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0RGHOOLQJ�DQG�$QDO\VLV�RI�:RUNIORZ�3URFHVVHV

&��.DUDPDQROLV����'��*LDQQDNRSRXORX����-��0DJHH����6��:KHDWHU�

��'HSW��RI�&RPSXWLQJ��,PSHULDO�&ROOHJH�RI�6FLHQFH��7HFKQRORJ\�DQG�0HGLFLQH
^FWN�GJ��MQP`#GRF�LF�DF�XN

��'HSW��RI�&RPSXWLQJ�6FLHQFH��8QLYHUVLW\�RI�1HZFDVWOH�XSRQ�7\QH
6WXDUW�:KHDWHU#QFO�DF�XN

$EVWUDFW

3UDFWLFDO� H[SHULHQFH� LQGLFDWHV� WKDW� WKH� GHILQLWLRQ� RI� UHDO�ZRUOG� ZRUNIORZ
DSSOLFDWLRQV�LV�D�FRPSOH[�DQG�HUURU�SURQH�SURFHVV��([LVWLQJ�ZRUNIORZ�PDQDJHPHQW
V\VWHPV�SURYLGH�WKH�PHDQV��LQ�WKH�EHVW�FDVH��IRU�YHU\�SULPLWLYH�V\QWDFWLF�YHULILFDWLRQ�
ZKLFK�LV�QRW�HQRXJK�WR�JXDUDQWHH�WKH�RYHUDOO�FRUUHFWQHVV�DQG�UREXVWQHVV�RI�ZRUNIORZ
DSSOLFDWLRQV�� 7KH� SDSHU� LQWURGXFHV� D� PHWKRG� IRU� IRUPDO� YHULILFDWLRQ� RI� ZRUNIORZ
VFKHPDV� �GHILQLWLRQV���:RUNIORZ� EHKDYLRXU� LV�PRGHOOHG� E\�PHDQV� RI� DQ� DXWRPDWD�
EDVHG�PHWKRG��ZKLFK�IDFLOLWDWHV�H[KDXVWLYH�FRPSRVLWLRQDO�UHDFKDELOLW\�DQDO\VLV��7KH
ZRUNIORZ� EHKDYLRXU� LV� FKHFNHG� DJDLQVW� ERWK� VDIHW\� DQG� OLYHQHVV� SURSHUWLHV�� ZKLFK
FDQ� EH� HLWKHU� JHQHULF� �DSSOLFDEOH� WR� DOO� ZRUNIORZ� VFKHPDV�� RU� GRPDLQ� VSHFLILF
�DSSOLFDEOH�WR�D�JLYHQ�VFKHPD���7KH�DQDO\VLV�LV�SHUIRUPHG�E\�DXWRPDWHG�WRROV��ZKLFK
DUH�DFFHVVLEOH�E\�GHVLJQHUV�ZKR�DUH�QRW�H[SHUWV�LQ�IRUPDO�PHWKRGV�

�� ,QWURGXFWLRQ
:RUNIORZ�0DQDJHPHQW� 6\VWHPV� SURYLGH� DXWRPDWHG� VXSSRUW� IRU� GHILQLQJ� DQG� FRQWUROOLQJ
YDULRXV�DFWLYLWLHV��WDVNV��DVVRFLDWHG�ZLWK�EXVLQHVV�SURFHVVHV�>����@��$�:RUNIORZ�6FKHPD�LV
XVHG�WR�UHSUHVHQW�WKH�VWUXFWXUH�RI�DQ�DSSOLFDWLRQ�LQ�WHUPV�RI�WDVNV�DV�ZHOO�DV�WHPSRUDO�DQG
GDWD�GHSHQGHQFLHV�EHWZHHQ�WDVNV��$�:RUNIORZ�$SSOLFDWLRQ��RU�MXVW�:RUNIORZ��LV�H[HFXWHG
E\�LQVWDQWLDWLQJ�WKH�FRUUHVSRQGLQJ�ZRUNIORZ�VFKHPD�>�@�

7KH�DLP�RI�SURYLGLQJ�DXWRPDWHG�VXSSRUW�IRU�EXVLQHVV�SURFHVVHV�LV�WR�UHGXFH�FRVWV�DQG
IORZ� WLPHV�� WR� LPSURYH� WKH� UREXVWQHVV� RI� WKH� SURFHVV� DQG� WR� LQFUHDVH� SURGXFWLYLW\� DQG
TXDOLW\�RI�VHUYLFH�>����@��+RZHYHU��VSHFLI\LQJ�D�UHDO�ZRUOG�ZRUNIORZ�VFKHPD�LV�D�FRPSOH[
PDQXDO�SURFHVV��ZKLFK�LV�SURQH�WR�HUURUV��,QFRUUHFWO\�VSHFLILHG�ZRUNIORZ�VFKHPDV�UHVXOW�LQ
HUURQHRXV� ZRUNIORZ� DSSOLFDWLRQV�� ZKLFK�� LQ� WXUQ�� PD\� FDXVH� GUDPDWLF� SUREOHPV� LQ� WKH
RUJDQLVDWLRQ� ZKHUH� WKH\� DUH� GHSOR\HG�� 7KHUHIRUH�� LW� LV� FUXFLDO� WR� EH� DEOH� WR� YHULI\� WKH
FRUUHFWQHVV�RI�D�ZRUNIORZ�VFKHPD�EHIRUH�LW�EHFRPHV�RSHUDWLRQDO�

0DQ\� FRPPHUFLDO�ZRUNIORZ�PDQDJHPHQW� V\VWHPV�SURYLGH� WKH�PHDQV� IRU� VRPH� EDVLF
V\QWDFWLF�YHULILFDWLRQ��ZKLOH�D�ZRUNIORZ�VFKHPD�LV�GHVLJQHG��7KH\�FKHFN��IRU�H[DPSOH��IRU
WKH� H[LVWHQFH� RI� LQSXWV� DQG� RXWSXWV� LQ� WDVN� VSHFLILFDWLRQV�� +RZHYHU�� PRUH� WKRURXJK� DQG
ULJRURXV�DQDO\VLV�LV�UHTXLUHG�WR�HQVXUH�WKDW�WKH�VFKHPD�LV�FRUUHFW�>�@��)RU�LQVWDQFH��ZH�QHHG
WR� EH� DEOH� WR� FKHFN� WKDW� WKH� ZRUNIORZ� HYHQWXDOO\� WHUPLQDWHV�� WKDW� WKHUH� DUH� QR� SRWHQWLDO
GHDGORFNV�� RU� WKDW� D� FHUWDLQ� SDWK� RI� H[HFXWLRQ� LV� SRVVLEOH�� 7KLV� SDSHU� SURSRVHV� D� QRYHO
PHWKRG� IRU� IRUPDO� YHULILFDWLRQ� RI� ZRUNIORZ� VFKHPDV�� E\� PHDQV� RI�/DEHOOHG� 7UDQVLWLRQ
6\VWHPV� �/76���:H�SURSRVH� D�FRPSOHWH�PDSSLQJ�RI�ZRUNIORZ�HQWLWLHV� WR� WKH�/76�PRGHO
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DQG� GLVFXVV� DQDO\VLV� WHFKQLTXHV� IRU� FKHFNLQJ� VDIHW\� DQG� OLYHQHVV� SURSHUWLHV�� $QDO\VLV� LV
GRQH�E\�DXWRPDWHG�WRROV�SURYLGHG�DV�SDUW�RI�WKH�/76$�WRRONLW��/76V�DQG�LQ�SDUWLFXODU�WKH
75$&7$� DSSURDFK� IROORZHG� KHUH� KDYH� EHHQ� XVHG� H[WHQVLYHO\� WR� PRGHO� DQG� DQDO\VH
FRQFXUUHQW� V\VWHPV�� ,W� KDV� EHHQ� VKRZQ� WKDW� WKH� PHWKRG� LV� DFFHVVLEOH� DQG� XVDEOH� E\
SUDFWLVLQJ�HQJLQHHUV��ZKR�DUH�QRW�H[SHUWV�RI�PRGHO�FKHFNLQJ�WHFKQLTXHV�

'XH� WR� WKH� VL]H� DQG� FRPSOH[LW\� RI� PRVW� UHDO�ZRUOG� ZRUNIORZ� VFKHPDV�� DQ\� YLDEOH
DQDO\VLV�PHWKRG�VKRXOG�IROORZ�DQ�LQFUHPHQWDO��FRPSRVLWLRQDO��DSSURDFK��ZKLFK�VKRXOG�EH
DSSOLHG�DW�HDFK�VWHS�RI�WKH�GHVLJQ�SURFHGXUH��([SHULHQFH�VKRZV�WKDW�FRUUHFWQHVV�E\�GHVLJQ
LV�FOHDUO\�SUHIHUDEOH�RYHU�DSSURDFKHV�ZKHUH�FRUUHFWQHVV� LV�YHULILHG�DIWHU� WKH�GHVLJQ�RI� WKH
ILQDO� ZRUNIORZ� KDV� EHHQ� FRPSOHWHG� >�@�� 75$&7$� DGGUHVVHV� H[DFWO\� WKHVH� SUREOHPV� E\
HQIRUFLQJ�D�FORVH�LQWHJUDWLRQ�RI�PRGHOOLQJ�DQG�DQDO\VLV�ZLWK�V\VWHP�GHVLJQ�� ,Q�SDUWLFXODU�
&RPSRVLWLRQDO�5HDFKDELOLW\�$QDO\VLV��&5$��LV�XVHG�IRU�PRGHOOLQJ�DQG�DQDO\VLV�RI�V\VWHP
FRPSRQHQWV� DV� WKH\� DUH� FRPSRVHG� IURP� RWKHU� VXE�FRPSRQHQWV�� &5$� LPSURYHV� WKH
FRPSXWDWLRQDO�FRPSOH[LW\�RI�DQDO\VLV��WRJHWKHU�ZLWK�PLQLPLVDWLRQ�WHFKQLTXHV��DQG�IDYRXUV
UHXVDELOLW\�RI�VSHFLILFDWLRQV��7R�WKH�EHVW�NQRZOHGJH�RI�WKH�DXWKRUV��WKHUH�LV�QR�RWKHU�V\VWHP
WKDW�SURYLGHV�D�VDWLVIDFWRU\�ZD\�IRU�FRPSRVLWLRQDO�LQFUHPHQWDO�YHULILFDWLRQ�RI�ZRUNIORZV�

7KH�UHPDLQGHU�RI�WKLV�SDSHU�LV�RUJDQLVHG�DV�IROORZV��6HFWLRQ���SURYLGHV�DQ�RYHUYLHZ�RI
WKH� VHPDQWLFV� RI� RXU� ZRUNIORZ� GHILQLWLRQ� QRWDWLRQ� DQG� RXWOLQHV� WKH� UHTXLUHPHQWV� IRU
YHULILFDWLRQ�LQ� WKLV�FRQWH[W�� ,Q� WKH�VDPH�VHFWLRQ��ZH�DOVR�RXWOLQH� WKH�75$&7$�DSSURDFK� WR
FRPSRVLWLRQDO� UHDFKDELOLW\� DQDO\VLV� DQG� DUJXH� DERXW� WKH� VXLWDELOLW\� RI� WKH� PHWKRG� WR
YHULILFDWLRQ�RI�ZRUNIORZ�VFKHPDV��6HFWLRQV���DQG���IRUP�WKH�FRUH�RI�WKH�SDSHU��6HFWLRQ��
SURSRVHV� D� FRPSOHWH� DQG� IRUPDO� PRGHOOLQJ�� LQ� WHUPV� RI� /76V�� RI� DOO� ZRUNIORZ� VFKHPD
HOHPHQWV�� 6HFWLRQ� �� GLVFXVVHV� WKH� FODVVHV� RI� VDIHW\� DQG� OLYHQHVV� SURSHUWLHV� WKDW� FDQ� EH
YHULILHG� XVLQJ� WKH� 75$&7$� WHFKQLTXHV� DQG� WKH� /76$� WRRONLW�� ,Q� ERWK� VHFWLRQV�� WKH
WKHRUHWLFDO�FRQFHSWV�DUH�LOOXVWUDWHG�E\�PHDQV�RI�D�FDVH�VWXG\��D�ZRUNIORZ�IRU�EXVLQHVV�WULS
UHVHUYDWLRQV��7KH�SDSHU�LV�FRQFOXGHG��VHFWLRQ����ZLWK�D�FULWLFDO�GLVFXVVLRQ�RI�WKH�SURSRVHG
PHWKRG�DQG�GLUHFWLRQV�RI�IXWXUH�ZRUN�

�� %DFNJURXQG

���� 'HILQLQJ�ZRUNIORZ�VFKHPDV
$�ZRUNIORZ� VFKHPD�PXVW� EH� H[SUHVVLYH� HQRXJK� WR� UHSUHVHQW� WKH� VWUXFWXUH� RI� D� EXVLQHVV
SURFHVV��7KH�VFKHPD� UHSUHVHQWV�D�ZRUNIORZ�DSSOLFDWLRQ� DV�D�FROOHFWLRQ�RI� WDVNV�DQG� WKHLU
GHSHQGHQFLHV��$�WDVN�LV�DQ�DSSOLFDWLRQ�VSHFLILF�XQLW�RI�DFWLYLW\�WKDW�UHTXLUHV�VSHFLILHG�LQSXW
REMHFWV� DQG� SURGXFHV� VSHFLILHG� RXWSXW� REMHFWV�� 7KHUH� FDQ� EH� WZR� W\SHV� RI� GHSHQGHQFLHV
EHWZHHQ� WDVNV�� ��� QRWLILFDWLRQ� GHSHQGHQFLHV� LQGLFDWLQJ� WHPSRUDO� �FDXVDO�� UHODWLRQV�� ��
GDWDIORZ�GHSHQGHQFLHV�LQGLFDWLQJ�WKDW�D�WDVN�UHTXLUHV�VRPH�LQSXW��GDWD��IURP�DQRWKHU�WDVN�
,Q�WKH�IROORZLQJ��ZH�SUHVHQW�WKH�SULQFLSOHV�IRU�ZRUNIORZ�VFKHPD�GHILQLWLRQV�>�@�

$� WDVN� FDQ� VWDUW� LQ� RQH� RI� VHYHUDO� LQLWLDO� VWDWHV� DQG� FDQ� WHUPLQDWH� LQ� RQH� RI� VHYHUDO
RXWSXW�VWDWHV��7KXV��D�WDVN�LV�PRGHOOHG�DV�KDYLQJ�D�VHW�RI�LQSXW�VHWV�DQG�D�VHW�RI�RXWSXW�VHWV�
,Q�)LJXUH���� WDVN�W�� LV�UHSUHVHQWHG�DV�KDYLQJ�WKUHH�LQSXW�VHWV� ,��� ,���DQG� ,���DQG�WZR�RXWSXW
VHWV�2��DQG�2��

7KH� H[HFXWLRQ�RI� D� WDVN� LV� WULJJHUHG�E\� WKH� DYDLODELOLW\�RI� DQ� LQSXW� VHW�� RQO\� WKH� ILUVW
DYDLODEOH� LQSXW� VHW� ZLOO� WULJJHU� WKH� WDVN�� )RU� DQ� LQSXW� VHW� WR� EH� DYDLODEOH� LW� PXVW� KDYH
UHFHLYHG�DOO�RI�LWV�FRQVWLWXHQW�LQSXW�REMHFWV�DQG�QRWLILFDWLRQ�GHSHQGHQFLHV��)RU�H[DPSOH��LQ
)LJXUH����LQSXW�VHW�,��RI�WDVN�W��UHTXLUHV�WKUHH�GHSHQGHQFLHV�WR�EH�VDWLVILHG��REMHFWV�L���L��DQG
L��PXVW�EHFRPH�DYDLODEOH��GDWDIORZ�GHSHQGHQFLHV���2Q�WKH�RWKHU�KDQG��LQSXW�VHW�,��UHTXLUHV
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WKUHH�GHSHQGHQFLHV�WR�EH�VDWLVILHG��REMHFW�L��PXVW�EHFRPH�DYDLODEOH�DQG�WZR�QRWLILFDWLRQV�
Q��DQG�Q���PXVW�EH�VLJQDOOHG��QRWLILFDWLRQV�DUH�PRGHOOHG�DV�GDWD�OHVV�LQSXW�REMHFWV���$�JLYHQ
LQSXW�FDQ�EH�REWDLQHG�IURP�PRUH�WKDQ�RQH�VRXUFH��H�J���WZR�IRU�REMHFW�L��LQ�VHW�,��RI�WDVN�W���
,I� PXOWLSOH� LQSXW� VRXUFHV� EHFRPH� DYDLODEOH� VLPXOWDQHRXVO\�� WKHQ� RQH� VRXUFH� LV� VHOHFWHG
GHWHUPLQLVWLFDOO\�

7KH� QRWLILFDWLRQ� GHSHQGHQFLHV� DUH� UHSUHVHQWHG� E\� GRWWHG� OLQHV�� IRU� H[DPSOH�� V�� LV� D
QRWLILFDWLRQ� VRXUFH� IRU� QRWLILFDWLRQ� GHSHQGHQF\� Q��� $� QRWLILFDWLRQ� GHSHQGHQF\� PD\� KDYH
PRUH�WKDQ�RQH�DOWHUQDWLYH�VRXUFHV�WRR��)RU�H[DPSOH��Q��KDV�DOWHUQDWLYH�VRXUFHV�V��DQG�V��

$� WDVN� WHUPLQDWHV�SURGXFLQJ�RXWSXW�REMHFWV� EHORQJLQJ� WR� H[DFWO\� RQH� RI� D� QXPEHU� RI
RXWSXW�VHWV��H�J��2��RU�2�� IRU� WDVN�W����$Q�RXWSXW�VHW�FRQVLVWV�RI�D��SRVVLEO\�HPSW\��VHW�RI
RXWSXW�REMHFWV��R��DQG�R��IRU�RXWSXW�VHW�2��RI�W��DQG�QXOO�REMHFW�IRU�WKH�RXWSXW�VHW�RI�WDVN�W���

t3

I1

I3

I2

O1

O2

s1

s2

s5

s6

s7

s8t2

s3

n1

i3

i1

i2

i4

i5

t1

n2

s9

s4
o1

o2

o1

)LJXUH����$�ZRUNIORZ�VFKHPD�GHILQLQJ�LQWHU�WDVN�GHSHQGHQFLHV�

$�ZRUNIORZ�DSSOLFDWLRQ�FRQVLVWV�RI�D�QXPEHU�RI�LQWHU�GHSHQGHQW�WDVNV��$�VFKHPD�LQGLFDWHV
KRZ�WKH�FRQVWLWXHQW�WDVNV�DUH�³FRQQHFWHG´��7R�DOORZ�ZRUNIORZ�DSSOLFDWLRQV�WR�EH�GHVLJQHG
LQ� D�KLHUDUFKLFDO�ZD\�� WDVNV� FDQ� EH�FRPSRVLWH�� WKH\� DUH� UHDOLVHG� DV� D� FROOHFWLRQ� RI� RWKHU�
LQWHU�GHSHQGHQW� WDVNV�� 7KHUHIRUH� D� WDVN� FDQ� EH� HLWKHU� SULPLWLYH� �LPSOHPHQWHG� E\� VRPH
DSSOLFDWLRQ�VHUYLFH��RU�FRPSRVLWH��FRQVLVWV�RI�RWKHU�SULPLWLYH�RI�FRPSRVLWH�WDVNV���$�JLYHQ
LQSXW�RI�WKH�FRPSRVLWH�WDVN�PD\�EH�WKH�VRXUFH�RI�RQH�RU�PRUH�LQWHUQDO�LQSXWV��GDWD�REMHFWV
RU� QRWLILFDWLRQV� GHSHQGHQFLHV��� 6LPLODUO\�� D� JLYHQ� RXWSXW� PD\� KDYH� PRUH� WKDQ� RQH
DOWHUQDWLYH�VRXUFHV��)LJXUH���LOOXVWUDWHV�DQ�H[DPSOH�RI�D�FRPSRVLWH�WDVN�FDOOHG�5HVHUYDWLRQ�
7KH�WDVN�SURYLGHV�WKH�VFKHPD�GHILQLWLRQ�IRU�D�WULS�UHVHUYDWLRQ�ZRUNIORZ�

)LJXUH����$�FRPSRVLWH�ZRUNIORZ�WDVN�
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&RPSRVLWH�WDVNV�SURYLGH�WKH�SULQFLSDO�ZD\�RI�LQWURGXFLQJ�UHXVDELOLW\�RI�ZRUNIORZ�VFKHPD
GHILQLWLRQV��)LJXUH���VKRZV�D�FRPSRVLWH�WDVN�%XVLQHVV7ULS��ZKLFK�UHXVHV�WKH�GHILQLWLRQ�RI
WKH�5HVHUYDWLRQ� WDVN�WR�GHILQH�D�ZRUNIORZ�VFKHPD�IRU�D�EXVLQHVV�WULS�UHVHUYDWLRQ�SURFHVV�
7KH�ODWWHU�WZR�H[DPSOHV��WDVNV�5HVHUYDWLRQ�DQG�%XVLQHVV7ULS��ZLOO�EH�XVHG�DV�FDVH�VWXGLHV
IRU�WKH�UHVW�RI�WKH�SDSHU��LQ�RUGHU�WR�LOOXVWUDWH�WKH�PRGHOOLQJ�FRQFHSWV�GLVFXVVHG�

)LJXUH����$�FRPSRVLWH�ZRUNIORZ�WDVN�FRQWDLQLQJ�D�FRPSRVLWH�VXE�WDVN�

���� 5HTXLUHPHQWV�IRU�D�ZRUNIORZ��YHULILFDWLRQ�PHWKRG
2XU� H[SHULHQFH�ZLWK� EXLOGLQJ� ODUJH�ZRUNIORZ� V\VWHPV� KDV� VKRZQ� WKDW� LW� LV� FRPPRQ� IRU
HUURUV� WR� DSSHDU� LQ� WKH� GHVLJQ� RI� FRPSOH[�ZRUNIORZ� VFKHPDV��7KHVH� HUURUV� DUH� W\SLFDOO\
GHWHFWHG�RQO\�DIWHU�WKH�ZRUNIORZ�LV�GHSOR\HG�DQG�WHVWHG�LQ�SUDFWLFH��$V�LW�KDV�EHHQ�VWUHVVHG
LQ�WKH�LQWURGXFWLRQ�RI�WKH�SDSHU��LW�LV�YHU\�LPSRUWDQW�IRU�WKH�GHVLJQHU�WR�EH�DEOH�WR�DSSO\�D
ULJRURXV�YHULILFDWLRQ�PHWKRG�RQ�WKH�VFKHPD�DQG�DUJXH�IRUPDOO\�DERXW�WKH�FRUUHFWQHVV�RI�WKH
UHVXOWLQJ�ZRUNIORZ�LQVWDQFHV��,Q�WKLV�FRQWH[W��ZH�KDYH�LGHQWLILHG�D�QXPEHU�RI�UHTXLUHPHQWV
WR�EH�VDWLVILHG�E\�DQ\�VXFK�YHULILFDWLRQ�PHWKRG�

�� +DYH�D� VROLG�PDWKHPDWLFDO� IRXQGDWLRQ� DQG� DOORZ� IRU� ULJRURXV� DQG� IRUPDO� DQDO\VLV� RI
ERWK�VDIHW\�DQG�OLYHQHVV�SURSHUWLHV�

�� 3HUIRUP� H[KDXVWLYH� DQDO\VLV� DW� GHVLJQ�WLPH� �RI� WKH� ZRUNIORZ� VFKHPD�� DV� ZHOO� DV
LQWHUDFWLYH�VLPXODWLRQ�RI�WKH�ZRUNIORZ�PRGHO�

�� (PSOR\�DOJRULWKPV�WKDW�DUH�FRPSXWDWLRQDOO\�HIILFLHQW�LQ�RUGHU�WR�EH�DSSOLFDEOH�WR�UHDO�
ZRUOG�V\VWHPV��7KHVH�DOJRULWKPV�VKRXOG�EH�VXSSRUWHG�E\�DXWRPDWHG�WRROV�

�� )ROORZ� D� FRPSRVLWLRQDO� DSSURDFK� LQ� RUGHU� WR� HQDEOH� LQFUHPHQWDO� DQDO\VLV� ZKLOH� WKH
V\VWHP�LV�GHVLJQHG�DQG�WR�VXSSRUW�UH�XVH�RI�VSHFLILFDWLRQV�LQ�PXOWLSOH�FRQWH[WV�

�� *HQHUDWH� PHDQLQJIXO� GLDJQRVWLF� LQIRUPDWLRQ�� LQ� WKH� IRUP� RI� H[HFXWLRQ� WUDFHV�� WR
LQGLFDWH�SRWHQWLDO�HUURUV�WR�WKH�GHVLJQHU�

�� 8VH�D�FRPSUHKHQVLEOH�JUDSKLFDO�UHSUHVHQWDWLRQ�IRU�KXPDQV�DQG�DOVR�DQ�HTXLYDOHQW�ZHOO�
GHILQHG�DQG�VSDFH�HIILFLHQW�IRUPDO�QRWDWLRQ�IRU�XVDJH�ZLWK�WKH�WRROV�

�� %H�XQGHUVWDQGDEOH�DQG�DFFHVVLEOH�E\�XVHUV�ZKR�KDYH�QR�VSHFLDO�H[SHUWLVH�LQ�WKH�DUHD�RI
PRGHOOLQJ�DQG�IRUPDO�PHWKRGV�
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���� 7KH�75$&7$�DSSURDFK�WR�EHKDYLRXU�PRGHOOLQJ�DQG�DQDO\VLV
7KH�75$&7$�DSSURDFK�KDV�EHHQ�H[WHQVLYHO\�XVHG�IRU�PRGHOOLQJ�DQG�DQDO\VLQJ�FRQFXUUHQW
DQG�GLVWULEXWHG�V\VWHPV�>����@��,W�LV�EDVHG�RQ�WKH�XVH�RI�/DEHOOHG�7UDQVLWLRQ�6\VWHPV��/76�
IRU�PRGHOOLQJ�WKH�EHKDYLRXU�RI�V\VWHP�FRPSRQHQWV�DQG�IRU�H[SUHVVLQJ�V\VWHP�SURSHUWLHV�

,Q� RUGHU� WR� LQWHJUDWH� DQDO\VLV�ZLWK� RWKHU� DFWLYLWLHV� RI� VRIWZDUH� GHYHORSPHQW�� 75$&7$
KDV� WUDGLWLRQDOO\� XVHG� VRIWZDUH� DUFKLWHFWXUH� WR� GLUHFW� DQDO\VLV�� ,Q� JHQHUDO�� WKH� VRIWZDUH
DUFKLWHFWXUH� RI� D� GLVWULEXWHG� V\VWHP� KDV� D� KLHUDUFKLFDO� VWUXFWXUH� >���� ��@�� 7KHUHIRUH�
75$&7$� XVHV� D� FRPSRVLWLRQDO� DSSURDFK� WR� PRGHOOLQJ� D� V\VWHP� IROORZLQJ� WKH� SKDVHV� RI
KLHUDUFKLFDO� V\VWHP� GHVLJQ�� %HKDYLRXU� LV� DWWDFKHG� WR� WKH� VRIWZDUH� DUFKLWHFWXUH� E\
VSHFLI\LQJ� D� ODEHOOHG� WUDQVLWLRQ� V\VWHP� IRU� HDFK� SULPLWLYH� FRPSRQHQW� LQ� WKH� KLHUDUFK\
�SULPLWLYH� LV�D�V\VWHP�FRPSRQHQW�ZKLFK�FDQQRW�EH�H[SDQGHG� WR� VXE�FRPSRQHQWV�� DW� OHDVW
IRU� WKH� VDNH� RI� DQDO\VLV��� )ROORZLQJ� WKH� WHUPLQRORJ\� RI� WUDGLWLRQDO� SURFHVV� DOJHEUDV�� WKH
/76�RI�D�SULPLWLYH�FRPSRQHQW� LV�HTXLYDOHQW� WR�D� ILQLWH�VWDWH� LQWHUDFWLQJ�SURFHVV��$Q�/76
FRQWDLQV� DOO� WKH� UHDFKDEOH� VWDWHV� DQG� H[HFXWDEOH� WUDQVLWLRQV� �WULJJHUHG� E\� DFWLRQV�� RI� D
SURFHVV��7KH�EHKDYLRXU�RI�FRPSRVLWH�V\VWHP�FRPSRQHQWV�LV�GHILQHG�DV�WKH�FRPSRVLWLRQ�RI
WKH�/76V�RI�WKHLU�FRQVWLWXHQW�FRPSRQHQWV�

