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ABSTRACT

6LQFH� LWV� LQFHSWLRQ��$[LRPDWLF�'HVLJQ�KDV�EHHQ�DSSOLHG�WR� D
ZLGH�YDULHW\�RI �ERWK�HQJLQHHULQJ� DQG�QRQ�HQJLQHHULQJ�SUREOHPV
LQ� QXPHURXV� GLVFLSOLQHV�� � 5HFHQW� WKHRUHWLFDO� GHYHORSPHQWV� KDYH
IXUWKHU� H[SDQGHG� LWV� DELOLW\� WR� UHSUHVHQW� FRPSOH[� HQJLQHHULQJ
V\VWHPV�� � 7KH� VFRSH� RI � $[LRPDWLF� 'HVLJQ� XVDJH�� KRZHYHU�� KDV
WUDGLWLRQDOO\� EHHQ� OLPLWHG� WR� � SDUWLFXODU� DSSOLFDWLRQV� RU� SURMHFWV�
$[LRPDWLF� 'HVLJQ�� KRZHYHU�� FDQ� EH� PRVW� XVHIXO� DV� D� GHVLJQ
PDQDJHPHQW� WRRO� DSSOLHG� DFURVV� DQ� HQJLQHHULQJ� RUJDQL]DWLRQ·V
6\VWHPV� (QJLQHHULQJ� SURFHVVHV�� � 7KH� EHQHILWV� RI � WKLV� DSSURDFK
ZRXOG� EH� ERWK� LQ� � WHFKQLFDO� DUHDV� UHODWHG� WR� WKH� TXDOLW\� RI � WKH
RUJDQL]DWLRQ·V� GHVLJQV� DV� ZHOO� DV� ILQDQFLDO� EHQHILWV� LQ� WKH
HIIHFWLYHQHVV� RI � $[LRPDWLF� 'HVLJQ� LQ� GHFUHDVLQJ� WKH
RUJDQL]DWLRQ·V�WLPH�WR�PDUNHW�DQG�XOWLPDWHO\� LQFUHDVLQJ�FXVWRPHU
VDWLVIDFWLRQ�ZLWK�PRUH�IXQFWLRQDO�DQG�PRUH�UHOLDEOH�SURGXFWV�

7KH� VXFFHVV�RI � VXFK�DQ� LPSOHPHQWDWLRQ�HIIRUW� UHTXLUHV� QRW
RQO\� LQWHJUDWLQJ�$[LRPDWLF�'HVLJQ�PHWKRGRORJ\� LQWR� DOO� DVSHFWV
RI � HQJLQHHULQJ� SUDFWLFH�� EXW� DOVR� PHDVXULQJ� DQG� WUDFNLQJ� WKH
RUJDQL]DWLRQ·V� FDSDELOLW\� DQG� HIIHFWLYHQHVV� LQ� $[LRPDWLF� 'HVLJQ�
LQ� RUGHU� WR� FRQWLQXRXVO\� UHILQH� DQG� LPSURYH� WKH� LQWHJUDWLRQ
HIIRUWV�� � 7R� WKLV� HQG�� DQ� $[LRPDWLF� 'HVLJQ� &DSDELOLW\� 0DWXULW\
0RGHO� KDV� EHHQ� GHYHORSHG�� LQ� RUGHU� WR� SURYLGH� D� URDGPDS� IRU
LPSOHPHQWDWLRQ�DV�ZHOO�DV�FRKHUHQW�PHWULFV�WKDW�FDQ�EH�DSSOLHG�WR
GHWHUPLQH�ZKLFK�DFWLYLWLHV�DUH�VXFFHVVIXO�DQG�ZKLFK�DFWLYLWLHV�PD\
UHTXLUH�LPSURYHPHQW�

.H\ZRUGV�� $[LRPDWLF� 'HVLJQ�� 6\VWHPV� (QJLQHHULQJ�� 'HVLJQ
0DQDJHPHQW��&DSDELOLW\�0DWXULW\�0RGHO

1 INTRODUCTION

$́Q\RQH�WU\LQJ�WR�XQGHUVWDQG�6\VWHPV�,QWHJUDWLRQ�ZKR�LVQ·W�FRQIXVHG�LV
MXVW�QRW�WKLQNLQJ�FOHDUO\�µ

���-RVHSK�+��0L]H�������

:KLOH� WKH� IXQGDPHQWDO� FRQFHSWV� ILUVW� SXW� IRUWK� E\� 6XK
>������ ����@� KDYH� EHHQ� DURXQG� IRU� RYHU� ��� \HDUV�� $[LRPDWLF
'HVLJQ�DV�D�GHVLJQ�PHWKRGRORJ\�DQG�SKLORVRSK\�KDV�WUDGLWLRQDOO\
QRW� EHHQ� ZLGHO\� DFFHSWHG� RXWVLGH� DFDGHPLD�� � 7KLV� WUHQG�
KRZHYHU��LV�QRW�GXH�WR�WKH�PHWKRGRORJ\·V�ODFN�RI �DSSOLFDELOLW\� WR
UHDO�ZRUOG�HQJLQHHULQJ�SUREOHPV�²�LQGHHG��QXPHURXV�FDVH�VWXGLHV

E\� VHYHUDO� UHVHDUFKHUV� KDYH� EHHQ� PDGH� WKDW� DSSO\� $[LRPDWLF
'HVLJQ� WR� SUREOHPV� LQ� GLVFLSOLQHV� LQFOXGLQJ� PHFKDQLFV�
PDQXIDFWXULQJ�� FRPSXWHU� QHWZRUNLQJ�� VRIWZDUH�� RSWLFV�� DQG
ELRORJ\�� � 1RU� LV� WKLV� WUHQG� GXH� WR� D� ODFN� RI � SURYHQ� EXVLQHVV
EHQHILW�²�PDQ\� DQDO\VHV� GRQH� E\� FRPSDQLHV� KDYH� GHPRQVWUDWHG
VDYLQJV�LQ�WLPH��PRQH\��DQG�FXVWRPHU�VDWLVIDFWLRQ���2QH�H[DPSOH
LV� D� UHGHVLJQ� RI � D� IOH[XUH� IRU� D� SUHDOLJQHU� V\VWHP� DW� 69*
/LWKRJUDSK\�6\VWHPV�� ,QF���ZKHUH� WKH� OHDG� WLPH�� SDUW� FRXQW�� DQG
PDQXIDFWXULQJ�WLPH�ZHUH�DOO�VLJQLILFDQWO\�UHGXFHG�ZKLOH�UHOLDELOLW\
ZDV� FRQVLGHUDEO\� LQFUHDVHG�� >'HO3XHUWR� DQG� *DUFLD�� ����@� � $Q
HYHQ� PRUH� QRWDEOH� H[DPSOH� LV� D� FDVH� ZKHUH� DQ� HQJLQHHU� IURP
6WDQGDUG�7KRPVRQ�&RUSRUDWLRQ��ZKLOH�WDNLQJ�DQ�HYHQLQJ�FODVV�LQ
$[LRPDWLF�'HVLJQ��UHGHVLJQHG�KLV�FRPSDQ\·V�IDFWRU\�IORRU�IRU�KLV
FODVV� SURMHFW�� � 7KLV� QHZ� GHVLJQ� XOWLPDWHO\� VDYHG� WKH� FRPSDQ\
RYHU� ����� PLOOLRQ�� DQG� WKH� HQJLQHHU� ZDV� SURPRWHG� WR� 9LFH
3UHVLGHQW���>0F'RQDOG������@�� �7KH�WUHQG�DOVR�GRHV�QRW�VHHP�WR
VWHP�IURP�D�ODFN�RI �LQWHUHVW�RU�DZDUHQHVV�RI �$[LRPDWLF�'HVLJQ�²
WKH� FRQIHUHQFH� IRUXP� RI � WKLV� SDSHU� DQG� WKH� IRUPDWLRQ� RI � WKH
QHZ� &RXQFLO� RQ� $[LRPDWLF� 'HVLJQ� 5HVHDUFK� DQG� (GXFDWLRQ
�&$'5(��UHIOHFWV�WKH�JURZLQJ� LQWHUHVW� LQ�$[LRPDWLF�'HVLJQ�DQG
LWV�DSSOLFDWLRQV�LQ�ERWK�LQGXVWU\�DQG�DFDGHPLD�

:K\�� WKHUHIRUH�� KDV� $[LRPDWLF� 'HVLJQ� PHW� ZLWK� VXFK
UHVLVWDQFH�RXWVLGH�DFDGHPLD"

2QH� RI � WKH� JUHDWHVW� REVWDFOHV� LV� WKDW� WHFKQRORJ\� WUDQVIHU
IURP� DFDGHPLD� WR� LQGXVWU\� IRU� PRVW� HQJLQHHULQJ� GHVLJQ
PHWKRGRORJLHV�� LQFOXGLQJ� $[LRPDWLF� 'HVLJQ�� KDV� EHHQ� GLIILFXOW�
0RVW� FRUSRUDWHO\�VSRQVRUHG� UHVHDUFK� LV� GLUHFWHG� DW� VROYLQJ
SDUWLFXODU�SUREOHPV�²� KHQFH�� WKH� HQG� UHVXOW� LV�ZKDW� WHQGV� WR� EH
WUDQVIHUUHG��ZLWKRXW�WKH�PHWKRGRORJ\�XVHG�WR�DFKLHYH�WKDW�UHVXOW�
)XUWKHUPRUH�� QHZ� HQJLQHHULQJ� JUDGXDWHV� UDUHO\� HQWHU� FRUSRUDWH
SRVLWLRQV� LPPHGLDWHO\� ZKHUH� WKH\� KDYH� WKH� DELOLW\� WR� LQIOXHQFH
WKH�FRPSDQ\·V�GHVLJQ�PHWKRGRORJ\���>)UHGULNVVRQ�HW�DO�������@

$QRWKHU� WUDGLWLRQDO� REVWDFOH� KDV� EHHQ� WKH� GLIILFXOW\� LQ
HVWDEOLVKLQJ�JXLGHOLQHV�FRQVLVWHQW�ZLWK�WKH�D[LRPV��WKHRUHPV��DQG
FRUROODULHV� RI �$[LRPDWLF�'HVLJQ� IRU� GHWHUPLQLQJ� )5V�� '3V�� &V�
DQG�GHVLJQ�PDWULFHV�IRU�FRPSOH[�V\VWHPV���:RUN�E\�+LQWHUVWHLQHU
>������ ����@�� 6XK� >����@�� 7DWH� >����@� DQG� RWKHUV� KDV� PLWLJDWHG
WKLV�WR�VRPH�H[WHQW�E\�WKH�HVWDEOLVKPHQW�RI �V\VWHP�WHPSODWHV�DQG
JXLGHOLQHV� IRU� V\VWHP� GHVLJQ�� � ,W� LV� WUXH�� WKRXJK�� WKDW� QRW� DOO� RI
WKH� LVVXHV� UHODWHG� WR� FRPSOH[� V\VWHP� UHSUHVHQWDWLRQ� KDYH� EHHQ
ZRUNHG� RXW�� SURYLQJ� WKLV� DUHD� RI � � $[LRPDWLF� 'HVLJQ� LV� VWLOO� D
IHUWLOH�DUHD�IRU�UHVHDUFK�DQG�GHYHORSPHQW�
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7KH�PRVW�GLIILFXOW�DQG�FKDOOHQJLQJ�REVWDFOH��KRZHYHU��LV�WKDW
$[LRPDWLF� 'HVLJQ� KDV� QRW� EHHQ� UHDGLO\� H[WHQGDEOH� IURP� WKH
LQGLYLGXDO�HQJLQHHU�ZRUNLQJ�RQ�KLV�KHU�SDUWLFXODU�GHVLJQ�SUREOHP
WR� DQ� RUJDQL]DWLRQ�ZLGH�PHWKRGRORJ\� FDSDEOH� RI �PDQDJLQJ� DQG
FRQWUROOLQJ� WKH� GHVLJQ� RI � DQ� HQWLUH� V\VWHP�� � 7ZR� JHQHUDO
DSSURDFKHV�WR�LPSOHPHQWLQJ�$[LRPDWLF�'HVLJQ�LQ�DQ�HQJLQHHULQJ
RUJDQL]DWLRQ� KDYH� EHHQ� WDNHQ� LQ� WKH� SDVW� ²� HLWKHU� D� WRS�GRZQ
GHFUHH� IURP� PDQDJHPHQW�� RU� D� ERWWRP�XS� GLIIXVLRQ� RI
NQRZOHGJH� IURP� WUDLQHG� HQJLQHHUV�� � %RWK� DSSURDFKHV� KDYH� WKHLU
DGYDQWDJHV�DQG�ULVNV���>1RUGOXQG�HW�DO�������@� �7KH�SUREOHP�ZLWK
ERWK�RI � WKHVH� DSSURDFKHV�� KRZHYHU�� LV� WKDW� IHZ� FRPSDQLHV� KDYH
KDG� WKH� OHYHO� RI � LQ�KRXVH� H[SHUWLVH�� PDQDJHPHQW� VXSSRUW�� DQG
ORQJ�WHUP� SODQQLQJ� QHFHVVDU\� IRU� VXFFHVV�� � 0DQ\� GLIILFXOW
TXHVWLRQV�HPHUJH�DQG�PXVW�EH�DGGUHVVHG�HDUO\�RQ�LQ�VXFK�HIIRUWV�
LQFOXGLQJ�

