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ABSTRACT

$[LRPDWLF� GHVLJQ� LV� DSSOLHG� ZLWK� VWDWH� WUDQVLWLRQ
UHSUHVHQWDWLRQ� WR� VRIWZDUH� GHVLJQ� IRU� 3URJUDPPDEOH� /RJLF
&RQWUROOHUV��3/&���%\�FRPSDULQJ�VHYHUDO�DSSURDFKHV�RI �DSSO\LQJ
WKH� SULQFLSOHV� RI � D[LRPDWLF� GHVLJQ� LQ� RUGHU� WR� JHQHUDWH� DQ
HTXLYDOHQW� GHVFULSWLRQ� LQ� VWDWH� WUDQVLWLRQ� UHSUHVHQWDWLRQ�� ZH
FRQFOXGH� WKDW� KLHUDUFKLFDO� VWDWHFKDUWV� DUH� DQ� LPSRUWDQW
GHVFULSWLRQ� RI � WKH� GHFRPSRVLWLRQ� DQG� ]LJ]DJJLQJ� SURFHGXUH� DW
FRQFHSWXDO�GHVLJQ�VWDJH��7KLV�QRWDWLRQ�KHOSV�WR� LGHQWLI\� WKH�JRDO
VWDWHV�DQG�RWKHU�LPSRUWDQW�GHVLJQ�SDUDPHWHUV��VXFK�DV�WLPH�GHOD\V�
LQSXW� VLJQDOV� IURP� VHQVRUV�� DQG� VKDUHG� PHPRU\� GDWD�� 6LQFH
VWDWHFKDUWV�PD\�SURYLGH�LQKHUHQW�XQFRXSOHG�GHVLJQV�ZH�LQWURGXFH
D�PRGLILHG�GHVLJQ�WDEOH�IRU�VWDWH�WUDQVLWLRQ�GHVFULSWLRQ��7KH�VWDWH
WUDQVLWLRQ� WDEOH� FRPELQHV� WKH� VWDWH� WUDQVLWLRQ� PRGHO� ZLWK� WKH
PDWUL[�QRWDWLRQ�DQG�PDSV�WKH� LQSXW�FRQGLWLRQV�WR�RXWSXW�DFWLRQV
IRU� HDFK� VWDWH�� 7KH� WDEOH� FDQ� WKHQ� HDVLO\� EH� HPSOR\HG� IRU
LPSOHPHQWLQJ� WKH� 3/&� SURJUDP� FRGH�� 7KLV� LV� SDUWLFXODUO\
LPSRUWDQW� LQ� ODUJH�VFDOH� 3/&� FRQWUROOHG� V\VWHPV� ZKHUH� D
VXEVWDQWLDO� QXPEHU� RI � FRQWURO� HQJLQHHUV� KDYH� WR� FROODERUDWH� E\
H[FKDQJLQJ� WKH� LQSXW�RXWSXW� VSHFLILFDWLRQ� DPRQJ� WKH� SDUWLDO
V\VWHPV��$Q�H[DPSOH�LV�SUHSDUHG�WR�LOOXVWUDWH�WKH�SURSRVHG�GHVLJQ
PHWKRG�

.H\ZRUGV�� D[LRPDWLF� GHVLJQ�� SURJUDPPDEOH� ORJLF� FRQWUROOHU�
VWDWHFKDUWV

1 INTRODUCTION

1.1 RELATED RESEARCH

$XWRPDWLRQ� V\VWHPV� OLNH� PDQXIDFWXULQJ� V\VWHPV� RU
WUDQVSRUWDWLRQ� V\VWHPV� UHTXLUH� FRQFXUUHQW� GHVLJQ� RI � FRQWURO
KDUGZDUH�DV�ZHOO�DV�FRQWURO�VRIWZDUH��6XK�KDV�SURSRVHG� >����@� D
PRGXODU� V\VWHP� DUFKLWHFWXUH� WKDW� LV� GHULYHG� IURP� WKH
WUDQVIRUPDWLRQ� RI � IXQFWLRQDO� UHTXLUHPHQWV� LQWR� WKH� GHVLJQ
SDUDPHWHU� DQG� PD\� LQGLFDWH� WKH� RSHUDWLRQDO� VHTXHQFH� RI � WKH
KDUGZDUH�VRIWZDUH� PRGXOHV� LQ� WKH� V\VWHP�� 7KH� V\VWHP
DUFKLWHFWXUH�UHIOHFWV�WKH�KLHUDUFKLFDO�GHFLVLRQ�PDNLQJ�SURFHVV�DQG
GHQRWHV� WKH� ZD\� RI � KRZ� WR� VDWLVI\� D� VHOHFWHG� VHW� RI � IXQFWLRQDO
UHTXLUHPHQWV�� 7KH� RSHUDWLRQDO� VHTXHQFH� RI � V\VWHP� PRGXOHV� LV
DVVXPHG� WR� EH� VWDWLF� ZKLFK� PLJKW� EH� YDOLG� LQ� DQ� LGHDO� ZRUOG�

$XWRPDWLRQ� V\VWHPV�� KRZHYHU�� H[KLELW� UHDFWLYH� DQG� G\QDPLF
EHKDYLRU� ZKHUH� WKH� RSHUDWLRQDO� VHTXHQFH� FDQQRW� EH� FRPSOHWHO\
SUHGLFWHG�� )RU� LQVWDQFH�� D� JHQHUDO� FKDUDFWHULVWLF� RI � IOH[LEOH
DXWRPDWLRQ� V\VWHPV� LV� VKDULQJ� RI � UHVRXUFHV�� ZKLFK� PHDQV� WKDW
FRPSRQHQWV�DUH�PXWXDOO\�GHSHQGHQW��6\VWHP�FRPSRQHQWV�KDYH�WR
FRPPXQLFDWH� E\� VHQGLQJ� UHTXHVW� DQG� DFNQRZOHGJH� VLJQDOV� LQ
RUGHU�WR�SURYLGH�D�FRUUHFW�EHKDYLRU��7KLV�QHJRWLDWLRQ�SURFHVV�FDQ
FDXVH� YDULDWLRQV� RI � WKH� RSHUDWLRQDO� VHTXHQFH� GHSHQGLQJ� RQ
SDUWLFXODU�V\VWHP�FRQGLWLRQV�

+LQWHUVWHLQHU�DQG�7DWH� >����@�KDYH�GHILQHG�D� V\VWHP�GHVLJQ
WHPSODWH� GHQRWHG� DV� D� JHQHULF� PDWUL[� IRU� GHVLJQLQJ
PDQXIDFWXULQJ� SURFHVVHV� DQG� FRQWURO�� ,Q� DFFRUGDQFH� ZLWK� WKH
IXQFWLRQDO� UHTXLUHPHQWV�� WKH� VHTXHQFH� RI � GHVLJQ� GHFLVLRQV� LV
IROORZLQJ�� ���� SURFHVV� IXQFWLRQV�� ���� WUDQVSRUW� IXQFWLRQV�� ���
VXSHUYLVRU\� FRQWURO�� ���� FRQWUROOHU� DQG� FRPSXWHU� KDUGZDUH�� DQG
ILQDOO\� ���� WKH� LQWHJUDWLQJ� IUDPHZRUN��'HFRPSRVLQJ� D� SDUWLFXODU
SURFHVV�RU�WUDQVSRUW�PRGXOH�LQWR�D�ORZHU�OHYHO�ZLOO�DOVR�H[SRVH�D
VLPLODU� GHVLJQ� VHTXHQFH�� ILUVW� WKH� V\VWHP� KDUGZDUH� �DFWXDWRU�
WUDQVPLVVLRQ�� VHQVRU��� VHFRQGO\� WKH� FRQWURO� DOJRULWKP�� DQG� WKH
LPSOHPHQWDWLRQ� RI � WKH� FRQWUROOHU� KDUGZDUH� DW� ODVW�� 6LPLODUO\�
+LQWHUVWHLQHU�DQG�1DLQ�>����@�KDYH�IXUWKHU�HODERUDWHG�WKH�V\VWHP
DUFKLWHFWXUH� WHPSODWHV� LQ� RUGHU� WR� GHFRPSRVH� WKH� FRQWURO
IXQFWLRQV�LQWR�VR�FDOOHG�FRPPDQG�DQG�FRQWURO�DOJRULWKP��&&$��

1.2 DESIGN OF PLC SOFTWARE

7KH�GHVLJQ�RI �3/&�SURJUDPV�LV�D�FRPSOH[�DQG�HUURU�SURQH
WDVN�� 8QWLO� WRGD\�� UHOD\� ODGGHU� ORJLF� �5//�� LV� SUHGRPLQDQWO\
HPSOR\HG� WR� SURJUDP� 3/&V� DQG� WR� LPSOHPHQW� WKH� GHVLUHG
EHKDYLRU� LQ� DXWRPDWLRQ� V\VWHPV� WKRXJK� D� FRXSOH� RI
LQWHUFKDQJHDEOH� SURJUDPPLQJ� ODQJXDJHV� KDYH� EHHQ� DFFHSWHG� LQ
WKH� LQWHUQDWLRQDO� VWDQGDUG� >,(&� ��������� ����@�� 5//� LV
DGYDQWDJHRXV� EHFDXVH� LW� LV� D� JUDSKLFDO� QRWDWLRQ� GHULYHG� IURP
HOHFWULF�FLUFXLW�GLDJUDPV�DQG�LV��WKHUHIRUH��HDV\�WR�XQGHUVWDQG�IRU
HQJLQHHUV� DQG� HOHFWULFLDQV�� +RZHYHU�� 5//� LV� ZHOO� NQRZQ� IRU� LWV
IXQGDPHQWDO�PLVFRQFHSWLRQ�ZLWK�UHVSHFW�WR�WKH�VWUXFWXUH�RI �GDWD
DQG�SURJUDPV�LQ�PRGHUQ�SURJUDPPLQJ� ODQJXDJHV��&RQVHTXHQWO\�
ODUJH�VFDOH� 3/&�SURJUDPV� EHFRPH� WHGLRXV� WR� WUDFH��PRGLI\� DQG
GHEXJ�

