJJHVWHG�RSHUDWLQJ�SRLQW�LV�VXIILFLHQW�WR�WROHUDWH�WKHVH�QDWXUDO�YDULDWLRQV�LQ�WKH�PROGLQJ�SURFHVV

ZLWKRXW�SURGXFLQJ�GHIHFWV��7KH�SURSRVHG�DSSURDFK�FRQVLVWV�RI�D�ILYH�VWHS�PHWKRGRORJ\�DV�VKRZQ�LQ

)LJXUH���

7KH� V\VWHP� EHJLQV� E\� VHOHFWLQJ� DQ� H[SHULPHQWDO� GHVLJQ� DV� DSSURSULDWH� IRU� WKH� PROGLQJ

DSSOLFDWLRQ���$V�SUHYLRXVO\�LQWURGXFHG��GHVLJQ�RI�H[SHULPHQWV�KDV�EHFRPH�DQ�HVWDEOLVKHG�ILHOG�ZLWK

ZHOO�XQGHUVWRRG� PHWKRGV� DQG� EHQHILWV�� � ,Q� HVWDEOLVKLQJ� D� 3URFHVV� :LQGRZ�� VXFFHVVLYH� VHWV� RI

H[SHULPHQWV�DUH�XWLOL]HG� WR�YHULI\�SURGXFWLRQ�VXLWDELOLW\�RI� WKH�FXUUHQW�RSHUDWLQJ� UHJLPH�DQG�PRYH

WKH� SURFHVV� VHW�SRLQWV� WR� DQ� LPSURYHG� DUHD�ZKHQ� SRVVLEOH�� � 7KH� GHVLJQ� LPSOHPHQWDWLRQ� XWLOL]HV� D

¶3OXJ� DQG� 3OD\·� DUFKLWHFWXUH� >��@� ZKHUHE\� WKH� QXPEHU� RI� SURFHVV� YDULDEOHV� EHLQJ� LQYHVWLJDWHG�
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UHVROXWLRQ�DQG�RUGHU�RI�PRGHOV��DQG�QXPEHU�RI�SDUW�TXDOLW\�DWWULEXWHV�DUH�VSHFLILHG�IURP�ZKLFK�DQ

DSSURSULDWH�H[SHULPHQWDO�GHVLJQ�LV�GHYHORSHG���7KH�IOH[LELOLW\�RI�WKLV�DSSURDFK�SHUPLWV�WKH�RSHUDWRU

WR�VSHFLI\�D�VPDOO�VHW�RI�SURFHVV�YDULDEOHV�WR�LQYHVWLJDWH��VXFK�DV�LQMHFWLRQ�VSHHG��LQMHFWLRQ�VWURNH��DQG

SDFN�SUHVVXUH��RU�D�PXFK�ODUJHU�VHW�ZKLFK�PLJKW� LQFOXGH�QHDUO\�DOO�PROGLQJ�SDUDPHWHUV�� �1DWXUDOO\�

WKHUH�LV�D�WUDGH�RII�EHWZHHQ�QXPEHU�RI�SURFHVV�YDULDEOHV�WR�LQFOXGH�LQ�WKH�LQYHVWLJDWLRQ�DQG�WKH�WLPH

UHTXLUHG�WR�SHUIRUP�WKH�VHW�

%HIRUH�WKH�GHWHUPLQDWLRQ�RI�WKH�3URFHVV�:LQGRZ�EHJLQV��WKH�UHTXLVLWH�VL]H�RI�WKH�ZLQGRZ�PXVW�EH

GHILQHG���7KH�DSSURDFK�UHTXLUHV�WKDW�WKH�3URFHVV�:LQGRZ�HQFRPSDVV�WKH�H[SHFWHG�YDULDWLRQ�RI�WKH

PROGLQJ�SURFHVV���$V�VXFK��WKH�LPSOHPHQWDWLRQ�H[DPLQHV�WKH�UHSHDWDELOLW\�RI�WKH�PROGLQJ�PDFKLQH�LQ

WHUPV�RI�WKH�FULWLFDO�SURFHVV�YDULDEOHV�ZKLFK�ZLOO�EH�LQFOXGHG�LQ�WKH�H[SHULPHQWDO�GHVLJQ���%HJLQQLQJ

LQ�DQ�HTXLOLEULXP�VWDWH�� WKH�SURFHVV� FRQWUROOHU�ZLOO�PROG� VHYHUDO� F\FOHV� DW� WKH�QRPLQDO�SURFHVV� VHW�

SRLQWV�ZKLFK�KDYH�EHHQ�GHWHUPLQHG�WR�SURGXFH�JRRG�PROGLQJV���6RPH�SURFHVV�YDULDWLRQ�ZLOO�DOZD\V

EH�SUHVHQW�GXH�WR�QDWXUDO�YDULDWLRQ�LQ�WKH�FRQWUROOHU�G\QDPLFV��HUURUV�LQ�WLPLQJ�DQG�VZLWFKRYHU��VOLJKW

WHPSHUDWXUH� DQG�PDWHULDO� SURSHUW\� IOXFWXDWLRQV�� HWF�� �)URP� WKH� SURFHVV� H[DPLQDWLRQ�� WKH� EHKDYLRU

DQG�GLVWULEXWLRQ�RI�HDFK�RI�WKH�SURFHVV�YDULDEOHV�ZLOO�DXWRPDWLFDOO\�EH�FKDUDFWHUL]HG�� �7KH�UHTXLUHG

VL]H�RI�WKH�3URFHVV�:LQGRZ�LV�WKHQ�FDOFXODWHG�DV�UHSUHVHQWDWLYH�RI�WKH�SURFHVV�FDSDELOLW\�LQGH[��&S

>��@��7KH�DSSURDFK� LV� UREXVW� LQ� WKDW� WKH�SURFHVV� YDULDQFH� LV� QRW� DVVXPHG�EXW� UDWKHU�PHDVXUHG� IRU

HDFK�DSSOLFDWLRQ�� L�H�� UHSUHVHQWDWLYH�RI� WKH�DFWXDO�PDWHULDO�SURSHUWLHV��PROG�JHRPHWU\��DQG�PDFKLQH

G\QDPLFV�LQ�WKH�PROGLQJ�SURFHVV���7KH�PRUH�YDULDWLRQ�D�JLYHQ�PDFKLQH�H[KLELWV��WKH�ODUJHU�WKH�VL]H�RI

WKH�3URFHVV�:LQGRZ�ZKLFK�PXVW\�EH�YHULILHG�WR�SURGXFH�JRRG�SDUWV�

*LYHQ�WKH�H[SHULPHQWDO�GHVLJQ�DQG�HVWLPDWHV�RI�WKH�SURFHVV�YDULDWLRQ��D�VHW�RI�PROGLQJ�WULDOV

LV�DXWRPDWLFDOO\�JHQHUDWHG�DQG�H[HFXWHG�DERXW�WKH�QRPLQDO�VHW�SRLQW�ZKLFK� LV�NQRZQ�WR�SURGXFH�D

JRRG�SDUW�� �$� OLWHUDO�H[DPSOH� LV�VKRZQ� LQ�)LJXUH���� � ,Q� WKLV�FDVH�� WKH�QRPLQDO� VHW�SRLQWV�SURGXFHG

DFFHSWDEOH�PROGLQJV���+RZHYHU��WKH�SURFHVV�VSDFH�DURXQG�WKLV�RSHUDWLQJ�SRLQW�PXVW�EH�LQYHVWLJDWHG
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WR�HQVXUH� WKDW�QR�GHIHFWV�ZRXOG�RFFXU�JLYHQ�QDWXUDO�SURFHVV�YDULDWLRQ��7KH� UHTXLUHG�PDJQLWXGH�RI