x +RZ� FDQ� WKH� $[LRPDWLF� 'HVLJQ� SURFHVV� EH� VWUXFWXUHG� WR
PDLQWDLQ� ERWK� SHUIRUPDQFH� DQG� FRQVLVWHQF\� EHWZHHQ
GHVLJQHUV"

x :KLFK� SHRSOH� LQ� WKH� RUJDQL]DWLRQ� QHHG� WR� EH� WUDLQHG� LQ
$[LRPDWLF� 'HVLJQ�� DQG� ZKDW� DUH� WKH� EHVW� PHWKRGV� IRU
VXSHUYLVLQJ�DQG�HYDOXDWLQJ�WKHLU�ZRUN"

x +RZ�FDQ�WKH�EHQHILWV� WR�WKH�RUJDQL]DWLRQ�DFKLHYHG�E\�XVLQJ
$[LRPDWLF�'HVLJQ�EH�PHDVXUHG�DQG�HYDOXDWHG"

7KH� JRDO� RI � WKLV� SDSHU�� WKHUHIRUH�� LV� WR� DGGUHVV� WKHVH
TXHVWLRQV� E\� XQGHUVWDQGLQJ� WKH� GLIIHUHQW� OHYHOV� RI � $[LRPDWLF
'HVLJQ�PDWXULW\�WKDW�DQ�RUJDQL]DWLRQ�PXVW�JR�WKURXJK�LQ�RUGHU�WR
VXFFHVVIXOO\� LPSOHPHQW� $[LRPDWLF� 'HVLJQ�� � 7KLV� LV� GRQH� E\
PHDQV� RI � DQ� $[LRPDWLF� 'HVLJQ� &DSDELOLW\� 0DWXULW\� 0RGHO� �$'
&00���ZKLFK�FDQ�EH�XVHG�WR�JXLGH�WKH�GHYHORSPHQW�RI �ERWK�WKH
6\VWHPV�(QJLQHHULQJ�SUDFWLFHV�QHHGHG�DV�ZHOO�DV�WKH�PHWULFV�WKDW
FDQ� EH� XVHG� WR� GHWHUPLQH� WKH� RUJDQL]DWLRQ·V� WHFKQLFDO� FDSDELOLW\
DQG�EXVLQHVV�HIIHFWLYHQHVV�LQ�LPSOHPHQWLQJ�$[LRPDWLF�'HVLJQ�

7KLV� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� � 6HFWLRQ� �� SURYLGHV� D
EULHI �RYHUYLHZ�RI �$[LRPDWLF�'HVLJQ�DQG�WKH�V\VWHP�DUFKLWHFWXUH
WHPSODWH�WKDW�KDV�EHHQ�GHYHORSHG� WR� DSSO\�$[LRPDWLF�'HVLJQ� WR
FRPSOH[� V\VWHPV�� � 6HFWLRQ� �� GLVFXVVHV� WKH� $[LRPDWLF� 'HVLJQ
&DSDELOLW\�0DWXULW\�0RGHO���6HFWLRQ���KLJKOLJKWV�H[DPSOHV�RI �WKH
$'� 6\VWHPV� (QJLQHHULQJ� SUDFWLFHV� DQG� $'� LPSOHPHQWDWLRQ
PHWULFV�WKDW�DUH�EDVHG�RQ�WKH�$'�&00���6HFWLRQ��� VXPPDUL]HV
WKH�GLVFXVVLRQ�DQG�SURYLGHV�D�EDVLV�IRU�IXWXUH�ZRUN�

2 AXIOMATIC DESIGN AND THE SYSTEM
ARCHITECTURE TEMPLATE

´:H�PXVW�OHDUQ�KRZ�WR�VWXG\�D�ZKROH�DV�D�ZKROH��QRW�PHUHO\�WKURXJK�DQ
DQDO\VLV�RI �HDFK�RI �LWV�FRQVWLWXHQWV�µ
²�0DU\�3DUNHU�)ROOHWW�������

:KHQ�D�V\VWHP�KDV�D�VXIILFLHQWO\� ODUJH�QXPEHU�RI �IXQFWLRQV
DQG� PDQ\� OHYHOV� RI � GHWDLO�� WKH� GHVLJQ� SURFHVV� LV� GLVWULEXWHG
DPRQJ� VHYHUDO� HQJLQHHULQJ� GHVLJQ� WHDPV�� HDFK� RI � ZKLFK� LV
UHVSRQVLEOH� IRU� D� VXEVHW� RI � WKH� GHVLJQ� WDVNV�� � $� V\VWHP� PD\� EH
GLVWLQJXLVKHG�IURP�D� FRPSRQHQW�E\� WKH� IDFW� WKDW� D� V\VWHP�FRQVLVWV
QRW�RQO\�RI �SURFHVV� IXQFWLRQDOLW\� EXW� DOVR� UHTXLUHV� IXQFWLRQDOLW\
IRU�FRQWUROOLQJ�DQG�VXSSRUWLQJ�WKH�SURFHVVHV�

7\SLFDOO\��HDFK�GHVLJQ�WHDP�RSWLPL]HV�LWV�GHVLJQ�EDVHG�RQ� LWV
DVVLJQHG�WDVNV�DQG�FRQVWUDLQWV��ZLWKRXW�QHFHVVDULO\�DFFRXQWLQJ�IRU

WKH� PDQ\� GHVLJQ� LQWHUUHODWLRQVKLSV� WKDW� H[LVW� EHWZHHQ� WKH
VXEV\VWHPV�� � ,W� LV� GLVWXUELQJO\� HDV\�� WKHUHIRUH�� IRU� D� WHDP� WR� EH
XQDZDUH�RI �´H[WHUQDOµ�GHVLJQ�GHFLVLRQV� WKDW� FDQ�KDYH� D�QHJDWLYH
LPSDFW�RQ�LWV�GHVLJQ���7KXV��ZKHQ�DOO�RI �WKH�VHSDUDWH�GHVLJQV�DUH
DVVHPEOHG��LW�LV�TXLWH�FRPPRQ�WR�GLVFRYHU�WKDW�WKH�RYHUDOO�V\VWHP
GRHV� QRW� IXQFWLRQ� DV� LQWHQGHG�� � 7KH� UHDO� JRDO� RI � WKH� RYHUDOO
GHVLJQ� HIIRUW� LV� WR� RSWLPL]H� WKH� SHUIRUPDQFH� RI � WKH� V\VWHP�
ZKLFK�GRHV�QRW�QHFHVVDULO\�PHDQ�RSWLPL]LQJ�WKH�SHUIRUPDQFH�RI
HDFK�FRPSRQHQW�

3UREOHPV� FDQ� EH� FRPSRXQGHG� ZKHQ� WKH� VWDWHPHQW� RI � WKH
FXVWRPHU� QHHGV� FKDQJHV� GXULQJ� WKH� GHVLJQ� HIIRUW�� � %HFDXVH
FRPSDQLHV� FRQVLGHU� LW� LQIHDVLEOH� WR� UHVWDUW� WKH� GHVLJQ� SURFHVV
IURP� VFUDWFK�� QHZ� DQG� PRGLILHG� IXQFWLRQDO� UHTXLUHPHQWV� DQG
FRQVWUDLQWV� DUH� LQFRUSRUDWHG� LQWR� WKH� H[LVWLQJ� GHVLJQ� DV� WKH
FKDQJHV�RFFXU���:KHQ�WU\LQJ�WR�FRPSHQVDWH�IRU�WKLV��D�FKDQJH�WR
RQH�SRUWLRQ� RI � WKH� GHVLJQ� FDQ� QHJDWLYHO\� LPSDFW� RWKHU� SRUWLRQV
XQLQWHQWLRQDOO\���0RUHRYHU��RQH�GHVLJQ�WHDP�PD\�QRW�EH�DZDUH�RI
FKDQJHV� WR� DQRWKHU� JURXS·V� UHTXLUHPHQWV�� HYHQ� WKRXJK� WKH\� DUH
VLJQLILFDQWO\� LPSDFWHG�� � 7KHUHIRUH�� LW� LV� H[WUHPHO\� LPSRUWDQW� WR
KDYH� WRROV� DQG�PHWKRGV� WR� WUDFH� WKH� LPSDFW�RI �GHVLJQ� GHFLVLRQV
RQ�ERWK�ORFDO�DQG�V\VWHP�ZLGH�OHYHOV��>+LQWHUVWHLQHU������@

)RU� H[DPSOH�� FRQVLGHU� WKH� UHODWLRQVKLS� EHWZHHQ� KDUGZDUH
DQG� VRIWZDUH�� � 5HFHQW� HIIRUWV� LQ� FRQFXUUHQW� HQJLQHHULQJ� KDYH
VRXJKW� WR� SHUIRUP� KDUGZDUH� DQG� VRIWZDUH� GHVLJQ� LQ� SDUDOOHO� LQ
RUGHU�WR�UHGXFH�RYHUDOO�GHYHORSPHQW�WLPH�� �7KLV�FDQQRW�EH�GRQH
HIIHFWLYHO\��KRZHYHU��XQOHVV�WKH�LQWHQGHG�IXQFWLRQDO�UHTXLUHPHQWV
RI � ERWK� WKH� KDUGZDUH� DQG� WKH� VRIWZDUH� DQG� WKHLU
LQWHUUHODWLRQVKLSV� DUH� ZHOO�XQGHUVWRRG�� � +DUGZDUH� HQJLQHHULQJ
DQG�VRIWZDUH�HQJLQHHULQJ��KRZHYHU��DUH�DOO�WRR�IUHTXHQWO\�WUHDWHG
DV�VHSDUDWH�GLVFLSOLQHV��ZLWK� LQGHSHQGHQW�JURXSV�RI �GHVLJQHUV�� LQ
SURGXFW� GHYHORSPHQW�� � %HFDXVH� WKH� GHVLJQ� RI � WKH� VRIWZDUH
FRQWURO� ORJLF� GHSHQGV� RQ� WKH� QDWXUH� RI � WKH� KDUGZDUH� WR� EH
FRQWUROOHG�� VRIWZDUH� LV� W\SLFDOO\� GHYHORSHG� DIWHU� WKH� KDUGZDUH� LV
PRVWO\��LI �QRW�FRPSOHWHO\��GHILQHG���$FFRUGLQJ�WR�/HYHVRQ�>����@�
WKLV�GHSHQGHQF\�OHDGV�WR�YHU\�VKRUW�GHYHORSPHQW�WLPHV�DOORFDWHG
IRU�VRIWZDUH�DV�ZHOO�DV�WKH�ODVW�PLQXWH�DGGLWLRQ�RI �IXQFWLRQDOLW\�WR
WKH� VRIWZDUH� EHFDXVH� RI � HLWKHU� KDUGZDUH� OLPLWDWLRQV� RU� WKH
SHUFHSWLRQ� WKDW� LW�ZLOO�EH�´HDVLHUµ� WR� LPSOHPHQW� FHUWDLQ� WDVNV� LQ
VRIWZDUH�� � 7KLV� SKLORVRSK\� RIWHQ� OHDGV� WR� XQGXH� VRIWZDUH
FRPSOH[LW\�DV�ZHOO� DV�XQSUHGLFWDEOH� V\VWHP�EHKDYLRU�� �:KLOH� WKH
KDUGZDUH� GHVLJQ� PD\� EH� RSWLPL]HG�� WKH� TXDOLW\� RI � WKH� RYHUDOO
V\VWHP� VXIIHUV� DV� VHHQ� LQ� WKH� XVHU� LQWHUIDFH� DQG� LQ� WKH� QRQ�
VDWLVIDFWLRQ� RI � UHTXLUHPHQWV� WKDW� ZHUH� LGHQWLILHG� ODWH� LQ� WKH
GHVLJQ�SURFHVV�

7KHVH�LVVXHV�FDQ�EH�DGGUHVVHG�E\�DSSO\LQJ�$[LRPDWLF�'HVLJQ
WR� WKH� GHVLJQ� RI � FRPSOH[� V\VWHPV�� � 8VLQJ� WKLV� DSSURDFK�
GHVLJQHUV� JHQHUDWH� D� V\VWHP� DUFKLWHFWXUH� WKDW� FDSWXUHV� WKH
KLHUDUFKLFDO� VWUXFWXUH� DQG� WKH� LQWHUUHODWLRQVKLSV� EHWZHHQ� WKH
IXQFWLRQDO� UHTXLUHPHQWV�� GHVLJQ� SDUDPHWHUV�� DQG� FRQVWUDLQWV� RI
WKH� V\VWHP�� � $GGLWLRQDOO\�� WKH� GHVLJQ� D[LRPV� SURYLGH� D� UDWLRQDO
PHDQV� IRU� HYDOXDWLQJ� WKH� TXDOLW\� RI � SURSRVHG� GHVLJQV�� PDNH
FKRLFHV� DPRQJ� WKHVH� DOWHUQDWLYHV� PRUH� H[SOLFLW�� DQG� JXLGH
GHVLJQHUV� WR� FRQVLGHU� VROXWLRQ�DOWHUQDWLYHV� DW� DOO� OHYHOV� RI � GHWDLO�
7KXV�� WKH� TXDOLW\� RI � WKH� GHVLJQ� FDQ� EH� HYDOXDWHG� VR� WKDW� WKH
SRWHQWLDO� SUREOHPV� RI � D� GHVLJQ� FDQ� EH� GHWHFWHG� DQG� DYRLGHG
GXULQJ�DQ�HDUO\�VWDJH�RI �WKH�GHVLJQ�SURFHVV�
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2.1 AXIOMATIC DESIGN THEORY

7KH�GHVLJQ�SURFHVV� LV�GHILQHG�DV� WKH� VHW�RI � DFWLYLWLHV�E\�ZKLFK
GHVLJQHUV�GHYHORS�DQG�RU� VHOHFW�RI � D�PHDQV� �GHVLJQ� SDUDPHWHUV�
RU�'3V�� WR� VDWLVI\� REMHFWLYHV� �IXQFWLRQDO� UHTXLUHPHQWV�� RU� )5V��
VXEMHFW� WR� FRQVWUDLQWV� �&V��� � $[LRPDWLF� 'HVLJQ� SURYLGHV� D
IUDPHZRUN� IRU�GHVFULELQJ�GHVLJQ�REMHFWV�ZKLFK� LV� FRQVLVWHQW� IRU
DOO� W\SHV� RI � GHVLJQ� SUREOHPV� DQG� DW� DOO� OHYHOV� RI � GHWDLO�� � 7KXV�
GLIIHUHQW� GHVLJQHUV�� DV� ZHOO� DV� REVHUYHUV� WR� WKH� GHVLJQ� SURFHVV�
FDQ� TXLFNO\� XQGHUVWDQG� WKH� UHODWLRQVKLSV� EHWZHHQ� WKH� GHVLUHG
IXQFWLRQV�RI �DQ�REMHFW�DQG�WKH�PHDQV�E\�ZKLFK�WKH�IXQFWLRQV�DUH
DFKLHYHG�

7KH� PDLQ� FRQFHSWV� RI � $[LRPDWLF� 'HVLJQ� DUH� ���� GRPDLQV�
ZKLFK� VHSDUDWH� WKH� IXQFWLRQDO� DQG� SK\VLFDO� SDUWV� RI � WKH� GHVLJQ�
���� KLHUDUFKLHV�� ZKLFK� FDWHJRUL]H� WKH� SURJUHVV� RI � D� GHVLJQ� LQ� WKH
IXQFWLRQDO� DQG� SK\VLFDO� GRPDLQV� IURP� D� V\VWHPLF� OHYHO� WR�PRUH
GHWDLOHG�OHYHOV������]LJ]DJJLQJ��ZKLFK�LQGLFDWHV�WKDW�GHFLVLRQV�PDGH
DW� RQH� OHYHO� RI � WKH� KLHUDUFK\� DIIHFW� WKH� SUREOHP� VWDWHPHQW� DW
ORZHU� OHYHOV�� DQG� ���� GHVLJQ� D[LRPV�� ZKLFK� GLFWDWH� WKDW� WKH
LQGHSHQGHQFH� RI � WKH� IXQFWLRQDO� UHTXLUHPHQWV� PXVW� EH
PDLQWDLQHG� DQG� WKDW� WKH� LQIRUPDWLRQ� FRQWHQW� �L�H��� FRVW�
FRPSOH[LW\�� HWF��� PXVW� EH�PLQLPL]HG� DV� FULWHULD� IRU� KLJK�TXDOLW\
GHVLJQV�� � 0RUH� WKRURXJK� H[SODQDWLRQV� DQG� GHWDLOHG� FDVH�VWXG\
H[DPSOHV�VKRZLQJ�WKH�SUDFWLFDO�DSSOLFDWLRQ�RI �$[LRPDWLF�'HVLJQ
WKHRU\�DUH�DYDLODEOH�LQ�>6XK������@��>6XK������@��DQG�>7DWH������@�

2.2 System Architecture Template and the
Fractal Nature of Systems

)RU�ODUJH�V\VWHPV��D�V\VWHP�DUFKLWHFWXUH�FDQ�EH�GHYHORSHG�LQ
WKH� $[LRPDWLF� 'HVLJQ� IUDPHZRUN� WKDW� EUHDNV� GRZQ� WKH� GHVLJQ
LQWR� LQGLYLGXDO� VXEV\VWHPV�DW� HDFK� OHYHO�RI � WKH�GHVLJQ� KLHUDUFK\�
,Q� WKLV� UHSUHVHQWDWLRQ�� D� V\VWHP� LV� PRGHOHG� DV� D� VHULHV� RI
LQWHUDFWLQJ�LQSXWV�DQG�RXWSXWV���7KHVH�IXQFWLRQV�IROORZ�D�SDWWHUQ
DW�HYHU\�OHYHO�RI �WKH�GHVLJQ�KLHUDUFK\��DV�WKH\�IDOO�LQWR�RQH�RI �WKH
IROORZLQJ� FDWHJRULHV�� ���� SURFHVV� IXQFWLRQV�� WKH� HOHPHQWV� RI � WKH
V\VWHP�WKDW�SHUIRUP�YDOXH�DGGHG�WDVNV�DQG�DFWLYLWLHV������ WUDQVSRUW
DQG� LQWHUIDFH� IXQFWLRQV�� WKH� HOHPHQWV� RI � WKH� V\VWHP� WKDW� SHUIRUP
LQWHUQDO� WUDQVSRUWDWLRQ� DQG� H[WHUQDO� LQWHUIDFH� WDVNV�� ���� FRPPDQG
DQG� FRQWURO� IXQFWLRQV�� WKH� ORJLF� WKDW� VFKHGXOHV� DQG� FRRUGLQDWHV� WKH
SURFHVV� IXQFWLRQV�� DQG� ���� VXSSRUW� DQG� LQWHJUDWLRQ� IXQFWLRQV�� WKH
VXSSRUW� VWUXFWXUH� IRU� WKH� SURFHVV� DQG� FRQWURO� IXQFWLRQV�
LQFOXGLQJ� SQHXPDWLFV�� PHFKDQLFDO� VWUXFWXUH�� HOHFWURQLFV�� HWF�
>+LQWHUVWHLQHU������@

%\�WUHDWLQJ�HDFK�OHYHO�RI �WKH�KLHUDUFK\�DV�D�V\VWHP�FRPSRVHG
RI �VXEV\VWHPV��WKH�VDPH�W\SHV�RI �IXQFWLRQDO�UHTXLUHPHQWV�DSSHDU
DW� HDFK� KLHUDUFKLFDO� OHYHO�� � 7KXV�� WKH� V\VWHP� LV� UHSUHVHQWHG� LQ� D
UHFXUVLYH�PDQQHU�VR�WKDW��QR�PDWWHU�KRZ�GHHS�LQ�WKH�KLHUDUFK\�RQH
ORRNV�� WKH� JHQHUDO� SDWWHUQ� DQG� OD\RXW� RI � WKH� UHSUHVHQWDWLRQ
UHPDLQV�FRQVLVWHQW���7KLV�FRQFHSW� LV�VKRZQ�JUDSKLFDOO\� LQ�)LJXUH
����$FFRUGLQJO\��D�IUDFWDO�UHSUHVHQWDWLRQ�HPHUJHV�RI �WKH�PXOWLSOH
VXEV\VWHPV�WKDW�DUH�LQFRUSRUDWHG�LQWR�WKH�KLHUDUFK\�RI �WKH�RYHUDOO
V\VWHP��7KH�GHWDLOV�DW�HDFK�OHYHO�DUH�XQLTXH��EXW�WKH�JHQHUDO�W\SHV
RI � IXQFWLRQV� DQG� LQWHUUHODWLRQVKLSV� UHPDLQ� FRQVLVWHQW�
>+LQWHUVWHLQHU������@

Figure 1:  The concept of a fractal representation for
systems.  Each system is only one part of a larger

system’s hierarchy.

