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ABSTRACT

7KH�LQIRUPDWLRQ�FRQWHQW�RI�XQFRXSOHG�GHVLJQV�FDQ�EH�FRPSXWHG
E\� VXPPLQJ� WKH� LQIRUPDWLRQ� FRQWHQW� RI� HDFK� IXQFWLRQDO
UHTXLUHPHQW�� � 7KLV� SDSHU� SURYHV� WKDW� LQIRUPDWLRQ� FDQQRW� EH
VXPPHG� IRU� GHFRXSOHG� GHVLJQV� GXH� WR� FRUUHODWLRQ� DPRQJ� WKH
IXQFWLRQDO�UHTXLUHPHQWV�� �7R�RYHUFRPH� WKLV�SUREOHP�� WKLV�SDSHU
SUHVHQWV� WZR� DOJRULWKPV� IRU� FRPSXWLQJ� LQIRUPDWLRQ� FRQWHQW� RI
GHFRXSOHG� GHVLJQV�� � 2QH� DOJRULWKP� LV� DSSOLFDEOH� WR� DQ\� MRLQW
GHQVLW\� IXQFWLRQ� IRU� WKH� GHVLJQ� SDUDPHWHUV�� � 7KH� VHFRQG��PRUH
FRPSXWDWLRQDOO\� HIILFLHQW� DOJRULWKP�� DSSOLHV� RQO\� WR� XQLIRUPO\
GLVWULEXWHG� GHVLJQ� SDUDPHWHUV�� � 7KH� DOJRULWKP� IRU� XQLIRUP
GLVWULEXWLRQV�LV�EDVHG�RQ�D�UHFXUVLYH�SURFHGXUH�IRU�FRPSXWLQJ�WKH
YROXPH�RI�D�FRQYH[�SRO\WRSH�LQ�Q�GLPHQVLRQDO�UHDO�VSDFH�ZKHUH�Q
LV�WKH�QXPEHU�RI�GHVLJQ�SDUDPHWHUV�� �$Q�HQJLQHHULQJ�DSSOLFDWLRQ
RI� WKH� DOJRULWKPV� LV� SUHVHQWHG�� � 7KH� H[DPSOH� GHPRQVWUDWHV� WKDW
VXPPLQJ�LQIRUPDWLRQ�FRQWHQW�FDQ�VLJQLILFDQWO\�RYHUHVWLPDWH�WRWDO
LQIRUPDWLRQ� ZKHQ� FRPSDUHG� WR� DQ� DOJRULWKP� WKDW� DFFRXQWV� IRU
FRUUHODWLRQ�� � 7KH� H[DPSOH� DOVR� GHPRQVWUDWHV� WKDW� GHFRXSOHG
GHVLJQV� FDQ� KDYH� ORZHU� LQIRUPDWLRQ� FRQWHQW� WKDQ� XQFRXSOHG
V\VWHPV� ZLWK� WKH� VDPH� IXQFWLRQDO� UHTXLUHPHQWV� DQG� VLPLODU
FRPSRQHQWV�

1 MOTIVATION

7KH� VHFRQG� D[LRP� SURSRVHG� LQ� 6XK·V�7KH� 3ULQFLSOHV� RI�'HVLJQ� >�@
VWDWHV�WKDW�HQJLQHHUV�VKRXOG�PLQLPL]H�WKH�LQIRUPDWLRQ�FRQWHQW�RI
WKHLU� GHVLJQV�� � ,Q� RUGHU� WR� GR� WKLV�� LW� LV� HVVHQWLDO� WKDW� GHVLJQHUV
KDYH� PHDQV� WR� FDOFXODWH� �RU� DW� OHDVW� HVWLPDWH�� WKH� LQIRUPDWLRQ
FRQWHQW�RI�GHVLJQ�DOWHUQDWLYHV���7KHRUHP����>�@�SURYLGHV�D�VLPSOH
PHDQV�WR�FRPSXWH�LQIRUPDWLRQ�FRQWHQW�RI�D�V\VWHP�XQGHU�FHUWDLQ
FRQGLWLRQV�� � 7KH� WKHRUHP� VWDWHV� WKDW� LQIRUPDWLRQ� FRQWHQW� IRU� D
V\VWHP� LV� WKH� VXP� RI� WKH� LQIRUPDWLRQ� FRQWHQW� DVVRFLDWHG� ZLWK

HDFK� IXQFWLRQDO� UHTXLUHPHQW� LI� WKH� HYHQWV� DUH� SUREDELOLVWLFDOO\
LQGHSHQGHQW�� � 7KLV� SDSHU� ZLOO� VKRZ� WKDW� WKHVH� FRQGLWLRQV� DUH� QRW
PHW� IRU�GHFRXSOHG�GHVLJQV� HYHQ�ZKHQ� WKH�GHVLJQ� SDUDPHWHUV� RI
WKH�V\VWHP�DUH�SUREDELOLVWLFDOO\�LQGHSHQGHQW�

:KHQ�WKH�IXQFWLRQDO�UHTXLUHPHQWV�DUH�QRW�LQGHSHQGHQW��DV�QRWHG
E\� 6XK� >�@�� WKH� DSSURSULDWH� FRQGLWLRQDO� SUREDELOLWLHV� PXVW� EH
FRQVLGHUHG�� � +RZHYHU�� QRQH� RI� WKH� OLWHUDWXUH� SURYLGHV� VSHFLILF
JXLGDQFH�RQ� KRZ� WR� DFFRXQW� IRU� WKHVH� FRQGLWLRQDO� SUREDELOLWLHV�
7KLV� SDSHU� KHOSV� WR� ILOO� WKLV� JDS� E\� SURYLGLQJ� DOJRULWKPV� WR
FRPSXWH� LQIRUPDWLRQ� FRQWHQW� IRU� GHFRXSOHG� GHVLJQV�� � 7KHVH
DOJRULWKPV� VKRXOG� EH� XVHIXO� WR� DQ\� GHVLJQHU�ZKR�PXVW� HYDOXDWH
VHYHUDO� DOWHUQDWLYHV�� VRPH� RI� ZKLFK� DUH� GHFRXSOHG� � UDWKHU� WKDQ
XQFRXSOHG�

2 BRIEF REVIEW OF AXIOMATIC DESIGN

,Q� WKH� $[LRPDWLF� DSSURDFK�� GHVLJQ� LV� PRGHOHG� DV� D� PDSSLQJ
SURFHVV� EHWZHHQ� D� VHW� RI� IXQFWLRQDO� UHTXLUHPHQWV� �)5V�� LQ� WKH
IXQFWLRQDO� GRPDLQ� DQG� D� VHW� RI� GHVLJQ� SDUDPHWHUV� �'3V�� LQ� WKH
SK\VLFDO� GRPDLQ�� � 7KLV� PDSSLQJ� SURFHVV� LV� UHSUHVHQWHG� E\� WKH
GHVLJQ�HTXDWLRQ�
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6XK�GHILQHV�DQ�XQFRXSOHG�GHVLJQ�DV�D�GHVLJQ�ZKRVH�$�PDWUL[�FDQ�EH
DUUDQJHG�DV� D�GLDJRQDO�PDWUL[�E\� DQ� DSSURSULDWH�RUGHULQJ� RI� WKH
)5V�DQG�'3V�� �+H�GHILQHV�D�GHFRXSOHG�GHVLJQ�DV� D�GHVLJQ�ZKRVH�$
PDWUL[� FDQ�EH� DUUDQJHG� DV� D� WULDQJXODU�PDWUL[� E\� DQ� DSSURSULDWH
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RUGHULQJ� RI� WKH� )5V� DQG� '3V�� +H� GHILQHV� D� FRXSOHG� GHVLJQ� DV� D
GHVLJQ� ZKRVH� $� PDWUL[� FDQQRW� EH� DUUDQJHG� DV� D� WULDQJXODU� RU
GLDJRQDO�PDWUL[�E\�DQ�DSSURSULDWH�RUGHULQJ�RI�WKH�)5V�DQG�'3V�
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Figure 1. Categories of design based on the structure of
the design matrix

,Q�$[LRPDWLF�'HVLJQ��WKH�SUREDELOLW\�WKDW�D�SURGXFW�FDQ�VDWLVI\�DOO
RI� LWV�)5V� LV�FDOOHG�WKH�SUREDELOLW\�RI�VXFFHVV��SV��� �%DVHG�RQ� WKH
QRWLRQ�RI�SUREDELOLW\�RI�VXFFHVV��LQIRUPDWLRQ�FRQWHQW�,�LV�GHILQHG
DV
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,Q� WKH� FDVH� WKDW� WKH� SUREDELOLW\� GHQVLW\� IXQFWLRQ� RYHU� '3� LV
XQLIRUPO\�GLVWULEXWHG�RYHU� WKH� V\VWHP� UDQJH�� DQG� JLYHQ� WKDW� WKH
WROHUDQFH�RQ�WKH� IXQFWLRQDO� UHTXLUHPHQWV�GHWHUPLQHV� D� WROHUDQFH
UDQJH�RQ�WKH�'3��WKHQ�WKH�LQIRUPDWLRQ�FRQWHQW�FDQ�EH�H[SUHVVHG
DV
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ZKHUH�WKH�FRPPRQ�UDQJH�LV�WKH�LQWHUVHFWLRQ�RI�WKH�V\VWHP�UDQJH