3/&�SURJUDPV� DUH� LQKHUHQWO\� FRXSOHG� UHJDUGLQJ� VKDULQJ� RI
GDWD� DQG�H[FOXVLYH� V\VWHP�VWDWHV��7KH� ODWWHU� DVSHFW� LQGLFDWHV� WKDW
FHUWDLQ�V\VWHP�VWDWHV�LQWHUIHUH�DQG�LQWHUORFN�ZLWK�RWKHU�VWDWHV�DQG
SUHYHQW�WKHP�IURP�H[HFXWLRQ��6LQFH�WKH�SURFHGXUDO�QDWXUH�RI �DQ

HIERARCHICAL STATE DECOMPOSITION FOR THE DESIGN OF PLC
SOFTWARE BY APPLYING AXIOMATIC DESIGN
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5//� SURJUDP� FDQ� RQO\� UHIOHFW� D� VPDOO� IUDFWLRQ� RI � VWDWHV
FRPELQDWLRQV�DQG�WKHLU� LQWHUIHUHQFH�� DQ�5//�SURJUDP� LV� LQLWLDOO\
RIWHQ� LQFRQVLVWHQW�DQG� LQFRUUHFW�DQG�UHTXLUHV� D� VLJQLILFDQW� HIIRUW
WR� DFKLHYH� D� FHUWDLQ� OHYHO� RI � UREXVWQHVV� IRU� V\VWHP� LQVWDOODWLRQ
DQG�RSHUDWLQJ�

$V�PHQWLRQHG�DERYH�FRXSOLQJ�FDQQRW�EH�DYRLGHG�FRPSOHWHO\
LQ� VRIWZDUH� V\VWHPV� VLQFH� LW� LV� QHFHVVDU\� WR� FRPPXQLFDWH� GDWD�
7KHUHIRUH�� RXU� UHVHDUFK� LQYHVWLJDWHV� GHVLJQ� PHWKRGV� IURP� WKH
ILHOG�RI � FRPSXWHU� VFLHQFH� DQG� HQJLQHHULQJ� GHVLJQ� WKHRU\�ZKLFK
DUH�SRWHQWLDOO\�VXLWDEOH�IRU�D�V\VWHPDWLF�DSSURDFK��7KH�V\VWHPDWLF
DSSURDFK�VKRXOG�VXSSRUW�D�VHTXHQWLDO�DQG�ORJLFDO�GHFLVLRQ�PDNLQJ
SURFHVV�� E\� UHGXFLQJ� WKH� PDQLIROG� LQWHUUHODWLRQV� RI � D� FRPSOH[
GHVLJQ�WR�DQ�RUGHUHG�� WUDFHDEOH�DQG�UHSHDWDEOH�GHVLJQ�SURFHGXUH�
%HLQJ� DZDUH� RI � WKH� V\VWHPDWLF� DQG� IRUPDO� QDWXUH� RI � D[LRPDWLF
GHVLJQ� >6XK�� ����@�� ZH� KDYH� GLVFRYHUHG� WKDW� VWDWH� WUDQVLWLRQ
QRWDWLRQV� DUH� VXLWDEOH� WRROV� VLQFH� WKH\� RIIHU� VLPLODUO\� DQ
LPPHGLDWH� FRJQLWLYH� PDSSLQJ� RI � IXQFWLRQDO� UHTXLUHPHQWV� WR
GHVLJQ� SDUDPHWHUV�� ,Q� DGGLWLRQ�� WKH� KLHUDUFKLFDO� DQG� PRGXODU
FKDUDFWHU�RI �VWDWHFKDUWV� >+DUHO������@� VXSSRUWV� D� VWUXFWXUHG� WRS�
GRZQ�GHVLJQ�SURFHVV�

7R� WKLV� HQG�� ZH� SURSRVH� DQ� H[WHQVLRQ� RI � WKH� D[LRPDWLF
GHVLJQ� ZLWK� VWDWH� WUDQVLWLRQ� UHSUHVHQWDWLRQV�� 0DSSLQJ� WKLV
UHSUHVHQWDWLRQ� LQWR� D� VWDWH� WUDQVLWLRQ� GHVLJQ� WDEOH� HDVHV� WKH
UHILQLQJ�RI �WKH� LQSXW�RXWSXW�SDWWHUQ�RI �HDFK�VWDWH�DQG� LGHQWLILHV
SRWHQWLDO�LQWHUIHUHQFHV�EHWZHHQ�VWDWHV�DQG�SURFHVV�PRGXOHV�

2 PLC CONTROLLED AUTOMATION SYSTEMS

3/&�FRQWUROOHG� DXWRPDWLRQ� V\VWHPV� EHORQJ� WR� WKH� FDWHJRU\
RI � UHDO�WLPH�� UHDFWLYH� DQG� GLVFUHWH� HYHQW� G\QDPLF� V\VWHPV� VLQFH
WKH\�KDYH�WR�UHVSRQG�WR�H[WHUQDO�RU�LQWHUQDO�VWLPXOL�ZLWKLQ�D�ILQLWH
DQG�VSHFLILHG�WLPH�LQWHUYDO�>.RSHW]������@��6XFK�G\QDPLF�V\VWHPV
DUH� UHJDUGHG� DV� FRQFDWHQDWLRQV� RI � HYHQWV� WKDW� RFFXU� DW� GLVFUHWH
LQVWDQWV� RI � WLPH� DQG� FDXVH� D� FKDQJH� �WUDQVLWLRQ�� RI � WKH� V\VWHP
VWDWH�� 7KH� 3/&� DQG� WKH� FRQWUROOHG� DXWRPDWLRQ� V\VWHPV� DUH
WUDGLWLRQDOO\�FRQVLGHUHG�DV�WZR�VHSDUDWHG�V\VWHPV�WKDW�LQWHUDFW�YLD
VHQVRUV�DQG�DFWXDWRUV�� LQGLFDWLQJ�WZR�XQLGLUHFWLRQDO� LQIRUPDWLRQ�
IORZV��7KH�3/&�KDV� WR� EH� GHVLJQHG� DQG� SURJUDPPHG� LQ� VXFK� D
ZD\�WKDW�WKH�FRQWUROOHG�DXWRPDWLRQ�V\VWHP�SHUIRUPV�WKH�LQWHQGHG
EHKDYLRU�

$�3/&��)LJXUH����LV�D�VLPSOH�FRPSXWLQJ�GHYLFH�WKDW�FRQVLVWV
RI �D�SURJUDPPDEOH�PHPRU\�IRU�LQWHUQDO�VWRUDJH�IRU�LQVWUXFWLRQV�
LQSXW�DQG�RXWSXW�FKDQQHOV�DQG�D�VFDQQLQJ�ORJLF�WR�UHDG�WKH�LQSXWV
DQG� ZULWH� WKH� RXWSXWV� SHULRGLFDOO\�� 7KH� LQSXW� FKDQQHOV� FRQQHFW
WKH� LQFRPLQJ� VLJQDOV� IURP�VHQVRUV� DQG� WKH� RXWSXW� FKDQQHOV� OLQN
WKH�RXWJRLQJ�VLJQDOV�WR�WKH�DFWXDWRUV�RU�RWKHU�SHULSKHUDO�GHYLFHV�
7KH�3/&�PD\�H[FKDQJH�GDWD�ZLWK� SDUDOOHO� FRQWURO� QRGHV� RYHU� D
QHWZRUN��&RPPDQGV� FDQ� EH� UHWULHYHG� IURP� VXSHUYLVRU\� FRQWURO
LQVWDQFHV�DQG�VWDWXV� LQIRUPDWLRQ�FRXOG�EH�VHQW�EDFN�WR�D�KLJKHU�
OHYHO� FRQWUROOHU�� 7KH� 3/&� RSHUDWHV� DFFRUGLQJ� WR� F\FOHV� RI
RSHUDWLRQV� FRQVLVWLQJ� RI � WKUHH� SKDVHV�� �D�� SROOLQJ� WKH� LQSXW
FKDQQHOV�� �E�� FRPSXWLQJ� WKH� RXWSXWV� DFFRUGLQJ� WR� WKH� SURJUDP
LQVWUXFWLRQV��DQG��F��XSGDWLQJ�WKH�RXWSXWV�LQ�WKH�RXWSXW�FKDQQHOV�
7KH�VFDQ�WLPH�RI �HDFK�F\FOH�LV�QRUPDOO\�IL[HG�
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Figure 1. Controller model.