75$&7$�H[KDXVWLYHO\�H[SORUHV� WKH� UHDFKDEOH� VWDWHV�RI� DQ�/76�� D� WHFKQLTXH�NQRZQ�DV
UHDFKDELOLW\�DQDO\VLV��7KH�PDLQ�GLVDGYDQWDJH�RI� WKLV� WHFKQLTXH�LV�VWDWH�H[SORVLRQ��7KDW� LV�
WKH�H[SRQHQWLDO�UHODWLRQ�EHWZHHQ�WKH�V\VWHP�VWDWH�VSDFH�DQG�WKH�QXPEHU�RI� LWV�FRQVWLWXHQW
FRPSRQHQWV��75$&7$�WDNHV�DGYDQWDJH�RI�WKH�KLHUDUFKLFDO�VWUXFWXUH�RI�WKH�V\VWHP�LQ�RUGHU�WR
DGGUHVV� WKLV� SUREOHP�� $V� WKH� V\VWHP� EHKDYLRXU� LV� FRPSRVHG� LQ� D� ERWWRP�XS� PDQQHU�
LQWHUQDO� GHWDLOV� �DFWLRQV�� RI� D� VXEV\VWHP¶V� EHKDYLRXU� DUH� KLGGHQ� DQG� WKH� VXEV\VWHP� LV
PLQLPLVHG��DW�LQWHUPHGLDWH�VWDJHV�RI�WKH�DQDO\VLV��,Q�JHQHUDO��RQO\�D�VXEVHW�RI�WKH�DFWLRQV�LQ
D�VXEV\VWHP¶V�/76�DUH�RI�LQWHUHVW�WR�H[WHUQDO�V\VWHPV��SURFHVVHV��WKDW�LQWHUDFW�ZLWK�LW��7KH
NH\�WR�WKH�VXFFHVV�RI�WKH�WHFKQLTXH�LV�WR�KLGH�DV�PDQ\�LQWHUQDO�DFWLRQV�DV�SRVVLEOH�LQ�HDFK
VXEV\VWHP�

$Q� /76� FDQ� EH� GHVFULEHG� HLWKHU� JUDSKLFDOO\� RU� E\� H[SOLFLWO\� VSHFLI\LQJ� LWV� DOSKDEHW�
VWDWHV��WUDQVLWLRQ�UHODWLRQ�DQG�LQLWLDO�VWDWH��DV�LQ�WUDGLWLRQDO�DXWRPDWD�WKHRU\���+RZHYHU��VXFK
UHSUHVHQWDWLRQV� EHFRPH� LPSUDFWLFDO� IRU� V\VWHPV� ZLWK� PRUH� WKDW� D� IHZ� VWDWHV�� )RU� WKLV
UHDVRQ��75$&7$�XVHV�D�VLPSOH�SURFHVV�DOJHEUD�QRWDWLRQ�FDOOHG�)63��VWDQGV�IRU�)LQLWH�6WDWH
3URFHVV�� WR�VSHFLI\� WKH�EHKDYLRXU�RI�FRPSRQHQWV� LQ�D�V\VWHP�>��@��)63�LV�QRW�D�GLIIHUHQW
ZD\�RI�PRGHOOLQJ�D�V\VWHP�� ,W� LV�D�VSHFLILFDWLRQ� ODQJXDJH�ZLWK�ZHOO�GHILQHG�VHPDQWLFV� LQ
WHUPV�RI�/76V��ZKLFK�SURYLGHV�D�FRQFLVH�ZD\�IRU�GHVFULELQJ�/76V��(DFK�)63�H[SUHVVLRQ
FDQ�EH�PDSSHG�RQWR�D�ILQLWH�/76�DQG�YLFH�YHUVD�

5HDFKDELOLW\� DQDO\VLV� RZHV�PXFK� RI� LWV� SRSXODULW\� WR� WKH� IDFW� WKDW� LW� LV� IDLUO\� HDV\� WR
DXWRPDWH��75$&7$�LV�VXSSRUWHG�E\�WKH�/76$�VRIWZDUH�WRRO��ZKLFK�SURYLGHV�IRU�DXWRPDWLF
FRPSRVLWLRQ�� DQDO\VLV�� PLQLPLVDWLRQ�� DQLPDWLRQ� DQG� JUDSKLFDO� GLVSOD\� RI� V\VWHP� PRGHOV
H[SUHVVHG�LQ�)63�

3ULPLWLYH�V\VWHP�FRPSRQHQWV

3ULPLWLYH� V\VWHP� FRPSRQHQWV� DUH� GHILQHG� DV� ILQLWH�VWDWH� SURFHVVHV� LQ� )63� XVLQJ� DFWLRQ
SUHIL[� ³->´�� FKRLFH� ³|´� DQG� UHFXUVLRQ�� ,I� x� LV� DQ� DFWLRQ� DQG� P� D� SURFHVV�� WKHQ� (x->P)
GHVFULEHV� D� SURFHVV� WKDW� LQLWLDOO\� HQJDJHV� LQ� WKH� DFWLRQ� x� DQG� WKHQ� EHKDYHV� H[DFWO\� DV
GHVFULEHG� LQ� P�� � ,I� x� DQG� y� DUH� DFWLRQV�� WKHQ� (x->P|y->Q)� GHVFULEHV� D� SURFHVV� ZKLFK
LQLWLDOO\�HQJDJHV�LQ�HLWKHU�RI�WKH�DFWLRQV�x�RU�y��DQG�WKH�VXEVHTXHQW�EHKDYLRXU�LV�GHVFULEHG
E\� P� RU� Q�� UHVSHFWLYHO\�� 7KH� GHILQLWLRQ� RI� D� SULPLWLYH� FRPSRQHQW� PD\� XVH� DQ� DX[LOLDU\
SURFHVV��$FWLRQV�FDQ�EH�SDUDPHWHULVHG�ZLWK�YDULDEOHV�IURP�D�VHW�RI�YDOXHV��(x[v:Values]
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->R)�GHVFULEHV�D�SURFHVV�ZKLFK�HQJDJHV�LQ�RQH�RI�D�VHW�RI�SRVVLEOH�DFWLRQV�x[v]��IRU�v ∈
Values��VHW�Values�PXVW�EH�H[SOLFLWO\�VSHFLILHG�LQ�WKH�PRGHO��

)63�XVHV�DQ� LQWHUIDFH�RSHUDWRU� µ@¶��ZKLFK�VSHFLILHV� WKH�VHW�RI�DFWLRQ� ODEHOV�ZKLFK�DUH
YLVLEOH�DW�WKH�LQWHUIDFH�RI�WKH�FRPSRQHQW�DQG�WKXV�PD\�EH�VKDUHG��V\QFKURQLVDWLRQ�SRLQWV�±
XVHG� IRU� LQWHUDFWLRQ�� ZLWK� RWKHU� FRPSRQHQWV�� ,W� UHVWULFWV� WKH� DOSKDEHW� RI� WKH� /76� WR� WKH
DFWLRQV�SUHIL[HG�E\�WKHVH�ODEHOV��$OO�RWKHU�DFWLRQV�DUH�³KLGGHQ´�DQG�ZLOO�DSSHDU�DV�VLOHQW�³τ´
�WDX�� DFWLRQV� GXULQJ� DQDO\VLV�� LI� WKH\� GR� QRW� GLVDSSHDU� GXULQJ� PLQLPLVDWLRQ� RI� WKH
FRPSRQHQW��:KHQ�LW�LV�PRUH�FRQFLVH�WR�GHVFULEH�ZKDW�DFWLRQV�DUH�KLGGHQ�UDWKHU�WKDQ�ZKLFK
DFWLRQV�UHPDLQ�REVHUYDEOH��WKH�KLGLQJ�RSHUDWRU�³\´�PD\�EH�XVHG��ZKLFK�LV�FRPSOHPHQWDU\
WR�WKH�LQWHUIDFH�RSHUDWRU�

&RPSRVLWH�V\VWHP�FRPSRQHQWV

&RPSRVLWH�FRPSRQHQW� SURFHVVHV� DUH� GHILQHG� LQ� WHUPV� RI� RWKHU�� QRQ�DX[LOLDU\�� SURFHVVHV�
7KHLU�LGHQWLILHUV�DUH�SUHIL[HG�ZLWK�³||´��7KH�SURFHVV�RI�D�FRPSRVLWH�FRPSRQHQW�GRHV�QRW
GHILQH�DGGLWLRQDO�EHKDYLRXU��LW�LV�VLPSO\�REWDLQHG�DV�WKH�SDUDOOHO�FRPSRVLWLRQ�RI�LQVWDQFHV
RI� WKH� SURFHVVHV� LW� LV� PDGH� RI�� 3URFHVV� LQVWDQFHV� DUH� GHQRWHG� DV� ³LQVWDQFH�QDPH�W\SH�
QDPH´��7KH�/76�RI�WKH�LQVWDQFH�LV�LGHQWLFDO�WR�WKDW�RI�WKH�W\SH��ZLWK�DFWLRQ�ODEHOV�SUHIL[HG
ZLWK�WKH�LQVWDQFH�QDPH��7KH�LQVWDQFH�QDPH�LV�QRW�QHFHVVDU\�LI�WKHUH�LV�MXVW�RQH�LQVWDQFH�RI�D
SURFHVV�LQ�D�JLYHQ�FRQWH[W��&RPSRVLWLRQ�H[SUHVVLRQV�XVH�SDUDOOHO�FRPSRVLWLRQ��||��WRJHWKHU
ZLWK�RSHUDWRUV�VXFK�DV�UH�ODEHOOLQJ��/�,�DFWLRQ�KLGLQJ��\��RU�LQWHUIDFH��@���&RPPXQLFDWLRQ
LV� PRGHOOHG� E\� PHDQV� RI� V\QFKURQLVDWLRQ� RI� VKDUHG� DFWLRQV� �WKH� UHPDLQLQJ� DFWLRQV� DUH
LQWHUOHDYHG���$FWLRQV�WKDW�FRUUHVSRQG�WR�LQWHUDFWLRQ�LQWHUIDFHV�DUH�UH�ODEHOOHG�WR�D�FRPPRQ
QDPH�LQ�RUGHU�WR�EH�V\QFKURQLVHG�ZKHQ�EHKDYLRXUV�DUH�FRPSRVHG��5H�ODEHO�VSHFLILFDWLRQV
DUH�RI�WKH�IRUP�³QHZ�ODEHO�ROG�ODEHO´�

VHW Doc = {x}

3ULQWHU = (request -> print[d:Doc]
-> reset -> release -> 3ULQWHU)
\{reset}.

6SRROHU = (request -> 7UDQVIHU),
7UDQVIHU =(submit[d:Doc] -> 7UDQVIHU

| release -> 6SRROHU).

minimal

|| 6\VWHP = (3ULQWHU || 6SRROHU)
   /{print/submit}.

Printer request print.x tau

release

0 1 2 3

Spooler request

print.x
release

0 1

System request print.x

release

0 1 2

)LJXUH����0RGHOOLQJ�SULPLWLYH�DQG�FRPSRVLWH�V\VWHP�FRPSRQHQWV�ZLWK�75$&7$�

)LJXUH���GHSLFWV�WKH�PRGHO�RI�WKUHH�V\VWHP�FRPSRQHQWV��HDFK�UHSUHVHQWHG�E\�D�SURFHVV�LQ
)63��3URFHVV�Printer�PRGHOV�D�SULQWHU��D�SULPLWLYH�V\VWHP�FRPSRQHQW��WKH�print�DFWLRQ�LV
SDUDPHWHULVHG� ZLWK� YDOXHV� IURP� VHW� Doc� DQG� DFWLRQ� reset� LV� KLGGHQ� IURP� WKH� YLVLEOH
SURFHVV� LQWHUIDFH�� 7KH� VSHFLILFDWLRQ� RI� SURFHVV� Spooler� XVHV� DQ� DX[LOLDU\� SURFHVV
Transfer��)LQDOO\��SURFHVV�System� UHSUHVHQWV�D�FRPSRVLWH�FRPSRQHQW��ZKLFK�FRQVLVWV�RI
RQH�SULQWHU�DQG�RQH�VSRROHU�LQVWDQFH��LQVWDQFH�QDPHV�GR�QRW�KDYH�WR�EH�H[SOLFLWO\�VSHFLILHG
KHUH��VLQFH�ZH�KDYH�MXVW�RQH�LQVWDQFH�RI�HDFK�SURFHVV����,Q�WKH�SDUDOOHO�FRPSRVLWLRQ��DFWLRQV
request� DQG�release,�ZKLFK� KDYH� WKH� VDPH� QDPH� LQ� ERWK�Printer� DQG� Spooler,� DUH
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LPSOLFLWO\� V\QFKURQLVHG��ZKLOH� DFWLRQV�print� DQG�submit� DUH� H[SOLFLWO\� V\QFKURQLVHG� E\
UHQDPLQJ� submit WR� print�� 7KH� ILJXUH� LOOXVWUDWHV� WKH� )63� VSHFLILFDWLRQV� RI� WKH� WKUHH
SURFHVVHV�DV�ZHOO�DV�WKH�FRUUHVSRQGLQJ�/76�GLDJUDPV�DXWRPDWLFDOO\�SURGXFHG�E\�WKH�/76$
WRRO�� 7KH� minimal� NH\ZRUG� HQIRUFHV� PLQLPLVDWLRQ� RI� WKH� System� SURFHVV� WR� KLGH� DQ\
WUDQVLWLRQV�ODEHOOHG�H[FOXVLYHO\�E\�WDX�DFWLRQV��0RUH�GHWDLOV�RI� WKH�75$&7$�DSSURDFK�ZLOO
EH� VKRZQ� ZKHQ� WKH� DFWXDO� PRGHOOLQJ� RI� ZRUNIORZ� V\VWHPV� LV� GLVFXVVHG� ODWHU� RQ� LQ� WKH
SDSHU�

�� :RUNIORZ�PRGHOOLQJ
7KLV�VHFWLRQ�SUHVHQWV�WKH�SURSRVHG�PHWKRG�IRU�PRGHOOLQJ�ZRUNIORZ�VFKHPDV��E\�PHDQV�RI
WKH�75$&7$�FRPSRVLWLRQDO�DSSURDFK��7KH�PRGHO�RI�HDFK�VFKHPD�FRQVLVWV�RI�WZR�SDUWV��7KH
ILUVW�SDUW� LV�JHQHULF�DQG� LV� FRQFHUQHG�ZLWK�PRGHOOLQJ�HOHPHQWV� WKDW� DUH� FRPPRQ� WR�HYHU\
VFKHPD�� VXFK� DV� LQSXW�RXWSXW� LQWHUIDFHV� DQG� WHFKQLTXHV� IRU� UHSUHVHQWLQJ� GDWDIORZ� DQG
FDXVDO� GHSHQGHQFLHV� EHWZHHQ� WDVNV�� 7KH� VHFRQG� SDUW� LV� DSSOLFDWLRQ� VSHFLILF� DQG� LV
FRQFHUQHG�ZLWK�WKH�PRGHO�RI�DFWXDO�WDVNV�LQ�WKH�VFKHPD�DQG�WKHLU�LQWHU�GHSHQGHQFLHV��7KH
PRGHOV� DUH� SUHVHQWHG� LQ� WKH� IRUP� RI� )63� VSHFLILFDWLRQV� DQG�� ZKHQ� DSSURSULDWH�� DV� /76
GLDJUDPV�SURGXFHG�E\�WKH�/76$�WRRO�

���� 7DVN�LQWHUIDFHV
$� WDVN� LQWHUDFWV�ZLWK� LWV� HQYLURQPHQW� WKURXJK� LWV� LQWHUIDFH� VHWV�� ,QWHUIDFH� VHWV� FRQVLVW� RI
]HUR�RU�PRUH�GDWD�REMHFWV��UHSUHVHQWLQJ�GDWDIORZ�GHSHQGHQFLHV��DQG�LQERXQG�DQG�RXWERXQG
QRWLILFDWLRQV� �UHSUHVHQWLQJ� FDXVDO� GHSHQGHQFLHV��� ,QWHUIDFH� VHWV� PRGHO� WKH� FRPPRQ
GHQRPLQDWRU�RI�WKH�EHKDYLRXU�RI�LQSXW�DQG�RXWSXW�VHWV�RI�WDVNV�

� $Q� LQWHUIDFH� VHW� LV� ³DYDLODEOH´�� LI� DOO� LWV� GDWDIORZ� DQG� QRWLILFDWLRQ� GHSHQGHQFLHV� DUH
VDWLVILHG�� :KHQ� DQ� LQWHUIDFH� VHW� LV� DYDLODEOH�� WKHQ� DOO� RI� LWV� FRQVWLWXHQW� REMHFWV� DQG
RXWERXQG�QRWLILFDWLRQV�DUH�DOVR�DYDLODEOH�

$Q� LQWHUIDFH� REMHFW� FDQ� SHUIRUP� input� DQG� output� DFWLRQV�� UHIOHFWLQJ� WKH� IDFW� WKDW� WKH
REMHFW�UHFHLYHV�DQG�RXWSXWV�GDWD��UHVSHFWLYHO\��7R�PRGHO�WKH�IDFW�WKDW�DQ�LQWHUIDFH�EHFRPHV
DYDLODEOH�ZKHQ�DOO�LWV�FRQVWLWXHQW�REMHFWV�DUH�DYDLODEOH��D�ORJLFDO�$1'�RSHUDWLRQ���ZH�XVH�DQ
DFWLRQ�available��RQ�ZKLFK�DOO�REMHFWV�LQ�DQ�LQWHUIDFH�VHW�QHHG�WR�V\QFKURQLVH��$Q�REMHFW
FDQ�RQO\�SHUIRUP�available� DIWHU�SHUIRUPLQJ�DFWLRQ�input��7KHUHIRUH�� WKH�EHKDYLRXU�RI
DQ�REMHFW�ZLWK�LGHQWLILFDWLRQ�ID��WR�XQLTXHO\�LGHQWLI\�LW�LQ�WKH�VHW��LV�PRGHOOHG�DV�IROORZV�

2EMHFW (ID=1) = (input[ID] -> available -> output[ID] -> STOP).

$FWLRQ� available� LV� DOVR� XVHG� WR�PDNH� VXUH� WKDW� DOO� LQERXQG� QRWLILFDWLRQV� DUH� UHFHLYHG
EHIRUH�DQ�LQWHUIDFH�VHW�EHFRPHV�DYDLODEOH�DQG�DOVR��WKDW�RXWERXQG�QRWLILFDWLRQV�DUH�SURYLGHG
RQO\�DIWHU�WKH�LQWHUIDFH�VHW�EHFRPHV�DYDLODEOH�

,Q1RWLILFDWLRQ (ID=1) = (inNotify[ID] -> available -> STOP).
2XW1RWLILFDWLRQ = (available -> outNotify -> STOP).

$Q� LQWHUIDFH� VHW� LV� WKHQ� PRGHOOHG� DV� WKH� SDUDOOHO� FRPSRVLWLRQ� RI� D� VHW� RI� REMHFWV� DQG
LQERXQG�DQG�RXWERXQG�QRWLILFDWLRQV�� ,I�DQ� LQWHUIDFH�VHW�GRHV�QRW�FRQWDLQ� DQ\�REMHFWV�� DQG
KDV� QR� QRWLILFDWLRQ� GHSHQGHQFLHV�� LW� LV� XQFRQGLWLRQDOO\� DYDLODEOH�� DV� PRGHOOHG� E\� WKH
IROORZLQJ�GHIDXOW�SURFHVV�
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'HIDXOW = (available -> STOP).

|| ,IDFH (Objs=1, INotfs=1, ONotfs=1) =
LI (ONotfs >= 2) WKHQ

Iface_Problem

HOVH (   LI (Objs > 0) WKHQ
(IRUDOO [i:1..Objs] Object(i))

|| LI (INotfs > 0) WKHQ
(IRUDOO [i:1..INotfs] InNotification(i))

|| LI (ONotfs > 0) WKHQ
OutNotification

|| LI (Objs == 0 && INotfs == 0 && ONotfs == 0) WKHQ
Default

).

,IDFHB3UREOHP = (erroneous -> ERROR).

input.1

inNotify.1 input.1 available

output.1

outNotify output.1

outNotify

inNotify.1

0 1 2 3 4 5 6 7

)LJXUH����/76�RI�DQ�LQWHUIDFH�VHW��ZLWK�RQH�REMHFW��RQH�LQ��DQG�RQH�RXW��QRWLILFDWLRQ�

$Q�LQWHUIDFH�SURGXFHV�DW�PRVW�RQH�RXWERXQG�QRWLILFDWLRQ��ZKLFK�FDQ�EH�ERXQG�WR�PRUH�WKDQ
RQH� WDVN��� 7KXV�� QR� LGHQWLILHU� LV� UHTXLUHG� IRU� WKHVH� W\SH� RI� QRWLILFDWLRQV�� )RU� WKH� VDPH
UHDVRQ��D�SURFHVV�Iface_Problem�LV�LQWURGXFHG�WR�PRGHO�D�WUDQVLWLRQ�WR�DQ�HUURU�VWDWH��LI�DQ
LQWHUIDFH� LQVWDQFH� LV� VSHFLILHG� ZLWK� PRUH� WKDQ� RQH� RXWERXQG� QRWLILFDWLRQ�� )LJXUH� �
LOOXVWUDWHV� WKH� /76� RI� DQ� LQWHUIDFH� ZLWK� RQH� REMHFW�� RQH� LQERXQG� DQG� RQH� RXWERXQG
QRWLILFDWLRQ��7KH�JHQHUDO�PRGHO�RI�DQ� LQWHUIDFH� VHW� WKDW�ZH�KDYH�GHVFULEHG� DERYH�ZLOO� EH
DGMXVWHG�WR�UHIOHFW�LQSXW�DQG�RXWSXW�VHWV�RI�SULPLWLYH�RU�FRPSRVLWH�FRPSRQHQWV��DV�ZH�VKRZ
LQ�WKH�IROORZLQJ�VHFWLRQV�

���� 3ULPLWLYH�WDVNV
3ULPLWLYH�WDVNV�HLWKHU�KDYH�QR�LQWHUQDO�VWUXFWXUH�RU�WKHLU�LQWHUQDO�VWUXFWXUH�LV�QRW�SURYLGHG�LQ
WKH�ZRUNIORZ� VFKHPD� GHVFULSWLRQ�� 7KH�PDLQ� HQWLWLHV� RI� D� SULPLWLYH� WDVN� WKDW� QHHG� WR� EH
PRGHOOHG�DUH�LWV�LQWHUIDFHV��TXDOLILHG�DV�LQSXW�DQG�RXWSXW�VHWV��7KH\�DUH�FDOOHG�DEVWUDFW�VHWV
�AbsInputSet� DQG� AbsOutputSet�� DQG� WKH\� DUH� PRGHOOHG� DV� LQWHUIDFHV� WKDW� KDYH� ]HUR
QRWLILFDWLRQV�� 7KH� UHDVRQ� LV� WKDW�� LQ� WKH� JHQHUDO� FDVH�� D� WDVN� VKRXOG� EH� PRGHOOHG� LQ� D
UHXVDEOH� ZD\�� WKH� GHVLJQHU� KDV� QR� NQRZOHGJH� RI� WKH� FRQWH[W� ZKHUH� WKH� WDVN� PD\� EH
LQVWDQWLDWHG� LQ�� 7KHUHIRUH�� DW� WKLV� VWDJH�� QR� LQIRUPDWLRQ� FDQ� EH� SURYLGHG� DERXW� SRWHQWLDO
QRWLILFDWLRQ�GHSHQGHQFLHV�RI�LQSXW�VHWV��RU�QRWLILFDWLRQ�GHSHQGHQFLHV�RQ�WKH�RXWSXW�VHWV�RI
WKH�WDVN�
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0RUHRYHU��LQIRUPDWLRQ�WKDW�LV�FRQFHUQHG�ZLWK�WKH�RXWSXWV�RI�LQSXW�VHWV�DQG�WKH�LQSXWV�RI
RXWSXW�VHWV��LV�HQFDSVXODWHG�ZLWKLQ�WKH�PRGHO�RI�WKHVH�WDVNV��7KH�FRUUHVSRQGLQJ�DFWLRQV�DUH
KLGGHQ�DSSURSULDWHO\��7KLV�LV�DFKLHYHG�E\�NHHSLQJ�YLVLEOH�RQO\�DFWLRQV�SUHIL[HG�ZLWK�ODEHOV
input� DQG� ready� IRU� LQSXW� VHWV�� DQG� output� DQG� enabled� IRU� RXWSXW� VHWV�� ,Q� DGGLWLRQ�
DFWLRQ�available�RI� WKH�Iface� SURFHVV� LV� UHQDPHG� WR�ready� LQ� WKH� FDVH�RI� LQSXW� DQG� WR
enable�LQ�WKH�FDVH�RI�RXWSXW�VHWV�

7KH�SUHIL[�³PLQLPDO´�LV�DGGHG�WR�WKH�SURFHVVHV�WR�PDNH�VXUH�WKDW��GXULQJ�WKH�JHQHUDWLRQ
RI� WKH� PRGHO�� RXU� WRROV� ZLOO� QRW� RQO\� KLGH� WKHVH� DFWLRQV� EXW� ZLOO� DOVR� PLQLPLVH� WKH
FRUUHVSRQGLQJ�/76V��0LQLPLVDWLRQ�UHVXOWV�LQ�D�PRUH�FRPSDFW�EXW�EHKDYLRXUDOO\�HTXLYDOHQW
PRGHO��)LJXUH���LOOXVWUDWHV�WKH�/76�IRU�SURFHVV�AbsInputSet�LQ�WKUHH�IRUPV��ZLWKRXW�DFWLRQ
KLGLQJ� �EXW� DIWHU� UHQDPLQJ� DFWLRQ� available� RI� Iface� WR� ready��� DIWHU� KLGLQJ� DFWLRQ
output�E\�H[SOLFLWO\�PDNLQJ�RQO\�DFWLRQV�ready�DQG�input�YLVLEOH��DQG�DIWHU�KLGLQJ�ZLWK
HQIRUFHG�PLQLPLVDWLRQ�

PLQLPDO
|| $EV,QSXW6HW (Objs=1) = (Iface(Objs, 0, 0))

/ {ready/available}

@ {ready, input}.

PLQLPDO
|| $EV2XWSXW6HW (Objs=1) = (Iface(Objs, 0, 0))

/ {enable/available}

@ {enable, output}.

LQSXW�� UHDG\ RXWSXW��

� � � �

AbsInputSet ZLWKRXW�KLGLQJ

LQSXW�� UHDG\ WDX

� � � �

AbsInputSet ZLWK�KLGLQJ

LQSXW�� UHDG\

� � �

AbsInputSet ZLWK
KLGLQJ�DQG�PLQLPLVDWLRQ

)LJXUH����7KH�PRGHO�RI�SURFHVV�$EV,QSXW6HW�

$�SULPLWLYH�WDVN¶V�EHKDYLRXU�LV�GLFWDWHG�E\�WZR�UXOHV�

� 7KH�H[HFXWLRQ�RI�D�WDVN�VWDUWV�DV�VRRQ�DV�RQH�RI�LWV�LQSXW�VHWV�LV�DYDLODEOH�

� :KHQ�WKH�H[HFXWLRQ�RI�D�WDVN�FRPSOHWHV��H[DFWO\�RQH�RI�LWV�RXWSXW�VHWV�LV�DYDLODEOH�

7KH�DERYH�WZR�UXOHV�DOVR�FDSWXUH�WKH�FDXVDO�GHSHQGHQF\�EHWZHHQ�D�WDVN¶V�LQSXW�DQG�RXWSXW
VHWV�� 7KLV� EHKDYLRXU� SDWWHUQ� LV� FRPPRQ� WR� DOO� SULPLWLYH� WDVNV� DQG� LV� PRGHOOHG� E\� WKH
SURFHVV�AbsTaskImpl.�7KLV�SURFHVV�DOVR�PRGHOV�WKH�IDFW�WKDW��HYHQ�LI�PRUH�WKDQ�RQH�LQSXW
VHW�LV�DYDLODEOH��MXVW�RQH�LV�VHOHFWHG�E\�WKH�LQWHUQDO�WDVN�EHKDYLRXU�DQG�H[DFWO\�RQH�RXWSXW�LV
SURGXFHG�

$EV7DVN,PSO (InSets=1, OutSets=1) = ( ready[i:1..InSets] -> Execute ),
Execute = ( enable[o:1..OutSets] -> STOP ).

$�VSHFLILF�SULPLWLYH�WDVN�LV�WKHQ�GHILQHG�DV�WKH�SDUDOOHO�FRPSRVLWLRQ�RI�LWV�LQSXW�DQG�RXWSXW
VHWV� ZLWK� WKH� DERYH� GHIDXOW� LPSOHPHQWDWLRQ� SURFHVV�� )RU� H[DPSOH�� WKH� SULPLWLYH� WDVN
TripPlan�RI�)LJXUH����ZLWK�RQH�LQSXW�VHW��QDPHG�data��DQG�WZR�RXWSXW�VHWV��QDPHG�abort
DQG� details��� LV� PRGHOOHG� DV� VKRZQ� EHORZ�� 7KH� UHQDPLQJ� UHIOHFWV� WKH� ELQGLQJV� RI� WKH
WDVN¶V�LQWHUIDFHV�WR�AbsTaskImpl�
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|| 7ULS3ODQ = ( AbsTaskImpl(1, 2)

|| data:AbsInputSet(1)

|| abort:AbsOutputSet(0)

|| details:AbsOutputSet(4)

)

/{ data.ready/ready[1],

abort.enable/enable[1],

details.enable/enable[2] }.