WKH�KRUL]RQWDO�DQG�YHUWLFDO�SHUWXUEDWLRQV�LV�UHODWHG�WR�WKH�PHDVXUHG�SURFHVV�YDULDWLRQ��IRU�VWURNH�DQG

SDFN�SUHVVXUH��UHVSHFWLYHO\�

:LWK� WKH�GHVLJQ�RI� H[SHULPHQWV� IXOO\� VSHFLILHG�� D� VHULHV�RI�PROGLQJ� WULDOV� DUH� DXWRPDWLFDOO\

H[HFXWHG��,Q�WKLV�H[DPSOH��WKH�V\VWHP�ZRXOG�DVFHUWDLQ�WKDW�VLQN�LV�FDXVHG�E\�ERWK�ORZ�SUHVVXUH�DQG

ORZ� LQMHFWLRQ� VWURNH�� � 2QFH� WKH� TXDOLW\� UHODWLRQVKLSV� DUH� NQRZQ�� WKH� SURFHVV� VHW�SRLQWV� DUH

DXWRPDWLFDOO\�PRGLILHG�WR�PRYH�WKH�RSHUDWLQJ�SRLQW�WR�D�EHWWHU�ORFDWLRQ���7KLV�ZRXOG�UHVXOW�LQ�D�QHZ

SODFHPHQW� RI� WKH�3URFHVV�:LQGRZ� XS� DQG� WR� WKH� ULJKW� RI� WKH� SUHYLRXV� ORFDWLRQ�� �$QRWKHU� VHW� RI

PROGLQJ�WULDOV�ZRXOG�WKHQ�EH�SHUIRUPHG�WR�YDOLGDWH�WKDW�QDWXUDO�SURFHVV�YDULDWLRQ�ZRXOG�QRW�UHVXOW�LQ

GHIHFWLYH�PROGLQJV�� � ,I�GHIHFWV�GLG�RFFXU�� WKLV�SURFHVV�ZRXOG�FRQWLQXH�XQWLO� DQ�DFFHSWDEOH�SURFHVV

ZLQGRZ�LV�GHILQHG�

:KLOH�WKLV�VLPSOH�WZR�GLPHQVLRQDO�H[DPSOH�ZDV�VWUDLJKWIRUZDUG��WKH�LPSOHPHQWDWLRQ�RI�WKH

GHVFULEHG�DSSURDFK�KDV� DFFHVV� WR�YROXPHV�RI�GDWD� DQG�PXOWL�GLPHQVLRQDO� DQDO\VLV�ZKLFK� D�KXPDQ

H[SHUW�FDQ�QRW�FRPSUHKHQG��6RPH�RI�WKHVH�LVVXHV�DUH�SUHVHQWHG�LQ�)LJXUH����,Q�WKLV�FDVH��WKHUH�DUH

PXOWLSOH� TXDOLW\� DWWULEXWHV�� HDFK� RI� ZKLFK� KDV� LWV� RZQ� GLVWLQFW� SURFHVV� ZLQGRZ�� � :LWKLQ� HDFK

DWWULEXWH·V�SURFHVV�ZLQGRZ��PRUHRYHU��WKHUH�LV�DQ�RSWLPDO� ORFDWLRQ�ZKHUHE\�WKDW�TXDOLW\�DWWULEXWH�LV

RSWLPDO�� �$V� WKH�SURFHVV� DSSURDFKHV� WKH�TXDOLW\�ERXQGDU\�� WKLV� TXDOLW\� DWWULEXWH�EHJLQV� WR�GHFOLQH�

7KH�GHFOLQH�PD\�DSSHDU�DV�HLWKHU�D�UHGXFWLRQ�LQ�WKH�QRPLQDO�SDUW�SURSHUWLHV�RU�D�UHGXFHG�SUREDELOLW\

RI�PDNLQJ�DFFHSWDEOH�SDUWV���7KH�LPSOHPHQWDWLRQ�RI�WKH�GHVFULEHG�DSSURDFK�FRQVLGHUV�WKHVH�HIIHFWV

IRU�PXOWLSOH�TXDOLW\�W\SHV�

7KLV� V\VWHP� LV� DOVR� DEOH� WR� KDQGOH� PXOWLSOH� SURFHVV� SDUDPHWHUV� DQG� TXDOLW\� DWWULEXWHV

VLPXOWDQHRXVO\��ZLWK�QR� OLPLW� WR� WKH� H[WHQVLRQ�� �)LJXUH� �� VKRZV� IRXU�SURFHVV�SDUDPHWHUV�ZLWK� WKH

SURFHVV�ZLQGRZ�EHLQJ�UHSUHVHQWHG�E\�D�K\SHUFXEH���7KH�GHVFULEHG�DSSURDFK�FDQ�DQDO\]H�WKH�UHVXOWV

ZKLFK� FRXOG� FRQIRXQG� D� SURFHVV� H[SHUW�� 7KH� V\VWHP� LV� DOVR� DEOH� WR� UHVROYH� FRQIOLFWLQJ� TXDOLW\



)RXQGDWLRQV�RI�,QWHOOLJHQW�3URFHVV�&RQWURO -RXUQDO�RI�,QMHFWLRQ�0ROGLQJ�7HFKQRORJ\

���RI���

UHTXLUHPHQWV�WKURXJK�WKH�XVH�RI�D�FRQIOLFW�UHVROXWLRQ�PDWUL[����)LQDOO\��WKH�LPSOHPHQWDWLRQ�LV�DEOH�WR

FRQFOXGH� ZKHQ� QR� 3URFHVV� :LQGRZ� H[LVWV� IRU� D� JLYHQ� VHW� RI� PROG�� PDWHULDO�� DQG� SDUW� TXDOLW\

UHTXLUHPHQWV�

Production Control

7KH� PROG� VWDUW� SURFHVV�� ZKLFK� LQFOXGHV� WKH� GHVFULEHG� PHWKRG� IRU� SURFHVV� WXQLQJ� DQG

LQYHVWLJDWLRQ��ZDV�GHYHORSHG� WR�SURGXFH�D� UREXVW� VHW�RI�PROGLQJ� FRQGLWLRQV�ZKLFK�ZLOO� SURGXFH� D

PLQLPDO� QXPEHU� RI� GHIHFWV� DW� ORZ� SURGXFWLRQ� FRVWV�� �+RZHYHU�� FRQWLQXRXV� TXDOLW\�PRQLWRULQJ� LV

QHFHVVDU\�WKURXJKRXW�SURGXFWLRQ�WR�FRQILUP�DQG�PDLQWDLQ�WKH�TXDOLW\�RI�PROGHG�SDUWV�DW�WKH�����

LQVSHFWLRQ�OHYHO�>��@���7KH�TXDOLW\�V\VWHP�KDV�EHHQ�GHYHORSHG�ZLWK�WKH�SKLORVRSK\�WKDW�

• QR�EDG�SDUWV�VKRXOG�EH�DFFHSWHG��DQG

• D�PLQLPDO�QXPEHU�RI�JRRG�SDUWV�VKRXOG�EH�GLVFDUGHG�

7KHVH�WZR�JRDOV�DUH�FRPSHWLQJ�LQ�WKDW�DQ�LQFUHDVLQJ�QXPEHU�RI�JRRG�SDUWV�ZLOO�EH�UHMHFWHG�DV

WKH�TXDOLW\�FULWHULRQ�EHFRPHV�PRUH�VWULQJHQW�� �7KHUHIRUH�� WKH�HIIHFWLYHQHVV�RI� WKH�V\VWHP�WR�DVVHVV

WKH�PROGHG�SDUW�TXDOLW\�LV�FULWLFDO�²�WKH�TXDOLW\�FRVWV�LQGXFHG�E\�SRRU�TXDOLW\�SUHGLFWLRQ�FDQ�TXLFNO\

H[FHHG� WKH� SRVVLEOH� EHQHILWV� RI� WKH� TXDOLW\� FRQWURO� V\VWHP� >��@�� �7R� LQFUHDVH�PROGHU� SURGXFWLYLW\�

PRUHRYHU��WKH�V\VWHP�PXVW�RSHUDWH�IXOO\�DXWRPDWLF�ZLWK�QR�KXPDQ�LQWHUYHQWLRQ�

$�SURGXFWLRQ�TXDOLW\�PRQLWRULQJ� DQG� FRQWURO� V\VWHP�KDV�EHHQ� GHYHORSHG� DQG� YDOLGDWHG� WR

DFFRPSOLVK�WKHVH�WDVNV���7KLV�DSSURDFK�XWLOL]HV�D�YHFWRU�RI�TXDOLW\�LQGLFDWRUV�WR�PRQLWRU�WKH�PROGLQJ

SURFHVV� DQG�GHWHUPLQH� LI� DQ\�TXDOLW\� FKDQJHV�KDYH�RFFXUUHG�� �$�SDUWLDO� OLVW� RI� TXDOLW\� LQGLFDWRUV� LV

OLVWHG� LQ� 7DEOH� ��� � (DFK� TXDOLW\� LQGLFDWRU� KDV� EHHQ� VHOHFWHG� D�SULRUL� WR� FRUUHVSRQG� ZLWK� SRVVLEOH

SURFHVV�� PDWHULDO�� DQG� SDUW� SURSHUW\� VKLIWV�� � 7KLV� NQRZOHGJH� KDV� EHHQ� JDLQHG� WKURXJK� H[WHQVLYH

PROGLQJ�H[SHULPHQWV�DFURVV�VHYHUDO�\HDUV�
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5HFDOOLQJ� WKH� DVVXPSWLRQV� IRU� LQWHOOLJHQW� SURFHVV� FRQWURO�� LW� VKRXOG� EH� QRWHG� WKDW� WKHVH