DQG�WKH�GHVLJQ�UDQJH��Figure 2��
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Figure 2. Information in the case of uniformly distributed
variation

,I� D� VHW� RI� HYHQWV� DUH� VWDWLVWLFDOO\� LQGHSHQGHQW�� WKHQ� WKH
SUREDELOLW\� RI� WKH� XQLRQ� RI� WKH� HYHQWV� LV� WKH� SURGXFW� RI� WKH
SUREDELOLWLHV�RI�WKH�LQGLYLGXDO�HYHQWV���)URP�WKHVH�IDFWV�IROORZV�D
WKHRUHP�>�@�

7KHRUHP�����,QIRUPDWLRQ�&RQWHQW�RI�WKH�7RWDO�6\VWHP��²�,I
HDFK� )5� LV� SUREDELOLVWLFDOO\� LQGHSHQGHQW� RI� RWKHU� )5V�� WKH
LQIRUPDWLRQ�FRQWHQW�RI�WKH�WRWDO�V\VWHP�LV�WKH�VXP�RI�LQIRUPDWLRQ

RI�DOO� LQGLYLGXDO�HYHQWV�DVVRFLDWHG�ZLWK�WKH� VHW�RI�)5V� WKDW�PXVW
EH�VDWLVILHG�

7KLV� VHFWLRQ�RXWOLQHG� WKH�EDVLFV�RI�$[LRPDWLF�'HVLJQ�ZKLFK� DUH
UHTXLUHG� WR� XQGHUVWDQG� WKH� GHYHORSPHQWV� RI� WKH� VXEVHTXHQW
VHFWLRQV�RI�WKLV�SDSHU���7KH�IROORZLQJ�VHFWLRQ�ZLOO�SUHVHQW�UHODWHG
ZRUN�RQ�WKH�VXEMHFW�RI�LQIRUPDWLRQ�FRQWHQW�LQ�$[LRPDWLF�'HVLJQ�

3 RELATED WORK

6KDQQRQ�>�@�ILUVW�SURSRVHG�HQWURS\�DV� D�PHDVXUH�RI� LQIRUPDWLRQ
LQ�FRPPXQLFDWLRQV�� �7KH�HQWURS\�RI� D� GLVFUHWH� UDQGRP�YDULDEOH
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ZKHUH� S�[�� LV� WKH� SUREDELOLW\� PDVV� IXQFWLRQ� RI� WKH� UDQGRP
YDULDEOH�;�GHILQHG�RYHU� LWV�VXSSRUW�VHW���� �6KDQQRQ�DOVR�GHILQHG
WKH�MRLQW�LQIRUPDWLRQ�RI�WZR�UDQGRP�YDULDEOHV�;�DQG�<�DV
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DQG�VKRZHG�WKDW�WKH�MRLQW�HQWURS\�RI�WZR�UDQGRP�YDULDEOHV�REH\V
WKH�LQHTXDOLW\

)()(),( YHXHYXH �d ���

ZLWK� HTXDOLW\� RQO\� LI� WKH� YDULDEOHV� DUH� SUREDELOLVWLFDOO\
LQGHSHQGHQW���6R��VLQFH�WKH�EHJLQQLQJV�RI�,QIRUPDWLRQ�7KHRU\�� LW
KDV�EHHQ�UHFRJQL]HG�WKDW�LQIRUPDWLRQ�FDQ�RQO\�EH�VXPPHG�XQGHU
WKH� FRQGLWLRQ� RI� SUREDELOLVWLF� LQGHSHQGHQFH� RI� WKH� UHOHYDQW
YDULDEOHV�RU�HYHQWV�

7KH�LQIRUPDWLRQ�D[LRP�LQ�$[LRPDWLF�'HVLJQ�ZDV�ILUVW�LQWURGXFHG
LQ�D�SDSHU�E\�6XK�HW��DO��>�@�LQ�D�SDSHU�HQWLWOHG�´2Q�DQ�$[LRPDWLF
$SSURDFK� WR� 0DQXIDFWXULQJ� 6\VWHPV�µ� � ,Q� WKLV� SDSHU�� WKH
LQIRUPDWLRQ� D[LRP�ZDV� VLPSO\� VWDWHG� DV� ´PLQLPL]H� LQIRUPDWLRQ
FRQWHQWµ� ZKHUH� LQIRUPDWLRQ� FRQWHQW� ZDV� GHILQHG� DV� WKH
LQVWUXFWLRQV� QHFHVVDU\� WR� GHVFULEH� WKH� SDUWV� RI� D� SURGXFW�� WKH
SURFHVVHV� IRU�PDNLQJ� WKHP�� DQG� WKH� SURFHGXUHV� IRU� DVVHPEOLQJ
WKHP���,QIRUPDWLRQ�FRQWHQW�LQ�$[LRPDWLF�GHVLJQ�ZDV�ODWHU�JLYHQ�D
PDWKHPDWLFDO� GHILQLWLRQ� E\� :LOVRQ� >�@� DV� WKH� ORJDULWKP� RI� WKH
LQYHUVH� RI� WKH� SUREDELOLW\� RI� VDWLVI\LQJ� D� WROHUDQFH�� � :LOVRQ
DFNQRZOHGJHG� WKDW� LQIRUPDWLRQ� GHILQHG� LQ� WKLV� ZD\� FRXOG� EH
VXPPHG� RQO\� LI� WKH� UHOHYDQW� GLPHQVLRQV�ZHUH� LQGHSHQGHQW�� EXW
KLV�WKHVLV�VLPSO\�OHIW�WKLV�DV�DQ�DUHD�IRU�IXWXUH�UHVHDUFK���7KH�WH[W
ODWHU�SXEOLVKHG�RQ�$[LRPDWLF�'HVLJQ� >�@� DOVR� DFNQRZOHGJHG� WKDW
VXPPDWLRQ�RI�LQIRUPDWLRQ�UHTXLUHV�SUREDELOLVWLF�LQGHSHQGHQFH�RI
WKH� UHOHYDQW� YDULDEOHV�� � +RZHYHU�� PRVW� RI� WKH� VXEVHTXHQW
DSSOLFDWLRQV�RI�WKH� LQGHSHQGHQFH�D[LRP�VXFK�DV�WKRVH�SXEOLVKHG
LQ�$OEDQR�DQG�6XK�>�@��6XK�>����@�VLPSO\�VXP�LQIRUPDWLRQ�FRQWHQW
DVVXPLQJ�WKDW�WKH�UHOHYDQW�GLPHQVLRQV�DUH�LQGHSHQGHQW�

,Q�KLV�PRVW�UHFHQW�ERRN��6XK�SUHVHQWHG�D�PHDQV�IRU�SURSDJDWLQJ
WROHUDQFHV� LQ� GHFRXSOHG� GHVLJQV� >�@�� � +H� VKRZHG� WKDW� LI� WKH

VSHFLILHG� WROHUDQFHV� RQ� D� VHW� RI� )5V� DUH� r')5��� r')5��� DQG
r')5���WKHQ�WKH�WROHUDQFHV�RQ�WKH�'3V�PD\�EH�H[SUHVVHG�DV
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7KLV�SURFHGXUH�LV�XVHIXO�IRU�GHILQLQJ�´ZRUVW�FDVHµ�WROHUDQFHV�IRU
GHFRXSOHG� GHVLJQV�� � 7KRVH� GHVLJQV� LQ� ZKLFK� WKH� YDOXHV� RI� WKH
'3V� FDQ� EH� JXDUDQWHHG� WR� OLH� HQWLUHO\� ZLWKLQ� WKH� UDQJHV� DV
VSHFLILHG� DERYH� ZLOO� KDYH� ]HUR� LQIRUPDWLRQ� FRQWHQW�� � +RZHYHU�
WKLV� SURFHGXUH� GRHV� QRW� DOORZ� RQH� WR� FRPSXWH� WKH� LQIRUPDWLRQ
FRQWHQW� IRU� GHFRXSOHG� GHVLJQV� LQ� ZKLFK� WKH� WDLOV� RI� WKH
SUREDELOLW\� GLVWULEXWLRQV� RYHU� WKH� '3V� H[WHQG� EH\RQG� WKHLU
VSHFLILFDWLRQ� ZLGWKV� DV� LV� PRVW� RIWHQ� WKH� FDVH� LQ� LQGXVWULDO
SUDFWLFH�� � 7KH� DOJRULWKPV� LQ� WKLV� SDSHU� ZLOO� HQDEOH� RQH� WR
FRPSXWH�LQIRUPDWLRQ�FRQWHQW�IRU�WKHVH�LPSRUWDQW�FDVHV�

(O�+DLN� DQG� <DQJ� >�@� DGGUHVVHG� WKH� LVVXH� RI� FRUUHODWLRQ� LQ
D[LRPDWLF�GHVLJQ�� �7KH\�GHILQHG�D�PHDVXUH�RI� FRPSOH[LW\�ZKLFK
LV� FRPSRVHG� RI� WKUHH� DVSHFWV�� YDULDELOLW\�� FRUUHODWLRQ� DQG
YXOQHUDELOLW\�� 9XOQHUDELOLW\� UHODWHV� WR� WKH� GHVLJQ·V� VL]H�
LQWHUGHSHQGHQF\� RI� GHVLJQ� SDUDPHWHUV� �L�H�� FRUUHODWLRQ��� DQG� WKH
)5·V�VHQVLWLYLW\�WR�FKDQJHV�LQ�GHVLJQ�SDUDPHWHUV��7KLV�GLYLVLRQ�RI
FRPSOH[LW\�LQ�WKUHH�SDUWV�JLYHV��WRJHWKHU�ZLWK�%ROW]PDQ·V�HQWURS\
PHDVXUH��D�IRUPXOD�IRU�FRPSOH[LW\��6HH�HTXDWLRQ���

(O�+DLN� DQG� <DQJ� KDYH� WKHUHIRUH� SURSRVHG� D� QHZ� PHDVXUH� RI
FRPSOH[LW\�ZKLFK�DFFRXQWV�IRU�FRUUHODWLRQ�DPRQJ�'3V��(TXDWLRQ
�� LV� QRW� XVHG� LQ� WKH� SUHVHQWHG� UHVHDUFK� DQG� LV� WKHUHIRUH� QRW
IXUWKHU�GHILQHG�� ,Q� FRQWUDVW� WR� HTXDWLRQ���� WKLV� SDSHU� SUHVHQWV� D
PHDQV� WR� FRPSXWH� LQIRUPDWLRQ� FRQWHQW� DV� GHILQHG� E\� 6XK� >�@
ZKLOH�DFFRXQWLQJ�IRU�FRUUHODWLRQ�

$OWKRXJK� WKHUH� KDV� EHHQ� VXEVWDQWLDO� SURJUHVV� LQ� $[LRPDWLF
'HVLJQ�� QR� RQH� KDV� \HW� GHYLVHG� D� ZD\� WR� FRPSXWH� WKH
LQIRUPDWLRQ�FRQWHQW�RI�GHFRXSOHG�GHVLJQV���2QH�SUREOHP�PD\�EH
WKDW� WKH� QHHG� KDV� QRW� EHHQ� FOHDUO\� DUWLFXODWHG�� 7KH� IROORZLQJ
VHFWLRQ�HVWDEOLVKHV�WKLV�QHHG�ZLWK�D�SURRI�WKDW�GHFRXSOHG�GHVLJQV
GR� QRW� PHHW� WKH� FULWHULD� IRU� VXPPLQJ� LQIRUPDWLRQ� DV� OLVWHG� LQ
7KHRUHP����LQ�7KH�3ULQFLSOHV�RI�'HVLJQ�>�@�

4 INFORMATION CANNOT BE SUMMED FOR
DECOUPLED DESIGNS

%HIRUH�SUHVHQWLQJ�DQ�DOJRULWKP� WR�FRPSXWH� LQIRUPDWLRQ�FRQWHQW
LQ� GHFRXSOHG� GHVLJQV�� LW� VHHPV� DSSURSULDWH� WR� SURYH� WKDW� WKH
VLPSOHU� SURFHGXUH� RI� VXPPLQJ� LQIRUPDWLRQ� FRQWHQW� ZLOO� QRW� EH
DGHTXDWH�� � $V� QRWHG� LQ� 7KHRUHP� ��� >�@�� LQIRUPDWLRQ� FDQ� EH
VXPPHG� LI� WKH� IXQFWLRQDO� UHTXLUHPHQWV� DUH� SUREDELOLVWLFDOO\
LQGHSHQGHQW�� 7KH� WKHRUHP�EHORZ� HVWDEOLVKHV� WKDW� WKLV� FRQGLWLRQ
IDLOV�WR�KROG�IRU�GHFRXSOHG�GHVLJQV�XQGHU�PRVW�FRQGLWLRQV�

3URSRVLWLRQ�²�,I�WKH�GHVLJQ�PDWUL[�$� LV�GHFRXSOHG�DQG�WKH�'3V
DUH�SUREDELOLVWLFDOO\� LQGHSHQGHQW�ZLWK�QRQ�]HUR�YDULDQFH� DQG� WKH
RQ�GLDJRQDO�HOHPHQWV�RI�$�DUH�QRQ�]HUR��WKHQ�WKH�)5V�&$1127
EH� SUREDELOLVWLFDOO\� LQGHSHQGHQW� DQG� WKH� LQIRUPDWLRQ� FRQWHQW
FDQQRW�EH�VXPPHG�

3URRI

/HW� WKH� FRYDULDQFH� DPRQJ� WKH� '3V� EH� UHSUHVHQWHG� E\� WKH
FRYDULDQFH� PDWUL[� .'3�� � ,I� WKH� '3V� DUH� SUREDELOLVWLFDOO\
LQGHSHQGHQW�� WKHQ� WKH� FRYDULDQFH�PDWUL[�.'3�PXVW� EH� GLDJRQDO�
,I�WKH�'3V�DUH�UHODWHG�WR�WKH�)5V�E\�WKH�GHVLJQ�PDWUL[��(TXDWLRQ
����WKHQ�WKH�FRYDULDQFH�PDWUL[�RI�WKH�IXQFWLRQDO�UHTXLUHPHQWV�LV

TAAKK DPFR  ����

:LWKRXW� ORVV� RI� JHQHUDOLW\�� ZH� PD\� DVVXPH� WKDW� $� LV� ORZHU
WULDQJXODU� UDWKHU� WKDQ� XSSHU� WULDQJXODU� VLQFH� DQ� XSSHU� WULDQJXODU
PDWUL[� PD\� EH� UHDUUDQJHG� LQWR� D� ORZHU� WULDQJXODU� PDWUL[� E\
LQYHUWLQJ�WKH�RUGHU�RI�WKH�)5V�DQG�'3V���,I�$�LV�ORZHU�WULDQJXODU
DQG�.'3�LV�GLDJRQDO��DQ\�HOHPHQW�RI�WKH�FRYDULDQFH�PDWUL[�RI�WKH
IXQFWLRQDO�UHTXLUHPHQWV�LV
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)RU� WKH� IXQFWLRQDO� UHTXLUHPHQWV� WR� EH
SUREDELOLVWLFDOO\� LQGHSHQGHQW�� LW� LV� D� QHFHVVDU\
FRQGLWLRQ� WKDW�.)5� LV� GLDJRQDO�� � )URP� (TXDWLRQ
����ZH�ZLOO�QRZ�VKRZ�WKDW��.)5�LV�GLDJRQDO�LI�DQG
RQO\�LI�$�LV�XQFRXSOHG�UDWKHU�WKDQ�GHFRXSOHG�

,I� WKH�PDWUL[�.)5� LV�GLDJRQDO�� WKHQ�DOO� WKH�RII�GLDJRQDO� HOHPHQWV
LQ� LWV� ILUVW� URZ� PXVW� EH� ]HUR�� � )RU� WKH� ILUVW� URZ�� WKLV� LPSOLHV

WKDW 0111111   AKAK DPFR jj IRU� DOO� M!��� � 6LQFH� WKH

SURSRVLWLRQ� VWLSXODWHV� WKDW� WKH� RQ�GLDJRQDO� HOHPHQWV� RI� $� DQG

.'3�DUH�QRQ�]HUR��ZH�NQRZ�WKDW� 011 zDPK DQG�� 011 zA ���,W

IROORZV� WKHUHIRUH� WKDW� DOO� WKH� RII�GLDJRQDO� HOHPHQWV� LQ� WKH� ILUVW

FROXPQ� RI� $� PXVW� EH� ]HUR� �L�H�� 01  jA � IRU� DOO� M!���� � 6R�

SUREDELOLVWLF� LQGHSHQGHQFH� RI� WKH� )5V� GHPDQGV� WKDW� WKH� RII�
GLDJRQDO�HOHPHQWV�RI�WKH�ILUVW�FROXPQ�RI�$�DUH�]HUR�

7KH� DUJXPHQW� LQ� WKH� SDUDJUDSK� DERYH� FDQ� EH� H[WHQGHG� WR� WKH
VHFRQG� URZ�� � ,I� WKH� PDWUL[� .)5� LV� GLDJRQDO�� WKHQ� DOO� WKH� RII�
GLDJRQDO�HOHPHQWV�LQ�LWV�VHFRQG�URZ�PXVW�EH�]HUR��)RU�WKH�VHFRQG
URZ�� WKLV� LPSOLHV

022222211112  � AKAAKAK DPDPFR jjj �� %XW� ZH

KDYH�HVWDEOLVKHG�WKDW�WKH�RII�GLDJRQDO�HOHPHQWV�LQ�WKH�ILUVW�URZ�RI
$� PXVW� EH� ]HUR�� VR� WKH� H[SUHVVLRQ� VLPSOLILHV� WR

0222222   AKAK DPFR jj �� 6LQFH� WKH� RQ�GLDJRQDO

HOHPHQWV�RI�$� DQG�.'3� DUH�QRQ�]HUR�� LW� IROORZV� WKDW� DOO� WKH�RII�
GLDJRQDO� HOHPHQWV� LQ� WKH� VHFRQG� URZ� RI�$� PXVW� EH� ]HUR�� � 6R�
SUREDELOLVWLF� LQGHSHQGHQFH� RI� WKH� )5V� GHPDQGV� WKDW� WKH� RII�
GLDJRQDO�HOHPHQWV�RI�WKH�VHFRQG�URZ�RI�$�DUH�]HUR�
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&RPSXWLQJ�WKH�,QIRUPDWLRQ�&RQWHQW�RI�'HFRXSOHG�'HVLJQV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

