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$GYDQFHV LQ ,QWHJUDWLQJ $XWRQRP\ ZLWK $FRXVWLF &RPPXQLFDWLRQV IRU
,QWHOOLJHQW 1HWZRUNV RI 0DULQH 5RERWV

E\
7RE\ (GZLQ 6FKQHLGHU

6XEPLWWHG WR WKH 0,7�:+2, -RLQW 3URJUDP LQ $SSOLHG 2FHDQ 6FLHQFH 	 (QJLQHHULQJ RQ
-DQXDU\ ��� ����� LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPHQWV IRU WKH GHJUHH RI 'RFWRU RI

3KLORVRSK\ LQ 2FHDQRJUDSKLF (QJLQHHULQJ

$EVWUDFW

$XWRQRPRXV PDULQH YHKLFOHV DUH LQFUHDVLQJO\ XVHG LQ FOXVWHUV IRU DQ DUUD\ RI RFHDQR�
JUDSKLF WDVNV� 7KH HIIHFWLYHQHVV RI WKLV FROODERUDWLRQ LV RIWHQ OLPLWHG E\ FRPPXQLFDWLRQV�
WKURXJKSXW� ODWHQF\� DQG HDVH RI UHFRQILJXUDWLRQ� 7KLV WKHVLV DUJXHV WKDW LPSURYHG FRP�
PXQLFDWLRQ RQ LQWHOOLJHQWPDULQH URERWLF DJHQWV FDQ EH JDLQHG IURP DFWLQJ RQ NQRZOHGJH
JDLQHG E\ LPSURYHG DZDUHQHVV RI WKH SK\VLFDO DFRXVWLF OLQN DQG KLJKHU QHWZRUN OD\HUV E\
WKH $89·V GHFLVLRQ PDNLQJ VRIWZDUH�

7KLV WKHVLV SUHVHQWV D PRGXODU DFRXVWLF QHWZRUNLQJ IUDPHZRUN� UHDOL]HG WKURXJK D
&�� OLEUDU\ FDOOHG � WR SURYLGH FROODERUDWLQJ XQGHUZDWHU YHKLFOHV ZLWK DQ
HIILFLHQW VKRUW�UDQJH VLQJOH�KRSQHWZRUN� LV FRPSULVHG RI IRXU FRPSRQHQWV
WKDW SURYLGH� �� ORVVOHVVO\ FRPSUHVVHG HQFRGLQJ RI VKRUW PHVVDJHV� �� D VHW RI PHVVDJH
TXHXHV WKDW G\QDPLFDOO\ SULRULWL]H PHVVDJHV EDVHG ERWK RQ RYHUDOO LPSRUWDQFH DQG WLPH
VHQVLWLYLW\� �� 7LPH 'LYLVLRQ 0XOWLSOH $FFHVV �7'0$� 0HGLXP $FFHVV &RQWURO �0$&� ZLWK
DXWRPDWLF GLVFRYHU\� DQG �� DQ DEVWUDFW DFRXVWLF PRGHP GULYHU�

%XLOGLQJ RQ WKLV QHWZRUNLQJ IUDPHZRUN� WZR DSSURDFKHV WKDW XVH WKH YHKLFOH·V ´LQ�
WHOOLJHQFHµ WR LPSURYH FRPPXQLFDWLRQV DUH SUHVHQWHG� 7KH ILUVW LV D ´QRQ�GLVUXSWLYHµ
DSSURDFK ZKLFK LV D QRYHO WHFKQLTXH IRU XVLQJ VWDWH REVHUYHUV LQ FRQMXQFWLRQ ZLWK DQ HQ�
WURS\ VRXUFH HQFRGHU WR HQDEOH KLJKO\ FRPSUHVVHG WHOHPHWU\ RI DXWRQRPRXV XQGHUZDWHU
YHKLFOH �$89� SRVLWLRQ YHFWRUV� 7KLV V\VWHP ZDV DQDO\]HG RQ H[SHULPHQWDO GDWD DQG LP�
SOHPHQWHG RQ D ILHOGHG YHKLFOH� 8VLQJ DQ DGDSWLYH SUREDELOLW\ GLVWULEXWLRQ LQ FRPELQD�
WLRQ ZLWK HLWKHU RI WZR VWDWH REVHUYHU PRGHOV� JUHDWHU WKDQ 90� FRPSUHVVLRQ� UHODWLYH WR
D ���ELW LQWHJHU EDVHOLQH� ZDV DFKLHYHG�

7KH VHFRQG DSSURDFK LV ´GLVUXSWLYH�µ DV LW FKDQJHV WKH YHKLFOH·V FRXUVH WR HIIHFW DQ LP�
SURYHPHQW LQ WKH FRPPXQLFDWLRQV FKDQQHO� $ K\EULG GDWD� DQGPRGHO�EDVHG DXWRQRPRXV
HQYLURQPHQWDO DGDSWDWLRQ IUDPHZRUN LV SUHVHQWHG ZKLFK DOORZV DXWRQRPRXV XQGHUZD�
WHU YHKLFOHV �$89V� ZLWK DFRXVWLF VHQVRUV WR IROORZ D SDWK ZKLFK RSWLPL]HV WKHLU DELOLW\ WR
PDLQWDLQ FRQQHFWLYLW\ ZLWK DQ DFRXVWLF FRQWDFW IRU RSWLPDO VHQVLQJ RU FRPPXQLFDWLRQ�

7KHVLV 6XSHUYLVRU� +HQULN 6FKPLGW
7LWOH� 3URIHVVRU RI 0HFKDQLFDO DQG 2FHDQ (QJLQHHULQJ

�
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%LRJUDSK\

7RE\ 6FKQHLGHU JUHZ XS LQ :RRGEULGJH� &7 ZKHUH KH DWWHQGHG $PLW\ 5HJLRQDO +LJK
6FKRRO� HQJDJLQJ KLPVHOI LQ KLV IUHH WLPH ZLWK JDUGHQLQJ� PRGHO URFNHWU\ DQG SURJUDP�
PLQJ JUDSKLQJ FDOFXODWRUV� +H UHFHLYHG KLV %DFKHORU·V GHJUHH LQ 3K\VLFV IURP :LOOLDPV
&ROOHJH LQ :LOOLDPVWRZQ� 0$� ZKLFK LV D EHDXWLIXO VPDOO WRZQ QR RQH KDV KHDUG RI �EXW
LV SUHWW\ PXFK OLNH :RRGV +ROH ZLWK PRXQWDLQV LQVWHDG RI DQ RFHDQ�� 'XULQJ KLV VXP�
PHUV KH ILUVW ZRUNHG RQ WKH GLVSHUVDO RI FRUQ SROOHQ DW WKH &7 $JULFXOWXUDO ([SHULPHQW
6WDWLRQ� DQG WKHQ LQ WKH VXEVHTXHQW VXPPHUV SHUIRUPHG H[SHULPHQWDO UHVHDUFK LQ ODVHU
SK\VLFV DW :LOOLDPV� 7KLV UHVHDUFK ZHQW RQ WR IRUP WKH EDVLV RI DQ XQGHUJUDGXDWH WKHVLV
RQ ´3UHFLVLRQ SKDVH VKLIW VSHFWURVFRS\ LQ WKDOOLXPµ�

$IWHU FROOHJH� 7RE\ HQWHUHG WKH 0,7�:+2, -RLQW 3URJUDP WR SHUIRUP WKH ZRUN ZKLFK
FRPSULVHV WKLV WKHVLV� +H KDV SDUWLFLSDWHG LQ DW OHDVW ILIWHHQ VHD WULDOV WKURXJKRXW 1RUWK
$PHULFD DQG ,WDO\� DQG HQMR\V VHHLQJ KLV HQJLQHHULQJ HIIRUWV ZRUNLQJ LQ WKH UHDO ZRUOG�
+LV KREELHV QRZ LQFOXGLQJ KLNLQJ DQG ZRUNLQJ LQ KLV EDFN\DUG PLQL�IDUP�

$FNQRZOHGJPHQW

0DQ\ WKDQNV WR +HQULN IRU JXLGLQJ WKH RYHUDOO DUFK RI P\ ZRUN DQG IRU SURYLGLQJ DQ
DEXQGDQFH RI RSSRUWXQLWLHV IRU GRLQJ UHDO HQJLQHHULQJ DW VHD� , DOVR JUHDWO\ DSSUHFLDWH WKH
DGYLFH RIP\ WKHVLV FRPPLWWHHPHPEHUV� -LP DQG+DQX� ZKLFK KDV XQGRXEWHGO\PDGH WKLV
D EHWWHU ZRUN�

7KDQNV WR DOO WKH SDVW DQG SUHVHQW PHPEHUV RI P\ ODE DW 0,7 �/$066�� 2FHDQ URERWLFV
LV WUXO\ D WHDP HIIRUW DQG \RX·YH DOO FRQWULEXWHG LPSRUWDQW SLHFHV� 7R P\ IHOORZ DGYHQ�
WXUHUV LQ ,WDO\ IRU WKH ILUVW WLPHV LQ ����� .HYLQ� LW ZDV D UHDO SOHDVXUH ZRUNLQJ ZLWK \RX
DQG ,·P YHU\ VDG ZH OLYH RQ RSSRVLWH FRDVWV QRZ� $UMXQD� WKDQNV IRU WKH SL]]D RQ WKH ODWH
QLJKWV VROGHULQJ WKH SD\ORDG EHIRUH 6:$0,6��� DQG -RH� , ZLOO QHYHU IRUJHW KHDULQJ \RXU
OLIH VWRU\ RYHU WKH ZRUOG·V ORQJHVW OXQFK LQ &DPSLJOLD� 7R WKH VRIWZDUH FRUH� 0LNH� WKDQNV
IRU DOO WKH VSLULWHG GHEDWHV RQ PLGGOHZDUH DQG IRU WKH ,Y3 +HOP� ZKLFK LV D VROLG SLHFH RI
ZRUN� +HQULN� IRU VLPXODWLQJ HQRXJK WKDWP\ EXJV DOZD\V VKRZHG XS� $ORQ� IRU DOO WKH ELWV
RI IDVFLQDWLQJ WULYLD� DQG ,DQ� IRU LQVSLULQJ PH WR FRQWLQXH WR WU\ WR IL[ 0226� $QG WR P\
FRQWHPSRUDULHV� 6WHSK �´WKH RULJLQDOµ�� IRU EHLQJ P\ ZLQJPDWH RQ HYHU\ FUXLVH �DQG LQ
OLIH�� (ULQ DQG 6KHLGD� IRU WDNLQJ XS WKH RSHUDWLRQDO GXWLHV ZKHQ , KDG WR IRFXV RQ ILQLVK�
LQJ WKLV WKHVLV� DQG 6WHSKDQLH �)ULHG�� IRU UHPLQGLQJ PH WKDW QRW HYHU\RQH ZDQWV WR EH D
/LQX[ JXUX�

7KH1$72&HQWUH IRU0DULWLPH5HVHDUFK DQG([SHULPHQWDWLRQ �XSXQWLO ���� NQRZQDV
185&� LQ /D 6SH]LD� ,WDO\� GHVHUYHV VSHFLDO UHFRJQLWLRQ IRU WKH */,17�� WKURXJK */,17��
DQG 6:$06,�� VHD WULDOV WKH\ FRRUGLQDWHG DQG IRU ZKLFK WKH\ SURYLGHG YDOXDEOHPDWHULDO
DQG LQWHOOHFWXDO UHVRXUFHV� 7KDQNV DOVR WR P\ PHQWRU 7RP 3DVWRUH GXULQJ P\ VXPPHU
���� LQWHUQVKLS DW WKH &HQWUH IRU KLV WKH DGYLFH DQG VXSSRUW�

7KH :+2, $FRXVWLF &RPPXQLFDWLRQV JURXS �WKH 0LFUR�0RGHP IRONV� KHDGHG E\ /HH
)UHLWDJ DOVR GHVHUYH NXGRV IRU WKHLU TXLFN DQG KHOSIXO JXLGDQFH SHUWDLQLQJ WR DOOP\ �RIWHQ
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LJQRUDQW� UHTXHVWV IRU DVVLVWDQFH DQG IRU WKHLU KHOS RQ WKH */,17�� DQG 7,*(5�� H[SHUL�
PHQWV�

$OVR� , ZDQW WR WKDQN WKH +DQX·V 6HD%(' JURXS DW :+2, IRU PDNLQJ DYDLODEOH WKH GDWD
IURP WKH $*$9(�� H[SHGLWLRQ� $OVR� , VSHFLILFDOO\ ZDQW WR WKDQN &KULV 0XUSK\ IRU KLV
YDOXDEOH FULWLTXH RI *RE\�$FRPPV DQG IRU SURYLGLQJ PH D FKDQFH WR SDUWLFLSDWH LQ KLV
&$3785(�� H[SHULPHQW�

%OXHILQ 5RERWLFV GHVHUYHV FUHGLW IRU WKHLU PDQ\ KRXUV RI RSHUDWLRQV VXSSRUW� RIWHQ
JRLQJ EH\RQG WKH UHTXLUHG RU H[SHFWHG� :HV� WKDQNV IRU KHOSLQJ PDNH WKH %OXHILQ�0,7
WHDP ZRUN VPRRWKO\ RQ DOO RXU WULDOV�

0DQ\ WKDQNV WR DOO WKH IRONV ZKR ZURWH DQG FRQWULEXWHG WR WKH RSHQ�VRXUFH SURMHFWV
XVHG LQ P\ ZRUN� IURP *18�/LQX[ WR 0226�,Y3� WKH $FRXVWLFV 7RROER[� DQG DOO WKH OL�
EUDULHV XVHG LQ *RE\� HVSHFLDOO\ WKH %RRVW &�� OLEUDU\�

)XUWKHUPRUH� WKDQNV WRP\PDQ\ JRRG IULHQGV LQ WKH -RLQW 3URJUDP� ZKR KDYH KHOSHG
SDVV PDQ\ FROG ZLQWHUV DQG WRXULVW�LQIHVWHG VXPPHUV ZLWK FKHHU DQG JRRG IXQ� $OVR� ,
ZRXOG QRW EH KHUH ZLWKRXW WKH ORYH DQG HQFRXUDJHPHQW RI P\ IDPLO\� DQG IRU WKDW� , DP
GHHSO\ WKDQNIXO DQG EOHVVHG�

)LQDOO\� , ZLVK WR DFNQRZOHGJH WKH VSRQVRUV RI WKLV UHVHDUFK IRU WKHLU JHQHURXV VXSSRUW
RI P\ WXLWLRQ� VWLSHQG� DQG UHVHDUFK�

• WKH :+2,�0,7 -RLQW 3URJUDP
• WKH 0,7 3UHVLGHQWLDO )HOORZVKLS
• WKH 2IILFH RI 1DYDO 5HVHDUFK �215� � 1���������������� � 1���������������� DQG