TXDOLW\�LQGLFDWRUV�DUH�QRW�DVVXPHG�WR�EH�LQGLFDWLYH�RI�PROGHG�SDUW�TXDOLW\���5DWKHU��WKH�SURSHUWLHV�RI

HDFK� TXDOLW\� LQGLFDWRU� LV� WUXO\� DVFHUWDLQHG� RQ�OLQH� GXULQJ� WKH� SUHYLRXVO\� GHVFULEHG� SURFHVV

LQYHVWLJDWLRQ�� � 4XDOLW\� LQGLFDWRUV� ZLWK� SRRU� FRUUHODWLRQ� WR� PROGHG� SDUW� TXDOLW\� DUH� DXWRPDWLFDOO\

GLVFDUGHG�� � 7KH� ERXQGDULHV� IRU� WKH� UHPDLQLQJ� TXDOLW\� LQGLFDWRUV� DUH� WKHQ� LQLWLDOO\� GHULYHG� GLUHFWO\

IURP�WKH�SURFHVV�LQYHVWLJDWLRQ��DQG�XVHG�WR�HVWLPDWH�WKH�PROGHG�SDUW�TXDOLW\�

7KH�SURGXFWLRQ�PRQLWRULQJ�DQG�FRQWURO�SURFHVV�LV�VKRZQ�LQ�)LJXUH�����,Q�WKLV�V\VWHP��SDUWV

DUH� PROGHG� FRQWLQXRXVO\� ZLWK� WZR� OHYHOV� RI� TXDOLW\� GLDJQRVWLFV�� � 7KH� ILUVW� OHYHO� RI� GLDJQRVWLFV

GHWHUPLQHV� WKH� TXDOLW\� RI� WKH� VKRW� MXVW� PROGHG� DQG� HQVXUHV� WKDW� WKH� LPSDFW� RI� UDQGRP� SURFHVV

YDULDWLRQ� LV� VPDOO�� � 7KH� VHFRQG� OHYHO� RI� GLDJQRVWLFV� H[DPLQHV� WUHQGV� LQ� WKH� PROGLQJ� SURFHVV� DQG

HOLPLQDWHV� GHIHFWV� GXH� WR� V\VWHPDWLF� SURFHVV� GLVWXUEDQFHV�� � 7KH� V\VWHP� XWLOL]HV� VWDWLVWLFDO� SURFHVV

FRQWURO� DQG� DXWR�UHJUHVVLRQ� WHFKQLTXHV� WR� DVVHVV� WKH� SHUIRUPDQFH� DQG� VWDELOLW\� RI� WKH� V\VWHP�� � ,I

WUHQGV� �GXH� WR� PDWHULDO� RU� PROG� WHPSHUDWXUH� YDULDWLRQ�� IRU� LQVWDQFH�� DUH� VHHQ� LQ� WKH� GDWD�� WKH

SURGXFWLRQ� TXDOLW\�PRQLWRU� ZLOO� DWWHPSW� WR� DXWRPDWLFDOO\� FRUUHFW� WKH� SURFHVV� WR� SUHYHQW� PROGLQJ

GHIHFWLYH�SDUWV��XVLQJ�UHJUHVVLRQ�FRHIILFLHQWV�ZKLFK�KDYH�EHHQ�GHYHORSHG�LQ�WKH�SURFHVV�LQYHVWLJDWLRQ

DQG�ODWHU�LQ�SURGXFWLRQ���,I�LQVWDELOLWLHV��GXH�WR�EDUUHO�WHPSHUDWXUH�F\FOLQJ��HWF���RU�RWKHU�WUHQGV�RFFXU

ZKLFK�WKH�TXDOLW\�PRQLWRU�FDQ�QRW�FRUUHFW��WKH�V\VWHP�ZLOO�DOHUW�WKH�PROGHU�RI�WKH�GLIILFXOW\�EHIRUH

PDQ\�SRVVLEO\�GHIHFWLYH�SDUWV�DUH�PROGHG�

CAPABILITY OF INTELLIGENT PROCESS CONTROL

7KH�IRXQGDWLRQV�RI�LQWHOOLJHQW�SURFHVV�FRQWURO�KDYH�EHHQ�GHVFULEHG��:KLOH�WKH�WHFKQRORJLFDO

LPSOHPHQWDWLRQ�PD\�EH� UREXVW�� LW� LV� WKH� FDSDELOLWLHV�RI� WKH� V\VWHP� WR� DGG�YDOXH� WR� WKH�SURGXFWLRQ

RSHUDWLRQV�ZKLFK�XOWLPDWHO\�GHWHUPLQH�WKH�V\VWHP·V�YDOXH���7KLV�VHFWLRQ�TXDQWLILHV�VRPH�RI�WKH�YDOXH
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ZKLFK�WKH�V\VWHP�GHOLYHUV�E\�WKH�GHYHORSPHQW�RI�PRUH�UREXVW�SURGXFW�DQG�WRRO�GHVLJQV��EHWWHU�DQG

IDVWHU�PROG�FRPPLVVLRQLQJ��DQG�KLJKHU�TXDOLW\��ORZHU�FRVW�PROGHG�SDUWV�GXULQJ�SURGXFWLRQ�

Robust Mold Design

$V�SUHYLRXVO\�QRWHG��SURFHVV�VLPXODWLRQ�KDV�EHFRPH�DQ� LQWHJUDO� WRRO� LQ�PDQ\�ILUPV·�SODVWLF

SDUW�GHVLJQ�SURFHVVHV��ODUJHO\�GXH�WR�WKH�IDFW�WKDW�WKH�PHWKRGV�DQG�EHQHILWV�RI�VXFK�VLPXODWLRQV�KDYH

EHFRPH�ZHOO�XQGHUVWRRG���7KH�DELOLW\�RI�VLPXODWLRQ�WR�IDFLOLWDWH�PRUH�UREXVW�PROG�GHVLJQV�KDV�EHHQ

ZHOO�GRFXPHQWHG�>����������@�DQG�ZLOO�QRW�EH�UHYLHZHG�KHUH���7KH�LPSOHPHQWHG�DSSURDFK�VXSHUVHGHV

WKHVH� WHFKQRORJLHV� E\� GHULYLQJ� WKH� RSWLPXP� SURFHVV� FRQGLWLRQV� DQG� HYDOXDWLQJ� WKH� PROGHG� SDUW

TXDOLW\�DW�WKRVH�FRQGLWLRQV���$V�VXFK��WKLV�´RSWLPXPµ�VLPXODWLRQ�SURYLGHV�LPSURYHG�HVWLPDWHV�RI�WKH

PROGHG�SDUW�TXDOLW\�DV�ZHOO�DV�PRUH�H[SOLFLW�JXLGDQFH�IRU�HQKDQFLQJ�WKH�SDUW�SURSHUWLHV�

,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKH�SRWHQWLDO�JDLQV�ZKLFK�FDQ�EH�PDGH�GXULQJ�WKH�SDUW�DQG�PROG

GHVLJQ�XVXDOO\�IDU�RXWZHLJK�FRVW�UHGXFWLRQV�WKDW�FDQ�EH�PDGH�GXULQJ�SDUW�SURGXFWLRQ�>��@���6RPH�RI

WKH�EHQHILWV�RI�WKH�GHVFULEHG�DSSURDFK�DUH�TXDQWLILHG�LQ�7DEOH���IRU�SUHYLRXVO\�DQDO\]HG�DSSOLFDWLRQV�

7KH�PRUH� UREXVW�PROG� GHVLJQ� KDV� D� ���� UHGXFHG� OLNHOLKRRG� IRU� WRRO�PRGLILFDWLRQV� GXULQJ�PROG

FRPPLVVLRQLQJ� FRPSDUHG� WR� DSSOLFDWLRQV� ZLWKRXW� DQDO\VLV�� *LYHQ� WKDW� HDFK� WRRO� PRGLILFDWLRQ

UHTXLUHV� VHSDUDWH� PROGLQJ� WULDOV�� PROG� WUDQVSRUW� DQG� GLVDVVHPEO\�� PROG� PRGLILFDWLRQV�� PROG� UH�

DVVHPEO\� DQG� WUDQVSRUW�� WKH� SURSRVHG� DSSURDFK� FDQ� UHGXFH� WKH�PROG� GHYHORSPHQW� WLPH� E\� ����

7KHUH�DUH� IXUWKHU�PDWHULDO� DQG�F\FOH� WLPH� VDYLQJV�ZKLFK� FDQ�EH�REWDLQHG� WKURXJK� LPSURYHG�PROG

GHVLJQ�PDGH�SRVVLEOH�E\�WKH�LPSURYHG�SURGXFW�DQG�SURFHVV�SHUIRUPDQFH�RI�WKH�GHVFULEHG�DSSURDFK�

Faster Mold Commissioning

7KH�GHVFULEHG�V\VWHP�EULQJV�YDOXH�WR�WKH�PROGHU�E\�HQDEOLQJ�IDVWHU�PROG�FRPPLVVLRQLQJ�DQG

ORZHULQJ� WKH� EDUULHUV� WR� DGYDQFHG� SURFHVV� VHW�XS� WHFKQLTXHV�� 0DQ\� LQGXVWU\� SUDFWLWLRQHUV� KDYH

WHVWLILHG�WKDW�WKHLU�W\SLFDO�PROG�FRPPLVVLRQLQJ�LQYROYHV�WKUHH�PROGLQJ�WULDOV��HDFK�ZLWK�D�GXUDWLRQ�RI
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IRXU�KRXUV��7KLV�GRHV�QRW�LQFOXGH�D�SURFHVV�LQYHVWLJDWLRQ�WR�HVWDEOLVK�D�3URFHVV�:LQGRZ���$VVXPLQJ