3 APPLYING AXIOMATIC DESIGN TO
DESIGNING PLC SOFTWARE

3.1 BASIC CONCEPTS OF AXIOMATIC DESIGN

$[LRPDWLF� GHVLJQ� WKHRU\� LQFOXGHV� WKH� IROORZLQJ� EDVLF
FRQFHSWV�>6XK������@�

x 'RPDLQ�IUDPHZRUN�FRPSULVLQJ�IRXU�GRPDLQV�� WKH� FXVWRPHU
UHTXLUHPHQWV� �&5��� IXQFWLRQDO� UHTXLUHPHQWV� �)5��� GHVLJQ
SDUDPHWHUV��'3���DQG�SURFHVV�YDULDEOHV��39��

x +LHUDUFKLFDO�GHFRPSRVLWLRQ�RI �HDFK�GRPDLQ�

x 0DSSLQJ� WKURXJK� D� ]LJ]DJJLQJ� SURFHGXUH� EHWZHHQ� WKH
GRPDLQV� FUHDWLQJ� VWUXFWXUDO� FRQJUXHQW� GHFRPSRVLWLRQ� WUHHV
LQ� HDFK� GRPDLQ� DQG� VXSSRUWLQJ� D� FRQFXUUHQW� HQJLQHHULQJ
PHWKRG�

x 'HVLJQ�D[LRPV�SRVWXODWLQJ�����WR�PDLQWDLQ�WKH�LQGHSHQGHQFH
RI � WKH� IXQFWLRQDO� UHTXLUHPHQWV� DQG� ���� PLQLPL]LQJ� WKH
LQIRUPDWLRQ� FRQWHQW� LQ� RUGHU� WR� DFKLHYH� D� JRRG� GHVLJQ
VROXWLRQ�
7KH� IXQGDPHQWDO� LGHD� RI � WKH� GRPDLQ� FRQFHSW� LV� WR� OHW� WKH

GHVLJQHU�GLVWLQJXLVK�EHWZHHQ�ZKDW� LV�JRLQJ� WR�EH� DFKLHYHG� LQ� WKH
OHIW�KDQG� VLGH� GRPDLQ� DQG� KRZ� WKH� ´ZKDWVµ� DUH� JRLQJ� WR� EH
DFKLHYHG� LQ� WKH� ULJKW�KDQG� VLGH� GRPDLQ�� 7KLV� LV� SHUIRUPHG� WRS�
GRZQ�E\�]LJ]DJJLQJ�EHWZHHQ�WKH�GRPDLQV�

,Q�SULQFLSDO��D[LRPDWLF�GHVLJQ�FRXOG�EH�DSSOLHG�WR�DQ\�GHVLJQ
SUREOHP�� LQ�PHFKDQLFDO� GHVLJQ�� V\VWHP� GHVLJQ�� VRIWZDUH� GHVLJQ�
DQG� HYHQ� LQ� WKH� GHVLJQ� RI � EXVLQHVV� SODQV� RU� RUJDQL]DWLRQV�� ,Q� D
VSHFLILF�WHFKQLFDO�GHVLJQ�FRQWH[W�WKH�GRPDLQV�PD\�KDYH�GLIIHUHQW
LQWHUSUHWDWLRQV�

,Q� 3/&� VRIWZDUH� GHVLJQ�� ZH� SURSRVH� WKH� IROORZLQJ
LQWHUSUHWDWLRQ�� WKH�&5� GRPDLQ� UHSUHVHQWV� WKH� XVHU� UHTXLUHPHQWV
DQG�DWWULEXWHV��7KH�)5�GRPDLQ�GHQRWHV�WKH�GHVLUHG� IXQFWLRQDOLW\
RU� DFWLYLWLHV� DV� D� FRPSRVLWH� RI � HOHPHQWDU\� FRQWURO� DFWLRQV�� 7KH
'3�GRPDLQ�H[SUHVVHV�WKH�EHKDYLRU�RI �WKH�V\VWHP�RU� VXEV\VWHPV
LQ� WHUPV� RI � VWDWHV�� 7KH� 39� GRPDLQ� WDNHV� WKH� SDUWLFXODU
LPSOHPHQWDWLRQ�E\�DVVLJQLQJ�FRQFUHWH�LQSXW�RXWSXW�YDOXHV�WR�WKH
VWDWH�YDULDEOHV�LQWR�DFFRXQW��7DEOH����
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Functional
Requirements

Design
Parameters Process Variables

Function, Activi ty State

DP.x: Available State
DP.y: Action State
DP.z:...

State str ing

PV.x = [11XX 10XX]
PV.y = [111X 11XX]
PV.z = .. .

FR.x: Provide resource
FR.y: Perform action
FR.z:...

Table 1. FRs, DPs, and PVs in PLC software design.

3.2 STATE TRANSITION MODELING

,Q� FRPSXWHU� VFLHQFH�� VWDWH� WUDQVLWLRQ� PRGHOV� VXFK� DV� ILQLWH
VWDWH�PDFKLQHV� DUH� FRPPRQO\� XVHG� WR� GHVFULEH� WKH� EHKDYLRU� RI
UHDFWLYH� DQG� UHDO�WLPH� V\VWHPV� VXFK�DV�3/&�FRQWUROOHG� WUDQVSRUW
DQG� PDQXIDFWXULQJ� V\VWHPV�� 7KHUHE\�� WKH� V\VWHP� G\QDPLFV� LV
VHJUHJDWHG� LQWR� D� QXPEHU� RI � LQWHUUHODWHG� VWDWHV�� ZKHUHE\� HDFK
VWDWH� FDSWXUHV� D� VQDSVKRW� RI � WKH� V\VWHP·V� EHKDYLRU�� 6WDWH
WUDQVLWLRQ�PRGHOV� QDWXUDOO\� PDS� WKH� HYHQW�GULYHQ� FKDUDFWHULVWLFV
RI �UHDFWLYH�V\VWHPV��LQ�FRQWUDVW�WR�WKH�WUDQVIRUPDWLRQDO�DQG�GDWD�
IORZ� PRGHOLQJ� PHWKRGV�� 6WDWH� PDFKLQHV� DUH� SRZHUIXO� EHFDXVH
WKH\� SURYLGH� LQWXLWLYH� JUDSKLFDO� UHSUHVHQWDWLRQ� DQG� WKH\� DUH
FRQGXFLYH� WR�EXLOG� VLPXODWLRQ�PRGHOV��7KXV�� VWDWH�PDFKLQHV� FDQ
EH� DQDO\]HG� ZLWKRXW� WKH� QHFHVVLW\� RI � EXLOGLQJ� WKH� UHDO� V\VWHP�
0RUHRYHU�� PRGHOLQJ� ZLWK� VWDWH� PDFKLQHV� FDQ� EH� UHJDUGHG� DV� D
VWUXFWXUHG� GHVLJQ� PHWKRG� RI � 3/&� SURJUDPV�� $� GHWDLOHG
VSHFLILFDWLRQ�RI �WKH�PRGHO�FDQ�EH�WUDQVODWHG�LQWR�WKH�3/&�FRQWURO
SURJUDP� LQ� UHOD\� ODGGHU� ORJLF� RU� DQ\� RWKHU� 3/&� SURJUDPPLQJ
ODQJXDJH�

'HVLJQLQJ� ZLWK� VWDWH� WUDQVLWLRQ� QRWDWLRQV� PHDQV� WR
GHFRPSRVH� WKH� V\VWHP·V� EHKDYLRU� LQWR� D� VHW� RI � VWDWHV�ZKLFK� DUH
ERXQGHG�E\�WUDQVLWLRQV��UHIOHFWLQJ�WKH�VWDWH� FKDQJH� �)LJXUH�����$
VWDWH� FRUUHVSRQGV� WR� D�PHDQLQJIXO� V\VWHP� FRQGLWLRQ�� L�H�� D� GHVLUHG
DQG� IXQFWLRQDO� FRQGLWLRQ�� $� V\VWHP� VWDWH� FKDQJH� LV� FDXVHG� E\
LQWHUQDO� RU� H[WHUQDO� HYHQWV�� ([WHUQDO� HYHQWV� FRUUHVSRQG� WR� VWDWH
FKDQJHV�RI �WKH�V\VWHP�WR�EH�FRQWUROOHG�DQG�UHFRJQL]HG�E\�VHQVRU
GHYLFHV��WULJJHULQJ�D�VLJQDO�WR�WKH�FRQWUROOHU��6WDWH�FKDQJHV�RI �WKH
FRQWUROOHU� SURJUDP� DUH� LQWHUQDO� HYHQWV� DQG� FRPPXQLFDWHG� E\
VKDUHG� YDULDEOHV��(DFK� HYHQW� WKDW� FDXVHV� D� VWDWH� FKDQJH�PD\� EH
DFFRPSDQLHG� E\� D� FHUWDLQ� FRQWURO� DFWLRQ� WR� EH� SHUIRUPHG�� ,Q
+DUHOV� >����@� VHPDQWLFV� RI � VWDWHFKDUWV�� WKH� HYHQW�DFWLRQ
UHODWLRQVKLS� ODEHOV� WKH� VWDWH� WUDQVLWLRQ� DQG� RFFXUV� DW� D� GLVFUHWH
LQVWDQW�RI �WLPH��ZLWKRXW�FRQVXPLQJ�WLPH���ZKLFK�DJUHHV�ZLWK�WKH
V\QFKURQ\� K\SRWKHVLV� RI � %HUU\� DQG� &RVVHUDW� >����@�� 7KH
HYHQW�DFWLRQ� ODEHO� UHIOHFWV� WKH� FRPPRQ� ZD\� WR� GHVFULEH� WKH
UHDFWLYH�EHKDYLRU�

(YHQW�H�[�,I ��ZKHQHYHU��DQ�REVHUYHG�LQSXW�SDWWHUQ��WKHQ�$FWLRQ�D�[�
SHUIRUP�D�VHW�RI �FRQWURO�DFWLRQV��RXWSXW��

$� VWDWH� LV�� WKHUHIRUH�� PDGH� RI � DOO� LQFRPLQJ� DQG� RXWJRLQJ
VLJQDOV� WKDW� SHUVLVW� RYHU� D� VLJQLILFDQW� DPRXQW� RI � WLPH�� 7KH
FRQFDWHQDWLRQ�RI � LQSXW� DQG�RXWSXW� VLJQDOV� LV� UHJDUGHG�DV� D� VWDWH
SDWWHUQ�RU�VWULQJ��:KHQ� WKH� VWDWH�SDWWHUQ�FKDQJHV�� D�QHZ�VWDWH� LV
HQWHUHG�� 7KHUHIRUH�� ZH� FRQVLGHU� WKH� VWDWH� SDWWHUQ� DV� D� ILQDO
UHSUHVHQWDWLRQ�RI �D�VWDWH�FRQVWUXFW�LQ�WKH�LPSOHPHQWDWLRQ�GRPDLQ