WKH 215 3OXV1HW 3URJUDP *UDGXDWH )HOORZVKLS
• WKH 'HIHQVH $GYDQFHG 5HVHDUFK 3URMHFWV $JHQF\ �'$53$� �'HHS 6HD 2SHUDWLRQV�

$SSOLHG 3K\VLFDO 6FLHQFHV �$36� $ZDUG � $36 ����� ��������� $36 ��������������
67 ��� DQG ����

�



&RQWHQWV

&RQWHQWV �

� ,QWURGXFWLRQ �
��� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� +LVWRULFDO %DFNJURXQG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RQWULEXWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� *RE\�$FRPPV� $PRGXODU DFRXVWLF QHWZRUNLQJ IUDPHZRUN IRU VKRUW�UDQJH
PDULQH YHKLFOH FRPPXQLFDWLRQV ��
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� '&&/� GDWD PDUVKDOOLQJ �RU VRXUFH FRGLQJ� � � � � � � � � � � � � � � � � � � ��
��� TXHXH� '\QDPLF SULRULW\ EDVHG EXIIHULQJ � � � � � � � � � � � � � � � � � � � ��
��� DPDF� 0HGLXP $FFHVV &RQWURO � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� PRGHPGULYHU� $FRXVWLF PRGHP GULYHU � � � � � � � � � � � � � � � � � � � � � ��
��� *RE\� )LHOG &DVH 6WXGLHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� *RE\� )LHOG 7ULDOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 1RQ�GLVUXSWLYH 7HFKQLTXH� DXWRQRPRXV PRGHOLQJ WR LPSURYH VRXUFH FRGLQJ ��
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $SSURDFK � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6WDWH 2EVHUYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $ULWKPHWLF FRGLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5HVXOWV RQ H[SHULPHQWDO GDWD � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5REXVWQHVV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3HUIRUPDQFH FRPSDULVRQ WR WUDGLWLRQDO DSSURDFK � � � � � � � � � � � � � � ��
��� &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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� 'LVUXSWLYH 7HFKQLTXH� DXWRQRPRXV QDYLJDWLRQ DSSURDFKHV WR LPSURYH WKH
SK\VLFDO OLQN ��
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� *5$0� /RZ SRZHU LQ�VLWX *HQHUDOL]HG $FRXVWLF 0RGHOLQJ � � � � � � � � � ���
��� */,17�� 6KDOORZ ZDWHU H[SHULPHQW � � � � � � � � � � � � � � � � � � � � � ���
��� $FRXVWLF &RQQHFWLYLW\ LQ 'HHS 2FHDQ (QYLURQPHQWV � � � � � � � � � � � � � ���
��� &RQFOXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� &ORVLQJ UHPDUNV ���

$ 8QLILHG &RPPDQG DQG &RQWURO IRU +HWHURJHQHRXV 0DULQH 6HQVLQJ 1HWZRUNV���
$�� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
$�� +LHUDUFKLFDO FRQILJXUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ���
$�� 1HWZRUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
$�� *RRJOH (DUWK LQWHUIDFH IRU 2FHDQ 9HKLFOHV �*(29� � � � � � � � � � � � � � � ���
$�� 6XPPDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

% *RE\�$FRPPV 'HWDLOV ���
%�� *RE\� '&&/ ;0/ 6SHFLILFDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � ���

%LEOLRJUDSK\ ���

�



� ,QWURGXFWLRQ

,O VHPEOH TXH OD SHUIHFWLRQ VRLW
DWWHLQWH QRQ TXDQG LO Q·\ D SOXV ULHQ D̀
DMRXWHU� PDLV TXDQG LO Q·\ D SOXV ULHQ
D̀ UHWUDQFKHU��

$QWRLQH GH 6DLQW�([XSH́U\� 7HUUH GHV
+RPPHV ������

��� 0RWLYDWLRQ
,Q UHFHQW \HDUV� DXWRQRPRXV XQGHUZDWHU YHKLFOHV �$89V� DQG RWKHU PDULQH URERWV KDYH
JRQH IURP EHLQJ QLIW\ WR\V IRU HQJLQHHUV WR VHUYLQJ YDOXDEOH VFLHQWLILF� PLOLWDU\� DQG H[�
SORUDWLRQ UROHV� RIWHQ ZLWK UHDO VRFLDO FRQVHTXHQFHV� 7R KLJKOLJKW D IHZ H[DPSOHV� LQ WKH
ODVW GHFDGH� $89 UHVHDUFKHUV KDYH

• VXUYH\HG WKH $UFWLF ZLWK LPSOLFDWLRQV IRU IXWXUH H[WUDWHUUHVWULDO H[SORUDWLRQ >�@�

• PHDVXUHG DQG VXUYH\HG WKH 'HHSZDWHU +RUL]RQ RLO VSLOO SOXPH >�@�

• SHUIRUPHG SDVVLYH UDQJLQJ WR D VXE�VHD WDUJHW �H�J� VXEPDULQH� XVLQJ DQ XQGHUZD�
WHU K\GURSKRQH DUUD\ >�@�

• ORFDWHG WKH GRZQHG $LU )UDQFH )OLJKW >�@ WR UHFRYHU YDOXDEOH SRVW�PRUWHP GDWD�

• GLVFRYHUHG WKH SLQN WHUUDFHV RI 1HZ =HDODQG >�@�

$89V SURYLGH VSDWLDO FRYHUDJH XQDWWDLQDEOH E\ IL[HG VHQVRUV� DQG VHQVRU SD\ORDG IOH[�
LELOLW\ DW YHU\ IDYRUDEOH FRVWV FRPSDUHG WRPDQQHG V\VWHPV� 5DSLG DGYDQFHV LQ FRQVXPHU
HOHFWURQLFV KDYH DOORZHG $89V WR EH RXWILWWHG ZLWK LQFUHDVLQJO\ SRZHUIXO FRPSXWDWLRQDO
DELOLW\� OHDGLQJ D WUHQG WRZDUG PRUH DXWRQRP\ LQ QDYLJDWLRQ� GDWD DFTXLVLWLRQ� DQG GDWD

�3HUIHFWLRQ LV DFKLHYHG� QRW ZKHQ WKHUH LV QRWKLQJ PRUH WR DGG� EXW UDWKHU ZKHQ WKHUH LV QRWKLQJ PRUH
WR WDNH DZD\�

�



SURFHVVLQJ� 6HQVRUV� VXFK DV VRQDUV DQG FRQGXFWLYLW\�WHPSHUDWXUH�GHSWK �&7'� SUREHV�
KDYH EHHQ PLQLDWXUL]HG DQG ILWWHG RQ $89V RI DOO VL]HV� ,QGXVWU\ PDWXUDWLRQ KDV OHG WR
UHGXFHG YHKLFOH FRVW� DOORZLQJ PRUH LQVWLWXWLRQV WR RZQ DQG RSHUDWH IOHHWV RI YHKLFOHV�
UDWKHU WKDQPDLQWDLQLQJ D VLQJOH� FRVWO\ URERW� 7KLV LQFUHDVHG DELOLW\ WR UHDOL]H DXWRQRP\
DQG DIIRUGDEO\ ILHOG FOXVWHUV RI $89V LV GHVLUDEOH DV LW FDQ OHQG VSDWLDO GLYHUVLW\ WR VHQVLQJ
WDVNV DQG UHGXQGDQF\ WR IDLOXUH�

$OO RI WKHVH DGYDQFHV PRWLYDWH DQ LQFUHDVHG QHHG IRU XQGHUZDWHU ZLUHOHVV FRPPXQL�
FDWLRQ� &ROODERUDWLRQ EHWZHHQ DXWRQRPRXV DVVHWV UHTXLUHV D FHUWDLQ H[FKDQJH RI LQIRU�
PDWLRQ� DOPRVW E\ GHILQLWLRQ� 6HQVRU GDWD� HLWKHU UDZ RU SURFHVVHG� LV RIWHQ RI D WLPHO\
QDWXUH DQG FDQQRW ZDLW XQWLO WKH HQG RI WKH PLVVLRQ WR UHDFK WKH KXPDQ VFLHQWLVWV RU RS�
HUDWRUV� 'DWD WKDW UHDFKHV RSHUDWRUV GXULQJ WKH PLVVLRQ FDQ DOORZ D FHUWDLQ SDUDOOHOLVP
EHWZHHQ URERWLF DQG KXPDQ LQWHOOLJHQFH� WKH SHRSOH FDQ PDNH GHFLVLRQV EDVHG RQ WKHVH
GDWD WR LQIOXHQFH WKH URERWLF V\VWHP·V IXWXUH EHKDYLRU� 7KHVH GHFLVLRQV PXVW EH SURSD�
JDWHG WR WKH GHSOR\HG QRGHV� ZKLFK DJDLQ UHTXLUHV WKH DELOLW\ WR VHQG XQGHUZDWHU WHOH�
JUDPV�

$89V DUH JHQHUDOO\ RSHUDWHG ZLUHOHVVO\ IRU REYLRXV SUDFWLFDO UHDVRQV� DQG WKLV LV ZKDW
GLVWLQJXLVKHV WKHP IURP UHPRWHO\ RSHUDWHG YHKLFOHV �529V�� :LUHOHVV WHOHPHWU\ LQ WKH
RFHDQ RYHU DQ\ VLJQLILFDQW UDQJH LV D GLIILFXOW WDVN WR DFFRPSOLVK� 7KH XVXDO VXVSHFW IRU D
FDUU\LQJ GDWD VLJQDOV� HOHFWURPDJQHWLF UDGLDWLRQ� LV UDSLGO\ DWWHQXDWHG LQ VHDZDWHU� 7KXV�
PRVW V\VWHPV EDVHG RQ OLJKW RU UDGLR ZDYHV DUH RQO\ SUDFWLFDO IRU UDQJHV RQ WKH RUGHU RI
WHQV RI PHWHUV �VHH UHVXOWV LQ >�²�@�� :KLOH VXFK V\VWHPV KDYH VRPH VSHFLILF QLFKH XVHV
�VXFK DV ´WHWKHUOHVVµ 529V DQG ´GDWD PXOHµ V\VWHPV�� LW LV XQOLNHO\ WKDW JURXSV RI $89V
ZLOO EH GHSOR\HG VR GHQVHO\ LQ WKH IRUHVHHDEOH IXWXUH�

7KHUHIRUH� XQGHUVHD FRPPXQLFDWLRQ RYHU DQ\ VLJQLILFDQW UDQJH LV ZLGHO\ DFFHSWHG WR
EH RQO\ SUDFWLFDO XVLQJ DQ DFRXVWLF FDUULHU >�@� 7KH TXDOLW\ RI DFRXVWLF FRPPXQLFDWLRQV
LV RIWHQ SRRU �ORZ EDXG UDWHV ZLWK KLJK ODWHQF\� GXH D QXPEHU RI SK\VLFDO UHDOLWLHV RI
DFRXVWLF ZDYHV GLVFXVVHG LQ 6HFWLRQ ������ 7KLV KDV OHG WR D VLJQLILFDQW SXVK WR SURYLGH
LQFUHDVHG DXWRQRP\ FDSDELOLWLHV RQ $89V WR FRPSHQVDWH IRU WKH ODFN RI DYDLODEOH FRP�
PXQLFDWLRQ WKURXJKSXW ZKLFK SUHFOXGHV GLUHFW KXPDQ WHOHRSHUDWLRQ �ZKLFK LV FRPPRQ
LQ ODQG DQG DLU URERWLFV�� +RZHYHU� WKHUH KDV EHHQ OLWWOH FURVVRYHU EHWZHHQ XQGHUZDWHU
DXWRQRP\ DQG DFRXVWLF FRPPXQLFDWLRQV� ZLWK WKH IRUPHU FRPPXQLW\ JHQHUDOO\ WUHDWLQJ
WKH SK\VLFDO OLQN DV D ´EODFN ER[µ WKDW VHQGV E\WHV IURP RQH SRLQW WR DQRWKHU�

7KLV WKHVLV DUJXHV WKDW LPSURYHG FRPPXQLFDWLRQ FDQ EH JDLQHG IURP DFWLQJ RQ
NQRZOHGJH JDLQHG E\ LPSURYHG DZDUHQHVV RI WKH SK\VLFDO DFRXVWLF OLQN DQG KLJKHU
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)LJXUH ���� 6NHWFK RI WKH UHOHYDQW RFHDQRJUDSKLF HIIHFWV RQ WKH SHUIRUPDQFH RI DFRXVWLF
OLQNV�

QHWZRUN OD\HUV E\ WKH $89·V GHFLVLRQ PDNLQJ VRIWZDUH� +HUH� ´LPSURYLQJ FRPPXQL�
FDWLRQVµ LV GHILQHG DV LQFUHDVLQJ WKH XQLW LQIRUPDWLRQ WKURXJKSXW SHU XQLW SRZHU UDWLR�
%HIRUH JHWWLQJ LQWR GHWDLO DERXW WKH FRQWULEXWLRQV WKDW VXSSRUW WKLV DVVHUWLRQV� LW LV LQ�
VWUXFWLYH WR H[DPLQH WKH KLVWRULFDO UHFRUG RI ZRUN LQ ERWK RI WKH GLVFLSOLQHV WKLV WKHVLV
DLPV WR NQLW WRJHWKHU� XQGHUZDWHU DFRXVWLF WHOHPHWU\ DQG YHKLFOH DXWRQRP\�

��� +LVWRULFDO %DFNJURXQG

����� 3K\VLFDO DFRXVWLF OLQNV

8QGHUZDWHU DFRXVWLFLDQV DQG VLJQDO SURFHVVLQJ UHVHDUFKHUV KDYH FKDUDFWHUL]HG PDQ\ RI
WKH GHWULPHQWDO HIIHFWV RI WKH RFHDQ DFRXVWLF HQYLURQPHQW RQ VXFFHVVIXO WUDQVPLVVLRQ RI
GDWDJUDPV� WKH GLIILFXOW\ RI REWDLQLQJ KLJK UDWH DFRXVWLF WUDQVPLVVLRQV GXH WR WKH RFHDQ
HQYLURQPHQW DQGKRZ WKLV LPSDFWV DFRXVWLF QHWZRUNLQJ LV VXPPDUL]HGE\PDQ\ UHVHDUFK�
HUV VXFK DV %DJJHURHU >��@� .LOIR\OH >��@� 3UHLVLJ >��@� 6WRMDQRYLF >��@� &KLWUH >��@� DQG 3DU�
WDQ >��@�

$ VXPPDU\ RI WKHVH OLPLWLQJ IDFWRUV �VNHWFKHG LQ )LJ� ���� LQFOXGHV�
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• /RZ EDQGZLGWK� GXH WR SK\VLFDO DQG RFHDQRJUDSKLF SURFHVVHV �SULPDULO\ YLVFRXV
DEVRUSWLRQ DQG FKHPLFDO UHOD[DWLRQ IURP PDJQHVLXP VXOIDWH DQG ERULF DFLG >��@��
WKH RFHDQ LV D ORZ SDVV ILOWHU IRU DFRXVWLF ZDYHV�

• 6ORZ SURSDJDWLRQ VSHHGV� WKH VSHHG RI VRXQG �ZKLFK GHSHQGV RQ WKH RFHDQ SUHV�
VXUH� WHPSHUDWXUH� DQG VDOLQLW\� LV DERXW ���� P�V DW D WHPSHUDWXUH RI 10◦ &� VDOLQ�
LW\ RI ��� DQG GHSWK RI ��� PHWHUV >��@� &RPSDUHG WR WKH VSHHG RI OLJKW LQ D YDFXXP
�3.0 · 108 P�V�� VRXQG LQ WKH RFHDQ WUDYHOV ILYH RUGHUV RI PDJQLWXGH VORZHU�

• 0XOWLSDWK� PXOWLSOH GHOD\HG FRSLHV RI WKH VLJQDO UHDFKHV WKH UHFHLYHU SULPDULO\ GXH
WR LQWHUIDFH �VXUIDFH � ERWWRP� UHIOHFWLRQV DQG VLJQLILFDQW UHIUDFWLRQ IURP WKH VWUDW�
LILHG RFHDQ�

• 'RSSOHU HIIHFWV� GXH WR UHODWLYH SODWIRUP PRWLRQ �W\SLFDOO\ RQ WKH QRQ�QHJOLJLEOH
RUGHU RI 0.1� RI WKH VSHHG RI VRXQG� WKH UHFHLYHG VLJQDO LV W\SLFDOO\ VKLIWHG LQ IUH�
TXHQF\ �ZKLFK LV D QDUURZEDQG DSSUR[LPDWLRQ DV WKH 'RSSOHU VKLIW LV D IXQFWLRQ
RI WKH HPLWWHG IUHTXHQF\�� $OVR� GXH WR UHIUDFWLRQ DQG ZDYHV �ERWK VHD VXUIDFH DQG
LQWHUQDO�� GLIIHUHQW SDWKV KDYH GLIIHUHQW 'RSSOHU VKLIWV� ZKLFK OHDGV WR D YDU\LQJ
'RSSOHU VKLIW LQ WKH UHFHLYHG LPSXOVH UHVSRQVH DV D IXQFWLRQ RI DUULYDO GHOD\� )L�
QDOO\� GXH WR IOXFWXDWLRQV LQ PXOWLSOH SDWKV ZLWK VLPLODU GHOD\V �VXFK DV FDXVHG E\
IRFXVLQJ IURPVHD VXUIDFHZDYHV >��@�� WKH UHFHLYHG VLJQDO VKRZV D IUHTXHQF\ VSUHDG�

• 6LJQDO�WR�QRLVH UDWLR �615�� $V LV LQKHUHQW LQ WKH QDPH� WKH 615 LV GHWHUPLQHG E\
WKH VRXUFH OHYHO �ZKLFK LV OLPLWHG E\ DYDLODEOH SRZHU DQG WUDQVGXFHU WHFKQRORJ\�
UHGXFHG E\ WKH WUDQVPLVVLRQ ORVV �D FRPELQDWLRQ JHRPHWULFDO VSUHDGLQJ� DEVRUS�
WLRQ� DQG UHIUDFWLRQ� DQG WKH QRLVH OHYHO �DQWKURSRJHQLF� ELRORJLFDO� SK\VLFDO��

$OO RI WKHVH HIIHFWV FRPELQH WR PDNH WKH GHVLJQ RI ZLUHOHVV DFRXVWLF OLQNV FKDOOHQJ�
LQJ� 7KH EURDG DUFK RI WKH XQGHUZDWHU FRPPXQLFDWLRQV VLJQDO SURFHVVLQJ FRPPXQLW\ KDV
EHHQ IURP UHDVRQDEO\ UHOLDEOH EXW LQHIILFLHQW LQFRKHUHQW PRGXODWLRQ VFKHPHV WR SKDVH
FRKHUHQWPRGXODWLRQ� &RKHUHQWPRGXODWLRQ VFKHPHV UHTXLUH VLJQLILFDQW HIIRUW WR UHPRYH
LQWHUV\PERO LQWHUIHUHQFH �,6,� IURP WKH DIRUHPHQWLRQHG FKDQQHO HIIHFWV� EXW DFKLHYHPRUH
HIILFLHQW XVH RI WKH DYDLODEOH EDQGZLGWK�

,QFRKHUHQW WHFKQLTXHV� VXFK DV IUHTXHQF\ VKLIW NH\LQJ� VLPSO\ PHDVXUH WKH HQHUJ\ LQ
D JLYHQ IUHTXHQF\ UDQJH WR GHWHUPLQH WKH UHFHLYHG V\PERO� %\ DGGLQJ SVHXGR�UDQGRP
KRSSLQJ VHTXHQFHV WR DOORZ ORQJHU FKDQQHO FOHDULQJ WLPHV� PXOWLSDWK HIIHFWV DUH UHGXFHG
�DW OHDVW LQ FKDQQHOV ZLWK VKRUW HQRXJK GHFD\ WLPHV�� DQG E\ PDNLQJ WKH IUHTXHQF\ ELQ
IRU HDFK V\PERO ZLGH HQRXJK� 'RSSOHU HIIHFWV DUH PLWLJDWHG� +RZHYHU� WKLV WHFKQLTXH LV
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Paradigm shift: 
parallelism of AUV operations

)LJXUH ���� 7UDGHRII EHWZHHQQXPEHU RI YHKLFOHV DQG WLPH UHTXLUHG WR FRPSOHWH DPLVVLRQ�
:LWK DQ HIIHFWLYHZLUHOHVV FRPPXQLFDWLRQV QHWZRUN� SDUDOOHOL]DWLRQ RI YHKLFOH RSHUDWLRQV
KDV WKH SRWHQWLDO WR PRUH HIILFLHQW DV ZHOO DV EHLQJ TXLFNHU�

DQ LQHIILFLHQW XVH RI DOUHDG\ KLJKO\ OLPLWHG EDQGZLGWK�
$SSURDFKHV WKDW DWWHPSW WR LPSURYH RQ WKLV LQHIILFLHQF\ TXLFNO\ UXQ LQWR WKH IXQGD�

PHQWDO WLPH�IUHTXHQF\ WUDGHRII FRPELQHG ZLWK WKH WLPH DQG IUHTXHQF\ VSUHDGLQJ QDWXUH
RI WKH DFRXVWLF FKDQQHO� &RKHUHQW VLQJOH FDUULHUPRGXODWLRQ LV 'RSSOHU UHVLVWDQW EXWPXVW
FRPSHQVDWH IRU ,6, IURP PXOWLSDWK GXH WR WKH VKRUW �LQ WLPH� V\PERO VL]H� 2Q WKH RWKHU
KDQG� PDQ\ JURXSV DUH ORRNLQJ DW XVLQJ PXOWLSOH FDUULHU �H�J� 2)'0 >��@� ZKLFK LV LQKHU�
HQWO\ OHVV VXVFHSWLEOH WR PXOWLSDWK� EXW PXVW FRPSHQVDWH IRU ,6, IURP 'RSSOHU �V\QFKUR�
QL]DWLRQ� FDXVHG E\ WKH QDUURZ �LQ IUHTXHQF\� VXEFDUULHU ZLGWK�

5HJDUGOHVV RI WKH VLJQDOLQJ DSSURDFK WDNHQ� WKH WKHRUHWLFDO �DQG SUDFWLFDO� LI WLPH DQG
IUHTXHQF\ VSUHDGLQJ HIIHFWV FDQ EH VXIILFLHQWO\ UHPRYHG� OLPLW RQ WKURXJKSXW ZLOO DOZD\V
EH ERXQGHG E\ WKH EDQGZLGWK DQG WKH 615� DV VKRZQ E\ WKH IDPRXV 6KDQQRQ�+DUWOH\
WKHRUHP�

����� 8QGHUZDWHU YHKLFOH DXWRQRP\
$XWRQRPRXV GHFLVLRQ PDNLQJ FRQFHUQLQJ QDYLJDWLRQ RI XQGHUZDWHU URERWV LV VWLOO D QD�
VFHQW ILHOG� 7KH FKDOOHQJHV DQG FRVWV RI GHVLJQLQJ� FRQWUROOLQJ� DQG ILHOGLQJ YHKLFOHV KDV
FRQVXPHG PXFK RI WKH UHVHDUFK HIIRUW LQ XQGHUZDWHU URERWLFV WKXV IDU� 0LVVLRQV DUH
ODUJHO\ SUH�SURJUDPPHG VXUYH\V� SRVVLEO\ ZLWK EDVLF UXQWLPH UHGLUHFWLRQ IURP D KXPDQ
RSHUDWRU LQ OLJKW RI DQ HYHQW� $IWHU WKH PLVVLRQ FRPSOHWHV� WKH GDWD DUH RIIORDGHG DQG
DQDO\]HG� 7KHQ WKH URERW LV UHSURJUDPPHG DQG GHSOR\HG DJDLQ� 7KLV SDUDGLJP VKLIW LV
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LOOXVWUDWHG LQ )LJ� ����
$V D UHVXOW RI LQFUHDVHG FRPPHUFLDOL]DWLRQ RI YHKLFOHV �DQG WKXV LPSURYHG UREXVWQHVV

DQG VRPHZKDW UHGXFHG FRVWV�� LW LV EHFRPLQJ PRUH SUDFWLFDO WR ILHOG FOXVWHUV RI URERWV
DW RQFH� 7KLV RSHQV XS WKH SRVVLELOLW\ RI UHGXFHG VSDWLDO�WHPSRUDO DOLDVLQJ RI VDPSOLQJ
IRU RFHDQRJUDSKLF ZRUN� DQG FROODERUDWLYH PLVVLRQV IRU UHGXFHG PLVVLRQ WLPH IRU WLPH�
FULWLFDO DSSOLFDWLRQV VXFK DV PLQH FRXQWHUPHDVXUHV RU WDUJHW GHWHFWLRQ� $ORQJ ZLWK WKLV
VKLIW WRZDUGV LQFUHDVHGSDUDOOHOLVPRI RSHUDWLRQV FRPHV D UHTXLUHPHQW IRU LPSURYHG FRP�
PXQLFDWLRQV SHUIRUPDQFH� (VVHQWLDOO\ E\ GHILQLWLRQ� URERWLF FROODERUDWLRQ UHTXLUHV FRP�
PXQLFDWLRQ�

7KH OLPLWHG FRPPXQLFDWLRQV DYDLODEOH GXH WR WKH HIIHFWV RXWOLQHG LQ 6HFWLRQ ����� KDYH
OHG WR DGYDQFHV LQ DXWRQRPRXV GHFLVLRQ PDNLQJ� VXFK DV WKH ,QWHUYDO 3URJUDPPLQJ �,Y3�
+HOP� 6XFK V\VWHPV KDYH RQO\ KDG OLPLWHG VXFFHVV LQ UHPRYLQJ WKH QHHG IRU KXPDQ LQWHU�
DFWLRQ� DV \HDUV RI DUWLILFLDO LQWHOOLJHQFH �$,� ZRUN LQ QRQ�PDULQH GRPDLQV KDV DOVR VKRZQ�
+XPDQV DUH LQFUHGLEO\ JRRG DW KHXULVWLF MXGJPHQW� ZKLOH PDFKLQHV DUH KLJKO\ HIIHFWLYH
DW PDWKHPDWLFDO FRPSXWDWLRQ DQG GDWD VWRUDJH� 3UDJPDWLF $, ZLOO OHYHUDJH WKH EHVW RI
ERWK DVSHFWV RI D FRPSXWHU�KXPDQ V\VWHP� UDWKHU WKDQ VHHN WR VXSSODQW KXPDQV ZLWK
URERWV� ,Q WKH RFHDQ HQYLURQPHQW� VDIHW\ DQG FRVW FRQVLGHUDWLRQV OHDG WR WKH FRQFOXVLRQ
WKDW WKH KXPDQV VKRXOG VWD\ VKLS �RU VKRUH� VLGH� 7KLV DJDLQ OHDGV WR WKH QHHG IRU HIIHFWLYH
ZLUHOHVV QHWZRUNLQJ�

7KXV IDU� WKH QHHG IRU QHWZRUNLQJ IRU UHDO PDULQH URERWLF V\VWHPV KDV OHG WR D QXP�
EHU RI DG�KRF SURMHFWV WKDW VHUYH VSHFLILF JRDOV �SULPDULO\ WKH PRQLWRULQJ RI RQH YHKLFOH·V
VWDWH GXULQJ D SUH�SODQQHG PLVVLRQ�� &DUU\RYHUV IURP WHUUHVWULDO QHWZRUNLQJ �DQ LQFUHG�
LEO\ ZLGHO\ VWXGLHG SUREOHP VLQFH WKH DGYHQW RI WKH JOREDO ,QWHUQHW� GR QRW ZRUN ZHOO LQ
WKH PDULQH GRPDLQ EHFDXVH RI WZR PDLQ IDFWRUV �LOOXVWUDWHG LQ )LJ� �����

• 9HU\ ORZ WKURXJKSXW � WUDGLWLRQDO SDFNHW GHVLJQV VXFK DV WKH ,QWHUQHW 3URWRFRO VXLWH
�,3� GR QRW IXQFWLRQ HIILFLHQWO\ RU HIIHFWLYHO\� )XUWKHUPRUH� WKH DVVXPSWLRQ RI WRWDO
WKURXJKSXW LV JHQHUDOO\ LQYDOLG �7&3 EUHDNV GRZQ�� 9HKLFOHV KDYH PRUH GDWD WR
VKDUH WKDQ ZLOO HYHU EH DEOH WR EH WUDQVPLWWHG DFRXVWLFDOO\�

• +LJK ODWHQF\ � &KDOOHQJHV IRU 0$&� URXWLQJ� DQG JXDUDQWHHG GHOLYHU\�

6HYHUDO UHVHDUFKHUV UHSRUW RQ ILHOGHG QHWZRUNV RI $89V� HDFK ZLWK LWV RZQ DGYDQFHV
DQG OLPLWDWLRQV�

• 3HUVLVWHQW /LWWRUDO8QGHUVHD1HWZRUNLQJ �3/861HW� >��@� 7KH3/861HW SURMHFW GHPRQ�
VWUDWHG WUDQVIHU RI WKUHH PHVVDJH W\SHV �LQ WKH &RPSDFW &RQWURO /DQJXDJH �&&/�
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(assuming unrealistic 0% packet loss)