WKDW�WKH�SURFHVV�LV�GRQH�FRUUHFWO\��WKH�PHWKRGV�IRU�HVWDEOLVKLQJ�D�3URFHVV�:LQGRZ�UHTXLUH�PROGLQJ

SURFHVV� H[SHUWLVH�� NQRZOHGJH� RI� VWDWLVWLFV� DQG� H[SHULPHQWDO� GHVLJQ�� SURSHU� H[SHULPHQWDWLRQ

WHFKQLTXHV��DQG�UHVXOWV�DQDO\VLV�DQG�LQWHUSUHWDWLRQ��7KH�DPRXQW�RI�WLPH�UHTXLUHG�WR�PDQXDOO\�GHYHORS

DQG�H[HFXWH�WKH�WDVNV�IRU�SURSHU�PROG�FRPPLVVLRQLQJ�LV�VLJQLILFDQW��DV�VXPPDUL]HG�LQ�7DEOH���

$OO�WKHVH�VNLOOV�KDYH�EHHQ�LPEHGGHG�ZLWKLQ�WKH�GHVFULEHG�V\VWHP�DUFKLWHFWXUH���6LQFH�PDQ\�RI

WKH� WDVNV� KDYH� EHHQ� DXWRPDWHG�� WKH� LPSOHPHQWDWLRQ� WLPHV� KDYH� EHHQ� HOLPLQDWHG� RU� VLJQLILFDQWO\

UHGXFHG���0RUHRYHU��WKH�VNLOO�OHYHO�UHTXLUHG�WR�XWLOL]H�WKHVH�WHFKQLTXHV�KDYH�EHHQ�UHGXFHG�IURP�WKH

OHYHO�RI�VSHFLDOLVW�WR�D�WUDLQHG�WHFKQLFLDQ���$V�VXFK��WKH�WLPH�DQG�FRVW�RI�PROG�FRPPLVVLRQLQJ�KDYH

EHHQ�UHGXFHG�E\�VHYHUDO�RUGHU�RI�PDJQLWXGHV���0RUHRYHU��WKH�GHVFULEHG�DSSURDFK�SURYLGHV�D�EHWWHU

UHVXOW�WKDQ�FRXOG�EH�REWDLQHG�PDQXDOO\�DQG�DOVR�SURYLGHV�YLWDO�TXDOLW\�GDWD�UHOHYDQW�WR�SURGXFWLRQ�

7KH� JRDO� RI� ,3&�ZDV� WR� HQDEOH�PROG� FRPPLVVLRQLQJ�ZLWKLQ� RQH�PROGLQJ� WULDO� ODVWLQJ� RQH

KRXU��$OO�FDVH�VWXGLHV�WR�GDWH�KDYH�FRQILUPHG�WKH�IHDVLELOLW\�RI�WKLV�REMHFWLYH�� �$�W\SLFDO�FDVH�VWXG\

FRPSULVHG�D�FRPSDULVRQ�RI�D�PROGHU·V�H[LVWLQJ�PROGLQJ�FRQGLWLRQV�ZLWK�WKH�SURILOHV�UHFRPPHQGHG

E\�WKH�VLPXODWLRQ��VKRZQ�LQ�)LJXUH����DQG�WKHQ�ILQH�WXQHG�UHVXOWV�XVLQJ�LQWHOOLJHQW�SURFHVV�FRQWURO�

7KH�IDQ�ZDV�PROGHG�IURP������JODVV�ILOOHG�SRO\SURS\OHQH��7RQHQ�&KHPLFDOV�7����33�&����;.'

RQ�D�-RKQV�����WRQQH�LQMHFWLRQ�PROGLQJ�PDFKLQH�ILWWHG�ZLWK�D�%DWWHQIHOG��%DFKPDQQ��8QLORJ�����

FRQWUROOHU�� �7R�GR�WKLV�FRPSDULVRQ��WKH�V\VWHP�ZDV�XVHG�WR�FRQWURO� WKH� LQMHFWLRQ�PROGLQJ�PDFKLQH

DFFRUGLQJ� WR� WKH� VLPXODWLRQ·V� RXWSXW� SURILOHV�� � )RXU� SDUWV� ZHUH� PDGH� ZLWK� WKHVH� FRQGLWLRQV�� WR

HVWDEOLVK�WKH�TXDOLW\�RI�SDUWV��$IWHUZDUGV�� WKH�GHVFULEHG�SURFHVV� WXQLQJ�PHWKRG�ZDV�XVHG� WR�DGMXVW

WKH� SURILOHV�� VR� WKDW� D� JRRG� SDUW� ZDV� SURGXFHG�� 7KH� LQLWLDO� SURILOHV� UHFRPPHQGHG� WKH� VLPXODWLRQ

SURGXFHG�D�SDUW� WKDW�ZDV�DSSUR[LPDWHO\�RQH�PLOOLPHWHU�VKRUW�� �1R�RWKHU�GHIHFWV�ZHUH� LPPHGLDWHO\

DSSDUHQW��7KH�SURFHVV�WXQLQJ�PHWKRG�SURGXFHG�D�JRRG�SDUW�LQ�VHYHQ�VKRWV��UHTXLULQJ�DSSUR[LPDWHO\
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ILIWHHQ�PLQXWHV�IURP�VWDUW�XS���7KH�QRUPDO�SURFHGXUH�XVHG�WR�REWDLQ�VXLWDEOH�SURFHVVLQJ�FRQGLWLRQV