7KH�DUJXPHQW�DERYH�H[WHQGV�QDWXUDOO\�WR�DOO�Q�URZV�RI�WKH�GHVLJQ
PDWUL[� HVWDEOLVKLQJ� WKDW� .)5� LV� GLDJRQDO� LI� DQG� RQO\� LI� $� LV
XQFRXSOHG� UDWKHU� WKDQ� GHFRXSOHG�� 7KHUHIRUH�� VLQFH� $� LV� QRW
XQFRXSOHG��WKH�PDWUL[�.)5�FDQQRW�EH�GLDJRQDO��WKH�)5V�FDQQRW�EH
SUREDELOLVWLFDOO\�LQGHSHQGHQW��DQG�WKH�LQIRUPDWLRQ�FRQWHQW�RI�WKH

GHVLJQ�LV�127�WKH�VXP�RI�WKH�LQIRUPDWLRQ�FRQWHQW�RI�WKH�)5V���

,Q�WKH�SURSRVLWLRQ�SURYHQ�DERYH��WKH�UHTXLUHPHQW�WKDW�WKH�GHVLJQ
PDWUL[� PXVW� KDYH� QRQ�]HUR� RQ�GLDJRQDO� HOHPHQWV� LV� QRW� YHU\
UHVWULFWLYH�� � ,Q�$[LRPDWLF� GHVLJQ�� LW� GRHVQ·W�PDNH� VHQVH� WR� KDYH
GLDJRQDO�HOHPHQWV�HTXDO�WR�]HUR�VLQFH�WKDW�ZRXOG�LPSO\�WKDW�D�'3
SURYLGHV� QR� FRQWURO� RYHU� LWV� FRUUHVSRQGLQJ� )5�� � ,I� DQ\� RQ�
GLDJRQDO� HOHPHQW� LV� ]HUR� LQ� DQ� XQFRXSOHG� RU� GHFRXSOHG� GHVLJQ�
WKH�GHVLJQ�PDWUL[�ZLOO�EH� UDQN�GHILFLHQW� DQG� LW�ZLOO� JHQHUDOO\�QRW
EH�SRVVLEOH�WR�VDWLVI\�DOO�WKH�)5V�

7KLV� VHFWLRQ� SURYHG� WKDW� LQIRUPDWLRQ� FRQWHQW� FDQQRW� VLPSO\� EH
VXPPHG�IRU�GHFRXSOHG�GHVLJQV���7KLV�PRWLYDWHV�WKH�QHHG�IRU�WKH
PRUH� VRSKLVWLFDWHG� DOJRULWKPV� SUHVHQWHG� LQ� WKH� IROORZLQJ
VHFWLRQV�

5 COMPUTING THE INFORMATION CONTENT OF
DECOUPLED DESIGNS

7KLV� VHFWLRQ� ZLOO� SUHVHQW� D� PHDQV� IRU� FRPSXWLQJ� LQIRUPDWLRQ
FRQWHQW� RI� D� GHFRXSOHG� GHVLJQ� ZLWKRXW� DVVXPLQJ� DQ\� VSHFLILF
IRUP�RI� WKH�GLVWULEXWLRQ�RI� WKH�GHVLJQ� SDUDPHWHUV�� � ,Q� WKH�PRVW
JHQHUDO�FDVH��WKH�SUREDELOLW\�RI�VXFFHVV�RI�D�GHVLJQ�LV�WKH�LQWHJUDO
RI� WKH� MRLQW� GHQVLW\� IXQFWLRQ� RI� D� YHFWRU� RI� GHVLJQ� SDUDPHWHUV
I�'3��RYHU�WKH�GHVLJQ�UDQJH

³ 
range  design

)( DPDP dfps
����

7KH�GHVLJQ� UDQJH� LV� WKH� VHW�RI�SRLQWV� LQ� GHVLJQ� SDUDPHWHU� VSDFH
WKDW�VDWLVI\�DOO�WKH�WROHUDQFHV�RQ�WKH�IXQFWLRQDO�UHTXLUHPHQWV���/HW

WKH�EL�ODWHUDO� WROHUDQFH�RQ�WKH� MWK�)5�EH� UHSUHVHQWHG�DV�G)5M� DQG
WKH�FHQWHU�RI�WKH�WROHUDQFH�UDQJH��RU�WDUJHW�YDOXH��RI�WKH�MWK�)5�EH

UHSUHVHQWHG� DV� W)5M�� � ,I� WKH� GHVLJQ� LV� QHDUO\� OLQHDU� ZLWKLQ� WKH
V\VWHP� UDQJH�� WKHQ� WKH� GHVLJQ� HTXDWLRQ� �(TXDWLRQ� ��� FDQ� EH
PRGHOHG� DV� D� OLQHDU� PDSSLQJ� EHWZHHQ� GHVLJQ� SDUDPHWHUV� DQG
IXQFWLRQDO� UHTXLUHPHQWV�� � � 8QGHU� WKHVH� FRQGLWLRQV�� WKH� GHVLJQ
UDQJH�LV�D�VHW�GHILQHG�E\�D�V\VWHP�RI�OLQHDU�LQHTXDOLW\�FRQVWUDLQWV�
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FRFR

FRFR
DP

A

A
DP

GW

GW
rangedesign ����

7KH�PDWUL[�RQ�WKH�OHIW�KDQG�VLGH�RI�WKH�LQHTXDOLW\�LQ�(TXDWLRQ���
LV�IRUPHG�E\�VWDFNLQJ�WKH�GHVLJQ�PDWUL[� DQG� WKH�QHJDWLRQ�RI� WKH
GHVLJQ�PDWUL[���6LPLODUO\��WKH�YHFWRU�RQ�WKH�ULJKW�KDQG�VLGH�RI�WKH
LQHTXDOLW\�LQ�(TXDWLRQ����LV�IRUPHG�E\�VWDFNLQJ�D�YHFWRU�RI�XSSHU
OLPLWV�RQ�WKH�)5V�DQG�WKH�QHJDWLRQ�RI�D�YHFWRU�RI�ORZHU�OLPLWV�RQ
WKH�)5V�

,I�WKH�GHVLJQ�LV�GHFRXSOHG�DQG�LWV�GHVLJQ�PDWUL[�LV�UHRUGHUHG�LQWR
ORZHU�WULDQJXODU�IRUP�DQG�WKH�RQ�GLDJRQDO�HQWULHV�DUH�DOO�SRVLWLYH�
LW�LV�SRVVLEOH�WR�UHDUUDQJH�(TXDWLRQ����LQWR�D�PRUH�XVHIXO�IRUP�LQ

ZKLFK� WKH� OLQHDU� LQHTXDOLW\� FRQVWUDLQWV� DUH� DSSOLHG� GLUHFWO\� DQG
VHSDUDWHO\�WR�WKH�'3V

(TXDWLRQ����FDQ�EH�DGDSWHG�WR�GHVLJQV�ZLWK�QHJDWLYH�RQ�GLDJRQDO
HOHPHQWV�E\� VZLWFKLQJ� WKH� FRQVWUDLQW� IRU� WKH� WZR� FRUUHVSRQGLQJ
URZV�RI�WKH�PDWUL[�IURP�´OHVV�WKDQ�RU�HTXDO� WRµ�WR�´JUHDWHU�WKDQ
RU�HTXDO�WR�µ�

,Q� RUGHU� WR� EHWWHU� XQGHUVWDQG� WKH� GHVLJQ� UDQJH� DV� H[SUHVVHG� E\
(TXDWLRQ�����LW�LV�XVHIXO�WR�SORW�WKH�GHVLJQ�UDQJH�IRU�WKH�FDVH�RI�D
GHVLJQ� ZLWK� �� )5V� DQG� �'3V�� � ,Q� )LJXUH� ��� WKH� VSDFH� RI� WKH
GHVLJQ� SDUDPHWHUV� LV� UHSUHVHQWHG� DV� D� SODQH�� � )RU� D� ORZHU
WULDQJXODU�GHVLJQ�PDWUL[�� WKH�WROHUDQFHV�RQ�)5��ZLOO�SORW� DV� OLQHV
SHUSHQGLFXODU� WR� WKH�'3�� D[LV�� � %\� FRQWUDVW�� WKH� WROHUDQFHV� RQ
)5��ZLOO�EH�SDUDOOHO� WR�QHLWKHU� WKH�'3�� QRU� WKH�'3�� D[LV�� � 7KH
GHVLJQ� UDQJH� �RYHU� ZKLFK� WKH� SUREDELOLW\� GHQVLW\� PXVW� EH
LQWHJUDWHG�� LV� WKH�VHW�RI�SRLQWV� VDWLV\LQJ� DOO� IRXU� OLQHDU� LQHTXDOLW\

FRQVWUDLQWV���7KLV�VHW�RI�SRLQWV�ZLOO�EH�D�SDUUDOOHOSLSHG� LQ� 2� � LI
HDFK�)5�KDV�ERWK�XSSHU�DQG�ORZHU�ERXQGV���,Q�WKH�PRUH�JHQHUDO
FDVH�WKDW� WKHUH� DUH�Q�)5V�DQG�Q�'3V�� WKH�GHVLJQ� UDQJH�ZLOO�EH� D