�39� GRPDLQ��� ,W� VKRXOG� EH� QRWHG� WKDW� WKLV� W\SH� RI � HOHPHQWDU\
VWDWH�FRQVWUXFW�VR�IDU�GRHV�QRW�LQGLFDWH�WKH�VHTXHQWLDO�RUGHU��7KLV
PLJKW� FRQIXVH� EHJLQQHUV� HPSOR\LQJ� WKH� JUDSKLFDO� QRWDWLRQ� RI
VWDWHFKDUWV� VLQFH� D� ODEHOHG� WUDQVLWLRQ� FDUULHV� WZR� HOHPHQWV� RI
LQIRUPDWLRQ�� WKH� HYHQW�DFWLRQ� SDWWHUQ� DQG� WKH� VHTXHQWLDO� RUGHU
�DUURZ�� RI � VWDWHV�� :H� VKDOO� GHFRXSOH� WKHVH� HOHPHQWV� E\� VWULFWO\
DVVLJQLQJ�WKH�HYHQW�DFWLRQ�SDWWHUQ�WR�WKH�VWDWH��%\�GRLQJ�WKLV��ZH
PRGLI\� WKH� 0HDO\�OLNH� VWDWHFKDUWV� LQWR� 0RRUH�OLNH� VWDWHFKDUWV
EHFDXVH� WKH� RXWSXW� GHSHQGV� RQO\� RQ� WKH� FXUUHQW� VWDWH�� DQG� QRW
DQ\PRUH� RQ� ERWK� WKH� FXUUHQW� VWDWH� DQG� WKH� WUDQVLWLRQ�
$FFRUGLQJO\��ZH�ZLOO� IROORZ� WKH� UHVWULFWLRQV� RI �'RXJODVV� >����@�
ZKR� UHTXLUHG� WKDW� VWDWHV� VKRXOG� QRW� RYHUODS� DQG� VKRXOG� EH
GLVMRLQW� LQ� WHUPV� RI � WKH� HYHQWV� WKH\� DFFHSW�� WKH� DFWLYLWLHV� DQG
FRQWURO� DFWLRQ� WKH\� SHUIRUP�� DQG� WKH� IROORZ�XS� WUDQVLWLRQ� WKH\
WDNH�LQ�UHVSRQVH�WR�H[WHUQDO�DQG�LQWHUQDO�VWLPXOL��)XUWKHUPRUH��ZH
GHFODUH�WKDW�D�V\VWHP��D�SDUW�RI �WKH�V\VWHP��RU�D�SDUWLFXODU�REMHFW
UHVLGHV�LQ�D�QRQ�HPSW\�VHW�RI �VWDWHV�DW�DQ\�WLPH��:KHQ�QR�DFWLRQ
RFFXUV�WKH�V\VWHP�LV�ORFDWHG�LQ�WKH�GHIDXOW�RU�LQLWLDWLQJ�VWDWH�V��

t

State

S1

S0

S2

S3

e1 /  a1

e2 /  a2

e3 /  a3

state durat ion
T

Figure 2. State transitions in a timing diagram.

3.3 DETERMINING THE FRS AND DPS THROUGH
HIERARCHICAL STATE DECOMPOSITION

2XU� IRFXV� LQ� WKLV� SDSHU� LV� WR� SUHVHQW� WKH� KLHUDUFKLFDO� VWDWH
GHFRPSRVLWLRQ� E\� DSSO\LQJ� WKH� EDVLF� FRQFHSWV� RI � D[LRPDWLF
GHVLJQ��:KLOH� GHFRPSRVLQJ� WKH� VWDWHV� WKH� GHVLJQHU� DOZD\V� WDNHV
WKH� GHVLUHG� IXQFWLRQV� LQWR� DFFRXQW�� 7KLV� SURFHGXUH� ZLOO
JUDSKLFDOO\� EH� DFFRPSDQLHG� E\� WKH� VWDWHFKDUWV� QRWDWLRQ�� ZKLFK
DXJPHQWV�WKH�IODW�VWDWH�PDFKLQHV�ZLWK�WKH�FDSDELOLWLHV�RI �QHVWLQJ
VWDWHV� �GHSWK��� PRGXODU� VWUXFWXUH� �RUWKRJRQDOLW\��� DQG� D
FRPPXQLFDWLRQ� PHFKDQLVP� �EURDGFDVWLQJ��� ,QFOXGLQJ� WKH
QRWDWLRQ� RI � KLHUDUFKLFDO� VWDWHV� IDFLOLWDWHV� D� WRS�GRZQ� GHVLJQ�
ZKHUHE\� HDFK� IXQFWLRQDO� UHTXLUHPHQW� �)5�� FDQ� EH� GLUHFWO\
VSHFLILHG� E\� D� GHVLJQ� SDUDPHWHU� �'3�� RQ� WKH� HTXLYDOHQW
KLHUDUFKLFDO�OHYHO�

:KHQ� IROORZLQJ� WKH� PDSSLQJ� SURFHGXUH� IURP� WKH� )5
GRPDLQ� WR� WKH�'3�GRPDLQ��ZH�KDYH� WR� VSHFLI\�ZKDW� DFWLYLW\� �RU
FRQWURO� DFWLRQ�� LV� WR� EH� SHUIRUPHG� DQG� DVN� KRZ� WR� DFKLHYH� WKLV
DFWLRQ�LQ�D�SDUWLFXODU�VWDWH�RU�VXEVWDWH��6�[���:H�WKHUHIRUH�FDVW�WKH
)5V�� WKH� GHVLUHG� DFWLYLWLHV� DQG� FRQWURO� DFWLRQV�� LQWR� VWDWHV� DQG
VXEVWDWHV��

�������������������������������������������������������
�� ,Q� WKH� VWDWH�GLDJUDPV� WKURXJKRXW� WKLV�SDSHU�� LQLWLDO� � z�� DQG� WHUPLQDO� �~�

SVHXGR�VWDWHV�DUH�XVHG�WR�GHQRWH�WKH�VWDUWLQJ�DQG�ILQDO�VWDWH�LQ�D�VWDWH�VHTXHQFH�



+LHUDUFKLFDO�6WDWH�'HFRPSRVLWLRQ�IRU�WKH�'HVLJQ�RI�3/&�6RIWZDUH�E\�$SSO\LQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

7KH� GHFRPSRVLWLRQ� IROORZV� WKH� ]LJ]DJJLQJ� SURFHGXUH
EHWZHHQ� WKH� WZR� GRPDLQV�� 7KH� KLHUDUFKLFDO� VWDWH� VHW� FDQ� EH
YLVXDOL]HG�DV�D�WUHH�VWUXFWXUH��ZKHUH�WKH�OHDI�VWDWHV�FRUUHVSRQG�WR
WKH�FRQYHQWLRQDO�QRWLRQ�RI �IODW�VWDWH�PDFKLQHV��)LJXUH����

FR.x
Activity

FR.x1 Control
Action

FR.x2 Control
Action

DP.x
Superstate

DP.x1
Substate_1

DP.x2
Substate_2

FR.x21 Control
Action

FR.x22 Control
Action

DP.x21
Substate_21

DP.x22
Substate_22

AND

XOR

Figure 3. Hierarchical state decomposition.

6HWWLQJ�XS�WKH�GHVLJQ�PDWULFHV�GHPRQVWUDWHV�WKH�GHSHQGHQF\
RI � WKH� VXEVWDWHV� DFFRUGLQJ� WR� WKH� W\SH� RI � VWDWH� GHFRPSRVLWLRQ�
7KHUH� DUH� WZR� NLQGV� RI � VWDWH� GHFRPSRVLWLRQ�� WKH� ;25� DQG� WKH
$1'�VWDWH�GHFRPSRVLWLRQ�

3.3.1 XOR State Decomposition
7KH�;25�VWDWH�GHFRPSRVLWLRQ�GHFODUHV�WKDW�WKH�VWDWH�KDV�WR

EH� LQ� H[DFWO\� RQH� RI � WKH� GHFRPSRVHG� VXEVWDWHV�� 7KH� ;25
GHFRPSRVLWLRQ� W\SH� LQGLFDWHV� D� GHFRXSOHG� RU� XQFRXSOHG� GHVLJQ
PDWUL[�� DFFRUGLQJ� WR� WKH� VHTXHQWLDO� RUGHU�� LI � DQ\�� RI � WKH� VWDWH
WUDQVLWLRQV�
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DP.x2

DP.x1
XX

0
0X

FR.x2

FR.x1
���

,Q� FDVH� WKH� VWDWHV� WDNH� SODFH� LQ� D� SDUWLFXODU� VHTXHQFH�� WKH
VWDWH� GHVLJQ� LV� GHFRXSOHG�� 2WKHUZLVH�� LI � WKHUH� LV� QR
SUHGHWHUPLQHG� VHTXHQFH�� LQ� WKH� VHQVH� WKDW� WKH� RFFXUUHQFH� RI � D
VWDWH�LV�LQGHSHQGHQW�RI �D�SUHYLRXV�VWDWH��WKH�GHVLJQ�LV�XQFRXSOHG�
)RU�H[DPSOH��LQ�)LJXUH���WKH�XQFRXSOHG�FDVH�LV�GHSLFWHG�E\�VWDWH
WUDQVLWLRQV�IURP�VWDWH�6�[��WR�VXEVWDWH�6�[��DQG�YLFH�YHUVD�

S.x Superstate

S.x1

S .x221S.x211

S.x212 S.x222

d a/b

S.x21 S.x22
S.x2

S.x223

b

c/d

Figure 4. XOR / AND state decompositions.