���� &RPSRVLWH�WDVNV
&RPSRVLWH� WDVNV�DUH�FRQVWUXFWHG�RXW�RI�D�QXPEHU�RI�FRQVWLWXHQW� WDVN��VXE�WDVN�� LQVWDQFHV�
6XE�WDVNV� DUH� HLWKHU� SULPLWLYH� RU� FRPSRVLWH� WDVNV� WKHPVHOYHV�� :KHQ� D� FRPSRVLWH
FRPSRQHQW�LV�VSHFLILHG��WKH�GDWD�REMHFWV�RI�LWV�LQSXW�VHW�V��DUH�ERXQG�WR�REMHFWV�RI�LQSXW�VHWV
RI�VXE�WDVNV��7KH�REMHFWV�RI�LWV�RXWSXW�VHWV�DUH�ERXQG�WR�REMHFWV�RI�RXWSXW�VHWV�RI�VXE�WDVNV�
6LPLODUO\�� LQ� WKH� FRQWH[W� GHILQHG� E\� WKH� FRPSRVLWH� WDVN�� WKHUH� PD\� EH� QRWLILFDWLRQ
GHSHQGHQFLHV� IURP� WKH� LQSXW� VHWV� RI� WKH� FRPSRVLWH� WR� LQSXW� VHWV� RI� VXE�WDVNV� DQG� IURP
RXWSXW�VHWV�RI�VXE�WDVNV�WR�RXWSXW�VHWV�RI�WKH�FRPSRVLWH�WDVN��)RU�H[DPSOH��LQ�WKH�FDVH�RI�WKH
ZRUNIORZ�VFKHPD�RI�)LJXUH���� WKH� FRPSRVLWH� WDVN�Reservation� FRQVLVWV� RI� D�QXPEHU�RI
LQWHUFRQQHFWHG� VXE�WDVN� LQVWDQFHV�� VXFK� DV� plan� RI� W\SH� TripPlan (GHQRWHG
plan:TripPlan)��chk�RI�W\SH�FlightSearch�DQG�cancel�RI�W\SH�FlCancel��$PRQJ�RWKHU
GHSHQGHQFLHV�� WKH� �VLQJOH��GDWD�REMHFW�RI� LQSXW� VHW�data�RI�Reservation� LV� ERXQG� WR� WKH
REMHFW�RI�LQSXW�VHW�data�RI�plan:TripPlan�DQG�WKHUH�LV�D�QRWLILFDWLRQ�GHSHQGHQF\�IURP�WKH
RXWSXW�VHW�cnlOK�RI�VXE�WDVN�cancel:FlCancel�WR�WKH�RXWSXW�VHW�cnlOK�RI�Reservation�

7KH� FRQWH[W� RI� D� FRPSRVLWH� WDVN� VSHFLILHV� WKH� LQWHUQDO� GHSHQGHQFLHV� EHWZHHQ� LWV
FRQVWLWXHQW� WDVNV�� +RZHYHU�� LQFRPLQJ� QRWLILFDWLRQ� GHSHQGHQFLHV� WR� WKH� FRPSRVLWH¶V� RZQ
LQSXW�VHWV�DQG�RXWJRLQJ�QRWLILFDWLRQ�GHSHQGHQFLHV�IURP�WKH�FRPSRVLWH¶V�RXWSXW�VHWV�DUH�QRW
NQRZQ�LQ�WKLV�FRQWH[W��7KH�DLP�LV�WR�DFKLHYH�UHXVDELOLW\�RI�WKH�FRPSRVLWH�WDVN¶V�PRGHO��E\
PDNLQJ� LW� FRQWH[W� LQGHSHQGHQW�� 7KLV� SULQFLSOH� LV� FDSWXUHG� LQ� WKH� VSHFLILFDWLRQV� RI� WKH
³H[WHUQDO´�LQSXW�DQG�RXWSXW�VHWV�RI�FRPSRVLWH�WDVNV��$Q�InputSet�LV�DQ�LQWHUIDFH�VHW�ZLWK
QR�LQSXW�QRWLILFDWLRQV�DQG�DQ�OutputSet�LV�DQ�LQWHUIDFH�VHW�ZLWK�QR�RXWSXW�QRWLILFDWLRQV��,Q
RUGHU�WR�GLIIHUHQWLDWH�EHWZHHQ�LQSXW�DQG�RXWSXW�VHWV��Iface¶V�available�DFWLRQ�LV�UHQDPHG
WR�ready�DQG�enable��UHVSHFWLYHO\�

|| ,QSXW6HW (Objs=1, ONotfs=1) = 
LI (Objs ==0 && ONotfs==0) WKHQ Iface_Problem

HOVH (Iface(Objs, 0, ONotfs))
/ {ready/available}.

|| 2XWSXW6HW (Objs=1, INotfs=1) = 
LI (Objs ==0 && INotfs==0) WKHQ Iface_Problem

HOVH (Iface(Objs, INotfs, 0))
/ {enable/available}.

7KH� FRQGLWLRQDO� VSHFLILFDWLRQ� LQ� WKH� DERYH�PRGHO� VWDWHV� WKDW�� ��� H[WHUQDO� LQSXW� VHW� PXVW
KDYH� DW� OHDVW� RQH� �ERXQGDEOH�� GDWD� REMHFW� RU� RQH� RXWJRLQJ� QRWLILFDWLRQ�� ��� DQ� H[WHUQDO
RXWSXW� VHW� KDV� DW� OHDVW� RQH� GDWD� REMHFW� RU� DW� OHDVW� RQH� LQFRPLQJ� QRWLILFDWLRQ�� 3URFHVV
Iface_Problem�LV�DJDLQ�XVHG�WR�PRGHO�D�WUDQVLWLRQ�WR�DQ�HUURU�VWDWH��LI�HLWKHU�RI�WKH�DERYH
FRQGLWLRQV�LV�QRW�VDWLVILHG��&RPSRVLWH�WDVN�Reservation�KDV�RQH�VXFK�³H[WHUQDO´�LQSXW�VHW
DQG�IRXU�RXWSXW�VHWV��)LJXUH��� LOOXVWUDWHV�D�JHQHUDO�GLDJUDP�RI� WKH� WDVN� LQWHUIDFHV� DQG� WKH
FRUUHVSRQGLQJ�PRGHO�
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,Q�WKH�FDVH�RI�FRPSRVLWH�WDVNV��ZH�KDYH��DJDLQ��WR�PRGHO�WKH�IDFW�WKDW�H[DFWO\�RQH�LQSXW
VHW� LV� VHOHFWHG� HYHQ� LI�PRUH� WKDQ� RQH� LV� DYDLODEOH� DQG� H[DFWO\� RQH� RXWSXW� VHW� LV� HQDEOHG
ZKHQ�WKH�WDVN�WHUPLQDWHV��ERWK�SULPLWLYHV�DUH�HQIRUFHG�E\�WKH�H[HFXWLRQ�HQYLURQPHQW���7KH
ODWHU�LV�PRGHOOHG�E\�SURFHVVHV�InSelector�DQG�OutSelector��LQVWDQFHV�RI�ZKLFK�DUH�XVHG
WRJHWKHU�ZLWK�WKH�QHFHVVDU\�DFWLRQ�UHQDPLQJ�LQ�WKH�PRGHO�RI�WKH�FRPSRVLWH�FRPSRQHQW�

|| 5HVHUYDWLRQ = (
/* Selectors of interface sets ...*/

InSelector(1) || OutSelector(4)

/* Interfaces ... */

      /* Input sets */

 || data:InputSet(1, 0)

      /* Output sets */

 || abort:OutputSet(0, 1)

       || cnlNOK:OutputSet(1, 1)

       || cnlOK:OutputSet(0, 1)

       || booking:OutputSet(4, 0)

     ...

   ) /{ ... }.

,Q6HOHFWRU (InSets=1) =
                (ready[i:1..InSets] -> STOP).

2XW6HOHFWRU (OutSets = 1) =
                (enable[i:1..OutSets] -> STOP).

)LJXUH����³([WHUQDO´�LQSXW�DQG�RXWSXW�VHWV�RI�D�FRPSRVLWH�FRPSRQHQW�

$QRWKHU�SUREOHP�WKDW�KDV�WR�EH�DGGUHVVHG��ZKHQ�FRPSRVLQJ�WDVN�LQVWDQFHV�WRJHWKHU��LV�WKH
ZD\� WKDW� QRWLILFDWLRQ� GHSHQGHQFLHV� EHWZHHQ� WKHVH� WDVNV� DUH� PRGHOOHG�� $V� LW� KDV� EHHQ
DOUHDG\�GLVFXVVHG�� WKH� LQFRPLQJ�DQG�RXWJRLQJ�QRWLILFDWLRQV�RI�D� WDVN¶V�H[WHUQDO� LQWHUIDFHV
DUH�QRW�NQRZQ�ZKHQ�WKH�WDVN�LV�VSHFLILHG��ZKHWKHU�SULPLWLYH�RI�FRPSRVLWH�LWVHOI���7KDW�ZDV
D�PRGHOOLQJ�GHFLVLRQ�LQ�IDYRXU�RI�VSHFLILFDWLRQ�UHXVDELOLW\��7KXV��ZKHQ�LQVWDQFHV�RI� WDVNV
DUH� LQWHUFRQQHFWHG� ZLWKLQ� WKH� FRQWH[W� RI� D� FRPSRVLWH� WDVN�� WZR� DGGLWLRQDO� JHQHULF
SURFHVVHV��ContextOutNotfs�DQG�ContextInNotfs�DUH�XVHG�WR�SURYLGH�WKH�³JOXH´�IRU�WKLV
FRPSRVLWLRQ�� ,Q� SDUWLFXODU�� WKHVH� SURFHVVHV� DUH� XVHG� WR� DGG� QRWLILFDWLRQ� GHSHQGHQFLHV� WR
VXE�WDVNV��DV�UHTXLUHG�E\�WKH�FRQWH[W��FRPSRVLWH�WDVN��ZKHUH�WKH�VXE�WDVNV�DUH�LQVWDQWLDWHG�
7KHLU�PRGHOV� DUH� EDVHG� RQ� WKRVH� RI� DEVWUDFW� LQSXW� DQG� RXWSXW� VHWV�� VLQFH� WKH\� LQWURGXFH
FRQGLWLRQV�IRU�DQ�LQSXW�WR�EHFRPH�UHDG\�RU�SURYLGH�RXWSXWV��LQ�WKH�IRUP�RI�QRWLILFDWLRQV��DV
VRRQ�DV�DQ�RXWSXW�VHW�LV�HQDEOHG��7KH�UH�QDPLQJV�LQWURGXFHG�VLPSO\�UH�ODEHO�RXWSXW�DFWLRQV
WR�outNotify� RQHV� DQG� LQSXW� DFWLRQV� WR�inNotify� RQHV��5HFDOO� WKDW�ZH� FDQ� KDYH� RQO\� D
VLQJOH�RXWERXQG�QRWLILFDWLRQ�SHU�RXWSXW�VHW�

|| &RQWH[W2XW1RWIV =    AbsOutputSet( 1 )
/ { outNotify/output[1] }.

|| &RQWH[W,Q1RWIV (INotfs=1) =  AbsInputSet( INotfs )

/ { inNotify/input }.

,Q�RWKHU�ZRUGV��DOO�LQSXW�DQG�RXWSXW�VHWV��ZKHWKHU�DEVWUDFW��ZKHQ�WKH\�EHORQJ�WR�SULPLWLYH
WDVNV�� RU� QRW� �ZKHQ� WKH\� EHORQJ� WR� QRQ�SULPLWLYH� WDVNV��� PD\� QHHG� WR� EH� TXDOLILHG� ZLWK
QRWLILFDWLRQV� ZKHQ� WKHLU� WDVNV� DUH� SXW� LQ� D� FRQWH[W�� )RU� H[DPSOH�� WKH� PRGHO� RI� WDVN
Reservation� FRQVLVWV� RI� WKH� SDUDOOHO� FRPSRVLWLRQ� RI� ILYH� FRQVWLWXHQW� WDVN� LQVWDQFHV�
WRJHWKHU�ZLWK�WKHLU�FRQWH[W�GHSHQGHQW�QRWLILFDWLRQ�PRGHOV�
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|| 5HVHUYDWLRQ = (
...

/* Constituent tasks ... */

|| plan:TripPlan    || plan.abort:ContextOutNotfs

|| chk:FlightSearch || chk.abort:ContextOutNotfs

|| flight:FlightRes || flight.abort:ContextOutNotfs

|| flight.flBooking:ContextOutNotfs

|| hotel:HotelRes   || hotel.data:ContextInNotfs(1)

|| hotel.abort:ContextOutNotfs

|| cancel:FlCancel  || cancel.flight:ContextInNotfs(1)

|| cancel.cnlNOK:ContextOutNotfs

|| cancel.cnlOK:ContextOutNotfs

   ) / {

data.ready/ready[1], abort.enable/enable[1],

cnlNOK.enable/enable[2], cnlOK.enable/enable[3],

booking.enable/enable[4],

     ... }

7KH� LPSOHPHQWDWLRQ�RI�FRPSRVLWH� WDVNV� LV�PRGHOOHG�E\� WKH�DSSURSULDWH�ELQGLQJV�EHWZHHQ
WKH� LQWHUIDFHV� RI� WKH� FRQVWLWXHQW� VXE�WDVNV�� ,Q� WKH� FDVH� RI� WKH� Reservation� WDVN�� WKH
GDWDIORZ�GHSHQGHQF\�EHWZHHQ�WKH�data�REMHFW�RI�Reservation¶V��H[WHUQDO�� LQSXW�VHW�DQG
WKH�REMHFW�RI�WKH�LQSXW�VHW�RI�WDVN�plan:TripPlan�LV�PRGHOOHG�E\�WKH�UHQDPLQJ�RI�)LJXUH���

|| 5HVHUYDWLRQ = ( ... )
/ {data.output[1]/plan.data.input[1], … }

)LJXUH����'DWDIORZ�GHSHQGHQFLHV�EHWZHHQ�H[WHUQDO�DQG�VXE�WDVN�LQSXW�REMHFWV�

7KH� GDWDIORZ� GHSHQGHQF\� EHWZHHQ� WKUHH� RI� WKH� REMHFWV� RI� WKH� data� RXWSXW� VHW� RI
plan:TripPlan�DQG� WKH�data� LQSXW�VHW�RI�chk:FlightSearch� DUH�PRGHOOHG�E\� D� VLPLODU
UHQDPLQJ�RI�DOO�WKH�FRUUHVSRQGLQJ�GDWD�REMHFWV��DV�VKRZQ�LQ�)LJXUH���

|| 5HVHUYDWLRQ = ( ... )

/ { ...,

   plan.details.output[1]/chk.details.input[1],

   plan.details.output[2]/chk.details.input[2],

   plan.details.output[3]/chk.details.input[3]