FRQYH[�SRO\KHGURQ�LQ� n� ��6HH�)LJXUH���

)URP�WKH�H[SUHVVLRQ�IRU�WKH�GHVLJQ�UDQJH�JLYHQ� LQ�(TXDWLRQ����
RQH�FDQ�GHILQH�� LQ� FORVHG� IRUP�� WKH�XSSHU� DQG� ORZHU� ERXQGV� RI
LQWHJUDWLRQ�UHTXLUHG�WR�HYDOXDWH�(TXDWLRQ����

(TXDWLRQ����EHORZ�DSSOLHV�RQO\�LI�DOO�WKH�RQ�GLDJRQDO�HOHPHQWV�RI
WKH� GHVLJQ� PDWUL[� DUH� SRVLWLYH�� � )RU� DQ\� QHJDWLYH� RQ�GLDJRQDO
HOHPHQWV�� WKH� XSSHU� DQG� ORZHU� OLPLWV� RI� LQWHJUDWLRQ� IRU� WKH
FRUUHVSRQGLQJ�'3�PXVW�EH�VZLWFKHG�
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&RPSXWLQJ�WKH�,QIRUPDWLRQ�&RQWHQW�RI�'HFRXSOHG�'HVLJQV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

design range

1,1

11
1 A

FRFR
DP

G�
t

1,1

11
1 A

FRFR
DP

G�
d

2,2

11,222
2 A

DPAFRFR
DP

��
t

G

2,2

11,222
2 A

DPAFRFR
DP

��
d

G

DP1

DP2

7R�HYDOXDWH� WKH� LQWHJUDO� LQ�(TXDWLRQ� ��� QXPHULFDOO\�� DQ\� RI� WKH
FRPPRQO\� XVHG� QXPHULFDO� DOJRULWKPV� PD\� EH� HPSOR\HG
LQFOXGLQJ�6LPSVRQ·V�UXOH�RU�*DXVVLDQ�TXDGUDWXUH�� �1RWH�WKDW� WKH
RUGHU�RI� LQWHJUDWLRQ� LV�HVVHQWLDO�� �)RU�H[DPSOH��'3��PXVW�EH� WKH
RXWHUPRVW�LQWHJUDO�VLQFH� LW� LV� WKH�RQO\� LQWHJUDO�ZKRVH� OLPLWV�DUH�D

IXQFWLRQ� RI� NQRZQ� TXDQWLWLHV� ��� WKH� WDUJHW� YDOXH� W)5�� DQG� WKH

WROHUDQFH�G)5�� DQG� WKH� ILUVW� HOHPHQW� RI� WKH� GHVLJQ�PDWUL[�$����
(DFK�RI�LQWHJUDOV�QHVWHG�ZLWKLQ�DUH�IXQFWLRQV�RI�DOO�WKH�'3�YDOXHV
LQ�WKH�RXWHU�LQWHJUDOV�

(TXDWLRQ���� DOORZV� RQH� WR� QXPHULFDOO\� FRPSXWH� WKH� SUREDELOLW\
RI�VXFFHVV�IRU�DQ\�MRLQW�GLVWULEXWLRQ�IXQFWLRQ�RYHU�WKH�'3V���7KH
HTXDWLRQ� ZLOO� DXWRPDWLFDOO\� DFFRXQW� IRU� DQ\� FRUUHODWLRQ� DPRQJ
WKH� '3V�� � 2QFH� SUREDELOLW\� RI� VXFFHVV� KDV� EHHQ� SURSHUO\
FDOFXODWHG��LW�LV�VLPSOH�WR�FRPSXWH�WKH�LQIRUPDWLRQ�FRQWHQW�RI�WKH
GHVLJQ�XVLQJ�WKH�ORJ�WUDQVIRUP��(TXDWLRQ����

7KH� FRPSXWDWLRQDO� FRPSOH[LW\� RI� GHWHUPLQLVWLF� QXPHULFDO
LQWHJUDWLRQ� RI� (TXDWLRQ� ��� JURZV� QRQ�SRO\QRPLDOO\� ZLWK� WKH
QXPEHU�RI�'3V�� � ,I� LQIRUPDWLRQ�FRQWHQW�RI� D�GHVLJQ�ZLWK�PDQ\

'3V�LV�WR�EH�FRPSXWHG��LW�LV�RIWHQ�PRUH�FRPSXWDWLRQDOO\�HIILFLHQW
WR� XVH� D� QRQ�GHWHUPLQLVWLF� LQWHJUDWLRQ� WHFKQLTXH� VXFK� DV� WKH
0RQWH�&DUOR�PHWKRG�

8QIRUWXQDWHO\��(TXDWLRQ����GRHV�QRW�DGPLW�FORVHG�IRUP�VROXWLRQV
HYHQ� IRU� WKH� VLPSOHVW� FDVHV� VXFK� DV� LQGHSHQGHQW�� QRUPDOO\
GLVWULEXWHG� '3V�� � +RZHYHU�� WKHUH� GRHV� H[LVW� D� PRUH� HIILFLHQW
FDOFXODWLRQ� SURFHGXUH� WKDQ� (TXDWLRQ� ��� IRU� WKH� VSHFLDO� FDVH� RI
XQLIRUPO\� GLVWULEXWHG� '3V�� � 7KLV� DOJRULWKP� LV� GLVFXVVHG� LQ� WKH
QH[W�VHFWLRQ�

6 UNIFORMLY DISTRIBUTED DESIGN
PARAMETERS

7KH� LQIRUPDWLRQ� FRQWHQW� RI� D� GHVLJQ� ZKRVH�'3V� DUH� XQLIRUPO\
GLVWULEXWHG� FDQ� EH� H[SUHVVHG� DV� WKH� ORJ� RI� WKH� UDWLR� RI� WKH
YROXPHV�RI�WZR�Q�GLPHQVLRQDO�SRO\WRSHV�ZKHUH�Q� LV� WKH�QXPEHU
RI�'3V

¸̧
¹

·
¨̈
©

§
 

range)(common 

range) (system
log

V

V
I

����

ZKHUH� 9�x�� GHQRWHV� WKH� YROXPH� RI� D� VHW� LQ� Q� VSDFH�� � 7KLV
H[SUHVVLRQ�FDQ�EH�YLHZHG�DQ�H[WHQVLRQ� LQWR�Q�GLPHQVLRQDO� VSDFH
RI�WKH�RQH�GLPHQVLRQDO�(TXDWLRQ���DV�JLYHQ�E\�6XK�>�@���

7R�H[SODLQ�WKH�PHDQLQJ�DQG�XVH�RI�(TXDWLRQ�����OHW�XV�FRQVLGHU�D
FDVH� LQ�ZKLFK� WKHUH� DUH� MXVW� WZR�'3V�ZKLFK�DUH�SUREDELOLVWLFDOO\
LQGHSHQGHQW�DQG�XQLIRUPO\�GLVWULEXWHG�ZLWKLQ�WKHLU�VSHFLILFDWLRQV�
,Q� WKLV� FDVH�� WKH� MRLQW� SUREDELOLW\� GHQVLW\� IXQFWLRQ� LV� XQLIRUPO\
GLVWULEXWHG�ZLWKLQ�WKH�V\VWHP�UDQJH���,I�WKH�EL�ODWHUDO�VSHFLILFDWLRQ

RQ� WKH� LWK� '3� LV� UHSUHVHQWHG� DV� ''3L�� WKH� V\VWHP� UDQJH� LV� D

UHFWDQJOH�ZLWK�VLGHV�RI�OHQJWK��''3L���VHH�)LJXUH����

,I� WKH� EL�ODWHUDO� WROHUDQFH� RQ� WKH� MWK� )5� LV� UHSUHVHQWHG� DV� G)5M

WKHQ�HDFK� WROHUDQFH�FDQ� EH� UHSUHVHQWHG� E\� WZR� OLQHDU� LQHTXDOLW\
FRQVWUDLQWV�� � 7KHVH� LQHTXDOLW\� FRQVWUDLQWV� WRJHWKHU� GHILQH� WKH
GHVLJQ�UDQJH�ZKLFK�ZLOO�EH�DQ�Q�GLPHQVLRQDO�SRO\KHGURQ�²�LW�PD\
RU�PD\�QRW�KDYH� ILQLWH�YROXPH�� � 7KH� LQWHUVHFWLRQ� RI� WKH� V\VWHP
UDQJH�DQG�WKH�GHVLJQ�UDQJH�LV�WKH�FRPPRQ�UDQJH�ZKLFK�ZLOO�EH�DQ
Q�GLPHQVLRQDO�SRO\WRSH����LW�ZLOO�KDYH�D�ILQLWH�YROXPH�OHVV�WKDQ�RU
HTXDO�WR�WKDW�RI�WKH�V\VWHP�UDQJH�

Figure 3.The representation of the design range as a
convex polyhedron in �2.
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&RPSXWLQJ�WKH�,QIRUPDWLRQ�&RQWHQW�RI�'HFRXSOHG�'HVLJQV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

�'DP1

�'DP2

DP1

DP2

Common Range

System Range

Design Range

Figure 4. The representation of the system range and
common range as convex polytopes in two dimensional

space.