IRU�WKLV�DSSOLFDWLRQ�LQYROYHG�WZR�WRRO�WULDOV�HDFK�RI�IRXU�KRXUV�

Characterization of Machine Capability

7KHUH� LV� DQ� LQGXVWU\�ZLGH�FRQFHVVLRQ� WKDW�SDUW�TXDOLW\� FDQ�YDU\�ZKHQ�PROGHG�RQ�GLIIHUHQW

PROGLQJ� PDFKLQHV�� +RZHYHU�� PRVW� SURFHVV� HQJLQHHUV� ZRXOG� EH� KDUG� SUHVVHG� WR� TXDQWLI\� WKH

SHUIRUPDQFH� RI� WKHLU� PDFKLQHV� IRU� GLUHFW� FRPSDULVRQ�� � 7KLV� LV� PRVW� OLNHO\� DWWULEXWDEOH� WR� WKH

GLIILFXOW\� RI� LQVWUXPHQWLQJ�� DFTXLULQJ�� DQG� DQDO\]LQJ� WKH� SURFHVV� G\QDPLFV� QHHGHG� IRU� GHFLVLRQ

VXSSRUW���6HYHUDO�FRPSDQLHV�FXUUHQWO\�SHUIRUP�WKHVH�W\SHV�RI�SURFHVV�DXGLWV�WKURXJKRXW�WKH�SODVWLFV

LQGXVWU\��IRU�WKHUH�LV�VLJQLILFDQW�YDOXH�WR�EH�JDLQHG�IURP�WKLV�NQRZOHGJH���7\SLFDO�UHVXOWV�PD\�LQFOXGH�

UHSHDWDELOLW\�RI�SUHVVXUH�� WHPSHUDWXUH��YHORFLW\�� VKRW�ZHLJKW�VWDELOLW\��HWF�� �:LWK� WKLV� LQIRUPDWLRQ�� D

PROGHU�FDQ�EHWWHU�PDWFK�PROGLQJ�DSSOLFDWLRQ�UHTXLUHPHQWV�WR�D�VXLWDEOH�PDFKLQH���7KLV�FDQ�UHVXOW�LQ

HQKDQFHG�SURGXFW�TXDOLW\��LPSURYHG�SURGXFWLRQ�\LHOGV��DQG�ORZHU�SURGXFWLRQ�FRVWV�

7KH� GHVFULEHG� DSSURDFK� PHDVXUHV� WKH� PDFKLQH� FDSDELOLW\� RQ�OLQH� DV� SDUW� RI� WKH� SURFHVV

FKDUDFWHUL]DWLRQ���7KLV�DGGV�YDOXH�LQ�WZR�ZD\V���)LUVW��WKH�V\VWHP�RXWSXWV�WKH�PDFKLQH�SHUIRUPDQFH

LQ�TXDQWLWDWLYH�XQLWV��VXFK�DV�´WKH�VWDQGDUG�GHYLDWLRQ�RI�UDP�YHORFLW\�LV�����PP�VHF�µ����7KLV�FDQ�EH

XVHG� IRU� GLUHFW� FRPSDULVRQ� WR� WKH� SHUIRUPDQFH� RI� RWKHU� PDFKLQHV� DQG� SRLQW� RXW� WKH� QHHG� IRU

LPSURYHG�FRQWURO�RU�PDLQWHQDQFH���6HFRQG��WKH�V\VWHP�GLUHFWO\�YHULILHV�WKDW�WKH�PDFKLQH�FDSDELOLW\�LV

VXLWDEOH� IRU� WKH� JLYHQ� DSSOLFDWLRQ� UHTXLUHPHQWV�� � )RU� LQVWDQFH�� LW� FDQ� DVFHUWDLQ� WKDW� WKH� PROGLQJ

PDFKLQH�PD\�QRW�EH�VXIILFLHQW�IRU�D�JLYHQ�WLJKW�WROHUDQFH�DSSOLFDWLRQ�

Improved Product Quality

$QRWKHU� EHQHILW� RI� LQWHOOLJHQW� SURFHVV� FRQWURO� LV� WKH� LPSURYHPHQW� RI� SURGXFW� TXDOLW\� DQG

SRVVLEOH� UHGXFWLRQ� LQ� PROGLQJ� FRVW�� � ,Q� HVWDEOLVKLQJ� D� 3URFHVV� :LQGRZ�� WKH� V\VWHP� SURYLGHV

YHULILFDWLRQ� WKDW� WKH�PROGLQJ�SURFHVV�ZLOO�PRVW� DOZD\V�SURGXFH� DFFHSWDEOH�PROGLQJV� JLYHQ� QDWXUDO
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YDULDWLRQ�RI�WKH�SURFHVV��%\�LQYHVWLJDWLQJ�WKH�PROGHG�SDUW�TXDOLW\�ZLWKLQ�WKH�ZLQGRZ�RI�WKH�QDWXUDO