,Q� WKH� V\VWHP� DUFKLWHFWXUH�� WKH� VRIWZDUH� IRU
HOHFWURPHFKDQLFDO�V\VWHPV�LV�UHSUHVHQWHG�E\�PHDQV�RI �FRPPDQG
DQG� FRQWURO� DOJRULWKPV� �&&$V�� DW� HDFK� OHYHO� RI � WKH� GHVLJQ
KLHUDUFK\�� � $W� HDFK� OHYHO�� WKH� &&$� FDSWXUHV� WKH� ORJLF� RI � WKH
LQWHUDFWLRQV�DPRQJ�WKH�KDUGZDUH�HOHPHQWV�DW�WKDW�OHYHO�DORQJ�ZLWK
DOO�RI �WKH�FRPPXQLFDWLRQ�SURWRFROV�QHFHVVDU\�WR�LQWHUDFW�ZLWK�LWV
LPPHGLDWH� SDUHQW� DQG� FKLOG� &&$V�� � 7KXV�� D� VRIWZDUH� KLHUDUFK\
HPHUJHV� WKDW� PLUURUV� WKH� KDUGZDUH� KLHUDUFK\�� WKURXJK� WKH
VRIWZDUH�GHVLJQ�LV�GLVWULEXWHG�DQG�HPEHGGHG�ZLWKLQ�WKH�KDUGZDUH
GHVLJQ���>+LQWHUVWHLQHU�	�7DWH������@

%HFDXVH�LW�LV�D�V\VWHP�LWVHOI��WKH�FRQWURO�VRIWZDUH�LQ�FRPSOH[
V\VWHPV� IROORZV� WKH� V\VWHP� DUFKLWHFWXUH� WHPSODWH�� 7KH� VRIWZDUH
SURJUDPV� XVHG� WR� FRQWURO� V\VWHPV� ���� FRQWURO� WKH� YDOXH�DGGHG
WDVNV� DUH� SHUIRUPHG�� ���� LQWHUIDFH� ZLWK� XVHUV� �L�H��� RSHUDWRUV�
PDLQWHQDQFH� HQJLQHHUV�� RU� DXWRQRPRXV� H[WHUQDO� FRPSXWHUV��� ���
FRRUGLQDWH� WKH� RUGHULQJ� DQG� SURFHVVLQJ� RI � FRPPDQGV� DQG
DFWLYLWLHV�� DQG� ���� UHFRYHU� IURP� HUURUV� DQG� SHUIRUP� RWKHU
VXSSRUWLQJ� WDVNV�� � $FFRUGLQJO\�� LW� LV� SRVVLEOH� WR� GHVFULEH� HDFK
&&$� XVLQJ� WKH� V\VWHP� DUFKLWHFWXUH� WHPSODWH�� FRQVLVWLQJ� RI
SURFHVV� SURJUDPV�� LQWHUIDFHV�� FRQWURO� ORJLF�� DQG� VXSSRUW� DQG
LQWHJUDWLRQ�IXQFWLRQV��>+LQWHUVWHLQHU�	�1DLQ������@

2.3 Role of Constraints in System Design
&RQVWUDLQWV� �&V�� DUH� GHILQHG� DV� D� VSHFLILFDWLRQ� RI � WKH

FKDUDFWHULVWLFV� WKDW� WKH� GHVLJQ� VROXWLRQ� PXVW� SRVVHVV� WR� EH
DFFHSWDEOH� WR� LWV� FXVWRPHUV� DQG� WKH� FRPSDQ\� GHVLJQLQJ� LW�
&RQVWUDLQWV�OLPLW�WKH�VHW�RI �DFFHSWDEOH�GHVLJQ�VROXWLRQV��'3V��DQG
LQIOXHQFH� WKH� GHILQLWLRQ� DQG� VFRSH� RI � WKH� IXQFWLRQDO
UHTXLUHPHQWV�DW�ORZHU�OHYHOV�RI �WKH�GHVLJQ�KLHUDUFK\�

8VLQJ� HUURU� EXGJHWLQJ� DQG� DOORFDWLRQ�� D� KLHUDUFK\� RI
FRQVWUDLQWV�LV�JHQHUDWHG�ZKLFK�SDUDOOHOV�WKH�KLHUDUFK\�RI �)5V�DQG
'3V� LQ� WKH� V\VWHP� DUFKLWHFWXUH�� � $W� D� SDUWLFXODU� OHYHO� RI � WKH
GHVLJQ�KLHUDUFK\�� WKH� DVVRFLDWHG�FRQVWUDLQWV� DUH�GHULYHG� IURP� WKH
FRQVWUDLQWV� DSSOLHG� WR�� DQG� WKH� GHVLJQ� GHFLVLRQV� PDGH� DW�� WKH
SDUHQW� OHYHO�� � 7KXV�� DV� WKH� GHVLJQHUV� HYROYH� WKH� GHFRPSRVLWLRQ
LQWR� LQFUHDVLQJ� OHYHOV� RI � GHWDLO�� WKH� FRUUHVSRQGLQJ� FRQVWUDLQWV
EHFRPH�PRUH� UHILQHG� DQG� VROXWLRQ�VSHFLILF�� � 7KH� DGYDQWDJH� RI
WKLV�WHFKQLTXH�LV�WKDW�FRQVWUDLQWV�DUH�H[SOLFLWO\�SDVVHG�GRZQ�IURP
OHYHO� WR� OHYHO� LQ� WKH� V\VWHP� DUFKLWHFWXUH�� � +HQFH�� GHVLJQHUV
ZRUNLQJ� RQ� D� SDUWLFXODU� VXEV\VWHP�KDYH� D� FOHDUO\� DUWLFXODWHG� VHW
RI � FRQVWUDLQWV�ZKLFK� WKH\�PXVW� IROORZ�� �7KLV�PLQLPL]HV� WKH� ULVN
WKDW� LPSRUWDQW�� WKRXJK� QRW� QHFHVVDULO\� REYLRXV�� FRQVWUDLQWV� ZLOO
EH�RYHUORRNHG�GXULQJ�WKH�GHVLJQ�SURFHVV�

&RQVWUDLQWV� DUH� JHQHUDOO\� FODVVLILHG� LQWR� RQH� RI � WKUHH
FDWHJRULHV�� ���� FULWLFDO� SHUIRUPDQFH� VSHFLILFDWLRQV� �&3��� ZKLFK
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LQFRUSRUDWH� WKH� VSHFLILF� YDOXHV� RU� WKUHVKROGV� RQ� SHUIRUPDQFH
ZKLFK�PXVW� EH�PHW� RU� H[FHHGHG� IRU� WKH� V\VWHP� WR� EH� MXGJHG� D
VXFFHVV�� ���� LQWHUIDFH� FRQVWUDLQWV� �&,��� ZKLFK� GHILQH� WKH� LQWHUIDFHV
EHWZHHQ� WKH� V\VWHP� DQG� LWV� HQYLURQPHQW�� DV� ZHOO� DV� VSHFLI\LQJ
RSHUDQGV�� XVHU� LQWHUIDFHV� DQG� DFFHVVLELOLW\�� VDIHW\� LVVXHV�� DQG� VR
IRUWK��DQG�����SURMHFW�FRQVWUDLQWV��&35���ZKLFK� VSHFLI\� WKH� UHVRXUFHV
DYDLODEOH� WR� WKH� SURMHFW�� DV� ZHOO� DV� LVVXHV� UHODWHG� WR� EDFNZDUGV
FRPSDWLELOLW\�� LPSRVHG� WUDGHRIIV�� DQG� VR� IRUWK�� � >)ULHGPDQ� HW� DO��
����@

3 AD CAPABILITY MATURITY MODEL (AD CMM)

´7KH�QHHG�WR�FUHDWH�VRXQG�V\QWKHVHV�DQG�V\VWHPL]DWLRQV�RI �NQRZOHGJH«�ZLOO
FDOO�RXW�D�NLQG�RI �VFLHQWLILF�JHQLXV�ZKLFK�KLWKHUWR�KDV�H[LVWHG�RQO\�DV�DQ

DEHUUDWLRQ���7KH�JHQLXV�IRU�LQWHJUDWLRQ���2I �QHFHVVLW\��WKLV�PHDQV
VSHFLDOL]DWLRQ��DV�DOO�FUHDWLYH�HIIRUW�GRHV��EXW�WKLV�WLPH«�VSHFLDOL]LQJ�LQ�WKH

FRQVWUXFWLRQ�RI �WKH�ZKROH�µ
���-RVH�2UWHJD�\�*DVVHW�������

,Q� WKH� SUHYLRXV� VHFWLRQ�� DQ� RYHUYLHZ� ZDV� SURYLGHG� RI � WKH
WRROV� DYDLODEOH� IRU� UHSUHVHQWLQJ� ODUJH�VFDOH� FRPSOH[� V\VWHPV� LQ
WKH� $[LRPDWLF� 'HVLJQ� IUDPHZRUN�� � %\� LWVHOI�� KRZHYHU�� WKLV
WHFKQLFDO� LQIUDVWUXFWXUH� LV� LQVXIILFLHQW� IRU� LPSOHPHQWLQJ
$[LRPDWLF� 'HVLJQ� ZLWKLQ� DQ� HQJLQHHULQJ� RUJDQL]DWLRQ�� � )RU
VXFFHVV�� DQ� RUJDQL]DWLRQDO� LQIUDVWUXFWXUH� LV� DOVR� UHTXLUHG�� � 7KH
NH\� WR� WKLV� RUJDQL]DWLRQDO� LQIUDVWUXFWXUH� LV� D� URDGPDS� IRU
XQGHUVWDQGLQJ� WKH� RUJDQL]DWLRQ·V� FXUUHQW� OHYHO� RI � FDSDELOLW\� LQ
$[LRPDWLF� 'HVLJQ�� DV� ZHOO� DV� WKH� GLUHFWLRQ� LQ� ZKLFK� WKH
RUJDQL]DWLRQ�VKRXOG�EH�PRYLQJ���2QO\�ZLWK�WKLV�W\SH�RI �URDGPDS
LQ�SODFH�FDQ�DQ\�FRKHUHQW�LPSOHPHQWDWLRQ�SODQ�EH�GHYHORSHG�

5HVHDUFKHUV�DW�&08�GHYHORSHG�MXVW�VXFK�D�URDGPDS�IRU�WKH
6RIWZDUH� (QJLQHHULQJ� DQG� 6\VWHPV� (QJLQHHULQJ� SURIHVVLRQV�
ZKLFK� WKH\� KDYH� GXEEHG� WKH� LPSURYHPHQW� SDWK� IRU� SURFHVV� FDSDELOLW\�
7KLV�LV�VKRZQ�LQ�)LJXUH�����7KLV�URDGPDS�FRQVLVWV�RI �VL[�OHYHOV�RI
RUJDQL]DWLRQDO�SURFHVV�FDSDELOLW\��UDQJLQJ�IURP�QRW�SHUIRUPHG�DW
DOO� RQ� DQ� RUJDQL]DWLRQDO� OHYHO� WR� D� IXOO\�GHYHORSHG� VWDQGDUGL]HG
SURFHVV� WKDW� KDV� TXDQWLWDWLYH� PHWULFV� IRU� SHUIRUPDQFH� DQG� LV
FRQWLQXRXVO\�PRGLILHG�DQG�LPSURYHG��>%DWH�HW�DO�������@

Figure 2:  The improvement path for process capability.

7KLV�JHQHUDOLW\�RI � WKLV�PRGHO�PDNHV� LW� UHDGLO\� DSSOLFDEOH� WR
WKH�LPSOHPHQWDWLRQ�RI �$[LRPDWLF�'HVLJQ�LQ�WKH�RUJDQL]DWLRQ���,Q
WKLV� FDVH�� WKH� IXQGDPHQWDOV� RI � $[LRPDWLF� 'HVLJQ� WKHRU\�� WKH
V\VWHP� DUFKLWHFWXUH� WHPSODWH�� DQG� DQ\� H[WHQVLRQV� WR� $[LRPDWLF
'HVLJQ�WKHRU\�GHYHORSHG� LQWHUQDOO\�E\�WKH�RUJDQL]DWLRQ�PDNH�XS
WKH� ´EDVH� SUDFWLFHVµ� WR� EH� SHUIRUPHG�� � 7KH� IROORZLQJ� OLVW

SURYLGHV� D� GHWDLOHG� H[SODQDWLRQ� RI � HDFK� PDWXULW\� OHYHO� IRU
$[LRPDWLF�'HVLJQ�

Level 0: Not Performed
7KLV� GHVFULEHV� QR� SHUIRUPDQFH� DW� DQ� RUJDQL]DWLRQDO� OHYHO�

WKRXJK� LQGLYLGXDOV� ZLWKLQ� WKH� RUJDQL]DWLRQ� PD\� EH� SUDFWLFLQJ
$[LRPDWLF� 'HVLJQ� IRU� WKHLU� RZQ� QHHGV�� LQGHSHQGHQWO\� RI � WKHLU
UHTXLUHG�GHOLYHUDEOHV���7KXV��WKHUH�DUH�QR�ZRUN�SURGXFWV�WKDW�FDQ
EH� UHDGLO\� LGHQWLILHG� RU� DFFHVVHG�� � 3HUIRUPDQFH� RI � $[LRPDWLF
'HVLJQ�LV�REYLRXVO\�LQFRQVLVWHQW�DQG�EDVHG�HQWLUHO\�RQ� LQGLYLGXDO
NQRZOHGJH�DQG�HIIRUW��DQG� WKXV� LW� LV�XQOLNHO\� WKDW� D� FRKHUHQW� VHW
RI �EDVH�SUDFWLFHV�LV�EHLQJ�DSSOLHG�

Level 1: Performed Informally
7KLV� OHYHO� UHSUHVHQWV� WKH� EHJLQQLQJ� RI � RUJDQL]DWLRQDO