3.3.2 AND State Decomposition
7KH�RWKHU�W\SH�GHVFULEHV�WKH�$1'�GHFRPSRVLWLRQ�RI �VWDWHV�

L�H�� DQ�RUWKRJRQDO� VWDWH� VHW��GHFODULQJ� WKDW� WKH� V\VWHP�RU�PRGXOH
KDV�WR�EH�LQ�DOO�VXEVWDWHV�RI �WKH�HQFORVLQJ�VXSHU�VWDWH��7KLV�GHVLJQ
PD\� H[KLELW� DQ� XQFRXSOHG� RU� FRXSOHG� GHVLJQ�� GHSHQGLQJ� RQ
ZKHWKHU�RU�QRW�WKH�$1'�VWDWHV�DUH�FRPPXQLFDWLQJ��$W�WKLV�SRLQW�

LW� QHHGV� WR� EH� FODULILHG� WKDW� RUWKRJRQDOLW\� KDV� WZR� PHDQLQJV�
LQGHSHQGHQFH� DQG� FRQFXUUHQF\�� 7KH� VWDWHV�� IRU� LQVWDQFH� 6�[��
DQG�6�[���LQ�)LJXUH���DQG����DUH�H[HFXWHG�VLPXOWDQHRXVO\�DQG��WR
D� FHUWDLQ� H[WHQW�� LQGHSHQGHQWO\�� +RZHYHU�� VWDWHV� LQ� $1'
GHFRPSRVLWLRQ�PD\�FRPPXQLFDWH�WKURXJK�WKH� ODEHOHG�WUDQVLWLRQV
�HYHQW�DFWLRQ�VWDWHPHQW���7KH�DFWLRQ�VWDWHPHQW�FDQ�FDXVH� D� VWDWH
WUDQVLWLRQ� LQ� D� SDUDOOHO� VWDWH�� 7KXV�� LQ� FDVH� WKHUH� LV� QR
FRPPXQLFDWLRQ� DW� DOO�� WKH� RUWKRJRQDO� VWDWH� VHW� LV� LQGHSHQGHQW
DQG��WKHUHIRUH��XQFRXSOHG��,I �$1'�VWDWHV�DUH�FRPPXQLFDWLQJ�LQ�D
XQLGLUHFWLRQDO�RU�EL�GLUHFWLRQDO�ZD\�� WKHQ�VWDWHV�DUH�GHFRXSOHG�RU
FRXSOHG��UHVSHFWLYHO\�
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2ULJLQDOO\��RUWKRJRQDO�VWDWH�UHJLRQV�ZHUH�LQWURGXFHG�LQWR�WKH
VWDWHFKDUW�QRWDWLRQ�LQ�RUGHU�WR�DYRLG�WKH�FRPELQDWRULDO�H[SORVLRQ
RI � VWDWHV� LQ� IODW� VWDWH� WUDQVLWLRQ�PRGHOV��)RU� LQVWDQFH�� LI � HDFK�RI
WKUHH� VWDWH� YDULDEOHV� FDQ� KDYH� WKUHH� YDOXHV�� WKH� HQWLUH� VWDWH� VHW
FRXOG�FRQVLVW�RI ����VWDWHV��7KH�XVDJH�RI �RUWKRJRQDO�VWDWH�UHJLRQV
PD\� YLVXDOO\� UHGXFH� WKH� QXPEHU� RI � VWDWHV� WR� ��� +RZHYHU�� E\
GRLQJ� WKLV�� WKH� GHVLJQHU� VKRXOG� QRW� JHW� GLVWUDFWHG� IURP� WKH� IDFW
WKDW�VWDWHV�FRXOG�VWLOO� UHPDLQ�FRXSOHG��2UWKRJRQDOLW\� LV� D� IHDWXUH
WKDW� KHOSV� WR� LPSRVH� VWUXFWXUH� RQ� ODUJH� DQG� FRPSOH[� VWDWH
WUDQVLWLRQ�PRGHOV�EXW�FDQQRW�UHGXFH�WKH�FRXSOLQJ�SHU�VH�

3.3.3 Overlapping of States
,Q�IDFW��WKHUH�LV�D�WKLUG�W\SH�RI �VWDWH�GHFRPSRVLWLRQ�ZKLFK�LV

UHIHUUHG�DV�25�GHFRPSRVLWLRQ��7KH�25�GHFRPSRVLWLRQ�LQGLFDWHV
DQ�RYHUODSSLQJ�RI �VWDWHV��PHDQLQJ�WKDW�D�VXEVWDWH�UHVLGHV�LQ�PRUH
WKDQ� RQH� VXSHUVWDWHV�� 6XSSRVH� VWDWH� 6�[���� LQ� )LJXUH� �� LV� D
VXEVWDWH� RI � ERWK� VXSHUVWDWHV� 6�[��� DQG� 6�[��� DV� GHSLFWHG� LQ
)LJXUH����7KLV�PLJKW�EH�D�UHDVRQDEOH�GHVLJQ�GHFLVLRQ�EHFDXVH�WKLV
VWDWH�LV�FRRSHUDWLYHO\�XVHG�

S.x221

S.x211

S.x212

S.x222

S.x21

S.x22

S.x2shared

S.x2

Figure 5. States overlapping.

+DUHO� >����@� DUJXHG� WKDW� WKHUH� LV� QR� GHHS� UHDVRQ� ZK\
GHVLJQHU� VKRXOG� DYRLG� RYHUODSSLQJ� RI � VWDWHV� EHFDXVH� LW� FDQ� DOVR
UHGXFH� WKH� QXPEHU� RI � VWDWHV�� LQ� D� VLPLODU� ZD\� VKDUHG
PHWKRGV�SURFHGXUHV� DUH� XVHG� LQ� PRGHUQ� SURJUDPPLQJ
ODQJXDJHV��+RZHYHU��ZH� DUJXH� WKDW� WKLV� W\SH� VKRXOG� EH� DYRLGHG



+LHUDUFKLFDO�6WDWH�'HFRPSRVLWLRQ�IRU�WKH�'HVLJQ�RI�3/&�6RIWZDUH�E\�$SSO\LQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

VLQFH�LW�SRLQWV�WR�D�FRXSOHG�GHVLJQ��DQG��LQGHHG��LW�GHWHULRUDWHV�WKH
UHDGDELOLW\� DQG� LQFUHDVHV� WKH� FRPSOH[LW\� RI � WKH� VWDWH� GLDJUDP
ZKHQ�XVHG�H[FHVVLYHO\��2QFH�D�VKDUHG�VWDWH�RI �WZR�VXSHUVWDWHV� LV
JRLQJ� WR� EH�PRGLILHG�� WKH� FKDQJH� ZLOO� LPSDFW� ERWK� VXSHUVWDWHV�
WKHUHIRUH�

¿
¾
½

¯
®

»
¼

º
«
¬

ª
 

¿
¾
½

¯
®


DP.x22

DP.x21

XX

XX

FR.x22

FR.x21
���

,Q� FRQFOXGLQJ� WKLV� VHFWLRQ�� ZH� VWDWH� WKDW� REYLRXVO\� DQ
XQFRXSOHG� VWDWH� GHVLJQ� VKRXOG� EH� SUHIHUUHG� ZKLFK� PHDQV
LQGHSHQGHQFH�RI �VWDWH�VHTXHQFHV� DQG�QRQ�RYHUODSSLQJ�RI � VWDWHV�
7UDQVLWLRQV� FDXVHG� E\� LQWHUQDO� RU� H[WHUQDO� VWLPXOL� VKRXOG� EH
LQGHSHQGHQW� RI � SUHFHGLQJ� VWDWHV�� ,Q� PDQ\� FDVHV�� VRPH� VWDWHV
UHTXLUH� D� FHUWDLQ� KLVWRU\� RI � VWDWHV�� WKHUHIRUH�� D� VHTXHQWLDO
H[HFXWLRQ� RI � VWDWHV� LV� D� FRPPRQ� W\SH� DQG� FDQQRW� EH
FLUFXPYHQWHG�� ,Q� DQ�;25�GHFRPSRVLWLRQ�ZH�PD\� DOZD\V� ILQG� D
SDUWLFXODU� VWDWH� VHTXHQFH� ZKLFK� LQGLFDWHV� D� GHFRXSOHG� GHVLJQ�
7KH�GHVLJQHU�VKRXOG�EH�FDUHIXO�LQ�XVLQJ�WKH�$1'�GHFRPSRVLWLRQ
DV�LW�FRXOG�SRLQW�WR�DQ�XQFRXSOHG�GHVLJQ�� LI � WKH�VWDWHV�DUH�WRWDOO\
LQGHSHQGHQW�� 6LQFH� FRPPXQLFDWLRQ� LV� D� QHFHVVDU\� HOHPHQW� RI � D
FRQWUROOHU� SURJUDP�� WKH� $1'� VWDWH� GHFRPSRVLWLRQ� FRXOG� DOVR
FRQFHDO�D�FRXSOHG�GHVLJQ�

3.4 STATE DIAGRAM AND RELAY LADDER LOGIC

5HOD\� ODGGHU� ORJLF� �5//�� LV� SUHGRPLQDQWO\� HPSOR\HG� LQ
LQGXVWULDO� SUDFWLFH� WR� SURJUDP�3/&V�� 6LQFH� WKH� OLQNDJH� EHWZHHQ
WKH� VHPDQWLFV� RI � VWDWHFKDUWV� DQG� UHOD\� ODGGHU� ORJLF� LV� QRW� DV
REYLRXV�� WKLV� SDUDJUDSK� ZLOO� SURYLGH� D� GHHSHU� XQGHUVWDQGLQJ
UHJDUGLQJ�WKH�FRUUHVSRQGHQFH�RI �WKH�WZR�QRWDWLRQV�

5//� LV� D� JUDSKLFDO�SURJUDP�QRWDWLRQ�FRQVLVWLQJ�RI � D� VHW� RI
UXQJV�� YHUWLFDOO\� DUUDQJHG� DQG� VLPLODU� LQ� WKH� DSSHDUDQFH� WR� D
ODGGHU�� (DFK� UXQJ� UHSUHVHQWV� D� ORJLFDO� LQSXW�RXWSXW� FRQGLWLRQ�
HTXLYDOHQW� WR� WKH� HYHQW�DFWLRQ� SDLU� RI � WKH� ODEHOHG� WUDQVLWLRQV� LQ
WKH� VWDWHFKDUWV� QRWDWLRQ�� ,Q� 5//�� VWDWHV� DUH� QRW� DQ� H[SOLFLW
FRQVWUXFW�EXW� HDFK� UXQJ�ZLWK�KLV� LQSXW�RXWSXW�SDWWHUQ�FRXOG� EH
FRQVLGHUHG�DV�D�VWDWH��7KH�VHW�RI �UXQJV�LQ�D�ODGGHU�GLDJUDP�LV�WKXV
D� IODW� VWDWH�PDFKLQH�� ,Q� RUGHU� WR� H[SUHVV� QHVWHG� RU� KLHUDUFKLFDO
VWDWHV�GHGLFDWHG�%RROHDQ�VWDWH�YDULDEOHV�DUH�LQWURGXFHG��+RZHYHU�
WKH� SURJUDPPLQJ� HQYLURQPHQW� RI � DQ� 5//� HGLWRU� LV� QRW
SHUIRUPLQJ� D� VHPDQWLF� FKHFN� LQ� WHUPV� RI � VWDWHV� RYHUODSSLQJ�� $
SURJUDPPHU� FDQ� XQLQWHQWLRQDOO\� SURGXFH� FRXSOHG� GHVLJQV� WKDW
DUH� GLIILFXOW� WR� WUDFH�� DQG�PRGLI\�� $� VPDOO� JHQHULF� H[DPSOH� ZLOO
LOOXVWUDWH�WKLV�SUREOHP�

S.x1 Available

S.x2 Requested

 S.x22 Active S.x21 Idle

e.x2: {Request}

e.x22: {Sensor}
a.x22: {O.n[0..1] = [0,1]}

e.x21:  { .NOT.(Sensor)}
a.x21: {O.n[0..1] = [1,0]}

S.x Superstate

e.x1: { .NOT. Request}

Figure 6. Generic statechart example.

$V� PHQWLRQHG� LQ� WKH� LQWURGXFWLRQ� RI � WKLV� SDSHU�� D
FKDUDFWHULVWLF�RI �IOH[LEOH�PDQXIDFWXULQJ�V\VWHPV�LV�WKH�VKDULQJ�RI
UHVRXUFHV�� 7KH� XVDJH� RI � VKDUHG� UHVRXUFHV� VXFK� DV� WKH� WUDQVSRUW
V\VWHP�KDV� WR�EH�QHJRWLDWHG� DPRQJ� UHTXHVWLQJ� SDUWLFLSDQWV�� 7KH
SURYLGHG�VHUYLFHV��L�H��WKH�FRQWURO�DFWLRQV��RI �WKH�VKDUHG�UHVRXUFH
FRXOG�EH�HQFDSVXODWHG�ZLWKLQ�D�SDLU�RI � VXSHUVWDWHV��GHQRWLQJ� WKH
DYDLODELOLW\� RI � WKH� UHVRXUFH� DW� HDFK� LQVWDQW� RI � WLPH�� ,Q� )LJXUH� �
WKLV� W\SH� RI � VWDWH� SDLU� LV� FDOOHG� 6�[��  � $YDLODEOH� DQG� 6�[��  
5HTXHVWHG�� 2QFH� D� VKDUHG� UHVRXUFH� LV� LQ� WKH� UHTXHVWHG� VWDWH�� LW
FDQQRW�VHUYH�RWKHU�UHTXHVWV��2WKHU�UHTXHVWV�KDYH�WR�ZDLW�XQWLO�WKH
UHVRXUFH�EHFRPHV�DYDLODEOH�DJDLQ��7KH�HQFORVXUH�RI �VWDWHV�ZLWK�D
VXSHUVWDWH�LQ�WKLV�H[DPSOH�LV�YHU\�XVHIXO�DQG�FRXOG�EH�UHJDUGHG�DV
D� NLQG� RI � SURWHFWLRQ�� ,W� HQFDSVXODWHV� D� FULWLFDO� XQLQWHUUXSWLEOH
VWDWH�VHTXHQFHV�WKDW�FDQ�RQO\�EH�H[HFXWHG�XSRQ�WKH�YDOLGLW\�RI �D
V\QFKURQL]DWLRQ� VLJQDO�� ZKLFK� LV� DOVR� FRPSDUDEOH� WR� WKH
VHPDSKRUH�FRQVWUXFW�RI �'LMNVWUD�>����@�

,Q�WKH�JLYHQ�H[DPSOH�WKH�LGOH�DQG�DFWLYH�VWDWH��ZKLFK�SHUIRUPV
WKH�DFWXDO� FRQWURO� DFWLRQV�� DUH� WKH� HQFDSVXODWHG� VWDWHV�6�[��� DQG
6�[����$Q�H[WHUQDO�VHQVRU�VLJQDO�LQLWLDWHV�WKH�DFWLYH�VWDWH��DFWLYDWLQJ
D�FHUWDLQ�RXWSXW�FRPPDQG��)RU� LQVWDQFH��D�JUHHQ� OLJKW� �2�Q>�@� 
��� LQGLFDWHV� WKH� DFWLYH� VWDWH�� DQG� D� \HOORZ� OLJKW� �2�Q>�@�  � ��� WKH
RSSRVLWH�VWDWH�LGOH�

)LJXUH� �� VKRZV� WKH� FRUUHVSRQGLQJ� LPSOHPHQWDWLRQ� RI � UHOD\
ODGGHU� ORJLF�E\�XVLQJ� WKH� VWDQGDUG�HOHPHQWV��5XQJ��� DQG� UXQJ��
H[SUHVV� WKH� VWDWHV� 6�[�� DQG� 6�[��� UHVSHFWLYHO\�� $� %RROHDQ� VWDWH
YDULDEOH� %�Q>�@� LV� XVHG� WR� UHSUHVHQW� WKLV� VWDWH� SDLU�� EHFDXVH
VHTXHQFH� DQG� KLHUDUFK\� LV� QRW� DQ� LPSOLFLW� IHDWXUH� RI � 5//
SURJUDPV�� ,I � D� UHVRXUFH� UHTXHVW� VLJQDOV� RFFXUV� ELW� %�Q>�@� LV
ODWFKHG��$IWHU�WDVN�FRPSOHWLRQ�� WKH�ELW� LV�XQODWFKHG��ZKHUHE\� WKH
FRPSOHWLRQ� HYHQW� ��127�� 5HTXHVW�� LV� WULJJHUHG� IURP� WKH� ILQDO
VWDWH�LQVLGH�WKH�DFWLYH�VWDWH�6�[����5XQJ���DQG�UXQJ���UHSUHVHQW�WKH
VWDWHV�LGOH�DQG�DFWLYH�ZLWK�WKHLU�DFFRPSDQLHG�RXWSXW�DFWLRQV�2�Q>�@
DQG�2�Q>�@��UHVSHFWLYHO\�

B .n[0]
.NOT.

Reques t

O.n[1]B.n[0] Sensor

O.n[0]B.n[0]
.NOT.

Sensor

R1

R3

R4

Elements  o f  Relay Ladder  Logic

Norma l l y  Open
Swi tch

Normal ly
C losed Swi tch

Normal ly
Closed Coi l

Norma l l y  Open
Coi l

Unla tch Coi lLatch Coi l

L U

B.n[0]Reques t

R2

U

L

Figure 7. Ladder logic implementation.