SURFHVV� YDULDWLRQ�� WKH� GHVFULEHG� DSSURDFK� FDQ� LPSURYH� DOO� WKH�PROGLQJ� SDUDPHWHUV� WR� HQVXUH� WKDW

GHIHFWV�GR�QRW�RFFXU���,Q�WKH�YDOLGDWLRQ�RI�WKLV�V\VWHP��WKH�DXWKRUV�ZLWQHVVHG�D�VWULNLQJ�H[DPSOH�RI

WKH�YDOXH�RI�WKLV�PHWKRG������7KH�DSSOLFDWLRQ�ZDV�DQ�DXWRPRWLYH�LQVWUXPHQW�SDQHO��VKRZQ�LQ�)LJXUH���

PROGHG�RI�D�����WDOF�ILOOHG�33�RQ�D�����WRQ�K\GUDXOLF�PROGLQJ�PDFKLQH�� �7KH�SURFHVV�ZDV�VHW�XS

FRUUHFWO\��ZLWK�D�VZLWFK�RYHU�IURP�WKH�ILOOLQJ�WR�SDFNLQJ�VWDJH�YHU\�FORVH�WR�WKH�WUXH�HQG�RI�ILOO�RI�WKH

FDYLW\��7KLV�LV�JHQHUDOO\�SHUFHLYHG�DV�D�FRUUHFW�PROGLQJ�VHWWLQJ�

,Q� HVWDEOLVKLQJ� WKH�3URFHVV�:LQGRZ��KRZHYHU�� VHYHUH� IODVK�ZDV� HQFRXQWHUHG�ZKHQ�QDWXUDO

YDULDWLRQ� RI� WKH� SURFHVV� FDXVHG� VOLJKWO\� ODUJHU� LQMHFWLRQ� VWURNHV�� � :KLOH� WKH� QRPLQDO� VHW�SRLQW

SURYLGHG�H[FHOOHQW�SDUWV��URXJKO\�����RI�WKH�SDUWV�ZRXOG�KDYH�IODVKHG���+HQFH��WKH�FRUUHFW�SURFHVV

VHW�XS�LQ�WKLV�FDVH�ZDV�WR�VZLWFK�IURP�WKH�ILOOLQJ�WR�SDFNLQJ�VWDJH�FORVHU�WR�����RI�HQG�RI�ILOO���7KLV

VFHQDULR�LV�VKRZQ�LQ�)LJXUH�����$V�VXFK��WKH�VHWWLQJ�RI�HDFK�PROGLQJ�PDFKLQH�PD\�GLIIHU�VOLJKWO\�WR

DFFRPPRGDWH�HDFK�PDFKLQH·V�XQLTXH�SURGXFWLRQ�G\QDPLFV�

7KHVH� W\SHV� RI� TXDOLW\� LPSURYHPHQWV� FDQ� RQO\� EH� GHWHUPLQHG� ZLWK� WKH� UREXVW� SURFHVV

PHWKRGV�DV�SUHVHQWHG� LQ� WKLV�SDSHU��:LWKRXW� LW�� WKH�PROGHU�GRHV�QRW�NQRZ�KRZ�IDU� WKH�SURFHVV� LV

IURP� D� FULWLFDO� TXDOLW\� ERXQGDU\��ZKLFK�PD\� RQO\� EHFRPH� HYLGHQW� ODWHU� LQ� SURGXFWLRQ� RU� HQG�XVH�

2QFH� WKH�TXDOLW\� WKURXJKRXW� WKH�3URFHVV�:LQGRZ�KDV�EHHQ�YHULILHG�� LW�PD\�EH�SRVVLEOH� WR� UHGXFH

PROGLQJ�FRVWV�LQ�SURGXFWLRQ�WKURXJK�WHPSHUDWXUH��SUHVVXUH��RU�F\FOH�WLPH�UHGXFWLRQV�

Improved Process Yields

$V�SUHYLRXVO\�PHQWLRQHG��LQWHOOLJHQW�SURFHVV�FRQWURO�FDQ�UHVXOW�LQ�LPSURYHG�SURGXFW�TXDOLW\

WKURXJK� SURFHVV� LQYHVWLJDWLRQ� DQG� PRGHO� GHYHORSPHQW�� � 9HU\� IHZ� PROGHUV�� KRZHYHU�� KDYH

HVWDEOLVKHG�VXFK�PHWKRGV�DV�6WDQGDUG�2SHUDWLQJ�3URFHGXUH��623��� �$V�VXFK�� WKH�SURFHVV�HQJLQHHU

JHQHUDOO\�HVWDEOLVKHV�D�EDVHOLQH�SURFHVV�E\�ZKLFK�WKH�DWWULEXWHV�RI�WKH�PROGHG�SDUW�VHHPV�DFFHSWDEOH�
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7KLV� ZLOO� JHQHUDOO\� UHVXOW�� KRZHYHU�� LQ� UHGXFHG� SURGXFWLRQ� \LHOGV� DV� YDOLGDWLRQ� UHVXOWV� IRU� WKH