Earth - Mars Rover
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)LJXUH ���� /RJ�ORJ FRPSDULVRQ RI D ZLGHO\ XVHG DFRXVWLF PRGHP �WKH :+2, 0LFUR�
0RGHP� ZLWK YDULRXV RWKHU WHUUHVWULDO DQG H[WUDWHUUHVWULDO ZLUHOHVV DQG ZLUHG SK\VLFDO
OLQNV� 7KH XQGHUZDWHU DFRXVWLF OLQN �HYHQ ZLWK QHZHU DGYDQFHV LQ PRGXODWLRQ� LV WKH
PRVW WKURXJKSXW FRQVWUDLQHG DQG KDV WKH KLJKHVW ODWHQF\� VDYH IRU LQWHU�SODQHWDU\ OLQNV�

>��@� EHWZHHQ D PL[HG QHWZRUN RI $89V� EXR\V DQG PRRUHG QRGHV� +RZHYHU� WKH
QHWZRUNLQJ FRGH ZDV QRW HVSHFLDOO\ UREXVW� DQG QR WUDFWDEOH PHFKDQLVP IRU VHQG�
LQJ PHVVDJHV RXWVLGH RI WKH WKUHH SUHGHILQHG KDUG�FRGHG W\SHV ZDV DYDLODEOH� )XU�
WKHUPRUH� WKH HQWLUH V\VWHP ZDV WLHG WR RQH DFRXVWLF PRGHP �WKH :+2, 0LFUR�
0RGHP�� 7R D ODUJH GHJUHH� WKH H[SHULHQFHV IURP 3/861HW OHG WR WKH GHYHORSPHQW
RI *RE\�$FRPPV �&KDSWHU ���

• 6HD:HE >��� ��@� 6HD:HE GHPRQVWUDWHG VHOHFWLYH DXWRPDWHG UHSHDW�UHTXHVW �$54�
ZKLFK LPSURYHV XSRQ EDVLF $54� HVSHFLDOO\ RQ KLJK�ODWHQF\ OLQNV� $ ODUJH QHWZRUN
RI PRVWO\ VWDWLRQDU\ QRGHV ZDV XVHG� DQG URXWLQJ EDVHG RQ QHLJKERU VHQVLQJ ZDV
SHUIRUPHG� WKRXJK WKH GHWDLOV LQ WKH SDSHUV DUH VSDUVH� ,Q WKLV FDVH� VROHO\ WKH 7HOH�
G\QH %HQWKRV PRGHP ZDV XVHG� /LWWOH LQIRUPDWLRQ LV VXJJHVWHG DERXW GDWD SUHVHQ�
WDWLRQ �VRXUFH FRGLQJ��
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State Observation Source
Coding (Chapter 3)

Depth Adaptation for increased signal
(Chapter 4)

)LJXUH ���� 2XWOLQH RI WKLV WKHVLV· FRQWULEXWLRQV LQ WKH FRQWH[W RI WKH 2SHQ 6\VWHPV ,QLWLD�
WLYH �26,� QHWZRUN OD\HUV >��@� :KLOH SRWHQWLDOO\ PLVOHDGLQJ �DW OHDVW VRPH FURVV�OD\HULQJ
LV QHFHVVDU\ IRU HIILFLHQF\�� WKH 26, PRGHO SURYLGHV D FRPPRQ VWDUWLQJ SRLQW IRU GLVFXV�
VLRQ RI QHWZRUNV� 7KH VR�FDOOHG ´SODWIRUPµ OD\HU LV DQ LQQRYDWLRQ IRU URERWLFV ZRUN DQG
UHSUHVHQWV WKH SDUWLFLSDWLRQ RI DQ HQWLUH YHKLFOH �H�J� PRYHPHQW� LQ WKH QHWZRUN�

��� &RQWULEXWLRQV

$V VKRZQ LQ )LJ� ���� WKH FRQWULEXWLRQV LQ WKLV WKHVLV FRPH WRJHWKHU WR IRUPDQ LQFRPSOHWH�
EXW QRQHWKHOHVV YDOXDEOH QHWZRUNLQJ V\VWHP IRU ILHOGHG $89V� $OO RI WKH FKDSWHUV FRQWDLQ
ZRUN SHUIRUPHG RU GHPRQVWUDWHG XVLQJ $89V RSHUDWHG XQGHU WKH ´8QLILHG &�µ SDUDGLJP�
PXFK RI ZKLFK ZDV GHYHORSHG E\ WKH DXWKRU� 6HH $SSHQGL[ $ IRU WHFKQLFDO GHWDLOV RQ WKLV
RSHUDWLRQ VHWXS�

6WDUWLQJ IURP FORVHVW WR WKH KDUGZDUH� WKH *RE\�$FRPPV OLEUDU\� D QHWZRUNLQJ VXLWH
VSHFLILFDOO\ GHVLJQHG IRUPDULQH OLQNVZLWK KLJK ODWHQF\ DQG ORZ WKURXJKSXW� LV SUHVHQWHG�
1H[W� WZR WHFKQLTXHV DUH SUHVHQWHG �DQG RWKHUV DUH VXJJHVWHG� IRU LPSURYLQJ FRPPXQL�
FDWLRQV E\ PDNLQJ XVH RI WKH YHKLFOH·V LQWHOOLJHQFH� WKH\ DUH VSOLW LQWR QRQ�GLVUXSWLYH �QR
QHJDWLYH HIIHFW RQ WKHPLVVLRQ REMHFWLYHV� DQG GLVUXSWLYH �UHTXLUHVPRYHPHQW RI WKH YHKL�
FOH WKDW PD\ EH RUWKRJRQDO WR WKH RYHUDOO PLVVLRQ REMHFWLYHV�� $ VXPPDU\ RI WKH PHWKRGV
GLVFXVVHG KHUH LV JLYHQ LQ 7DEOH ���� 7KHVH DGYDQFHV DUH FRPSOHPHQWDU\ WR DGYDQFHV LQ
VLJQDO SURFHVVLQJ DQG DFRXVWLF PRGHP GHVLJQ� DQG FDQ EH WKRXJKW RI FRPSULVLQJ WKH DS�
SOLFDWLRQ DQG SODWIRUP OD\HUV RI WKH QHWZRUN� UHVSHFWLYHO\�
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����� *RE\�$FRPPV� 5HWKLQNLQJ QHWZRUN SURWRFRO GHVLJQ IRU WKH
XQGHUZDWHU HQYLURQPHQW