7R�HYDOXDWH�(TXDWLRQ�����RQH�PXVW�FRPSXWH�WKH�YROXPH�RI�ERWK
WKH� V\VWHP� UDQJH� DQG� WKH� FRPPRQ� UDQJH�� � 7KH� YROXPH� RI� WKH
V\VWHP�UDQJH�FDQ�EH�VHHQ�E\�LQVSHFWLRQ�WR�EH
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n

i
iV

1

2range) (system DP
����

7R�DXWRPDWLFDOO\�FRPSXWH�WKH�YROXPH�RI�WKH�FRPPRQ�UDQJH��RQH
PD\�XVH�WKH�IROORZLQJ�WKHRUHP�E\�/DVVHUUH�>�@�� �*LYHQ�D�FRQYH[
SRO\KHGURQ�GHILQHG�E\�WKH�VHW�RI�OLQHDU�LQHTXDOLWLHV

Ax bd ����

WKH� YROXPH� RI� WKH� FRQYH[� SRO\KHGURQ� VDWLVI\LQJ� WKRVH
LQHTXDOLWLHV�LV

V n
n

V n
p

p qp

m

( , , ) ( ,~,
~

)
,

A b
b

A
A b � �

 
¦

1
1

1

����

ZKHUH�
~ ~
Ax bd �LV�WKH�V\VWHP�UHVXOWLQJ�IURP�UHPRYLQJ� qx �IURP

WKH�V\VWHP�Ax bd �E\�FDVWLQJ�WKH�SWK�LQHTXDOLW\�DV�DQ�HTXDOLW\�

7R� XVH� (TXDWLRQ� ��� WR� FRPSXWH� WKH� YROXPH� RI� WKH� FRPPRQ
UDQJH�� LW� LV�QHFHVVDU\�WR�IRUPXODWH�D�PDWKHPDWLFDO� UHSUHVHQWDWLRQ
RI�WKH�FRPPRQ�UDQJH�DV�D�VHW�RI�LQHTXDOLW\�FRQVWUDLQWV���7KLV�FDQ
EH�DFFRPSOLVKHG�E\�DGGLQJ�WKH�FRQVWUDLQWV�WKDW�GHILQH�WKH�V\VWHP
UDQJH�WR�(TXDWLRQ����ZKLFK�GHILQHV�WKH�GHVLJQ�UDQJH
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ZKHUH�,�LV�WKH�Q�E\�Q�LGHQWLW\�PDWUL[�DQG�P'3�LV�D�YHFWRU�RI�WKH
PHDQ�YDOXHV�RI�WKH�'3V�

7KLV�VHFWLRQ�SURYLGHG�D�FRQFHSWXDO�RYHUYLHZ�RI�DQ�DOJRULWKP�IRU
FRPSXWLQJ� LQIRUPDWLRQ� FRQWHQW� IRU� GHFRXSOHG� V\VWHPV� ZLWK
XQLIRUPO\� GLVWULEXWHG� GHVLJQ� SDUDPHWHUV�� � (TXDWLRQV� ������ DUH
VXIILFLHQW� LQ� SULQFLSOH� WR� HQDEOH� WKH� UHDGHU� WR� FDUU\� RXW� WKH
QHFHVVDU\� FDOFXODWLRQV�� � ,Q� SUDFWLFH�� WKHUH� DUH� PDQ\
LPSOHPHQWDWLRQ� GHWDLOV� UHTXLUHG� IRU� FRUUHFW� QXPHULFDO
FRPSXWDWLRQ� RI� LQIRUPDWLRQ� FRQWHQW� RI� GHFRXSOHG� GHVLJQV� ZLWK
XQLIRUPO\� GLVWULEXWHG� '3V�� � 7KHVH� GHWDLOV� DUH� SURYLGHG� LQ� WKH
$SSHQGL[�� �7KH�QH[W�VHFWLRQ�SUHVHQWV�D�FDVH�VWXG\�RI�WKH�XVH�RI
WKH�WZR�DOJRULWKPV�

6.1 EXAMPLE APPLICATION – PASSIVE FILTER
DESIGN

7KLV� FDVH� VWXG\� LV� DQ� DGDSWDWLRQ� RI� ([DPSOH� ���� IURP� 6XK� >�@
FRQFHUQLQJ�WKH�GHVLJQ�RI�DQ�HOHFWULFDO�SDVVLYH�ILOWHU��7KH�H[DPSOH
ZDV� DOVR� GLVFXVVHG� E\� %UDV� DQG� 0LVWUHH� >�@� ZKR� QRWHG� VRPH
HUURUV�LQ�WKH�RULJLQDOO\�SXEOLVKHG�IRUPXODH���:H�KDYH�DGRSWHG�WKH
FRUUHFWHG� IRUPXODH� IRU� WKLV� SDSHU�� � 7KH� WZR� SURSRVHG� FLUFXLW
GHVLJQV�DUH�JLYHQ�LQ�)LJXUH���DV�1HWZRUN�D�DQG�1HWZRUN�E���7KH
YDULDEOH� YDOXHV� WKDW� GHILQH� WKH� PRGHO� RI� WKH� � GLVSODFHPHQW
WUDQVGXFHU���GHPRGXODWRU�DQG�JDOYDQRPHWHU�DUH� LQ�7DEOH���� �:H
FKRVH�WR�DQDO\]H�WKH�GHVLJQ�RSWLRQV�WKDW�HPSOR\��DV�D�WUDQVGXFHU�
WKH� VWUDLQ� JDXJH� EULGJH� UDWKHU� WKDQ� WKH� /9'7� �/LQHDU�9DULDEOH

'LIIHUHQWLDO� 7UDQVIRUPHU��� � 7KH� H[SUHVVLRQV� IRU� D � DQG� cZ � LQ

WHUPV� RI� WKH� GHVLJQ� SDUDPHWHUV� DQG� WKH� WUDQVGXFHU� DQG
JDOYDQRPHWHU� FKDUDFWHULVWLFV� DUH� IURP�6XK� >�@� DQG�DUH� SUHVHQWHG
LQ�7DEOH���

7KH� IXQFWLRQDO� UHTXLUHPHQWV� RI� WKH� V\VWHP�KDYH� EHHQ� VSHFLILHG
DV�

)5��  cZ �'HVLJQ�D� ORZ�SDVV�ILOWHU�ZLWK� D� ILOWHU�SROH� DW������+]

RU� ������UDG�VHF�

)5���  D 2EWDLQ�'�&��JDLQ�VXFK�WKDW�WKH�IXOO�VFDOH�GHIOHFWLRQ�

UHVXOWV�LQ�r��LQ��OLJKW�EHDP�GHIOHFWLRQ�

7KH�WZR�GHVLJQ�SDUDPHWHUV�DUH�

'3���  C FDSDFLWDQFH�

'3���  R UHVLVWDQFH���7KH�GHVLJQ�SDUDPHWHU�IRU�QHWZRUN�D�LV�5���
7KH�GHVLJQ�SDUDPHWHU�IRU�QHWZRUN�E�LV�5��

2QH�PD\� VROYH� IRU� WKH� QRPLQDO� '3� YDOXHV� WKDW� SODFH� WKH� )5V
SUHFLVHO\�RQ� WKHLU� WDUJHW�YDOXHV�� �8VLQJ� WKH� IRUPXODH� LQ�7DEOH� �
DQG� YDOXHV� LQ� 7DEOH� ��� WKH� '3� YDOXHV� WKDW� VDWLVI\� WKH� )5V� DUH
JLYHQ� LQ�7DEOH� ��� � 7DNLQJ� WKH� DSSURSULDWH� SDUWLDO� GHULYDWLYHV� RI
WKH� HTXDWLRQV� LQ�7DEOH� �� DERXW� WKH� WDUJHW� YDOXHV� RI� WKH�'3V� LQ
7DEOH���\LHOGV�WKH�GHVLJQ�PDWULFHV�LQ�7DEOH���



&RPSXWLQJ�WKH�,QIRUPDWLRQ�&RQWHQW�RI�'HFRXSOHG�'HVLJQV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

,W� LV� FOHDU� IURP� LQVSHFWLRQ� RI� 7DEOH� �� WKDW� ERWK� GHVLJQV� DUH
GHFRXSOHG�� � +RZHYHU�� LW� LV� DOVR� WUXH� WKDW� QHWZRUN� $� LV� PXFK
PRUH� QHDUO\� XQFRXSOHG� WKDQ� QHWZRUN� %�� � 7KLV� FDQ� EH
GHPRQVWUDWHG�E\�FRPSXWLQJ�WKH�5HDQJXODULW\�RI�WKH�WZR�GHVLJQV
�7DEOH����� �7KH�5HDQJXODULW\�RI�QHWZRUN�$�LV�QHDUO\�XQLW\�ZKLFK
LV� FKDUDFWHULVWLF� RI� D� FRPSOHWHO\� XQFRXSOHG� GHVLJQ�� � 7KH� ORZHU
YDOXHV�RI�5HDQJXODULW\�RI�QHWZRUN�%� LQGLFDWH� D�KLJKHU�GHJUHH�RI
FRXSOLQJ��3OHDVH�QRWH� WKDW� WKH�5HDQJXODULW\�RI� D�PDWUL[� GHSHQGV
RQ� WKH� VFDOLQJ�RI� WKH� URZV�� 7R� FRPSXWH� WKH� ILJXUHV� LQ�7DEOH� ��
ZKLFK�DUH�WKH�VDPH�DV�WKRVH�SXEOLVKHG� LQ�6XK�>�@��RQH�PXVW�ILUVW
QRUPDOL]H� WKH� URZV� RI� WKH�PDWUL[� E\� WKH� QRPLQDO� YDOXHV� RI� WKH
)5V�

1RZ��OHW�XV�FRQVLGHU�WKH�LQIRUPDWLRQ�FRQWHQW�RI�WKH�WZR�GHVLJQV�
7R�GR� WKLV��ZH�PXVW� VSHFLI\� WKH� WROHUDQFHV� RQ� WKH� )5V� DQG� WKH
GLVWULEXWLRQ�RI�WKH�'3V���/HW�XV�DVVXPH�WKDW�WKH�WROHUDQFHV�RQ�WKH

)5V�DUH�r���RI�WKHLU�QRPLQDO�YDOXHV���/HW�XV�IXUWKHU�DVVXPH�WKDW
WKH�VSHFLILFDWLRQ�IRU�WKH�UHVLVWRUV�LV�r����RI�WKHLU�QRPLQDO�YDOXHV
DQG� WKDW� WKH� VSHFLILFDWLRQ� IRU� WKH� FDSDFLWRU� LV� r��P)�� � /HW� XV
IXUWKHU� DVVXPH� WKDW� WKH� '3V� DUH� SUREDELOLVWLFDOO\� LQGHSHQGHQW�
)RU�WKH�GLVWULEXWLRQ�VKDSH�RI�WKH�'3V��OHW�XV�FRQVLGHU�WZR�FDVHV�²
QRUPDO� DQG� XQLIRUP�� � )RU� QRUPDOO\� GLVWULEXWHG� '3V�� OHW� XV

DVVXPH�WKDW�WKH�WROHUDQFH�UHSUHVHQWV�r�V�RI�WKH�GLVWULEXWLRQ�DQG
WKDW�WKH�PHDQ�LV�RQ�WDUJHW���)RU�XQLIRUPO\�GLVWULEXWHG�'3V��OHW�XV
DVVXPH� WKDW� WKH� SUREDELOLW\� GHQVLW\� LV� XQLIRUPO\� GLVWULEXWHG
WKURXJKRXW�WKH�HQWLUH�VSHFLILFDWLRQ�UDQJH�

Figure 5. Two proposed network designs for passive
filters (adapted from [1])

Table 1.  Variable values for the displacement transducer
and galvanometer.

9DULDEOH 1RPLQDO�9DOXH

sR ����:

inV ������9

gR ���:

senG �������P9�LQ�

Table 2.  Equations for Networks A and B.
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Table 3.  Design parameter values for networks A and B.

1HWZRUN�$ 1HWZRUN�%

0HDQ 7ROHUDQFH 0HDQ 6SHFLILFDWLRQ

&DSDFLWRU & ���P) r��P) & ����P) r��P)

5HVLVWRU 5� ���: r 2%10 R� 5� ����: r 3%10 R�

Table 4. Design matrices for networks A and B.

1HWZRUN�$ 1HWZRUN�%

�����[��� �����[���� �����[��� �����

� �����[���� � ����[����

5HDQJXODULW\

 ������

5HDQJXODULW\

 ������

7KH�UHVXOW�RI� DSSO\LQJ� WKH� DOJRULWKPV�SUHVHQWHG� LQ� WKLV�SDSHU� WR
WKH� SDVVLYH� ILOWHU� GHVLJQV� XQGHU� WKH� DVVXPSWLRQV� RXWOLQHG� DERYH
DUH� VXPPDUL]HG� LQ�7DEOH� ��� � ,Q� DOO� LQVWDQFHV�� WKH� SUREDELOLW\� RI
VXFFHVV� DQG� LQIRUPDWLRQ� FRQWHQW� RI� WKH� GHVLJQV� FRPSXWHG� E\
(TXDWLRQ� ��� RU� ��� ZHUH� FRQILUPHG� E\�0RQWH� &DUOR� VLPXODWLRQ
RYHU� WKH� QRQ�OLQHDU� HTXDWLRQV� LQ� 7DEOH� ��� � 7KLV� OHQGV� HYLGHQFH
WKDW� WKH� DOJRULWKPV� DUH� IUHH� RI� HUURU�� � ,W� DOVR� VKRZV� WKDW� LW� ZDV
UHDVRQDEOH�WR�DVVXPH�OLQHDULW\�RI�WKH�)5V�ZLWKLQ�WKH�UDQJH�RI�WKH
YDULDELOLW\�RI�WKH�'3V�

Network b
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&RPSXWLQJ�WKH�,QIRUPDWLRQ�&RQWHQW�RI�'HFRXSOHG�'HVLJQV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

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

Table 5.  Information content and coupling for networks A
and B.

1HWZRUN�$ 1HWZRUN�%

,��ELWV� SV ,��ELWV� SV

,QWHJUDWLRQ�RI

SGI��(TXDWLRQ

���

�����
����� �����

�����

0RQWH�&DUOR ����� ����� ����� �����

,QIRUPDWLRQ

FRQWHQW�IRU

QRUPDOO\

GLVWULEXWHG

'3V

6XPPLQJ

LQIRUPDWLRQ

RI�HDFK�)5

�����
�����

����� �����

5DWLR�RI

YROXPHV

�(TXDWLRQ����

���

����� ����� ����� �����

0RQWH�&DUOR ����� ����� ����� �����

,QIRUPDWLRQ

FRQWHQW�IRU

XQLIRUPO\

GLVWULEXWHG

'3V

6XPPLQJ

LQIRUPDWLRQ

RI�HDFK�)5

����� ����� ����� �����

7KH� DOJRULWKPV� RI� WKLV� SDSHU� UHYHDO� WKDW� QHWZRUN� %� KDV� ORZHU
LQIRUPDWLRQ� FRQWHQW� WKDQ� QHWZRUN� $� DQG� WKHUHIRUH� LV� WR� EH
SUHIHUUHG�DFFRUGLQJ�WR�WKH�,QIRUPDWLRQ�$[LRP���%�ZDV�SUHIHUUHG
WR� $� UHJDUGOHVV� RI� WKH� GLVWULEXWLRQ� VKDSH� DOWKRXJK� WKH� XQLIRUP
GLVWULEXWLRQ�OHG�WR�KLJKHU�LQIRUPDWLRQ�FRQWHQW�LQ�DOO�FDVHV�VLQFH�LW
LV�D�PRUH�SHVVLPLVWLF�DVVXPSWLRQ�� �7KLV� LV�QRWDEOH�VLQFH�QHWZRUN
%�LV�PRUH�FRXSOHG�WKDQ�QHWZRUN�$���1HWZRUN�%�LV�GHFRXSOHG�DQG
WKHUHIRUH� LV� VWLOO� DQ� DFFHSWDEOH� GHVLJQ� DFFRUGLQJ� WR� WKH
,QGHSHQGHQFH�$[LRP�� �7KLV�VXJJHVWV� WKDW�ZKHQ�ERWK�XQFRXSOHG
DQG� GHFRXSOHG� DOWHUQDWLYHV� H[LVW�� LW� LV� LPSRUWDQW� WR� HYDOXDWH� WKH
LQIRUPDWLRQ� FRQWHQW� RI� DOO� WKH� GHVLJQV� EHIRUH� GLVFDUGLQJ� DQ\
DOWHUQDWLYHV�� � 7KH� KLJKHU� SUREDELOLW\� RI� VXFFHVV� RI� D� GHFRXSOHG
GHVLJQ� PD\� PRUH� WKDQ� FRPSHQVDWH� IRU� WKH� UHTXLUHPHQW� RI
VHOHFWLQJ�WKH�'3V�LQ�SURSHU�RUGHU�

7KH�SURFHVV�RI�VXPPLQJ�LQIRUPDWLRQ�FRQWHQW�SURYLGHG�H[FHOOHQW
HVWLPDWHV�RI�WKH�LQIRUPDWLRQ�FRQWHQW�IRU�QHWZRUN�$���7KH�GHJUHH
RI�FRXSOLQJ�RI�QHWZRUN�$�LV�ORZ�HQRXJK��DV�LQGLFDWHG�E\�LWV�KLJK
5HDQJXODULW\�� WKDW� WKH� )5V� FDQ� EH� FRQVLGHUHG� SUREDELOLVWLFDOO\
LQGHSHQGHQW��:KHQ� DOO� WKH� GHVLJQ� DOWHUQDWLYHV� EHLQJ� FRQVLGHUHG
DUH� IXOO\� XQFRXSOHG� DQG� WKH� '3V� DUH� SUREDELOLVWLFDOO\
LQGHSHQGHQW��WKH�SURFHGXUH�RI�VXPPLQJ�LQIRUPDWLRQ�LV�UHOLDEOH�

2Q�WKH�RWKHU�KDQG��WKH�SURFHVV�RI�VXPPLQJ�LQIRUPDWLRQ�FRQWHQW
SURYLGHG�SRRU�HVWLPDWHV�RI�WKH� LQIRUPDWLRQ�FRQWHQW�IRU�QHWZRUN
%�GXH�WR� LWV�KLJKHU�GHJUHH�RI� FRXSOLQJ��0RUH� LPSRUWDQWO\�� WKHVH
SRRU�HVWLPDWHV�ZRXOG�OHDG�WR�WKH�ZURQJ�FKRLFH�RI�GHVLJQ���,Q�ERWK
WKH� QRUPDOO\� GLVWULEXWHG� DQG� XQLIRUPO\� GLVWULEXWHG� FDVHV�� WKH� VXP� RI
LQIRUPDWLRQ� FRQWHQW� LQFRUUHFWO\� LQGLFDWHV� WKDW� QHWZRUN� $� LV� VXSHULRU� WR
QHWZRUN� %�� � ,W� LV� HVVHQWLDO� WR� GHVLJQ� GHFLVLRQ� PDNLQJ� WKDW� WKH
LQIRUPDWLRQ�FRQWHQW�RI�GHFRXSOHG�GHVLJQV� LV�FRPSXWHG�FRUUHFWO\
DQG�QRW�VLPSO\�VXPPHG�

7 CONCLUSIONS

7KLV� SDSHU� KDV� SURYHQ� PDWKHPDWLFDOO\� WKDW� WKH� LQIRUPDWLRQ
FRQWHQW� RI� D� GHFRXSOHG� GHVLJQ� LV� QHYHU� H[DFWO\� WKH� VXP� RI� WKH
LQIRUPDWLRQ� RI� WKH� IXQFWLRQDO� UHTXLUHPHQWV� �)5V��� � 'HFRXSOHG
GHVLJQV� DOZD\V� LQGXFH� VRPH� FRUUHODWLRQ� DPRQJ� WKH� IXQFWLRQDO
UHTXLUHPHQWV� HYHQ� ZKHQ� WKH� GHVLJQ� SDUDPHWHUV� �'3V�� DUH
LQGHSHQGHQW�

:H� SUHVHQWHG� WZR� DOJRULWKPV� IRU� SURSHUO\� FRPSXWLQJ� WKH
LQIRUPDWLRQ� FRQWHQW� RI� GHFRXSOHG� GHVLJQV�� � 2QH� LV� D� JHQHUDO
SURFHGXUH� DSSOLFDEOH� WR� DQ\� IRUP� RI� GLVWULEXWLRQ� RI� WKH� '3V�
7KH�NH\� LQQRYDWLRQ�RI� WKH� DOJRULWKP� LV� WKH� SURSHU� FRPSXWDWLRQ
RI� WKH� OLPLWV�RI� LQWHJUDWLRQ�EDVHG�RQ� WKH� WROHUDQFHV� RQ� WKH� )5V�
VSHFLILFDWLRQV� RQ� WKH� '3V� DQG� WKH� GHVLJQ� PDWUL[�� � 7KH� RWKHU
DOJRULWKP� LV� DSSOLFDEOH�RQO\� LI�RQH� DVVXPHV� WKDW� DOO� WKH�'3V� DUH
XQLIRUPO\�GLVWULEXWHG�� �7KH�WHFKQLTXH� LV�EDVHG�RQ�FDOFXODWLRQ�RI
WKH�YROXPHV�RI�FRQYH[�SRO\WRSHV�

7KH� H[DPSOH� DSSOLFDWLRQ� GHPRQVWUDWHG� WKDW�� LQ� VRPH� FDVHV�� WKH
,QIRUPDWLRQ� $[LRP� UHTXLUHV� WKDW� GHFRXSOHG� GHVLJQV� DUH� WR� EH
SUHIHUUHG� WR� XQFRXSOHG� GHVLJQV�� � 'HFRXSOHG� GHVLJQV� LQGXFH
FRUUHODWLRQ� LQ�WKH�)5V�ZKLFK�� DOO�RWKHU� WKLQJV�EHLQJ�HTXDO�� WHQGV
WR�UHGXFH�LQIRUPDWLRQ�FRQWHQW�RI�WKH�GHVLJQ���+RZHYHU��WKH�RQO\
UHOLDEOH� PHDQV� IRU� PDNLQJ� GHFLVLRQV� FRQVLVWHQW� ZLWK� WKH
,QIRUPDWLRQ� $[LRP� LV� WR� DFFXUDWHO\� HVWLPDWH� WKH� LQIRUPDWLRQ
FRQWHQW�RI�DOO�WKH�IHDVLEOH�GHVLJQ�DOWHUQDWLYHV�

0RVW� LPSRUWDQWO\�� WKH� H[DPSOH� DSSOLFDWLRQ� VKRZV� WKDW� WKH
LQIRUPDWLRQ� FRQWHQW� RI� GHFRXSOHG� GHVLJQV� FDQ� VRPHWLPHV� EH
VLJQLILFDQWO\� GLIIHUHQW� IURP� WKH� VXP� RI� LQIRUPDWLRQ� RI� WKH� )5V
DQG� WKDW� WKHVH� GLIIHUHQFHV� FDQ� VRPHWLPHV� FULWLFDOO\� DIIHFW
HQJLQHHULQJ� GHFLVLRQ� PDNLQJ�� � 7R� HQVXUH� WKDW� RQH·V� GHVLJQ
SURFHVV�LV�FRQVLVWHQW�ZLWK�WKH�,QIRUPDWLRQ�$[LRP�RQH�DEVROXWHO\
UHTXLUHV� DOJRULWKPV� VXFK�DV� WKRVH�SUHVHQWHG� LQ� WKLV� SDSHU�ZKLFK
SURSHUO\�DFFRXQW�IRU�FRUUHODWLRQ�DPRQJ�)5V�



&RPSXWLQJ�WKH�,QIRUPDWLRQ�&RQWHQW�RI�'HFRXSOHG�'HVLJQV
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���
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APPENDIX -- IMPLEMENTATION DETAILS OF THE ALGORITHM
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7KH� LPSOHPHQWDWLRQ�RI�WKH�UHFXUVLYH�DOJRULWKP�GHILQHG�E\�(TXDWLRQ���� UHTXLUHV� VRPH�FDUH� LQ� LPSOHPHQWDWLRQ�� �2Q�HDFK�HYDOXDWLRQ�RI
9�Q�$�E���DQ\�GXSOLFDWH�LQHTXDOLW\�FRQVWUDLQWV�PXVW�EH�UHPRYHG���7KDW�LV��LI�WZR�URZV�RI�$�DUH�LGHQWLFDO�DQG�WKH�FRUUHVSRQGLQJ�HOHPHQWV
RI�E�DUH�DOVR�WKH�VDPH��WKHQ�RQH�RI�WKH�URZV�PXVW�EH�UHPRYHG�IURP�WKH�V\VWHP��,I�QRW��WKH�DOJRULWKP�ZLOO�VXP�WKH�YROXPH�RI�D�VLQJOH�IDFH
PRUH�WKDQ�RQFH���,W�DOVR�UHTXLUHV�FDUH�LQ�VHOHFWLQJ�ZKLFK�[T�WR�UHPRYH�IRU�DQ\�JLYHQ�L�VLQFH�LI�$L�T�LV�]HUR��RU�YHU\�VPDOO��DQ�RYHUIORZ�ZLOO
UHVXOW�

$�0DWKFDG� LPSOHPHQWDWLRQ�RI� WKH� UHFXUVLYH� DOJRULWKP�DSSHDUV� LQ�)LJXUH���� �7KH� ILUVW� WZR�DUJXPHQWV�RI� WKH� IXQFWLRQ�9�P�Q�&�� DUH� WKH
QXPEHU�RI�URZV�DQG�FROXPQV�UHVSHFWLYHO\� LQ� WKH�PDWUL[�$�� �7KH� WKLUG� DUJXPHQW� LV� WKH�PDWUL[�$� DQG�YHFWRU�E� DXJPHQWHG� LQWR� D� VLQJOH

PDWUL[�& > @A b ���1RWH�WKDW�WKH�IXQFWLRQ�FDOOV�LWVHOI�PDNLQJ�WKH�DOJRULWKP�UHFXUVLYH�

1RWH� WKDW� LI� WKH� SRO\KHGURQ� LV� XQERXQGHG�� WKHQ� WKH� IXQFWLRQ� ZLOO� UHWXUQ� D� YHU\� ODUJH� QXPEHU�� � 7KLV� FDQQRW� RFFXU� LQ� FRPSXWLQJ� WKH
YROXPH�RI�WKH�FRPPRQ�UDQJH�DV�GHILQHG�LQ�(TXDWLRQ������$OVR�QRWH�WKDW�LI�WKH�YROXPH�RI�WKH�LWK�IDFH�DV�FRPSXWHG�E\�WKH�DOJRULWKP�EHORZ
LV�]HUR��WKHQ�WKH�LWK�FRQVWUDLQW��LV�UHGXQGDQW�

7KH� 0DWKFDG� LPSOHPHQWDWLRQ� LQ� )LJXUH� �� ZDV� XVHG� IRU� FRPSXWLQJ� YDOXHV� IRU� WKH� H[DPSOH� DSSOLFDWLRQ�� � ,W� KDV� EHHQ� YDOLGDWHG� E\
UHSURGXFLQJ�UHVXOWV�IURP�WKH�RSHQ�OLWHUDWXUH�DQG�E\�FRPSDULVRQ�WR�UHVXOWV�IURP�0RQWH�&DUOR�VLPXODWLRQV�
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Figure 6.   Mathcad code for computing the volume of a convex polyhedron.
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