     , ... }

)LJXUH����'DWDIORZ�LQSXW�GHSHQGHQFLHV�EHWZHHQ�GDWD�REMHFWV�RI�VXE�WDVNV�

'DWDIORZ�GHSHQGHQFLHV�DUH�VSHFLILHG�RQ�D�SHU�GDWD�REMHFW�EDVLV��$�VLQJOH�GDWD�REMHFW�PD\
EH� WKH� VRXUFH� RI�PRUH� WKDQ� RQH� GHSHQGHQFLHV�� )RU� H[DPSOH�� WKH� ILUVW� WZR� REMHFWV� RI� WKH
GHWDLOV�RXWSXW�VHW�RI�plan:TripPlan�DUH�DOVR�ERXQG�WR�DQ�LQSXW�VHW�RI�WKH�hotel:HotelRes
WDVN�

|| 5HVHUYDWLRQ = ( ... )

/ { ..., plan.details.output[1]/hotel.data.input[1],

plan.details.output[2]/hotel.data.input[2], ... }
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$� JLYHQ� LQWHUIDFH� VHW� RU� GDWD� REMHFW� PD\� KDYH�PRUH� WKDQ� RQH� DOWHUQDWLYH� LQSXW� VRXUFHV�
$YDLODELOLW\� RI� MXVW� RQH� RI� WKH� LQSXW� VRXUFHV� LV� HQRXJK� WR� HQDEOH� WKH� VHW� RU� REMHFW�
DFFRUGLQJO\�� $OWHUQDWLYH� GHSHQGHQF\� VRXUFHV� DUH� PRGHOOHG� E\� PHDQV� RI� UHODWLRQDO
UHODEHOOLQJ�� ,Q� RXU� H[DPSOH�� WKH�abort� RXWSXW� VHW� RI� Reservation� FDQ� EH� HQDEOHG� E\� D
QXPEHU� RI� DOWHUQDWLYH� VRXUFHV�� plan.abort�� chk.abort� DQG� flight.abort�� 7KH
FRUUHVSRQGLQJ� DFWLRQ� abort.inNotify[1]� LV� UHODWLRQDOO\� UHQDPHG� WR
plan.abort.outNotify�� chk.abort.outNotify� DQG� flight.abort.outNotify�� DV
VKRZQ� LQ� )LJXUH� ���D��� 7KLV� UHODEHOOLQJ� VWDWHV� WKDW� D� WUDQVLWLRQ� ODEHOOHG
abort.inNotify[1]� LQ� WKH� /76� RI� WKH� ³H[WHUQDO´� RXWSXW� VHW� abort� LV�� QRZ�� SHUIRUPHG
ZKHQ�DQ\� RI� WKH� RWKHU� WKUHH� WUDQVLWLRQV� RFFXUV�� 7KH� FRUUHVSRQGLQJ� WUDQVIRUPDWLRQ� RI� WKH
/76�LV�VKRZQ�LQ�)LJXUH����E��

|| 5HVHUYDWLRQ = ( … )

/ { ... ,

            { plan.abort.outNotify,

              chk.abort.outNotify,

              flight.abort.outNotify

         } /abort.inNotify[1]

      ,... }

�D��0RGHOOLQJ�DOWHUQDWLYH�LQSXW�VRXUFHV�IRU�QRWLILFDWLRQ�GHSHQGHQFLHV�

DERUW�LQ1RWLI\>�@ ⇒
SODQ�DERUW�RXW1RWLI\
FKN�DERUW�RXW1RWLI\
IOLJKW�DERUW�RXW1RWLI\

�E��/76�WUDQVIRUPDWLRQV�GXH�WR�UHODWLRQDO�UHODEHOOLQJ�

)LJXUH�����5HODWLRQDO�UHODEHOOLQJ�XVHG�WR�PRGHO�DOWHUQDWLYH�LQSXW�VRXUFHV�

)URP�WKH�DERYH�GLVFXVVLRQ��LW�LV�FOHDU�WKDW�WKH�SURFHGXUH�WR�FUHDWH�WKH�PRGHO�RI�D�ZRUNIORZ
VFKHPD�IURP�WKH�DFWXDO�ZRUNIORZ�GHVFULSWLRQ�FDQ�EH�HDVLO\�VXSSRUWHG�E\�DXWRPDWHG�WRROV�
:H� DUH� FXUUHQWO\� GHYHORSLQJ� D� FRPSLOHU� WKDW� SDUVHV� D� FRUUHFW� VFKHPD� GHVFULSWLRQ� DQG
SURGXFHV� WKH�PRGHO�RI� WKH� VFKHPD�� LQ�)63��7KH� ODWWHU� FDQ�EH� HLWKHU� VDYHG� DV� D� UH�XVDEOH
PRGHO�PRGXOH�RU�EH�GLUHFWO\�IHG�WR�WKH�/76$�WRRO�

�� :RUNIORZ�DQDO\VLV
7KH�/76$�WRRO�VXSSRUWV�WKH�75$&7$�DSSURDFK�IRU�DQDO\VLV�RI�V\VWHPV�PRGHOOHG�DV�/76V�
7KLV�VHFWLRQ�GHVFULEHV�KRZ�WR�FXVWRPLVH�JHQHULF�/76�DQDO\VLV�WHFKQLTXHV�IRU�WKH�GRPDLQ�RI
ZRUNIORZ�V\VWHPV�

���� ,QWHUDFWLYH�VLPXODWLRQ
$� SUDFWLFDO� ILUVW� VWHS� LQ� FKHFNLQJ� D� SURFHVV� LV� WR� VLPXODWH� LWV� EHKDYLRXU�� 6LPXODWLRQ� LV
SHUIRUPHG�DV�D�XVHU�FRQWUROOHG�DQLPDWLRQ�RI�WKH�SURFHVV��)RU�FRPSRVLWH�SURFHVVHV��WKH�/76
RI�WKHLU�EHKDYLRXU�LV�QRW�FRPSRVHG�ILUVW��7KH�PHWKRG�GRHV�QRW��DV�D�UHVXOW��VXIIHU�IURP�VWDWH
H[SORVLRQ��7KH�/76V�RI� WKH�FRPSRQHQWV�RI� WKH�SURFHVV�DUH�XVHG� WR�GHWHUPLQH� WKH�FXUUHQW
VWDWH�RI�WKH�SURFHVV��DV�ZHOO�DV�ZKLFK�DFWLRQV�DUH�HQDEOHG�DW�WKDW�VWDWH��7KH�HQDEOHG�DFWLRQV
DUH� WKH� ³WLFNHG´� DFWLRQV� LQ� WKH� ³DQLPDWRU� ZLQGRZ´��:KHQ� WKH� XVHU� VHOHFWV� RQH� RI� WKHVH
DFWLRQV��WKH�SURFHVV�WUDQVLWV�WR�WKH�FRUUHVSRQGLQJ�QH[W�VWDWH��7KH�/76$�WRRO�KLJKOLJKWV�WKH
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WUDQVLWLRQV� RQ� WKH� /76� GLDJUDPV� RI� WKH� FRPSRQHQW� SURFHVVHV� DQG� SUHVHQWV� WKH
FRUUHVSRQGLQJ�V\VWHP�WUDFH�

AbsTaskImpl(1,2) flight.ready abort.enable

flBooking.enable

0 1 2

flight:AbsInputSet(1) flight.input.1 flight.ready

0 1 2

)LJXUH�����,QWHUDFWLYH�VLPXODWLRQ�RI�WDVN�W\SH�)OLJKW5HV�

)LJXUH����LOOXVWUDWHV�WKH�LQWHUDFWLYH�VLPXODWLRQ�RI�WKH�IOLJKW�UHVHUYDWLRQ�WDVN�FlightRes��VHH
)LJXUH� ���� :H� FDQ� VHH� WKDW� DIWHU� WKH� LQSXW� WR� WKH� WDVN� KDV� EHHQ� SURYLGHG�� LWV� LQSXW� VHW
flight� LV� UHDG\�� $FWLRQ� flight.ready� LV� SHUIRUPHG� V\QFKURQRXVO\� E\� SURFHVVHV
flight:AbsInputSet(1)� DQG� AbsTaskImpl(1,2��� 6LQFH� WKLV� LV� D� SULPLWLYH� WDVN�� WKH
RXWSXWV� EHFRPH� DYDLODEOH�� DV� VRRQ� DV� DQ� LQSXW� VHW� LV� UHDG\�� ,Q� WKLV� FDVH�� ZKHQ� DFWLRQV
abort.enable�DQG�flBooking.enable�EHFRPH�DYDLODEOH��XVHUV�PD\�VHOHFW�ZKLFK�RXWSXW
WR�HQDEOH��DFFRUGLQJ�WR�WKH�VFHQDULR�WKH\�ZLVK�WR�FKHFN�

,QWHUDFWLYH�VLPXODWLRQ�SURYLGHV�DQ�LQWXLWLYH�ZD\�IRU�WKH�V\VWHP�GHVLJQHUV�WR�H[SHULPHQW
ZLWK� GLIIHUHQW� H[HFXWLRQ� VFHQDULRV�� +RZHYHU�� LQ� WKH� JHQHUDO� FDVH�� LQWHUDFWLYH� VLPXODWLRQ
FDQQRW� HVWDEOLVK� WKH� FRUUHFWQHVV� RI� D� UHDO� V\VWHP�� VLQFH� GHVLJQHUV� FDQQRW� VLPXODWH� DOO� LWV
SRVVLEOH� H[HFXWLRQ� VFHQDULRV�� )RU� WKDW� UHDVRQ�� WHFKQLTXHV� DUH� UHTXLUHG� IRU� ULJRURXVO\
FKHFNLQJ�WKH�PRGHOV�RI�ZRUNIORZ�V\VWHPV�

���� 3URSHUWLHV
7KH�PRGHO�FKHFNLQJ�WHFKQLTXHV�DVVRFLDWHG�ZLWK�75$&7$�FDQ�EH�XVHG�WR�FKHFN�D�ZRUNIORZ
V\VWHP�H[KDXVWLYHO\��DJDLQVW�ERWK�JHQHULF�DQG�GRPDLQ�VSHFLILF�SURSHUWLHV��:KHQ�D�SURSHUW\
LV� YLRODWHG�� RXU� WRROV� SURYLGH� D� FRXQWHUH[DPSOH�� &RXQWHUH[DPSOHV� DUH� D� XVHIXO� JXLGH� WR
GHEXJJLQJ�D�PRGHO��VLQFH�WKH\�GHVFULEH�H[HFXWLRQV�RI�WKH�V\VWHP�WKDW�YLRODWH�VRPH�GHVLUHG
SURSHUW\�

*HQHULF�SURSHUWLHV��GHDGORFN

7KH�/76$�LGHQWLILHV�GHDGORFN�VWDWHV� LQ� WKH�/76�RI�D�SURFHVV�� DV� VWDWHV�ZLWK�QR�RXWJRLQJ
WUDQVLWLRQV�� 5HDFKDELOLW\� RI� VXFK� VWDWHV� LV� FKHFNHG� E\� GHIDXOW� IRU� HYHU\� SURFHVV� LQ� WKH
V\VWHP��7KLV�LV�EHFDXVH�/76$�KDV�EHHQ�PDLQO\�DLPHG�DW�UHDFWLYH�PRGHOV�WKDW�H[KLELW�QRQ�
WHUPLQDWLQJ�EHKDYLRXUV��$�W\SLFDO�ZD\�RI�GHDOLQJ�ZLWK�WHUPLQDWLQJ�H[HFXWLRQV� LV� WR�DGG�D
ORRSLQJ�WUDQVLWLRQ�WR�HDFK�WHUPLQDWLQJ�VWDWH�RI�D�V\VWHP��WKDW�LV��D�WUDQVLWLRQ�IURP�WKH�VWDWH
EDFN� WR� LWVHOI��� )RU�ZRUNIORZ� WDVNV� WKDW� DUH� H[SHFWHG� WR� WHUPLQDWH�� ZH� SURYLGH� D� JHQHULF
SURFHVV� FDOOHG� ValidTaskTermination�� ZKLFK� PRGHOV� WKH� IDFW� WKDW� D� YDOLG� WHUPLQDWLQJ
VWDWH�RI�D�WDVN�LV�RQH�ZKHUH�VRPH�RXWSXW�RI�WKH�WDVN�KDV�EHHQ�HQDEOHG�
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9DOLG7DVN7HUPLQDWLRQ = (out_enabled -> TERM),
TERM = (term_ok -> TERM).

:KHQ� FRPSRVHG�ZLWK� D� WDVN� WKDW� ZH�ZLVK� WR� FKHFN� IRU� GHDGORFN�� WKLV� SURFHVV� ZLOO� DGG
ORRSLQJ� WUDQVLWLRQV� WR� WKH� YDOLG� WHUPLQDWLQJ� VWDWHV� RI� WKH� WDVN�� ,Q� WKLV� ZD\�� RQO\� UHDO
GHDGORFN�VWDWHV�ZLOO�KDYH�QR�RXWJRLQJ�WUDQVLWLRQV�LQ�WKH�UHVXOWLQJ�/76�

)RU� H[DPSOH�� WR� FKHFN� WKDW� QR� H[HFXWLRQ� RI� WKH� Reservation� WDVN� GHDGORFNV�� ZH
FRPSRVH�WKH�WDVN�SURFHVV�ZLWK�WKH�ValidTaskTermination�SURFHVV��DV�IROORZV�

|| &RPSOHWHB5HVHUYDWLRQ =
    ( Reservation || reservation:ValidTaskTermination)

    / { {abort.enable, cnlNOK.enable, cnlOK.enable, booking.enable} /

reservation.out_enabled}.