$V� PHQWLRQHG� DERYH�� ZH� GLVDOORZ� RYHUODSSLQJ� RI � VWDWHV�
ZKLFK�SURYLGHV�D�FOHDUHU�DQG�PRUH�ULJRURXV�UHSUHVHQWDWLRQ�RI �WKH
V\VWHP�VWDWHV��,Q�ODGGHU�ORJLF�VWDWHV�RYHUODSSLQJ�LV�SRVVLEOH� LI � WKH
GHVLJQHU� LV� FDUHOHVV� DQG� KDV� QR� FOHDU� VWDWH� WUDQVLWLRQ� PRGHO� LQ
PLQG��$FFRUGLQJ�WR�RXU�NQRZOHGJH��WKLV�LV�RQH�PDMRU�UHDVRQ�ZK\
5//� SURJUDPV� DUH� HUURU�SURQH� DQG� GLIILFXOW� WR� WUDFH�� )RU
LQVWDQFH��LQ�UXQJ���RI �WKH�JLYHQ�H[DPSOH�� WKH�SURJUDPPHU�PLJKW
GLVUHJDUG� WR� FKHFN� WKH� ILUVW� VWDWH� ELW� �%�Q>�@�� ZKHQ� WKLV� UXQJ
RFFXUV� DW� D� GLIIHUHQW� SRVLWLRQ� LQ� D� PXFK� PRUH� ODUJHU� SURJUDP�



+LHUDUFKLFDO�6WDWH�'HFRPSRVLWLRQ�IRU�WKH�'HVLJQ�RI�3/&�6RIWZDUH�E\�$SSO\LQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

1RWH�WKDW�D�FRPPRQ�LQGXVWULDO�DSSOLFDWLRQ�KDV�KXQGUHGV�RU�HYHQ
WKRXVDQGV� RI � UXQJV�� DQG� WKHUH� LV� RIWHQ�PRUH� WKDQ� RQH� VWDWH� ELW
WKDW�KDV�WR�EH�HYDOXDWHG�LQ�D�UXQJ�VWDWHPHQW�

,Q� FDVH� WKH� VWDWH� ELW� LV� PLVVHG�� WKH� VHPDQWLFV� RI � WKH
XQGHUO\LQJ� VWDWH� PRGHO� EHFRPHV� GLIIHUHQW� IURP� WKH� LQWHQGHG
GHVLJQ��7KH�VWDWHV�DYDLODEOH�DQG�LQLW�ZRXOG�EHFRPH�RYHUODSSHG��,Q
FDVH� WKHUH� LV�QR� UHTXHVW� DQG�QR� VHQVRU� VLJQDO�� WKH� V\VWHP�ZRXOG
UHVLGH� LQ� ERWK� VWDWHV� DW� WKH� VDPH� WLPH�� ,Q� DFFRUGDQFH� ZLWK� RXU
DUJXPHQWDWLRQ�LQ�WKH�SUHYLRXV�FKDSWHU�ZH�PD\�VD\�WKDW�WKH�GHVLJQ
LV� FRXSOHG� DQG� WKHUH� LV� QR� VHPDQWLF� FKHFN� LQ� DQ� 5//� SURJUDP
HGLWRU�WKDW�FRXOG�SUHYHQW�WKH�GHVLJQHU� IURP�GRLQJ� WKLV��)LJXUH��
VKRZV� WKH� FRUUHVSRQGLQJ� VWDWHFKDUW� QRWDWLRQ�� 1RWH� WKDW� WKH
HQFDSVXODWLQJ�VXSHUVWDWH�UHTXHVWHG�EHFRPHV�REVROHWH�DQG�ORRVHV�LWV
VKLHOGLQJ� IXQFWLRQ��:H�PD\� DOVR� DUJXH� WKDW� WKLV� IXQFWLRQ� LV� QRW
DQ\PRUH�DGHTXDWHO\�GHVLJQHG�DQG�WKHUHIRUH�FRXSOHG�

S.x1
Avai lable

S.x2' ' Requested

 S.x2'' ' Active S.x2' Idle

e.x2': {Request}

e.x2' ' ' :  {Sensor}
a.x2'' ': {O.n[0..1] = [0,1]}

e.x2': {.NOT.(Sensor)}
a.x2': {O.n[0..1] = [1,0]}

S.x Supers ta te

e.x1: {.NOT. Request}

Figure 8. Statechart for coupled design.

&HUWDLQO\��WKLV�VWDWH�GLDJUDP�LV�D�UHFRQVWUXFWHG�H[DPSOH�DQG�D
FDXWLRXV�GHVLJQHU�ZRXOG�QRW�VHOHFW�WKLV�GHVLJQ�VROXWLRQ��,QYHUVHO\�
ZH� FDQ� KRZHYHU� FRQFOXGH� WKDW� XVLQJ� WKH� VWDWHFKDUW� LQ� D� FRUUHFW
ZD\�� L�H�� DSSO\LQJ� WKH�$1'�;25� VWDWH� GHFRPSRVLWLRQ� W\SH�� WKH
GHVLJQHU�ZLOO�EH�SUHYHQWHG�IURP�FUHDWLQJ�WKLV�NLQG�RI �FRXSOLQJ�

3.5 STATE-TRANSITION DESIGN TABLE

)ROORZLQJ� WKH� KLHUDUFKLFDO� VWDWH� GHFRPSRVLWLRQ� ZLWK
VWDWHFKDUWV� DSSDUHQWO\� UHVXOWV� LQ� D� GH�� RU� XQFRXSOHG� GHVLJQ�
+RZHYHU�� WKH� DFKLHYHG� GHVLJQ� PDWULFHV� DUH� XQFRPPRQ� IRU
FRQWURO� HQJLQHHUV�� 7KHUHIRUH�� LQ� WKH� QH[W� VWHS� WKH� VWDWHFKDUW
QRWDWLRQ� LV�PDSSHG� LQWR� VWDWH�WUDQVLWLRQ� GHVLJQ� WDEOH�� 7KLV� WDEOH
FRPELQHV�WKH�IXQFWLRQDO�UHTXLUHPHQWV��GHVLJQ�SDUDPHWHUV��VWDWHV��
DQG� WKH� SURFHVV� YDULDEOHV� DV� WKH� VWDWH� SDWWHUQ� DW� D� JODQFH�� 7KH
WDEOH�FRPSULVHV�WKH�IROORZLQJ�LQIRUPDWLRQ�

x )XQFWLRQDOLW\��SURYLGHG�VHUYLFH�DFWLYLW\��)5V��

x 6WDWH�GHVFULSWLRQ��'3V��

x ,QSXW�SDWWHUQV�RI �HDFK�VWDWH�

x 2XWSXW�SDWWHUQ� DVVRFLDWHG� ZLWK� HDFK� VWDWH� DPSOLI\LQJ
DFWXDWRUV�

x 7HPSRUDO�ERXQGDULHV��LI �DQ\��RI �HDFK�VWDWH�

x $OORZHG�VWDWH�WUDQVLWLRQV�WR�RWKHU�VWDWHV�
)RU� HDFK� VWDWH� RI � WKH� VWDWHFKDUW� QRWDWLRQ� D� URZ� ZLWK� WKH

GHVLUHG� FRQWURO� DFWLRQV� �RXWJRLQJ� VLJQDO� SDWWHUQ�� DQG� WKH� HYHQW
SDWWHUQ� RI � LQFRPLQJ� VLJQDOV� DQG� GDWD� DUH� VSHFLILHG� �)LJXUH� ���
7KHUHE\�� D�XQLTXH� VHW�RI � LQFRPLQJ�DQG� RXWJRLQJ� VLJQDOV� RI � ELW�
YDOXHV�GHILQHV�D�GLVMRLQW�VHW�RI �FRQWUROOHU�VWDWHV��7KH�QXPEHU�RI
WKHRUHWLFDO� SRVVLEOH� VWDWHV� LV� DQ� H[SRQHQWLDO� IXQFWLRQ� RI � WKH
QXPEHU� RI � ,�2� ELWV� ��Q��� DQG� LV� PXFK� PRUH� ODUJHU� WKDQ� WKH

QXPEHU� RI � DFWXDO� GHVLJQHG� FRQWUROOHU� VWDWHV�� 7KHUHIRUH�� ,�2�
SDWWHUQV� QRW� H[SOLFLWO\� GHILQHG� LQ� WKH� VWDWH� WUDQVLWLRQ� WDEOH� DUH
WUHDWHG�DV�HUURU�VWDWHV��,Q�DGGLWLRQ��´GRQ·W�FDUHµ�VWDWHV��GHQRWHG�DV

;� ��������DUH�LQWURGXFHG�WR�UHSUHVHQW�WKH�VWDWH�KLHUDUFK\�

FRs
PVs

DPs

FR.x1x1 S.x1 Avai lable

I.n0 I.n1 O.n0

0 X X

x2 FR.x2

x21

S.x2 Requested 1 X X

FR.x21

x22 FR.x22

S.x21 Id le

S.x22 Act ive

1

1

0

1

O.n1

X

X

1

0 1

0

... ... ...

...

S.x1
Avai lable

S.x2 Requested

 S.x22
Active S.x21 Idle

e.x2: {Request I.n0 == 1}

e.x22: {Sensor I.n1 == 1}
a.x22: {O.n[0..1] = [0,1]}

e.x21: {Sensor I.n1 == 0}
a.x21: {O.n[0..1] = [1,0]}

S.x Supers ta te

e.x1: {Request I.n0 == 0}

1

1

1

1

1

1

1

1

x1 x2 x2
1

x2
2

Figure 9. State transition design table.

7KH�WDEOH�LV�VHJUHJDWHG�LQWR�IRXU�SDUWV��RQ�WKH�OHIW�KDQG�VLGH
WKH�)5V�� IROORZHG�E\� WKH�'3V�� WKH� 39V�� DQG� WKH� VWDWH� WUDQVLWLRQ
PDWUL[�RQ�WKH�ULJKW�KDQG�VLGH��$Q�¶�·�LQ�WKH�VWDWH�WUDQVLWLRQ�PDWUL[
LQGLFDWHV�ZKDW� DUH� WKH� SRVVLEOH� VXEVHTXHQW� VWDWHV� RI � HDFK� VWDWH�
6KDGHG�DUHDV�LOOXVWUDWHG�SURKLELWHG�WUDQVLWLRQV�

4 CASE STUDY

:H�ZLOO� LOOXVWUDWH� WKH�GHYHORSHG�PHWKRG�E\� WKH�PHDQV� RI � D
SURJUDP� VHJPHQW�� ZKLFK� LV� D� SDUW� RI � WKH� 3/&� SURJUDP� LQ� RXU
)$6� OLQH� LQ� WKH�+.867�PDQXIDFWXULQJ� V\VWHPV� ODERUDWRU\�� 7KH
IOH[LEOH� DVVHPEO\� V\VWHP� FRQVLVWV� RI � VHYHUDO� ZRUNVWDWLRQV�� D
ORDGLQJ�XQORDGLQJ� URERW�� VHYHUDO� PDQXDO� ZRUNVWDWLRQV� IRU
FRPPLVVLRQLQJ�� DVVHPEOLQJ�� DQG� SDFNDJLQJ�� 7KHVH� VWDWLRQV� DUH
LQWHUFRQQHFWHG� ZLWK� D� FRPSXWHU�FRQWUROOHG� WUDQVIHU� V\VWHP
�&76��

A A

A A

A

A

A

A

A A

A A

A A

A A

SA

N7:5

SA

N7:4

A A

A A

A A

A A

N7:3

SA

SA

N7:2

Shutt le
3

Shutt le
1

Shuttle2

Figure 10. Transport system.