LQWHUHVW� LQ�$[LRPDWLF�'HVLJQ�� � 7\SLFDOO\�� RQH� RU� WZR� VPDOO�VFDOH
SURMHFWV� PD\� EH� VHOHFWHG� WR� LQFRUSRUDWH� $[LRPDWLF� 'HVLJQ�� LQ
RUGHU� WR� GHPRQVWUDWH� ZKDW� SRWHQWLDO� EHQHILWV�� LI � DQ\�� FDQ� EH
JDLQHG�� � 7KLV� KHOSV� WR� EXLOG� NQRZOHGJH� RI � $[LRPDWLF� 'HVLJQ
ZKLOH� PLQLPL]LQJ� WKH� ULVN� WR� WKH� HQJLQHHULQJ� SURJUDPV�� VKRXOG
WKH� HIIRUWV� IDLO�� � $� KLJK� UHOLDQFH� PXVW� EH� SODFHG� RQ� RXWVLGH
FRQVXOWDQWV� DQG�RU� HPSOR\HG� LQGLYLGXDOV� ZLWK� RXWVLGH� H[SRVXUH
WR� $[LRPDWLF� 'HVLJQ�� � 7KXV�� WKH� VXFFHVV� RU� IDLOXUH� RI � WKH
HQGHDYRU�UHVWV�KHDYLO\�RQ�WKH�NQRZOHGJH��H[SHULHQFH��DQG�´IRUFH
RI �SHUVRQDOLW\µ�RI �WKHVH�H[SHUWV���6RPH�RI �WKH�EDVH�SUDFWLFHV�ZLOO
EH�SHUIRUPHG�WKURXJKRXW�WKH�SURMHFW�DV� H[SHULHQFH� LV� JDLQHG�E\
WKH�WHDP��WKRXJK�PRUH�DUH�OLNHO\�WR�EH�LGHQWLILHG�DV�XVHIXO�DV�WKH
SURMHFW� SURFHHGV�� � 7KHUH� LV� OLNHO\� WR� EH� D� ODFN� RI � FRQVLVWHQW
SODQQLQJ� DQG� WUDFNLQJ�� DV� WKH� RUJDQL]DWLRQ� LV� VWLOO� OHDUQLQJ� DQG
H[SHULPHQWLQJ�� DQG� WKHUH� LV� DOVR� OLNHO\� WR� EH� JUHDW� GLIILFXOW\� LQ
WUDQVIHUULQJ� WKH� H[SHULHQFHV� IURP� RQH� LQGLYLGXDO� RU� WHDP� WR
DQRWKHU�

Level 2: Planned and Tracked
7KLV� OHYHO� LV� WKH� PRVW� VLJQLILFDQW� LQ� $[LRPDWLF� 'HVLJQ

LPSOHPHQWDWLRQ�� DV� LW� UHTXLUHV� PDQDJHPHQW� FRPPLWPHQW� WR
LQFRUSRUDWLQJ� $[LRPDWLF� 'HVLJQ� LQWR� HQJLQHHULQJ� SURFHVVHV�
5HVRXUFHV��LQ�WHUPV�RI �ERWK�GHGLFDWHG�VWDII �DQG�LQWHUQDO�IXQGLQJ�
PXVW�EH�SURYLGHG�WR�EXLOG�XS�WKH�QHFHVVDU\�LQIUDVWUXFWXUH���)URP
D� WHFKQLFDO� VWDQGSRLQW�� WKLV� PHDQV� EXLOGLQJ� EDVHOLQH� V\VWHP
DUFKLWHFWXUHV� IRU� WKH� NH\� GHVLJQV�� LQ� RUGHU� WR� SURYLGH� D� VWDUWLQJ
SRLQW� IRU� GHVLJQ� PRGLILFDWLRQV� DQG� HYDOXDWLRQV�� )URP� DQ
RUJDQL]DWLRQDO� VWDQGSRLQW�� DQ� LPSOHPHQWDWLRQ� SODQ� PXVW� EH
IRUPHG��ZKLFK�LQFOXGHV�GHWHUPLQLQJ�KRZ�WKH�V\VWHP�DUFKLWHFWXUH
LV� JRLQJ� WR� EH� XVHG� LQ� WKH� RUJDQL]DWLRQ·V� 6\VWHPV� (QJLQHHULQJ
SURFHVVHV�� GHYHORSLQJ� WKH� SURJUDPV� UHTXLUHG� WR� WUDLQ� HQJLQHHUV�
DQG�HVWDEOLVKLQJ�WKH�PHWULFV�WR�EH�XVHG�WR�GHWHUPLQH�WKH�EHQHILWV
WKDW� WKH� RUJDQL]DWLRQ� LV� JDLQLQJ� E\� LPSOHPHQWLQJ� $[LRPDWLF
'HVLJQ�

*HQHUDOO\�� WKH� EDVH� SUDFWLFHV� ZLOO� EH� SHUIRUPHG� RQ� ODUJH�
VFDOH� SURMHFWV�� ZKHUH� HDFK� SURMHFW� LV� UHVSRQVLEOH� IRU� LWV� RZQ
SODQQLQJ� DQG� WUDFNLQJ�� � 7KXV�� FRQVLVWHQF\� ZLOO� EH� DFKLHYDEOH
ZLWKLQ� D�JLYHQ�SURMHFW�� WKRXJK�QRW�QHFHVVDULO\� DFURVV� SURMHFWV� DV
WKH�QHHGV�RI �HDFK�SURMHFW�DQG�WKH�OHYHO�RI �GHWDLO� WKDW� LV�UHTXLUHG
DUH�VWLOO�EHLQJ�GHWHUPLQHG���7KH�PHWULFV�WKHPVHOYHV�ZLOO�DOVR�EH�D
PL[WXUH�RI �TXDOLWDWLYH� DQG�TXDQWLWDWLYH�PHDVXUHV��EDVHG�RQ�ZKDW
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LQIRUPDWLRQ� LV�DYDLODEOH�DV�ZHOO�DV�ZKDW� LQIRUPDWLRQ� LV�SHUFHLYHG
WR�EH�XVHIXO�

7KH� UHVXOWV� DFKLHYHG� DW� WKLV� OHYHO� ZLOO� EH� XQLTXH� IRU� HDFK
RUJDQL]DWLRQ��EDVHG�RQ�ERWK�WKH�FRUSRUDWH�FXOWXUH�DQG�WKH�QHHGV
GLFWDWHG� E\� WKH� RUJDQL]DWLRQ·V� SURGXFWV� DQG� VHUYLFHV�� � 7KH
6\VWHPV�(QJLQHHULQJ�SUDFWLFHV�DQG�PHWULFV�GLVFXVVHG�LQ�6HFWLRQ��
VKRZ�RQH� FRQFUHWH� H[DPSOH� RI � KRZ� /HYHO� �� FDQ� SRWHQWLDOO\� EH
DFKLHYHG�LQ�DQ�HQJLQHHULQJ�RUJDQL]DWLRQ�

Level 3: Well-Defined
7KLV� OHYHO� LV� DFKLHYHG� ZKHQ� WKH� ´NLQNVµ� LQ� WKH� $[LRPDWLF

'HVLJQ� LPSOHPHQWDWLRQ� KDYH� EHHQ� ZRUNHG� RXW�� DQG� WKH� EDVH
SUDFWLFHV�KDYH�EHHQ�WDLORUHG�WR�PHHW�WKH�RUJDQL]DWLRQ·V�QHHGV���$W
WKLV�SRLQW��VWDQGDUG�RSHUDWLQJ�SURFHGXUHV�DFURVV�WKH�RUJDQL]DWLRQ
FDQ�EH�HVWDEOLVKHG�EDVHG�RQ�WKH�JRRG�DQG�EDG�H[SHULHQFHV�RI �WKH
SURMHFWV�� � 7KLV� LQFOXGHV� ZHOO� GRFXPHQWHG� DQG� DSSURYHG
SURFHGXUHV� IRU� WKH� EDVH� SUDFWLFHV� WKDW� QHHG� WR� EH� DFKLHYHG� DQG
WKH�OHYHO�RI �GHWDLO�UHTXLUHG�� �$W�WKLV�SRLQW��D�FULWLFDO�PDVV�RI �WKH
HQJLQHHULQJ�RUJDQL]DWLRQ�KDV�EHHQ�WUDLQHG��DOORZLQJ�WKH�SURFHVVHV
WR� EHFRPH� VHOI�VXIILFLHQW� ZLWKRXW� GLUHFW� PDQDJHPHQW
LQWHUYHQWLRQ�� �'HGLFDWHG� VWDII � IRU� HDFK� RI � WKH� SURJUDPV� LV� VWLOO
UHTXLUHG��WKRXJK�DW�WKLV�SRLQW�LWV�UHVSRQVLELOLWLHV�VKLIW�IURP�EHLQJ
D� GULYLQJ� IRUFH� IRU� LPSOHPHQWDWLRQ� WR� DGYLVLQJ� DQG� VXSSRUWLQJ
WKH� SURJUDPV� WR� HQVXUH� WKDW� WKH� VWDQGDUG� RSHUDWLQJ� SURFHGXUHV
DUH�EHLQJ�IROORZHG�

0RVW� HQJLQHHULQJ� RUJDQL]DWLRQV� LPSOHPHQWLQJ� $[LRPDWLF
'HVLJQ� VKRXOG� EH� VDWLVILHG� RQFH� /HYHO� �� PDWXULW\� LV� DFKLHYHG�
5HDFKLQJ�/HYHO���RU�/HYHO���PDWXULW\�ZLOO�HYROYH�QDWXUDOO\� LQ�WKH
RUJDQL]DWLRQ�� RQFH� WKH� VWDQGDUGV� DQG� SURFHGXUHV� KDYH� EHHQ� LQ
SODFH�DQG�XVHG�FRQVLVWHQWO\�RYHU�D�ORQJ�SHULRG�RI �WLPH�

Level 4: Quantitatively Controlled
2QFH� VXIILFLHQW� GDWD� DQG� NQRZOHGJH� H[LVWV�� WKH� TXDOLWDWLYH

PHWULFV� RI � WKH� $[LRPDWLF� 'HVLJQ� LPSOHPHQWDWLRQ� ZLOO� EHFRPH
TXDQWLILDEOH�� �7KXV�� D� GHWDLOHG�� TXDQWLWDWLYH� XQGHUVWDQGLQJ� RI � WKH
$[LRPDWLF�'HVLJQ�LPSOHPHQWDWLRQ�SURFHVV�LV�DFKLHYDEOH��LQ�WHUPV
RI �GHWDLOHG�SHUIRUPDQFH�PHDVXUHPHQWV���)XUWKHUPRUH��WKH�DFWXDO
EHQHILWV� DFKLHYHG� IURP� XVLQJ� $[LRPDWLF� 'HVLJQ�� EDVHG� RQ
ZKDWHYHU� PHWULFV� WKH� RUJDQL]DWLRQ� KDV� GHHPHG� UHOHYDQW�� DUH
FRPSDUDEOH� WR� D� SUHGLFWDEOH� SHUIRUPDQFH� EDVHG� RQ� SDVW
HQJLQHHULQJ�SURJUDPV�

Level 5: Continuously Improving
$W� WKH� ILQDO� OHYHO�� WKH� TXDQWLWDWLYH� HIIHFWLYHQHVV�PHWULFV� DUH

ZHOO� HVWDEOLVKHG� DQG� SURYHQ�� DQG� $[LRPDWLF� 'HVLJQ� LV� IXOO\
LQWHJUDWHG� LQWR� HQJLQHHULQJ� SUDFWLFHV�� � $W� WKLV� OHYHO�� GHGLFDWHG
$[LRPDWLF�'HVLJQ�VWDII �DQG�UHVRXUFHV� DUH�QR� ORQJHU�QHHGHG��� DV
$[LRPDWLF�'HVLJQ� LV�QRZ�SHUIRUPHG� UHOLDEO\�E\� HYHU\RQH� LQ� WKH
HQJLQHHULQJ�RUJDQL]DWLRQ��DQG�WKH�EHQHILWV�IURP�XVLQJ�$[LRPDWLF
'HVLJQ�DUH�ZLGHO\�DFNQRZOHGJHG���$V�WKH�FRPSDQ\�LWVHOI �HYROYHV
GXH�WR�FKDQJLQJ�SURGXFWV�DQG�PDUNHW�FRQGLWLRQV��PLQRU�FKDQJHV
DQG� LPSURYHPHQWV� WR� WKH� $[LRPDWLF� 'HVLJQ� VWDQGDUGV� DQG
SURFHGXUHV�PD\�EH�QHFHVVDU\�

�������������������������������������������������������
��$�SRVVLEOH�H[FHSWLRQ�WR�WKLV�ZRXOG�EH�DQ\�VWDII �DQG�UHVRXUFHV�QHFHVVDU\�WR

WUDLQ�QHZ�HPSOR\HHV�LQ�$[LRPDWLF�'HVLJQ���&RQFHLYDEO\��KRZHYHU��WKLV� WDVN�FRXOG
EH� KDQGOHG� ZLWKLQ� WKH� VFRSH� RI � RWKHU� WUDLQLQJ� SURJUDPV�� LQWHUQDO� SXEOLFDWLRQV�
DQG�RU�SHHU�PHQWRULQJ�
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´,W�PXVW�EH�UHPHPEHUHG�WKDW�WKHUH�LV�QRWKLQJ�PRUH�GLIILFXOW�WR�SODQ��PRUH
GRXEWIXO�RI �VXFFHVV��QRU�PRUH�GDQJHURXV�WR�PDQDJH�²�WKDQ�WKH�FUHDWLRQ�RI �D

QHZ�V\VWHP�µ
�²�0DFKLDYHOOL�������

$V� LGHQWLILHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� DFKLHYLQJ� /HYHO� �
PDWXULW\� LV� WKH� PRVW� LPSRUWDQW� VWHS� LQ� $[LRPDWLF� 'HVLJQ
LPSOHPHQWDWLRQ�� � 2QFH� WKLV� OHYHO� RI � PDWXULW\� LV� DWWDLQHG�� WKH
LQIUDVWUXFWXUH� DQG� RUJDQL]DWLRQDO� PRPHQWXP� QHFHVVDU\� WR
DFKLHYH�/HYHO���DQG�KLJKHU�DUH� LQ�SODFH��DQG�WKH�ZRUN�QHHGHG�WR
JHQHUDWH� WKH� VWDQGDUGV� DQG� TXDQWLWDWLYH� PHWULFV� EHFRPHV
UHODWLYHO\�VWUDLJKWIRUZDUG�

$FKLHYLQJ� /HYHO� ��PDWXULW\�� KRZHYHU�� LV� D� YHU\� FKDOOHQJLQJ
HQGHDYRU��UHTXLULQJ�ERWK�WRS�GRZQ�VXSSRUW�IURP�PDQDJHPHQW�DV
ZHOO� DV� ERWWRP�XS� VXSSRUW� IURP� HQJLQHHULQJ�� )RU� PDQDJHPHQW
VXSSRUW�� ZHOO�GHILQHG� PHWULFV� PXVW� EH� HVWDEOLVKHG� WR� VKRZ� WKH
EHQHILWV�RI �XVLQJ� WKLV� DSSURDFK� WR� WKH� ERWWRP� OLQH�� LQ� WHUPV� RI
FRVW� VDYLQJV� DQG� LPSURYHG� SURGXFW� TXDOLW\� DQG� FXVWRPHU
VDWLVIDFWLRQ�� � )RU� HQJLQHHULQJ� VXSSRUW�� D� SUDFWLFDO� SODQ� PXVW� EH
IRUPHG�WR�GHILQH�WKH�ZD\V�$[LRPDWLF�'HVLJQ�LV�JRLQJ�WR�EH�XVHG
DQG�FRQWUROOHG��DV�ZHOO�DV�KRZ�HQJLQHHUV�DUH�JRLQJ� WR�EH� WUDLQHG
DQG�UDWHG�RQ�WKHLU�$[LRPDWLF�'HVLJQ�SHUIRUPDQFH�

7KLV�VHFWLRQ�RXWOLQHV�RQH�SRWHQWLDO�SODQ�WKDW�FDQ�EH�XVHG��WR
DFKLHYH� /HYHO� ��PDWXULW\�� DQG� LV� SURYLGHG� DV� D� FRQFUHWH� WKRXJK
JHQHUDOL]HG� H[DPSOH�� � 7KLV� SODQ� LV� LQFOXGHG� WR� VHUYH� DV� JXLGLQJ
SULQFLSOHV�IRU�DQ�HQJLQHHULQJ�RUJDQL]DWLRQ�WKDW�KDV�H[SHULPHQWHG
ZLWK� $[LRPDWLF� 'HVLJQ�� DFKLHYHG� /HYHO� �� PDWXULW\�� DQG� KDV
XQGHUWDNHQ� WKH� FRPPLWPHQW� WR� LPSOHPHQW� $[LRPDWLF� 'HVLJQ
WKURXJKRXW� LWV� HQJLQHHULQJ� RUJDQL]DWLRQ�� � 2I � FRXUVH�� WKH
LPSOHPHQWDWLRQ�SODQ� IRU� HDFK� FRPSDQ\� LV� XQLTXH�� DV� LW�PXVW� EH
EDVHG� RQ� VHYHUDO� IDFWRUV�� LQFOXGLQJ� WKH� EXVLQHVV� QHHGV� RI � WKH
FRPSDQ\�� WKH�W\SHV�RI �SURGXFWV�WKDW�DUH�GHVLJQHG�� WKH� UHVRXUFHV
DQG� H[SHUWLVH� DYDLODEOH�� DQG� WKH� JRRG� DQG� EDG� H[SHULHQFHV� WKDW
WKH�FRPSDQ\�KDG�ZKLOH�DW�/HYHO���

7KH�SODQ�FRQVLVWV�RI � WKUHH� HOHPHQWV�� � 6HFWLRQ� ���� GLVFXVVHV
WKH� $'� 6\VWHPV� (QJLQHHULQJ� SUDFWLFHV� WKDW� LQFRUSRUDWHV
$[LRPDWLF�'HVLJQ�LQWR�6\VWHPV�(QJLQHHULQJ��6HFWLRQ�����SURYLGHV
DQ� RYHUYLHZ� RI � WKH� LPSRUWDQFH� RI � D� JRRG� WUDLQLQJ� DQG
FHUWLILFDWLRQ� SURJUDP�� � 6HFWLRQ� ���� RXWOLQHV� VRPH� SRWHQWLDO
PHWULFV� WKDW� FDQ� EH� XVHG� WR� UDWH� WKH� FRPSDQ\·V� WHFKQLFDO
FDSDELOLW\�DQG�EXVLQHVV� HIIHFWLYHQHVV� LQ� LPSOHPHQWLQJ�$[LRPDWLF
'HVLJQ�

4.1 AD SYSTEMS ENGINEERING PRACTICES

,Q�RUGHU�WR�XQGHUVWDQG�KRZ�$[LRPDWLF�'HVLJQ�FDQ�EH�XVHIXO
WR� 6\VWHPV� (QJLQHHULQJ�� LW� LV� QHFHVVDU\� WR� XQGHUVWDQG� ZKDW� WKH
JRDOV� RI � 6\VWHPV� (QJLQHHULQJ� DUH�� � $FFRUGLQJ� WR� WKH
,QWHUQDWLRQDO� &RXQFLO� RQ� 6\VWHPV� (QJLQHHULQJ� �,1&26(��� WKH
PLVVLRQ�RI �6\VWHPV�(QJLQHHULQJ�LV�WR�´DVVXUH�WKH�IXOO\�LQWHJUDWHG
GHYHORSPHQW� DQG� UHDOL]DWLRQ� RI � SURGXFWV� ZKLFK� PHHW
VWDNHKROGHUV·� H[SHFWDWLRQV� ZLWKLQ� FRVW�� VFKHGXOH�� DQG� ULVN
FRQVWUDLQWV�µ� >,1&26(� 	� $,$$�� ����@� � 7KXV�� 6\VWHPV
(QJLQHHULQJ�PXVW�WDNH�D�´FUDGOH�WR�JUDYHµ�DSSURDFK��IRFXVLQJ�RQ
GHILQLQJ� DQG� GRFXPHQWLQJ� FXVWRPHU� QHHGV� DQG� UHTXLUHG
IXQFWLRQDOLW\�� WKHQ� SURFHHGLQJ�ZLWK� GHVLJQ� V\QWKHVLV� DQG� V\VWHP
YDOLGDWLRQ�� � &RQVLGHUDWLRQ� PXVW� EH� PDGH� WR� RSHUDWLRQV�
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SHUIRUPDQFH�� WHVWLQJ�� PDQXIDFWXULQJ�� FRVW�� VFKHGXOH�� WUDLQLQJ�
VXSSRUW��DQG�GLVSRVDO�

)URP� WKH� GHVLJQ� SHUVSHFWLYH�� WKHUHIRUH�� WKH� REMHFWLYH� RI
6\VWHPV� (QJLQHHULQJ� LV� WR� FRQWURO� WKH� GHVLJQ� SURFHVV� IURP� FRQFHSW
JHQHUDWLRQ� WKURXJK� SURGXFW� GHOLYHU\�� LQ� RUGHU� WR� SURGXFH� WKH
RSWLPXP�GHVLJQ�VROXWLRQV�WKDW�ZLOO�VDWLVI\�FXVWRPHU�QHHGV�� �7KLV
LV�VKRZQ�JUDSKLFDOO\�LQ�)LJXUH���
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Figure 3:  Overview of the Systems Engineering process
flow.

7KXV�� WR� LQWHJUDWH� $[LRPDWLF� 'HVLJQ� LQWR� WKH� 6\VWHPV
(QJLQHHULQJ� SURFHVV�� VHYHUDO� NH\� HOHPHQWV� PXVW� EH� GHYHORSHG�
)LUVW�DQG�IRUHPRVW�LV�WKH�V\VWHP�DUFKLWHFWXUH�LWVHOI��ZKLFK�ZLOO�EH
XVHG� WR� FRQWURO� WKH� GHVLJQ� DQG� YHULILFDWLRQ� SURFHVV�� � )RU� HDFK
SURMHFW�� WKH� V\VWHP� DUFKLWHFWXUH� FDQ� EH� GHFRPSRVHG� WR� WKH
PRGXOH���VXEV\VWHP�OHYHO�EDVHG�RQ�)5V��&V��'3V��DQG�WKH�GHVLJQ
PDWULFHV�� � 8OWLPDWHO\�� WKLV� PXVW� EH� LQWHJUDWHG� ZLWK� YHULILFDWLRQ
SODQV�WKDW�GHILQH�WKH�WHVWLQJ�DQG�YHULILFDWLRQ�GHWDLOV� IRU� HDFK�)5
DQG�&��HUURU�EXGJHWV�WKDW�DOORFDWH�)5V�DQG�&V�IURP�WKH�WRS�OHYHO
WR�WKH� OHYHO�RI �UHOHYDQW�GHVLJQ�DFWLYLW\�� DQG�H[WHUQDO�PRGHOV� �H�J�
&$'�� )(0�� VLPXODWLRQV�� HWF��� WKDW� FKDUDFWHUL]H� WKH� GHVLJQ
SHUIRUPDQFH� DQG� SURYLGH� WKH� EDVLV� IRU� DFFHSWDQFH� RI � RU
UHVLVWDQFH� WR�QHZ�)5V�DQG�&V�� �)XUWKHUPRUH��$[LRPDWLF�'HVLJQ
PXVW� DOVR� SOD\� D� NH\� UROH� LQ� IRUPDO� GHVLJQ� UHYLHZV�� LQ� RUGHU� WR
GHPRQVWUDWH� WKDW� DQ� DSSURSULDWH� OHYHO� RI � GHVLJQ� PDWXULW\� KDV
EHHQ�UHDFKHG�DW�NH\�SRLQWV�LQ�WKH�SURJUDP�

6XFFHVVIXO� LQWHJUDWLRQ� UHTXLUHV� DSSURSULDWH� PDQDJHPHQW
VXSSRUW�DV�ZHOO�DV�GHGLFDWHG�VWDII �DQG�UHVRXUFHV���,W�FDQQRW�EH�WKH
MRE� RI � D� FRUH� JURXS� RI � HQJLQHHUV� WR� HVWDEOLVK� WKH� V\VWHP
DUFKLWHFWXUH� IRU� DQ� HQWLUH� SURJUDP�� � 6XFK� D� FRUH� JURXS� LV� QRW
FDSDEOH�RI �NHHSLQJ�XS�ZLWK�WKH�GDLO\�FKDQJHV� WR� WKH�GHVLJQ��QRU
DUH� WKH\� FDSDEOH� RI � FRQYLQFLQJ� WKH� HQJLQHHUV� WKDW� $[LRPDWLF
'HVLJQ�DGGV�YDOXH�WR�WKH�GHVLJQ�SURFHVV�

,QVWHDG�� D� GLVWULEXWHG� RUJDQL]DWLRQ� LV� UHTXLUHG� ZKHUH� WKH
HQJLQHHUV� PXVW� KDYH� RZQHUVKLS� DQG� UHVSRQVLELOLW\� RI � WKHLU
SRUWLRQ�RI �WKH�V\VWHP�DUFKLWHFWXUH���7R�DFFRPSOLVK�WKLV��HQJLQHHUV
PXVW� EH� WUDLQHG� DQG� FHUWLILHG� QRW� RQO\� LQ� WKH� IXQGDPHQWDOV� RI
$[LRPDWLF� 'HVLJQ� WKHRU\�� EXW� EH� JLYHQ� SUDFWLFDO� H[SHULHQFH� LQ
KRZ�WKH�RUJDQL]DWLRQ�XVHV�DQG�LPSOHPHQWV�$[LRPDWLF�'HVLJQ���,Q
DGGLWLRQ�� WKH� KLJK�OHYHO� V\VWHP� DUFKLWHFWXUH� PXVW� EH� JHQHUDWHG
HDUO\�RQ� LQ� D�SURMHFW� WR� WKH�SRLQW�ZKHUH� WKH� ORZHU� OHYHOV� FDQ� EH
GLUHFWO\� KDQGHG� RII � WR� WKH� UHVSRQVLEOH� HQJLQHHUV�� � 6\VWHPV
(QJLQHHULQJ� PXVW� KDYH� WKLV� UHVSRQVLELOLW\�� DQG� DV� WKH� SURMHFW
SURFHHGV�� WKH\� PXVW� DOVR� DVVLVW� WKH� GHVLJQ� HQJLQHHUV� WR� HQVXUH
WKDW� WKH� GHWDLOHG� OHYHOV� RI � WKH� V\VWHP� DUFKLWHFWXUH� UHPDLQ
FRQVLVWHQW� ZLWK� WKH� GHVLJQ� DVVXPSWLRQV� PDGH� DW� KLJKHU� OHYHOV�
)XUWKHUPRUH�� 6\VWHPV� (QJLQHHULQJ� PXVW� ZRUN� GLUHFWO\� ZLWK
SURMHFW� PDQDJHUV� WR� UHFRQFLOH� WKH� UDPLILFDWLRQV� RI � ORZHU�OHYHO
GHVLJQ� GHFLVLRQV� RQ� FRXSOLQJ� LVVXHV� DQG� RWKHU� GHVLJQ
LQFRQVLVWHQFLHV�� � $Q� H[DPSOH� RI � WKLV� GLVWULEXWHG� RUJDQL]DWLRQDO
FRQFHSW� LV� VKRZQ� JUDSKLFDOO\� LQ� )LJXUH� ��� � ,Q� WKLV� H[DPSOH�� WKH
RUJDQL]DWLRQDO� VWUXFWXUH� LV� E\� PDMRU� SURMHFW�� DQG� KLJK�OHYHO
RYHUVLJKW� RI � WKH� $[LRPDWLF� 'HVLJQ� HIIRUWV� RQ� HDFK� SURJUDP� LV
LQFOXGHG�WR�HQVXUH�FURVV�SURJUDP�FRQVLVWHQF\�
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Figure 4: Organization required for effective
implementation of Axiomatic Design.

$FFRUGLQJO\�� WKH� V\VWHP� DUFKLWHFWXUH� FRQVWUXFWLRQ� LWVHOI � LV
GLVWULEXWHG�DPRQJVW� VHYHUDO� LQGLYLGXDOV�� DV� LV� VKRZQ� LQ�)LJXUH���
7R�NHHS� WKLV�XS�WR�GDWH�� DQ� HOHFWURQLF� SODWIRUP� WR�PDLQWDLQ� DQG
GLVWULEXWH� WKH� V\VWHP� DUFKLWHFWXUH� LV� H[WUHPHO\� XVHIXO�� � 6HYHUDO
SRWHQWLDO� WRROV�DUH�DYDLODEOH�� LQFOXGLQJ�FRPPHUFLDO�GDWDEDVHV� DQG
VSUHDGVKHHWV�� $FFODUR70�� GHYHORSHG� E\� $[LRPDWLF� 'HVLJQ
6RIWZDUH��,QF���DOVR�VKRZV�JUHDW�SRWHQWLDO�IRU�XVH�DV�D�GLVWULEXWLRQ
DQG�VWRUDJH�V\VWHP�IRU�WKH�V\VWHP�DUFKLWHFWXUH�
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Figure 5:  Distributed organization of the Axiomatic
Design system architecture.

7KH� GHWDLOHG� 6\VWHPV� (QJLQHHULQJ� SURFHVV� IORZ� IRU� GHVLJQ
GHILQLWLRQ�� LQFRUSRUDWLQJ� WKH� GLVWULEXWHG� V\VWHP� DUFKLWHFWXUH�� LV
VKRZQ�LQ�)LJXUH�����)RU�DQ�HYROXWLRQDU\�GHVLJQ��WKH�SURFHVV�VWDUWV
ZLWK�WKH�V\VWHP�DUFKLWHFWXUH�IURP�WKH�SUHYLRXV�JHQHUDWLRQ��ZKHUH
WKH�QHZ�FKDQJHV�DQG�DGGLWLRQV�WR�WKH�)5V�DQG�&V�DW�WKH�WRS�OHYHO
DUH�LQFRUSRUDWHG���7KHVH�FKDQJHV�DQG�DGGLWLRQV�DUH�WKHQ�PDSSHG
LQWR�WKH�HUURU�EXGJHWV��PRGHOV��DQG�V\VWHP�GHVLJQ�VSHFLILFDWLRQV�
VR� DV� WR� EH� WULFNOHG� GRZQ� WR� ORZHU� OHYHOV� RI � WKH� V\VWHP
DUFKLWHFWXUH�� � 7KLV� SURFHVV� OHDGV� WR� VKRUWHU� GHVLJQ� WLPHV�� DQG
XOWLPDWHO\�D�VKRUWHU�WLPH�WR�PDUNHW�

,W� LV� LPSRUWDQW� IRU� D� FRPSDQ\� WKDW� LV� VHULRXV� DERXW
LPSOHPHQWLQJ� $[LRPDWLF� 'HVLJQ� LQ� LWV� 6\VWHPV� (QJLQHHULQJ
SUDFWLFHV� WR� EH� LQYROYHG� LQ� WKH� $[LRPDWLF� 'HVLJQ� FRPPXQLW\�
7KLV� LQFOXGHV� SXEOLFDWLRQ� LQ� MRXUQDOV� DQG� FRQIHUHQFHV� DV� ZHOO
GHYHORSLQJ� H[FKDQJHV� ZLWK� RWKHU� FRPSDQLHV� DQG� DFDGHPLF
LQVWLWXWLRQV�
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Figure 6:  Detailed systems engineering process flow
incorporating the Axiomatic Design system architecture.

4.2 TRAINING AND CERTIFICATION PROGRAM

:KHQ� D� FRPSDQ\� LV� DW� /HYHO� ��� RXWVLGH� FRQVXOWDQWV� DUH
XVXDOO\� HPSOR\HG� WR� WHDFK� WKH� IXQGDPHQWDO� FRQFHSWV� RI
$[LRPDWLF�'HVLJQ� WR� HQJLQHHUV� DQG� WR� ZRUN� ZLWK� HQJLQHHUV� RQ
VSHFLILF� VPDOO�VFDOH� SURMHFWV�� � 7KLV� DSSURDFK�� KRZHYHU�� LV� QRW
VXIILFLHQW� IRU� WHDFKLQJ� ODUJH� QXPEHUV� RI � HQJLQHHUV� WR� SHUIRUP
$[LRPDWLF� 'HVLJQ� ZLWK� VXIILFLHQW� FRQVLVWHQF\� WR� HQDEOH� WKHP� WR
ZRUN� ZLWKLQ� WKH� $'� 6\VWHPV� (QJLQHHULQJ� SUDFWLFHV�� � $V
GLVFXVVHG�DERYH��WKH�GHVLJQ�HQJLQHHUV�WKHPVHOYHV�DUH�UHVSRQVLEOH
IRU�SURYLGLQJ�WKHLU�SRUWLRQV�RI �WKH�V\VWHP�DUFKLWHFWXUH�� �7KXV�� D
IXOO�V\VWHP�DUFKLWHFWXUH�KDV�PXOWLSOH�DXWKRUV��WKRXJK�WR�EH�XVHIXO
LW� PXVW� PDLQWDLQ� FRQVLVWHQF\� DW� DOO� OHYHOV� RI � WKH� KLHUDUFK\�
)XUWKHUPRUH�� WKH� GHFLVLRQ� WR� PDLQWDLQ� WKH� V\VWHP� DUFKLWHFWXUH
HOHFWURQLFDOO\�UHTXLUHV�HQJLQHHUV�WR� OHDUQ�ERWK�WKH�VRIWZDUH�WRROV
DV� ZHOO� DV� $[LRPDWLF� 'HVLJQ� PHWKRGRORJ\�� � $FFRUGLQJO\�
HQJLQHHUV� PXVW� EH� WUDLQHG� DQG� GHPRQVWUDWH� PDVWHU\� LQ� WKH
IROORZLQJ�VNLOOV�

x (WPFCOGPVCN� #&� VJGQT[� ²� LQFOXGHV� XQGHUVWDQGLQJ� )5V�
'3V�� 39V�� FRQVWUDLQWV�� GHVLJQ� PDWULFHV�� GHVLJQ� D[LRPV�
GHFRPSRVLWLRQ��DQG�FRQVWUDLQW�UHILQHPHQW

x +UUWGU� KP� %QWRNKPI� ²� LQFOXGHV� GLVWLQJXLVKLQJ� EHWZHHQ
IXQFWLRQDO� DQG� SK\VLFDO� FRXSOLQJ�� TXDOLWDWLYH� LVVXHV� LQ� WKH
WUDFHDELOLW\� RI � UHTXLUHPHQWV�� DQG� TXDQWLWDWLYH� LVVXHV� LQ
VHQVLWLYLW\�DQDO\VHV

x 5[UVGO� #TEJKVGEVWTG� 6GORNCVG� ²� LQFOXGHV� UHSUHVHQWLQJ
V\VWHPV�� XQGHUVWDQGLQJ� WKH� GLVWLQFWLRQV� EHWZHHQ� SURFHVV�
WUDQVSRUW�LQWHUIDFH�� FRQWURO�� DQG� VXSSRUW�LQWHJUDWLRQ
IXQFWLRQDOLW\�� DQG� XQGHUVWDQGLQJ� KRZ� WKH� EDVHOLQH� V\VWHP