7KH� JHQHULF� ValidTaskTermination� KDV� EHHQ� LQVWDQWLDWHG� ZLWK� WKH� QDPH� RI� WDVN
Reservation�� WR� ZKLFK� LW� UHIHUV�� 5HODWLRQDO� UHODEHOOLQJ� LV� DOVR� DSSOLHG� VR� WKDW� WKH
ValidTaskTermination�SURFHVV�WUDQVLWV�WR� LWV� WHUPLQDWLQJ�VWDWH�ZKHQHYHU�DQ\�RQH�RI� WKH
RXWSXWV�RI�WKH�Reservation�WDVN�LV�HQDEOHG��,Q�WKLV�ZD\��YDOLG�WHUPLQDWLQJ�VWDWHV�RI�SURFHVV
Complete_Reservation� ZLOO� KDYH� ORRSLQJ� WUDQVLWLRQV� ODEHOOHG� ZLWK� DFWLRQ
reservation.term_ok�� ,QGHHG�� WKH�/76$�WRRO�GRHV�QRW�GHWHFW�DQ\�GHDGORFNV� LQ�SURFHVV
Complete_Reservation�

States Composed: 120 Transitions: 254 in 0ms

No deadlocks/errors

*HQHULF�SURSHUWLHV��VDIHW\

,Q�75$&7$��VDIHW\�SURSHUW\�YLRODWLRQV�DUH�LGHQWLILHG�E\�WKH�UHDFKDELOLW\�RI�D�VSHFLDO��HUURU
VWDWH��� UHSUHVHQWHG� DV� VWDWH� ��� LQ� RXU� /76V�� 7KH� HUURU� VWDWH� KDV� VSHFLDO� VHPDQWLFV� >��@�
)LUVWO\��LW�QHYHU�KDV�DQ\�RXWJRLQJ�WUDQVLWLRQV��UHIOHFWLQJ�WKH�IDFW�WKDW�WKHUH�LV�QR�PHDQLQJ�LQ
H[SORULQJ� D� V\VWHP� DIWHU� D� VDIHW\� YLRODWLRQ� KDV� RFFXUUHG�� 0RUHRYHU�� LQ� WKH� FRQWH[W� RI
SDUDOOHO� FRPSRVLWLRQ�� ORFDO� HUURUV� DUH� SURSDJDWHG� JOREDOO\�� %\� WKLV� ZH� PHDQ� WKDW� LI� DQ\
FRPSRQHQW�RI�D�JOREDO�VWDWH�LV�DQ�HUURU�VWDWH��WKHQ�WKLV�JOREDO�VWDWH�LV�DOVR�DQ�HUURU�VWDWH��7KH
HUURU�VWDWH�PD\�EH�LQWURGXFHG�LQ�WZR�ZD\V�LQ�DQ�/76�PRGHO�

�� H[SOLFLWO\��E\�PHDQV�RI�VRPH�WUDQVLWLRQ�WR�WKH�DX[LOLDU\�SURFHVV�ERROR�

�� LPSOLFLWO\�� E\�PHDQV�RI� VRPH� VDIHW\� SURSHUW\� SURFHVV� DGGHG� DV� D� FRPSRQHQW� RI� D
V\VWHP�

$Q�H[DPSOH�RI�DQ�H[SOLFLWO\�LQWURGXFHG�HUURU�VWDWH�FDQ�EH�IRXQG�LQ�SURFHVV�Iface_Problem
GLVFXVVHG� HDUOLHU�� 6DIHW\� SURSHUWLHV� DUH� VSHFLILHG� DV� )63� SULPLWLYH� SURFHVVHV�� ZKRVH
GHILQLWLRQ� LV� SUHIL[HG�ZLWK� WKH� NH\ZRUG� ³SURSHUW\´��$� SURSHUW\� SURFHVV�ZLWK� DOSKDEHW� $
GHVFULEHV�DOO�WKH�WUDFHV�IURP�$�WKDW�VDWLVI\�WKH�SURSHUW\�WKDW�LW�H[SUHVVHV��7KH�/76�WKDW�RXU
DSSURDFK�FUHDWHV� IRU�VXFK�D�SURFHVV� LV�FRPSOHWH�� DQG�KDV� WKH�FKDUDFWHULVWLF� WKDW� DQ\� WUDFH
IURP�$�WKDW�GRHV�QRW�VDWLVI\�WKH�SURSHUW\�OHDGV�WR�WKH�HUURU�VWDWH��)RU�H[DPSOH��DVVXPH�WKH
IROORZLQJ�SURSHUW\�

SURSHUW\ A_then_B  �(a -> b -> STOP).

7KLV�SURSHUW\�DVVHUWV�WKDW�DFWLRQ�b�FDQ�RQO\�RFFXU�DIWHU�DFWLRQ�a��DIWHU�ZKLFK�QRQH�RI�WKHVH
DFWLRQV�LV�DOORZHG�WR�RFFXU�DJDLQ��7KH�FRUUHVSRQGLQJ�/76�LV�LOOXVWUDWHG�LQ�)LJXUH�����1RWH
WKDW�SURSHUW\�/76V�DUH�FRPSRVHG�ZLWK�WKH�FRPSRQHQWV�WR�ZKLFK�WKH\�UHIHU��7KHQ�D�V\VWHP
VDWLVILHV�WKH�SURSHUWLHV�WKDW�KDYH�EHHQ�LQWURGXFHG�WR�LW��LI�WKH�HUURU�VWDWH�LV�QRW�UHDFKDEOH�LQ
WKLV�V\VWHP
V�/76�>��@�
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A_then_B

a

b

a

b

a

b

-1 0 1 2

)LJXUH�����/76�IRU�SURSHUW\�$BWKHQB%

$�IXQGDPHQWDO�UHTXLUHPHQW�WKDW�PRGHOV�RI�FRPSRVLWH�WDVNV�KDYH�WR�EH�FKHFNHG�DJDLQVW� LV
WKDW�WKH�RXWSXW�SURGXFHG�E\�D�WDVN�FDXVDOO\�GHSHQGV�RQ�WKH�LQSXW�WKDW�WULJJHUV�LWV�H[HFXWLRQ�
7KH�ODWWHU�UHTXLUHPHQW�LV�H[SUHVVHG�E\�PHDQV�RI�D�VDIHW\�SURSHUW\�

property 7DVNB,Q2XWB5HODWLRQ = ( input_ready -> output_enable -> STOP ).

3URSHUW\� SURFHVV� Task_InOut_Relation� LV� FRPSRVHG� ZLWK� SURFHVV
Complete_Reservation� LQ� RUGHU� WR� FKHFN� IRU� SRWHQWLDO� YLRODWLRQV� RI� WKH� SURSHUW\� LQ� WKH
QRQ�EORFNLQJ� YHUVLRQ� RI� WKH� UHVHUYDWLRQ� WDVN�� )LJXUH� ��� LOOXVWUDWHV� WKH� /76� IRU� SURSHUW\
Task_InOut_Relation��DIWHU� UHODWLRQDO�UHODEHOOLQJ�LV�DSSOLHG�� ,W�VSHFLILHV�� WKDW� LI�DQ\�RQH
RI�WKH�LQSXW�VHWV��MXVW�data�LQ�RXU�H[DPSOH��LV�HQDEOHG��WKHQ��DQG�RQO\�WKHQ��DQ\�RQH�RI�WKH
RXWSXW� VHWV� PD\� EH� HQDEOHG� E\� WKH� FRUUHVSRQGLQJ� WDVN�� DQ\� EHKDYLRXU� WKDW� GRHV� QRW
FRQIRUP�WR�WKLV�SDWWHUQ�OHDGV�WR�DQ�HUURU�VWDWH�

|| &KHFNB,Q2XWB5HVHUYDWLRQ =
(Complete_Reservation || Task_InOut_Relation)

/ {   data.ready / input_ready,

     { abort.enable, cnlNOK.enable, cnlOK.enable, booking.enable}/ output_enable

  }.

Task_InOut_Relation

data.ready

abort.enable

cnlNOK.enable

cnlOK.enable

booking.enable
data.ready

abort.enable

cnlNOK.enable

cnlOK.enable

booking.enable

data.ready

abort.enable

cnlNOK.enable

cnlOK.enable

booking.enable

-1 0 1 2

)LJXUH�����/76�RI�SURSHUW\�7DVNB,Q2XWB5HODWLRQ�

$QRWKHU�W\SLFDO�UHTXLUHPHQW�IRU�DQ\�ZRUNIORZ�VFKHPD�LV�WKDW�HDFK�RI�LWV�FRQVWLWXHQW�WDVNV
SOD\V�D�UROH�LQ�WKH�ZRUNIORZ��%\�WKLV�ZH�PHDQ�WKDW��IRU�HDFK�WDVN��WKHUH�PXVW�H[LVW�DW�OHDVW
RQH� H[HFXWLRQ� RI� WKH�ZRUNIORZ�ZKHUH� WKLV� WDVN� LV� WULJJHUHG�� L�H��ZKHUH� RQH� RI� WKLV� WDVN
V
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LQSXW� VHWV� EHFRPHV� UHDG\�� 7R� FKHFN� WKLV� IRU� VRPH� WDVN� 7�� ZH� LQWURGXFH� D� SURSHUW\
PathsToSubtask�WR�WKH�PRGHO��ZKLFK�VWDWHV�WKDW�QR�LQSXW�VHW�RI�7�HYHU�EHFRPHV�UHDG\��,I
RXU� DQDO\VLV� WRROV� UHWXUQ� D� FRXQWHUH[DPSOH�� LW� PHDQV� WKDW� LQGHHG�� WKHUH� H[LVWV� VRPH
H[HFXWLRQ�ZKHUH�7�LV�WULJJHUHG��DV�GHVLUHG��,I�WKH�/76$�GHWHFWV�QR�YLRODWLRQV��LW�PHDQV�WKDW
7� QHYHU� SOD\V� DQ\� UROH� LQ� WKH� FRQWH[W� RI� WKH� VSHFLILF� ZRUNIORZ�� 7KH� JHQHULF� IRUP� RI
SURSHUW\�PathsToSubtask�LV�WKH�IROORZLQJ�

property 3DWKV7R6XEWDVN = STOP + {reachable}.

+HUH�� DFWLRQ�reachable� �H[SOLFLWO\� DGGHG� WR� WKH� DOSKDEHW� RI� WKH� SURSHUW\�� H[SUHVVHV� WKH
IDFW�WKDW�D�WDVN�LV�WULJJHUHG��,Q�WKH�FRQWH[W�RI�HDFK�WDVN��reachable�LV�UHODWLRQDOO\�UHODEHOOHG
WR�WKH�VHW�RI�UHDG\�DFWLRQV�FRUUHVSRQGLQJ�WR�WKH�WDVN
V�LQSXW�VHWV��)RU�H[DPSOH��ZH�SURFHHG
DV� IROORZV� WR� FKHFN� WKDW� WDVN� SODQ� LV� WULJJHUHG� LQ� DW� OHDVW� RQH� H[HFXWLRQ� RI
Complete_Reservation:

|| ([LVW3DWKV7R3ODQ = ( Complete_Reservation || PathsToSubtask)
    / { plan.data.ready/reachable }.

7KH�/76$�WRRO�UHWXUQV�WKH�IROORZLQJ�UHVXOW�

Trace to property violation in PathsToSubtask:

data.input.1

data.ready

data.output.1

plan.data.ready

7KH� FRXQWHUH[DPSOH� JLYHV� WKH� SUHIL[� RI� DQ� H[HFXWLRQ� RI� Complete_Reservation� ZKHUH
WDVN�Plan�LV�WULJJHUHG��plan.data.ready��

*HQHULF�SURSHUWLHV��OLYHQHVV

,Q� RXU� DSSURDFK�� D� SURJUHVV� SURSHUW\� �SURJUHVV P = {actions}�� UHTXLUHV� WKDW�� LQ� DQ\
LQILQLWH�H[HFXWLRQ�RI�D� WDUJHW� V\VWHP��DW� OHDVW�RQH�RI� WKH�DFWLRQV� LQ� VHW�{actions}�RFFXUV
LQILQLWHO\� RIWHQ� >��@�� :H� XVH� WKH� IROORZLQJ� SURJUHVV� SURSHUW\� WR� FKHFN� WKDW� WDVN
Complete_Reservation�HYHQWXDOO\�WHUPLQDWHV��HQDEOHV�VRPH�RXWSXW��

progress 5(6(59$7,21B7(50 = {reservation.term_ok}

$V�GLVFXVVHG�HDUOLHU���term_ok��ORRSLQJ�WUDQVLWLRQV�GLVWLQJXLVK�WKH�YDOLG�WHUPLQDWLRQ�VWDWHV
RI� D� WDVN�� %\� FKHFNLQJ� WKDW� DFWLRQ� term_ok� LV� SHUIRUPHG� LQILQLWHO\� RIWHQ� LQ� DQ\� LQILQLWH
H[HFXWLRQ� RI� WKH� WDVN�� ZH� EDVLFDOO\� FKHFN� WKDW� HYHU\� H[HFXWLRQ� RI� WKH� WDVN� HYHQWXDOO\
WHUPLQDWHV�

,Q�WKH�ZRUNIORZ�PRGHOV�SUHVHQWHG�LQ�WKLV�SDSHU��D�V\VWHP�WKDW�KDV�QR�GHDGORFNV�WULYLDOO\
VDWLVILHV� DQ\� VXFK� SURJUHVV� SURSHUW\�� 3URJUHVV� SURSHUWLHV� DUH� RI� SDUWLFXODU� LQWHUHVW� LQ� WKH
FDVH�ZKHUH�WKH�EHKDYLRXU�PRGHO�RI�WKH�UHVRXUFHV�XVHG�IRU�WKH�H[HFXWLRQ�RI�HDFK�SULPLWLYH
WDVN� DUH� DOVR� LQWURGXFHG� LQ� WKH� RYHUDOO� V\VWHP�PRGHO�� 7KH� ODWWHU� LV� DQ� RQJRLQJ� UHVHDUFK
LVVXH�DQG�LV�IXUWKHU�GLVFXVVHG�DV�SDUW�RI�WKH�IXWXUH�ZRUN�GLUHFWLRQV�LQ�VHFWLRQ���
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'RPDLQ�VSHFLILF�SURSHUWLHV

,Q�DGGLWLRQ�WR�FKHFNLQJ�JHQHULF�SURSHUWLHV�RI�ZRUNIORZV��RXU� WHFKQLTXHV�PD\�EH�XVHG�IRU
SURSHUWLHV�WKDW�UHIHU�WR�WKH�SDUWLFXODU�ZRUNIORZ�XQGHU�DQDO\VLV��6RPH�H[DPSOHV�DUH�EULHIO\
GHVFULEHG�LQ�WKLV�VHFWLRQ�

� Correct_Booking�DVVHUWV�WKDW�ERRNLQJ�LV�HQDEOHG�RQO\�LI�ERWK�D�IOLJKW�DQG�D�KRWHO�KDYH
EHHQ�ERRNHG��DQG�WKH\�KDYH�EHHQ�ERRNHG�LQ�WKLV�RUGHU�

property &RUUHFWB%RRNLQJ =  ( flight.flBooking.output[1] ->

hotel.hoBooking.output[1] ->

booking.enable -> STOP ).

� Correct_Abort�DVVHUWV�WKDW��LI�DQ\�RI�WKH�WDVNV�plan��chk��RU�flight�DERUWV��WKHQ�WKH
RQO\�SRVVLEOH�RXWFRPH�LV�DQ�DERUW�

property &RUUHFWB$ERUW = No_Abort_Seen,
No_Abort_Seen =

( {cnlNOK.enable, cnlOK.enable, booking.enable} -> No_Abort_Seen

 |{plan.abort.enable, chk.abort.enable, flight.abort.enable} ->

Abort_Seen),

Abort_Seen = (abort.enable -> STOP).

� Adds_To_Abort�DGGLWLRQDOO\�FKHFNV��WKDW�QR�WDVN�LV�WULJJHUHG��L�H��QR�LQSXW�VHW�EHFRPHV
UHDG\��VXEVHTXHQWO\�WR�DQ\�DERUW�DFWLRQ�

property $GGVB7RB$ERUW�= No_Abort_Seen,
No_Abort_Seen =

({plan.data.ready, chk.details.ready, flight.flight.ready,

hotel.data.ready} -> No_Abort_Seen

|{plan.abort.enable, chk.abort.enable, flight.abort.enable} -> STOP).