DXWRPRWLYH�LQVWUXPHQW�SDQHO��)LJXUH����ZLOO�GHPRQVWUDWH�

7KLV� DSSOLFDWLRQ� KDV� VHYHUDO� IXQFWLRQDOO\� FULWLFDO� GLPHQVLRQV�� RQH� RI� ZKLFK� LV� LGHQWLILHG� LQ

)LJXUH���EHWZHHQ�WKH�WZR�SULPDU\�PRXQWLQJ�SRLQWV���,Q�WKLV�FDVH��WKH�VSHFLILFDWLRQ�ZDV�������������

PP�²�W\SLFDO�RI�WKH�LQGXVWU\�VWDQGDUG�RI��������$Q�H[SHULPHQWDO�GHVLJQ��D�%ORFNHG�%R[�%KHQNLQV

'HVLJQ� RI� ([SHULPHQWV� >��@� ZDV� GHYHORSHG� DQG� WHVWHG�� � 7KH� GHVLJQ� LQWHQW� LV� WR� HVWDEOLVK� WKH

GLPHQVLRQDO�SURSHUWLHV�DQG�GLVWULEXWLRQV�DFURVV�WKH�IHDVLEOH�3URFHVV�:LQGRZ���$W�HDFK�SRLQW�LQ�WKH

'2(�� WHQ� PROGLQJV� ZHUH� VDPSOHG� DQG� ODWHU� PHDVXUHG� LQ� D� FRQWUROOHG� HQYLURQPHQW� XVLQJ� D

FRRUGLQDWH�PHDVXUHPHQW�PDFKLQH�

7KH�VXEVHTXHQW�DQDO\VLV�TXDQWLILHV� WKH�SURFHVV�\LHOG�HVWLPDWHV�� �$� W\SLFDO�SURFHVV�HQJLQHHU�

ZKR� ¶FRUUHFWO\·� VHWV� WKH� PROGLQJ� SURFHVV� WR� DQ\� XQLIRUPO\�GLVWULEXWHG� SRLQW� ZLWKLQ� WKH� IHDVLEOH

ZLQGRZ�� ZRXOG� UHWXUQ� D� ������� \LHOG�� � 7KLV� LV�� LQ� IDFW�� YHU\� UHSUHVHQWDWLYH� RI� PDQ\� PROGLQJ

SUDFWLFHV���%\�RSHUDWLQJ�DW�WKH�FHQWHU�RI�WKH�PROGLQJ�ZLQGRZ��IDU�DZD\�IURP�WKH�TXDOLW\�ERXQGDULHV

LQ�WHUPV�RI�QDWXUDO�SURFHVV�YDULDWLRQ���KRZHYHU��WKH�UHVXOWLQJ�SURGXFWLRQ�\LHOG�ZRXOG�EH���������7KH

UHGXFWLRQ�RI�������LQ�GHIHFWLYH�SDUWV�ZLOO�DGG�WHQV�RI�WKRXVDQGV�RI�GROODUV�GLUHFWO\�WR�WKH�SURILWDELOLW\

RI�WKH�PROGLQJ�RSHUDWLRQ�

Reduced Production Costs

,QWHOOLJHQW�SURFHVV�FRQWURO�KDV�EHHQ�VKRZQ�WR�UHGXFH�SURGXFWLRQ�FRVWV���2QH�VXFK�FDVH�VWXG\

LQYROYHG�WDNLQJ�DQ�H[LVWLQJ�SURGXFWLRQ�WRRO�DQG�DSSO\LQJ�WKH�RQ�OLQH�TXDOLW\�V\VWHP�WR�RSWLPL]H�SDUW

TXDOLW\� DQG� UHGXFH� F\FOH� WLPH�� � 7KH� V\VWHP� FRPSULVHG� DQ� 8EH� 3=� ,,,������ D� ���� WRQ� LQMHFWLRQ

PROGLQJ�PDFKLQH�HTXLSSHG�ZLWK�WKH�GHVFULEHG�RQ�OLQH�TXDOLW\�FRQWUROOHU��D�VLQJOH�FDYLW\�RSWLFDO�ODVHU

GLVF�WRRO�DQG�8EH�$%6�9:����SRO\PHU���7KH�H[LVWLQJ�SURFHVV�FRQGLWLRQV�ZHUH�WKHQ�FRPSDUHG�ZLWK

WKH�LQLWLDO�VLPXODWLRQ�UHVXOWV��DQG�WKHQ�ILQH�WXQHG�XVLQJ�WKH�GHVFULEHG�DSSURDFK�
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7KH�SDUW��VKRZQ�LQ�)LJXUH�����ZDV�GLIILFXOW�WR�PROG�GXH�WR�FULWLFDO�GLPHQVLRQDO�DQG�DHVWKHWLF