DUFKLWHFWXUHV� IRU� WKH� PDMRU� SURGXFWV� DUH� RUJDQL]HG� DQG
PDQDJHG

x 5QHVYCTG�6QQNU�²�LQFOXGHV�HQWHULQJ�LQIRUPDWLRQ��DSSO\LQJ�WR
GHVLJQ�DQDO\VHV��DQG�LQWHJUDWLQJ�LQWR�ODUJH�VFDOH�SURMHFWV

)XUWKHUPRUH�� FODVVURRP� LQVWUXFWLRQ� LV� QRW� VXIILFLHQW� IRU
OHDUQLQJ� DQG� PDVWHULQJ� WKLV� PDWHULDO� ²� SUDFWLFDO� DSSOLFDWLRQ� RI
WKHVH�WHFKQLTXHV�DUH�UHTXLUHG���$FFRUGLQJO\��HDFK�HQJLQHHU�VKRXOG
EH� UHTXLUHG� WR� DSSO\�ZKDW� WKH\� KDYH� OHDUQHG� WR� WKHLU�ZRUN�� DQG
WKHQ�SUHVHQW�WKDW�DSSOLFDWLRQ�WR�WKHLU�SHHUV� LQ�D�GHVLJQ�UHYLHZ�RU
FRPSDQ\�ZLGH� $[LRPDWLF� 'HVLJQ� IRUXP�� � (QJLQHHUV� ZKR
GHPRQVWUDWH� VXLWDEOH� SURILFLHQF\� ZLWK� WKH� PDWHULDO� VKRXOG� EH
FHUWLILHG�� � 7KH� FHUWLILFDWLRQ� JXLGHOLQHV� VKRXOG� EH� EDVHG� RQ� WKH
FRPSDQ\·V� LQWHUQDO� QHHGV� DV� ZHOO� DV� WKH� NQRZOHGJH� VWDQGDUGV
UHFRJQL]HG�E\�WKH�$[LRPDWLF�'HVLJQ�FRPPXQLW\�

4.3 AD IMPLEMENTATION METRICS

8OWLPDWHO\��RUJDQL]DWLRQV�DUH�QRW�RQO\�LQWHUHVWHG�LQ�KRZ�WKH\
DUH� LPSOHPHQWLQJ� $[LRPDWLF� 'HVLJQ�� EXW� LQ� KRZ� ZHOO� WKH\� DUH
LPSOHPHQWLQJ� LW� DQG� ZKDW�EHQHILWV� WKH\� DUH� UHFHLYLQJ� IURP� WKLV
XQGHUWDNLQJ�� �2I � FRXUVH�� WKH� ROG� DGDJH� DSSOLHV� ²� \RX� DUH� ZKDW
\RX�PHDVXUH�� �7KH�SHUFHLYHG�TXDOLW\�RI � WKH� LPSOHPHQWDWLRQ�DQG
WKH�LPSURYHPHQWV�PDGH�WR�LW�RYHU�WLPH�DUH�D�GLUHFW�UHVXOW�RI �ZKDW
PHWULFV� DUH� DSSOLHG� DQG� ZKDW� DFWLYLWLHV� DUH� UHZDUGHG� DQG
HQFRXUDJHG���$FFRUGLQJO\��WKH�PHWULFV�XVHG�PXVW�EH�FKRVHQ�YHU\
FDUHIXOO\�� WR� SURYLGH� GDWD� WKDW� �D�� LV� UHODWLYHO\� HDV\� WR� GLUHFWO\
FROOHFW�RU�LQGLUHFWO\�DVFHUWDLQ��DQG��E��UHIOHFWV�XVHIXO� LQIRUPDWLRQ
WKDW� FDQ� EH� XVHG� IRU� IXWXUH� LPSURYHPHQW�� � 7KLV� LV� QRW� D� VWDWLF
SURFHVV� ²� DV� WKH� RUJDQL]DWLRQ·V� PDWXULW\� ZLWK� $[LRPDWLF�'HVLJQ
JURZV� DQG� WKH� QHFHVVDU\� NQRZOHGJH� DQG� GDWD� LV� GHYHORSHG�
PHWULFV�PD\�EH�FKDQJHG�RU�DGGHG���7ZR�H[DPSOH�VHWV�RI �PHWULFV
WKDW� FDQ� EH� DSSOLHG� DUH� DV� IROORZV�� � 7KLV� LV� QRW� QHFHVVDULO\� D
FRPSOHWH� OLVW�� DV� RUJDQL]DWLRQV� PD\� GHFLGH� WKH\� ZLVK� WR� WUDFN
GLIIHUHQW�IDFWRUV�EDVHG�RQ�WKHLU�SDUWLFXODU�QHHGV�

x &DSDELOLW\� PHWULFV� SURYLGH� D� PHDVXUH� RI � WKH� RUJDQL]DWLRQ·V
WHFKQLFDO� SHUIRUPDQFH� LQ� LPSOHPHQWLQJ� $[LRPDWLF� 'HVLJQ�
DQG�LQFOXGH�VXFK�HOHPHQWV�DV�
�� WKH�QXPEHU�RI �HQJLQHHUV�ZKR�DUH�WUDLQHG�DQG�FHUWLILHG�
�� WKH�TXDOLW\�DQG�UHXVDELOLW\�RI �GHYHORSHG�VXEV\VWHPV�
�� WKH�RYHUDOO�TXDOLW\�RI �WKH�V\VWHP�DUFKLWHFWXUH�LQ�WHUPV�RI

WKH�VFRSH��OHYHO�RI �GHFRPSRVLWLRQ��GHWDLO��DQG�XS�WR�GDWH
LQIRUPDWLRQ��DQG

�� WKH� OHYHO� RI � SDUWLFLSDWLRQ� LQ� WKH� H[WHUQDO� $[LRPDWLF
'HVLJQ�FRPPXQLW\�

x (IIHFWLYHQHVV�PHWULFV� SURYLGH� D�PHDVXUH� RI � WKH� EHQHILWV� WR� WKH
RUJDQL]DWLRQ·V�EXVLQHVV�SUDFWLFHV�DV�D�UHVXOW�RI �LPSOHPHQWLQJ
$[LRPDWLF�'HVLJQ��DQG�LQFOXGH�VXFK�HOHPHQWV�DV�
�� WKH� LQFUHDVH� LQ� XQGHUVWDQGLQJ� RI � WKH� GHVLJQ

UHVSRQVLELOLWLHV�E\�DOO�SDUWLHV�HDUO\�RQ�LQ�WKH�SURMHFW�
�� WKH� UHGXFWLRQ� LQ� WLPH� WR� PDUNHW�� ZLWK� UHVSHFW� WR� WKH

VKULQNDJH� LQ� WKH� QXPEHU� RI � GHVLJQ� HUURUV�� UHZRUN
HIIRUWV�� HQJLQHHULQJ� FKDQJHV�� DQG� GHVLJQ� UHYLHZ
PHHWLQJV��DQG

�� WKH� LQFUHDVH� LQ� SURGXFW� TXDOLW\� DQG� FXVWRPHU
VDWLVIDFWLRQ�� LQ� WHUPV� RI � KRZ�ZHOO� WKH� )5V� DQG� &V� DUH
VDWLVILHG�E\�WKH�ILQDO�SURGXFW�



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

1RWH� WKDW� ZKLOH� VRPH� RI � WKHVH� PHWULFV� PD\� LQFOXGH
TXDQWLWDWLYH� YDOXHV�� PRVW� DUH� PRUH� TXDOLWDWLYH�� RU� DUH� EDVHG� RQ
FRPSDULQJ� WKH� FXUUHQW� SHUIRUPDQFH� ZLWK� SDVW� SHUIRUPDQFH� RQ
RWKHU� SURJUDPV�� � 6XFK� PHWULFV� DUH� QDWXUDO� DW� /HYHO� �� PDWXULW\�
WKRXJK�DV�WKLV�GDWD�LV�FROOHFWHG�DQG�LQWHUSUHWHG��PRUH�UHILQHG�DQG
TXDQWLWDWLYH�PHWULFV�FDQ�EH�GHYHORSHG�

5 CONCLUSIONS

´&RQFHSWXDO�LQWHJULW\�LV�WKH�PRVW�LPSRUWDQW�FRQVLGHUDWLRQ�LQ�V\VWHP�GHVLJQ�µ
²�)UHGULFN�3��%URRNV��-U��������

6XFFHVVIXO� LPSOHPHQWDWLRQ� RI � $[LRPDWLF� 'HVLJQ� ZLWKLQ� DQ
HQJLQHHULQJ� RUJDQL]DWLRQ� UHTXLUHV� XQGHUVWDQGLQJ� ERWK� WKH
WHFKQLFDO� DQG� PDQDJHULDO� LVVXHV� LQYROYHG�� .QRZOHGJH� RI
$[LRPDWLF�'HVLJQ�SULQFLSOHV� LV�QHFHVVDU\��EXW�VWDQGDUG�RSHUDWLQJ
SURFHGXUHV�DQG�PHWULFV�PXVW�EH� LPSOHPHQWHG� LQ�RUGHU�WR�REWDLQ
ERWK�PDQDJHPHQW�DQG�HQJLQHHULQJ�VXSSRUW�

7R�WKLV�HQG��DQ�$[LRPDWLF�'HVLJQ�&DSDELOLW\�0DWXULW\�0RGHO
KDV� EHHQ� GHYHORSHG�� WR� SURYLGH� D� FOHDU� URDGPDS� IRU
LPSOHPHQWLQJ� $[LRPDWLF�'HVLJQ�� � 8VLQJ� WKLV� URDGPDS�� 6\VWHPV
(QJLQHHULQJ� SUDFWLFHV� FDQ� EH� HVWDEOLVKHG�� DORQJ� ZLWK� FXVWRP
WUDLQLQJ� DQG� FHUWLILFDWLRQ� SURJUDPV�� � )XUWKHUPRUH�� � PHWULFV� FDQ
EH� GHYHORSHG� WR� HYDOXDWH� WKH� VXFFHVV� DQG� XWLOLW\� RI � WKH
LPSOHPHQWDWLRQ�� � 6XFK�DQ� LQIUDVWUXFWXUH� HQDEOHV� DQ� RUJDQL]DWLRQ
WR�VXFFHVVIXOO\�LQFRUSRUDWH�$[LRPDWLF�'HVLJQ�LQWR�LWV�HQJLQHHULQJ
SUDFWLFHV�� DQG� UHDS� WKH� UHZDUGV� WKDW� $[LRPDWLF� 'HVLJQ� KDV� WKH
SRWHQWLDO�WR�RIIHU�
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7KH�DXWKRUV�ZRXOG� OLNH�WR�DFNQRZOHGJH�WKH�PDQ\�HQJLQHHUV
DQG� PDQDJHUV� DW� 69*� /LWKRJUDSK\� 6\VWHPV�� ,QF�� ZKR� KDYH
SURYLGHG� XV� ZLWK� LQYDOXDEOH� IHHGEDFN� DQG� VXSSRUW� LQ� RXU
FRPSDQ\·V� UHFHQW� HIIRUWV� WR� DFKLHYH� /HYHO� �� PDWXULW\� LQ
$[LRPDWLF�'HVLJQ��0RVW�QRWDEO\��RXU�WKDQNV�JR�WR�'DQ�&RWH��93
RI � (QJLQHHULQJ�� IRU� SURYLGLQJ� WKH� WRROV�� UHVRXUFHV�� DQG
PDQDJHPHQW�VXSSRUW�QHFHVVDU\�IRU�WKLV�HIIRUW�

:H�ZRXOG�DOVR�OLNH�WR�DFNQRZOHGJH�VHYHUDO�RWKHUV�� LQFOXGLQJ
'U��'HUULFN�7DWH�RI �$[LRPDWLF�'HVLJQ�6RIWZDUH�� ,QF���3URIHVVRU
&KULVWRSKHU� %URZQ� RI � WKH�:RUFHVWHU� 3RO\WHFKQLF� ,QVWLWXWH�� DQG
3URIHVVRU� 1DP� 3�� 6XK� RI � WKH� 0DVVDFKXVHWWV� ,QVWLWXWH� RI
7HFKQRORJ\�IRU�WKHLU� LQVLJKWV� LQWR� WHDFKLQJ�$[LRPDWLF�'HVLJQ� WR
HQJLQHHUV� DQG� WKHLU� GHWDLOHG� NQRZOHGJH� RI � $[LRPDWLF� 'HVLJQ
WKHRU\�
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