$Q�HVVHQWLDO�SDUW�RI �WKH�&76�LV� WR�FRQWURO� WKH� WUDQVIHU�RI � D
WUDQVSRUW� VKXWWOH� IURP� RQH� ZRUNVWDWLRQ� WR� WKH� QH[W�� $� VKXWWOH
VWD\LQJ� LQ�RQH�ZRUNVWDWLRQ�KDV�WR�ZDLW�XQWLO� WKH�QH[W�ZRUNVWDWLRQ
LV�IUHH��)LJXUH�����

6WRSSLQJ� DQG� UHOHDVLQJ� RI � WKH� VKXWWOH� LV� SHUIRUPHG� ZLWK� D
VWRSSHU�XQLW�DW�HDFK�ZRUNVWDWLRQ��FRQVLVWLQJ�RI �D�SUR[LPLW\�VHQVRU
DQG� D� SQHXPDWLF� DFWXDWRU�� ,Q� RUGHU� WR� GHVLJQ� WKLV� VHHPLQJO\
VLPSOH� WDVN� ZH� KDYH� WR� PDNH� VXUH� WKDW� WKH� ZRUNVWDWLRQ�� DQG
WKHUHIRUH� WKH� VWRSSHU�XQLW�� LV� UHTXHVWHG�RQO\�E\�RQH� VKXWWOH� DW� D
WLPH�� ,Q� DGGLWLRQ�� WKH� VWRSSHU� XQLW� KDV� WR� FRQWURO� WKH� FRUUHFW



+LHUDUFKLFDO�6WDWH�'HFRPSRVLWLRQ�IRU�WKH�'HVLJQ�RI�3/&�6RIWZDUH�E\�$SSO\LQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

WUDQVSRUW� WR� WKH� QH[W� VWDWLRQ� EHFDXVH� QR� IXUWKHU� VHQVRU� LV
LQVWDOOHG�� $� ZDWFKGRJ� WLPHU� PRQLWRUV� WKH� UHJXODU� WLPH� RI � WKH
WUDQVSRUWDWLRQ�SURFHVV�� ,I � WKH� WLPH� H[FHHGV� WKH� QRUPDO� WLPH�� DQ
DODUP�VLJQDO�LV�WULJJHUHG�

7KH�KLJK�OHYHO�IXQFWLRQDO�UHTXLUHPHQW��)5�[��LV�WR�WHPSRUDU\
VWRS� WKH� WUDQVSRUW� VKXWWOH� DW� WKH� ZRUNVWDWLRQ� ORFDWLRQ�� 7KH
FRUUHVSRQGLQJ� GHVLJQ� SDUDPHWHU� LV� D� 3/&� FRQWUROOHG� VWRSSLQJ
VWDWH�PRGXOH� �6�[��� 7KH� GHFRPSRVLWLRQ� SURFHGXUH� KDV� EHHQ
FDUULHG� RXW� LQ� PDQ\� LWHUDWLYH� GHVLJQ� F\FOHV� DQG� WKURXJK
]LJ]DJJLQJ�EHWZHHQ�)5V�DQG�'3V��7KH�WDEOH� LQ�)LJXUH����VKRZV
WKH� UHVXOW� RI � WKH� GHFRPSRVLWLRQ� SURFHVV� RI � WKH� )5V� DQG� '3V
LQFOXGLQJ� WKH� UHODWHG� VWDWHFKDUW��$Q�DQDO\VLV�RI � DOO� VWDWH� SDWWHUQV
�39V��FRQILUPV�WKDW�WKH�VWDWH�VHW�LV�QRQ�RYHUODSSLQJ�

7KLV� FDVH� VWXG\� DOVR� VXSSRUWV� WKH� UHXVH� LQ� DQ� DQDORJRXV
GHVLJQ�SUREOHP��)RU�LQVWDQFH��D�UHXVDEOH�VWUXFWXUH�LV�WKH�VWDWH�SDLU
DYDLODEOH� DQG� UHTXHVWHG�� 7KHVH� WZR� VWDWHV� ZUDSV� XS� WKH� DFWLQJ
VXEVWDWHV�RI � VKDUHG� UHVRXUFHV�� /LNHZLVH�� WKH� VWDWHV� LGOH� DQG� DFWLYH
HQFDSVXODWH� WKH� FRQWURO� DFWLRQV�� 7KH� OLQHDU� VHTXHQFH� RI � FRQWURO
DFWLRQV� ZLWKLQ� WKH� VXEVWDWH� DFWLYH� LQGLFDWHV� D� W\SLFDO� GHFRXSOHG
GHVLJQ�ZLWK�D�VWDUWLQJ�VWDWH�DQG�D�WHUPLQDO�VWDWH�

5 CONCLUSION

,Q� WKLV� SDSHU�� ZH� DQDO\]HG� WKH� DSSOLFDELOLW\� RI � D[LRPDWLF
GHVLJQ�WR�3/&�VRIWZDUH�GHVLJQ��,W�KDV�EHHQ�VKRZQ�WKDW�VWDWHFKDUW
QRWDWLRQ� VXSSRUWV� WKH� GHFRPSRVLWLRQ� DQG� ]LJ]DJJLQJ� SURFHGXUH
RI � WKH� )5V� DQG� '3V� LQ� DQ� H[SOLFLW� ZD\�� 8VLQJ� WKH� VWDWHFKDUW
QRWDWLRQ� OHDGV� LQKHUHQWO\� WR� DQ� XQFRXSOHG� RU� DW� OHDVW� GHFRXSOHG
GHVLJQ� VROXWLRQ��7KLV� LV�EHFDXVH� VWDWHFKDUWV� GLVDOORZ� RYHUODSSLQJ
RI �VWDWHV�ZKLFK�LV�DQ�LQGLFDWLRQ�RI �VWDWH�FRXSOLQJ�

$Q� LGHDO� GHVLJQ� LV� WKH� WRWDO� XQFRXSOLQJ� RI � VWDWHV�� PHDQLQJ
WKDW� WKH� VWDWHV� DUH� LQGHSHQGHQW� RI � WKH� VHTXHQFH� RI � RFFXUUHQFH�
,QWHUHVWLQJO\�� WKH� LQGHSHQGHQFH�D[LRP�PLJKW�SURYLGH� D� VFLHQWLILF
H[SODQDWLRQ�ZK\�UHOD\� ODGGHU� ORJLF� LV� VWLOO� WKH�SUHIHUUHG� ODQJXDJH
LQ� SURJUDPPLQJ� DXWRPDWLRQ� FRQWUROOHUV�� 7KH� UXQJ�VWUXFWXUH� RI
UHOD\� ODGGHU� HQIRUFHV� GHFRXSOLQJ� RI � WKH� SURJUDP� LQWR
LQGHSHQGHQW� HOHPHQWV��+RZHYHU�� WKLV� SDSHU� KDV� DOVR� VKRZQ� WKDW
ZLWKRXW�DSSO\LQJ�WKH�KLHUDUFKLFDO�VWDWH�GHFRPSRVLWLRQ�SURFHGXUH�
SURJUDPPLQJ�LQ�UHOD\�ODGGHU�ORJLF�LV�HUURU�SURQH��$XJPHQWLQJ�WKH
SRZHU� RI � UHOD\� ODGGHU� ORJLF� ZLWK� WKH� FRQFHSWXDO� DQG
GHFRPSRVDEOH�QDWXUH�RI �D[LRPDWLF�GHVLJQ�FRXOG�EH�DQ�LPSRUWDQW
VWHS� WR� HDVH� WKH� SURJUDPPLQJ�� GHEXJJLQJ�� DQG� WHVWLQJ�
SDUWLFXODUO\� LQ� D� FRPSOH[� DQG� ODUJH� V\VWHP�� )XUWKHUPRUH�
DSSO\LQJ�D�V\VWHPDWLF�DSSURDFK� LV�FRQGXFLYH�WR�WKH�GHYHORSPHQW
RI �D�FRPSXWHU�DLGHG�GHVLJQ�WRRO�WKDW�FRXOG�JHQHUDWH�WKH�SURJUDP
FRGH�DXWRPDWLFDOO\�

7KH� RXWOLQHG� H[DPSOH� DOVR� LOOXVWUDWHV� WKDW� WKH� SULQFLSOHV� RI
D[LRPDWLF� GHVLJQ� FRQWULEXWH� D� FOHDU� UHSHDWDEOH� VWDWH
GHFRPSRVLWLRQ� SURFHGXUH� WR� WKH� FRPSXWHU� VFLHQFH� FRPPXQLW\�
7KH� JHQHUDO� SULQFLSOH� RI � GHVLJQLQJ� ´JRRGµ� VWDWHFKDUWV� KDV� QRW
EHHQ�UHSRUWHG�XQWLO�QRZ�
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Figure 11. Statechart for a stopper system.
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