VSHFLILFDWLRQV���,W�ZDV�DOVR�GLIILFXOW�WR�ILOO�ZLWK�ORQJ�WKLQ�ULEV�RQ�WKH�XQGHUVLGH�RI�WKH�WUD\�ZKLFK�DOVR

UHVXOWHG�LQ�SHUVLVWHQW�VLQN�PDUNV���$V�WKH�SDUW�LV�IXQGDPHQWDOO\�D�IODW�WUD\�LW�KDV�D�VWURQJ�WHQGHQF\�WR

ZDUS�DQG�WKLV�ZDV�XVHG�DV�RQH�RI�WKH�TXDOLW\�PHWULFV��$OVR��DV�WKH�WRRO�KDG�EHHQ�LQ�SURGXFWLRQ�IRU

RYHU� WKUHH�\HDUV� WKHUH�ZDV� VRPH�ZHDU� DURXQG� WKH�JDWH�ZKLFK�PHDQW� WKDW� WKHUH�ZDV� D� WHQGHQF\� WR

IODVK�LQ�WKDW�UHJLRQ�

7KH�SURFHGXUH�ZDV� ILUVW� WR�PRGHO� WKH�SDUW� DQG� WKHQ�SHUIRUP�D� VLPXODWLRQ� WR� HVWDEOLVK� WKH

LQLWLDO�SURFHVVLQJ�FRQGLWLRQV���7KH�UHVXOWV�ZHUH�WKHQ�IHG�WR�WKH�SURFHVV�FRQWUROOHU�YLD�D�IORSS\�GLVF�

8VLQJ�RSHUDWRU�IHHGEDFN�RQ�SDUW�TXDOLW\��WKH�LQLWLDO�VLPXODWLRQ�UHVXOWV�ZHUH�ILQH�WXQHG�DIWHU�ZKLFK�D

SURFHGXUH�IRU�F\FOH�WLPH�PLQLPL]DWLRQ�ZDV�LPSOHPHQWHG���7KH�ILQDO�SDUW�TXDOLW\�ZDV�VXSHULRU�WR�WKH

H[LVWLQJ�SURGXFWLRQ�UHVXOWV�� �7KLV�ZDV�SULPDULO\�GXH� WR� WKH� LPSURYHG�ILOOLQJ�SURILOH� WKDW�PLQLPL]HG

WKH� IUR]HQ� OD\HU� WKLFNQHVV� WKXV� DOORZLQJ� WKH�SRO\PHU�PHOW� WR� ILOO� DOO� WKH� WKLQ� ULEV� DQG� WKH� SDFNLQJ

SURILOH�FRXOG�WKHQ�EH�PRUH�HIIHFWLYH�LQ�FRPSHQVDWLQJ�IRU�WKH�YROXPHWULF�VKULQNDJH���$V�WKH�WRRO�ZDV

QR�ORQJHU�EHLQJ�XVHG�DV�D�MLJ�WR�KROG�WKH�SDUW�IODW�DV�LW�FRROHG��WKH�FRROLQJ�WLPH�FRXOG�EH�VLJQLILFDQWO\

UHGXFHG� WR� WKH�SODVWLFDWLRQ� WLPH� �� WKH�SUDFWLFDO�PLQLPXP�� �7KH�SURFHVV� FRQGLWLRQV� IRU�EHIRUH� DQG

DIWHU�LQWHOOLJHQW�SURFHVV�FRQWURO�DUH�OLVWHG�LQ�7DEOH���

7KH�HQG�UHVXOW�ZDV�D�SDUW�ZLWK� OHVV�YLVLEOH�VLQN�PDUNV������ OHVV�ZDUSDJH��DQG�D�VLJQLILFDQW

UHGXFWLRQ� LQ� F\FOH� WLPH� IURP� ����� WR� ����� VHFRQGV� ������� � ,I� WKH� LPSURYHG� TXDOLW\� OHYHOV� GR� QRW

GLUHFWO\�FRPPDQG�SULFH�SUHPLXPV��WKHQ�FRVWV�PD\�EH�IXUWKHU�UHPRYHG�IURP�WKH�SDUW�DW�WKH�H[SHQVH

RI�TXDOLW\�WR�REWDLQ�VLPLODU�SURILW�LQFUHDVHV��7KH�PDFKLQH�UDWH��ZLOO�LQFUHDVH�GXH�WR�WKH�DGGHG�FDSLWDO

LQYHVWPHQW�RI�WKH�RQ�OLQH�TXDOLW\�FRQWURO�V\VWHP���+RZHYHU��WKLV�DGGHG�H[SHQVH�LV�JUHDWO\�RII�VHW�E\

WKH�SURFHVV�LPSURYHPHQWV�LQ�TXDOLW\��F\FOH�WLPH��DQG�LQFUHDVHG�XQLW�SULFH���7KH�LPSDFW�RI�WKH�RQ�OLQH

TXDOLW\�FRQWURO�V\VWHP�RQ�WKH�HFRQRPLF�YDOXH�DGGHG� LQ�WKLV�FDVH�VWXG\�DUH�VKRZQ�LQ�7DEOH����$V�D

UHVXOW� RI� WKLV� LPSOHPHQWDWLRQ�� WKH� RSHUDWLQJ� SURILWV�ZLOO� LQFUHDVH� �������� IRU� RQH� EDWFK� RI� ������
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PROGHG�SDUWV�� �7KLV� HVWLPDWH��PRUHRYHU�� GRHV� QRW� LQFOXGH� DGGLWLRQDO� VDYLQJV� UHODWLQJ� WR� LPSURYHG

\LHOG�RU�PDFKLQH�FRPPLVVLRQLQJ�WLPHV�ZKLFK�ZHUH�QRW�HVWLPDWHG�LQ�WKLV�VWXG\�

CONCLUSIONS

7KH�FRQWLQXHG�WKUXVW�RI�WKHUPRSODVWLFV�LQWR�DGYDQFHG�WHFKQLFDO�DSSOLFDWLRQV�KDV�UHVXOWHG�LQ

HQG�XVHU� UHTXLUHPHQWV� ZKLFK� FDQ� H[FHHG� VWDQGDUG� SURGXFW� GHYHORSPHQW� DQG� PDQXIDFWXULQJ

FDSDELOLWLHV�� �7KH� ODFN�RI�SURFHVV� UREXVWQHVV� LV� VRPHWLPHV� HYLGHQFHG�E\� ORQJ�GHYHORSPHQW� F\FOHV�

H[FHVVLYH�WRROLQJ�FRVWV��ORZ�SURFHVV�\LHOGV��DQG�LQIHULRU�SURGXFW�TXDOLW\���,QMHFWLRQ�PROGLQJ�SURFHVV

VLPXODWLRQ�KDV�SURYLGHG�PDMRU�EHQHILWV�WR�WKH�SURGXFW�GHYHORSPHQW�F\FOH�E\�IDFLOLWDWLQJ�HYDOXDWLRQ

RI�GHVLJQ�FDQGLGDWHV�EHIRUH�WRROLQJ�VWHHO���$W�WKLV�WLPH��KRZHYHU��WKH�QHHG�IRU�JUHDWHU�UREXVWQHVV�LQ

WKH�PROGLQJ�SURFHVV�UHPDLQV�FULWLFDO�

7KLV� SDSHU� KDV� GHVFULEHG� D� PHWKRGRORJ\� IRU� HQVXULQJ� DGHTXDWH� SURFHVV� UREXVWQHVV� DQG

GHYHORSLQJ� TXDOLW\� PRGHOV� RQ�OLQH�� XVLQJ� ZHOO�NQRZQ� H[SHULPHQWDO� PHWKRGV� DQG� ULJRURXV

PDWKHPDWLFDO�WHFKQLTXHV��$V�GHVFULEHG��WKH�DSSURDFK�LV�FRPSOHWHO\�JHQHULF�DQG�FDWHUV�ZHOO� WR�HDFK

DSSOLFDWLRQ·V�VSHFLILF�VHW�RI�SURFHVV�G\QDPLFV�DQG�TXDOLW\�VSHFLILFDWLRQV��$V�GHVFULEHG��WKH�DSSURDFK

EHJLQV�PROGLQJ�ZLWK�D�QHDU�¶RSWLPDO·�VHW�RI�SURFHVV�FRQGLWLRQV�SUHGLFWHG�IURP�VLPXODWLRQ���.QRZLQJ

WKDW�LQDFFXUDFLHV�LQ�WKH�VLPXODWLRQ�PHWKRG�H[LVW��WKH�V\VWHP�WKHQ�DXWRPDWLFDOO\�DGMXVWV�WKH�SURFHVV�WR

SURGXFH� PROGHG� SDUWV� ZKLFK� PHHW� WKH� HQG�XVHU� VSHFLILFDWLRQV�� � )LQDOO\�� WKH� TXDOLW\� V\VWHP

FRQWLQXRXVO\� PRQLWRUV� WKH� SURFHVV�� GHWHFWLQJ� DQG� GLVFDUGLQJ� GHIHFWLYH� SDUWV� GXH� WR� UDQGRP

GLVWXUEDQFHV�ZKLOH�DGMXVWLQJ�WKH�SURFHVV�IRU�V\VWHPDWLF�HUURUV�

,W� VKRXOG�EH� FOHDU� WKDW� WKH� V\VWHP�KDV� VLJQLILFDQW� SRWHQWLDO� WR� DFKLHYH� WKH� OHYHOV� RI� TXDOLW\
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