,Q�75$&7$��DQ\�QXPEHU�RI�SURSHUWLHV�PD\�EH�FKHFNHG�VLPXOWDQHRXVO\�RQ�D�V\VWHP��$OO�WKH
SURSHUWLHV�RI�LQWHUHVW�FDQ�EH�FRPSRVHG�ZLWK�WKH�SURFHVV�WR�EH�DQDO\VHG��UHDFKDELOLW\�RI�WKH
HUURU�VWDWH�LV� WKHQ�FKHFNHG��:H�FDQ�HYHQ�FRPSRVH�SURSHUWLHV�DPRQJVW� WKHPVHOYHV��EHIRUH
WKH\� DUH� DSSOLHG� WR� D� SURFHVV�� 7KH� IROORZLQJ� H[DPSOH� VKRZV� KRZ� SURSHUWLHV
Correct_Abort�DQG�Adds_To_Abort�DUH�FRPSRVHG��EHIRUH�WKH\�DUH�DSSOLHG��WRJHWKHU�ZLWK
Correct_Booking��WR�SURFHVV�Complete_Reservation�

|| 6WULFWB$ERUWB&KHFN = (Correct_Abort || Adds_To_Abort).

|| &KHFNB$OO = (  Complete_Reservation
|| Correct_Booking

|| Strict_Abort_Check).

���� 0RGXODULW\�DQG�$EVWUDFWLRQ
$IWHU�FKHFNLQJ�WKRURXJKO\� WKDW�D� WDVN�VDWLVILHV� LWV�UHTXLUHPHQWV�� WKH�EHKDYLRXU�RI� WKH�WDVN
PD\�EH�DEVWUDFWHG�EHIRUH�UH�XVLQJ�LW�LQ�VRPH�RWKHU�FRQWH[W��7KH�RQO\�DFWLRQV�WKDW�QHHG�WR�EH
YLVLEOH� E\� WKH� FRQWH[W� RI� D� WDVN� DUH� DFWLRQV� UHODWHG� WR� LWV� LQWHUIDFHV�� 6SHFLILFDOO\�� WKH
LQWHUIDFH�RI�DQ�DEVWUDFWHG�WDVN�FRQVLVWV�RI�WKH�LQSXW�DFWLRQV�RI�LWV�LQSXW�VHWV�DQG�WKH�RXWSXW
DFWLRQV�RI�LWV�RXWSXW�VHWV��$GGLWLRQDOO\��WKH�UHDG\�DFWLRQV�RI�LQSXW�VHWV�DQG�HQDEOHG�DFWLRQV
RI�RXWSXW�VHWV�PXVW�DOVR�EH�H[SRVHG��LQ�RUGHU�WR�EH�DEOH�WR�DGG�QRWLILFDWLRQV�WR�DQG�IURP�WKH
WDVN� ZKHQ� WKH� ODWWHU� LV� LQWURGXFHG� LQ� D� FRQWH[W�� $OO� UHPDLQLQJ� DFWLRQV� DUH� WXUQHG� WR� WKH
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XQREVHUYDEOH�DFWLRQ�τ��WDX���7KH�/76�RI�WKH�WDVN�LV�WKHQ�PLQLPLVHG��W\SLFDOO\�UHVXOWLQJ�LQ�D
VPDOOHU�/76��)RU�H[DPSOH��WKH�Complete_Reservation�WDVN�LV�DEVWUDFWHG�DV�IROORZV�

PLQLPDO
|| $EVWUDFW5HVHUYDWLRQ = ( Complete_Reservation )

@ { data.input, data.ready,

abort.enable, abort.output,

cnlNOK.enable, cnlNOK.output,

cnlOK.enable, cnlOK.output,

booking.enable, booking.output

  }.

7KH� VL]H� RI� WKH� /76� RI� WKH� UHVHUYDWLRQ� WDVN� LV� WKXV� UHGXFHG� WR� ��� IURP� ���� VWDWHV�
7KHUHIRUH�� WKH�PRGXODU� DSSURDFK� IRU�PRGHOOLQJ� DQG� FKHFNLQJ� FRPSRQHQWV� DGYRFDWHG� E\
RXU� WHFKQLTXHV� FDQ� DOVR� UHGXFH� VWDWH� H[SORVLRQ�� ZKLFK� LV� WKH� PDLQ� LQKLELWLQJ� IDFWRU� RI
H[KDXVWLYH�DQDO\VLV�PHWKRGV�

�� 'LVFXVVLRQ�DQG�FRQFOXVLRQV
7KH�SDSHU�SURSRVHV�D�PHWKRG�IRU�PRGHOOLQJ�DQG�YHULI\LQJ�ZRUNIORZ�VFKHPDV��LQ�OLQHV�ZLWK
WKH�75$&7$�DSSURDFK��ZKLFK�VDWLVILHV�WKH�IXQGDPHQWDO�UHTXLUHPHQWV�WKDW�KDYH�EHHQ�VHW�LQ
VHFWLRQ������ ,W� LV� D�PDWXUH�PHWKRG� WKDW� KDV�EHHQ� H[WHQVLYHO\�XVHG� IRU�PRGHO� FKHFNLQJ�RI
FRPSOH[�FRQFXUUHQW�DQG�GLVWULEXWHG�V\VWHPV��,W�XVHV�D�VROLG�DXWRPDWD�EDVHG�WKHRU\�WR�DOORZ
H[KDXVWLYH�DQDO\VLV�RQ�WKH�VWDWLF�PRGHO�RI�D�V\VWHP��DW�GHVLJQ�WLPH�

7KH� 75$&7$� DSSURDFK� LV� IXOO\� DXWRPDWHG� ZLWKLQ� WKH� /76$� WRRONLW�� 7KH� DOJRULWKPV
HPSOR\HG� IRU� SURFHVV� FRPSRVLWLRQ�� DFWLRQ� KLGLQJ� DQG� PLQLPLVDWLRQ� DUH� FRPSXWDWLRQDOO\
HIILFLHQW� DQG� VFDOH�ZHOO� IRU� UHDO�ZRUOG�ZRUNIORZ� VFKHPDV�� ,Q� DGGLWLRQ�� /76$�SURYLGHV� D
JUDSKLFDO�UHSUHVHQWDWLRQ�RI�/76V�DQG�DQ�DQLPDWLRQ�IDFLOLW\�IRU�VLPXODWLQJ�WKH�H[HFXWLRQ�RI
WKH�PRGHO��'LDJQRVWLF�LQIRUPDWLRQ�LV�SUHVHQWHG�LQ�WKH�IRUP�RI�FRXQWHU�H[DPSOHV��WUDFHV�RI
H[HFXWLRQ�WKDW�OHDG�WR�YLRODWLRQ�RI�D�GHVLUHG�SURSHUW\��7KH�JUDSKLFDO�XVHU�LQWHUIDFH�RI�/76$
IDFLOLWDWHV� WKH�XVH�RI� WKH�PHWKRG�E\�GHVLJQHUV� WKDW� DUH�QRW� H[SHUWV� LQ� IRUPDO�PHWKRGV�� ,Q
IDFW�� ZLWK� DQ� DXWRPDWHG� SURGXFWLRQ� RI� WKH� PRGHO� IURP� WKH� ZRUNIORZ� VFKHPD� GHILQLWLRQ
�ZKLFK�LV�FXUUHQWO\�XQGHU�GHYHORSPHQW���WKH�ZRUNIORZ�GHVLJQHUV�ZLOO�QRW�KDYH�WR�ZULWH�DQ\
)63�FRGH�DSDUW�IURP�H[SUHVVLQJ�WKH�WDVN�SURSHUWLHV�WKH\�ZLVK�WR�DQDO\VH�

+RZHYHU�� WKH� IHDWXUH� RI� 75$&7$� WKDW� PDNHV� LW� SDUWLFXODUO\� VXLWDEOH� IRU� EHKDYLRXU
DQDO\VLV� RI� ZRUNIORZ� VFKHPDV� LV� FRPSRVLWLRQDOLW\�� 75$&7$� WUDGLWLRQDOO\� IROORZV� D
FRPSRVLWLRQDO�DSSURDFK�WR�PRGHOOLQJ�DQG�DQDO\VLV��LQ�RUGHU�WR�DGGUHVV�WKH�VWDWH�H[SORVLRQ
SUREOHP� ZKLFK� LV� LQKHUHQW� WR� DOO� H[KDXVWLYH� UHDFKDELOLW\� DQDO\VLV� WHFKQLTXHV�� :H� KDYH
H[SORLWHG� WKLV� IHDWXUH�� E\�PDNLQJ� WKH�PRGHOV� RI� WDVNV� WR� EH� FRQWH[W� LQGHSHQGHQW� DQG� UH�
XVDEOH�� 7KHUHIRUH�� GHVLJQHUV� FDQ� FKHFN� WKH� PRGHO� RI� WKHLU� V\VWHP� LQ� DQ� LQFUHPHQWDO
PDQQHU��ZKLOH�WKH�V\VWHP�LV�GHVLJQHG��'HVLJQ�HUURUV�FDQ�EH�VSRWWHG�HDUO\�LQ�WKH�GHVLJQ�DQG
ULJKW�LQ�WKH�FRPSRQHQWV��WDVNV��ZKHUH�WKH\�RFFXU�

7KH�ODFN�RI�FRPSRVLWLRQDOLW\�LV�WKH�PDLQ�ZHDNQHVV�RI�WKH�:RIODQ�V\VWHP��DFFRUGLQJ�WR
LWV� GHVLJQHUV� >�@�� �:RIODQ� LV� D� YHULILFDWLRQ� WRRO� WKDW� XVHV� D� VSHFLDO� W\SH� RI� 3HWUL�QHWV� WR
PRGHO� DQG� DQDO\VH� WKH� EHKDYLRXU� RI� ZRUNIORZ� SURFHVVHV�� 0DSSLQJV� IURP� VHYHUDO
SURSULHWDU\�ZRUNIORZ�QRWDWLRQV� WR� WKH�:RIODQ�PRGHO�KDYH�EHHQ�GHYLVHG� DQG� WKH� WRRO� KDV
EHHQ�H[WHQVLYHO\�XVHG� LQ�DFDGHPLF�HQYLURQPHQWV��(UURUV� LQ� WKH�PRGHO�DUH� UHSRUWHG� LQ� WKH
IRUP� RI� ³EHKDYLRXU� HUURU� PHVVDJHV´�� VLPLODU� WR� RXU� ³FRXQWHUH[DPSOH� WUDFHV´�� 7KH� PDLQ
DGYDQWDJH�RI�WKH�V\VWHP�LV�WKH�WKHRUHWLFDO�UREXVWQHVV�RI�WKH�3HWUL�1HW�PRGHOV�DQG�WKH�FOHDU
UHSUHVHQWDWLRQ�RI�ZRUNIORZ� VWDWH� E\� WRNHQ�EDVHG�3HWUL�QHWV��+RZHYHU�� WKH� V\VWHP� ODFNV� D



��

PHDQV� IRU� YLVXDO� UHSUHVHQWDWLRQ� RI� WKH� PRGHO� RU� WKH� SURGXFHG� RXWSXW� �EHKDYLRXU� HUURU
PHVVDJHV��� ,Q� DGGLWLRQ�� :RIODQ� FDQ� RQO\� KDQGOH� V\VWHPV� ZLWK� XS� WR� ���� VWDWHV�� ,Q
FRPSDULVRQ�� /76$� FDQ� W\SLFDOO\� KDQGOH� /76V� ZLWK� PRUH� WKDQ� ���� VWDWHV�� ZKLFK� PD\
FRUUHVSRQG�WR�D�V\VWHP�WKDW�LV�VHYHUDO�RUGHUV�RI�PDJQLWXGH�ODUJHU��EHIRUH�PLQLPLVDWLRQ�

7KHUH�DUH�D�QXPEHU�RI�GLUHFWLRQV�ZH�DUH�SODQQLQJ�WR�IROORZ�LQ�RUGHU�WR�H[WHQG�WKH�ZRUN
SUHVHQWHG�LQ� WKLV�SDSHU��$OWKRXJK�WKH�SURSRVHG�PRGHOOLQJ�PHWKRG�KDV�EHHQ� LOOXVWUDWHG�E\
PHDQV�RI�D� VSHFLILF�ZRUNIORZ�QRWDWLRQ�� LW� LV� JHQHULF� DQG�SURGXFW� LQGHSHQGHQW��7R� MXVWLI\
WKLV�FODLP��ZH�DUH�SODQQLQJ�PDSSLQJV�IRU�RWKHU�SURSULHWDU\�QRWDWLRQV�XVHG�E\�FRPPHUFLDO
ZRUNIORZ�PDQDJHPHQW�V\VWHPV��,Q�DGGLWLRQ��WKH�SURSRVHG�PHWKRG�KDV�WR�EH�H[WHQGHG�ZLWK
D�JHQHULF�PRGHO�RI�UHFXUVLYH�WDVNV��WDVNV�WKDW�FDQ�WULJJHU�QHZ�LQVWDQFHV�RI�WKHLU�RZQ�W\SH��
D�FRPPRQ�SDWWHUQ�LQ�EXVLQHVV�SURFHVVHV�

7KH�ZRUN�SUHVHQWHG� LQ� WKLV�SDSHU� IRFXVHV�RQ� WKH�PRGHOOLQJ�DQG�DQDO\VLV�RI�ZRUNIORZ
VFKHPDV�� LUUHVSHFWLYHO\� RI� WKH� HQYLURQPHQW� LQ� ZKLFK� VFKHPDV� DUH� LQVWDQWLDWHG� DQG
H[HFXWHG��6XFK�PRGHOV�FDQ�EH�HQULFKHG�ZLWK�WKH�EHKDYLRXU�RI�V\VWHP�UHVRXUFHV�XVHG�IRU�WKH
HQDFWPHQW� RI�ZRUNIORZ� LQVWDQFHV��$QDO\VLV� RI� WKH� H[WHQGHG�PRGHOV� FDQ� WKHQ� HQVXUH� WKDW
ZRUNIORZ� VSHFLILFDWLRQV� DUH� FRQVLVWHQW� ZLWK� WKH� FRQVWUDLQWV� VHW� E\� WKH� H[HFXWLRQ
HQYLURQPHQW�� :H� DUH� FXUUHQWO\� LQYHVWLJDWLQJ� ZKDW� DUH� WKH� UHTXLUHG� DEVWUDFWLRQV� IRU
PRGHOOLQJ�V\VWHP�UHVRXUFHV�LQ�WKLV�VHWWLQJ�
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