,W PD\ EH WHPSWLQJ WR EHOLHYH WKDW WKH GHVLJQ RI VXFK D SURWRFRO VXLWH LV D VROYHG SUREOHP�
DIWHU DOO� WKH XELTXLWRXV ,QWHUQHW 3URWRFRO 6XLWH �ZKLFK LQFOXGHV WKH 7UDQVPLVVLRQ &RQ�
WURO 3URWRFRO �7&3� DQG WKH 8VHU 'DWDJUDP 3URWRFRO �8'3� EXLOW XSRQ WKH ,QWHUQHW 3URWR�
FRO �,3�� KDV VXFFHVVIXOO\ GHPRQVWUDWHG LWV VXFFHVV� +RZHYHU WKH ,3 VXLWH ZDV VSHFLILFDOO\
GHVLJQHG IRU OLQNV WKDW DFKLHYH WRWDO WKURXJKSXW DQG DUH W\SLFDOO\ VLJQLILFDQWO\ XQGHU�
XWLOL]HG ZLWK UHDVRQDEO\ ORZ ODWHQFLHV �RUGHU RI PLOOLVHFRQGV RU OHVV�� VXFK DV (WKHUQHW�
,Q FRQWUDVW� W\SLFDO XQGHUZDWHU OLQNV� VXFK DV WKRVH EXLOW XVLQJ DFRXVWLF PRGHPV� UDUHO\
DFKLHYH WRWDO WKURXJKSXW LQ UHDO VLWXDWLRQV DQG DUH WKXV UXQ DW IXOO FDSDFLW\� )XUWKHUPRUH�
WKH\ KDYH KLJK ODWHQFLHV �RUGHU RI VHFRQGV RU PRUH�� 7KXV� WKH GHVLJQ GHFLVLRQV PDGH IRU
WKH ,3 VXLWH GR QRW ZRUN IRU PDULQH OLQNV DQG LQ VRPH FDVHV DUH FRXQWHUSURGXFWLYH�

7KH *RE\�$FRPPV VXLWH SUHVHQWHG LQ &KDSWHU � SURYLGHV IRXU NH\ DGYDQFHV �OLVWHG
LQ RUGHU IURP FORVHVW WR WKH DSSOLFDWLRQ WR FORVHVW WR WKH SK\VLFDO OLQN� LQWHQGHG WR DG�
GUHVV WKH OLPLWV RI WUDGLWLRQDO QHWZRUNLQJ V\VWHPV LQ OLJKW RI WKH H[WUHPH EDQGZLGWK DQG
ODWHQF\ FRQVWUDLQWV RI XQGHUZDWHU OLQNV�

�� 7KH '\QDPLF &RPSDFW &RQWURO /DQJXDJH �'&&/� LV D PDUVKDOOLQJ �RU V\QRQ\�
PRXVO\ VHULDOL]DWLRQ� VFKHPH WKDW FUHDWHV KLJKO\ FRPSUHVVHG VPDOO PHVVDJHV VXLW�
DEOH IRU VHQGLQJ RYHU OLQNV ZLWK YHU\ ORZ PD[LPXP WUDQVPLVVLRQ XQLWV �RUGHU RI
��V WR ���V RI E\WHV� VXFK DV W\SLFDO XQGHUZDWHU DFRXVWLF PRGHPV� '&&/ SURYLGHV
JUHDWHU HIILFLHQF\ �L�H� VPDOOHU PHVVDJHV� WKDQ H[LVWLQJ PDULQH �&&/� ,QWHU�0RGXOH
&RPPXQLFDWLRQ� DQGQRQ�PDULQH �*RRJOH 3URWREXI� $61��� ERRVW��VHULDOL]DWLRQ� HWF��
WHFKQLTXHV E\ SUH�VKDULQJ DOO VWUXFWXUDO LQIRUPDWLRQ DQG ERXQGLQJ PHVVDJH ILHOGV
WR PLQLPXP DQG PD[LPXP YDOXHV �ZKLFK WKHQ FUHDWH PHVVDJHV RI DQ\ ELW VL]H� QRW
OLPLWHG E\ LQWHJHU PXOWLSOHV RI RFWHWV VXFK DV LQW��� LQW��� HWF��� 7KH '&&/ VWUXFWXUH
ODQJXDJH LV LQGHSHQGHQW RI D JLYHQ SURJUDPPLQJ ODQJXDJH DQG SURYLGHV FRPSLOH�
WLPH W\SH VDIHW\ DQG V\QWD[ FKHFNLQJ� ERWK RIZKLFK DUH LPSRUWDQW IRU ILHOGLQJ FRP�
SOH[ URERWLF V\VWHPV� )LQDOO\� '&&/ LV H[WHQVLEOH WR DOORZ XVHU�SURYLGHG VRXUFH HQ�
FRGHUV IRU DQ\ JLYHQ ILHOG RU PHVVDJH W\SH� ZKLFK HQDEOHG WKH ZRUN LQ &KDSWHU � WR
EH HDVLO\ GHPRQVWUDWHG DQG XVHG RQ UHDO� ILHOGHG YHKLFOHV�

�� 7KH WUDQVSRUW OD\HU RI *RE\�$FRPPVSURYLGHV WLPHG\QDPLF SULRULW\ TXHXLQJ �*RE\�
4XHXH�� ,Q RXU H[SHULHQFH� DFRXVWLF OLQNV RQ ILHOGHG YHKLFOHV KDYH EHHQ W\SLFDOO\
UXQ DW RYHU�FDSDFLW\� WKDW LV� WKHUH DUHPRUH GDWD WR VHQG WKDQZLOO HYHU EH VHQG RYHU
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WKH OLQN� 7KXV� WKH GDWD WKDW DUH WR EH VHQW PXVW EH FKRVHQ LQ VRPH IDVKLRQ� +LVWRU�
LFDOO\� SULRULW\ TXHXHV DUH ZLGHO\ XVHG WR VHQG PRUH YDOXDEOH GDWD ILUVW� +RZHYHU�
GLIIHUHQW W\SHV RI GDWD DOVR KDYH GLIIHUHQW WLPH VHQVLWLYLWLHV� ZKLFK *RE\�4XHXH UHF�
RJQL]HV YLD WKH XVH RI D �FORFN WLPH EDVHG� WLPH�WR�OLYH SDUDPHWHU� )LQDOO\� WKH GH�
PDQG IRU D JLYHQ W\SH RI GDWD FDQ LQFUHDVH RYHU WLPH VLQFH ODVW UHFHLYLQJ D PHVVDJH
RI WKDW W\SH� *RE\�4XHXH H[WHQGV WKH WUDGLWLRQDO SULRULW\ TXHXH FRQFHSW WR EDODQFH
WKHVH YDULRXV GHPDQGV DQG VHQG WKH PRVW YDOXDEOH GDWD XQGHU WKLV VHW RI PHWULFV�

�� $FRXVWLFPRGHPV VXFK DV WKH:+2,0LFUR�0RGHPGRQRW SURYLGH DQ\ VKDUHG DFFHVV
RI WKH DFRXVWLF FKDQQHO� &RRUGLQDWLQJ VKDUHG DFFHVV FDQ EH DFFRPSOLVKHG E\ DV�
VLJQLQJ VORWV RI WLPH LQ ZKLFK HDFK YHKLFOH FDQ WUDQVPLW� ZKLFK LV WKH WLPH�GLYLVLRQ
PXOWLSOH DFFHVV �7'0$� IODYRU RIPHGLXPDFFHVV FRQWURO �0$&�� 7KH*RE\�$FRPPV
DFRXVWLF 0$& �$0$&� H[WHQGV WKH EDVLF 7'0$ LGHD WR LQFOXGH SDVVLYH �L�H� QR
GDWD RYHUKHDG� DXWR�GLVFRYHU\ RI YHKLFOHV LQ D VPDOO� HTXDOO\ WLPH�VKDUHG QHWZRUN�
7KXV� $0$& VLPSOLILHV WKH DPRXQW RI SUH�GHSOR\PHQW FRQILJXUDWLRQ UHTXLUHG WR
FRQILJXUH VPDOO QHWZRUNV RI $89V�

�� 7KH *RE\ 0RGHP'ULYHU SURYLGHV DQ DEVWUDFW LQWHUIDFH IRU DFRXVWLF PRGHPV �DQG
RWKHU ´VORZ OLQNµ GHYLFHV� VXFK DV VDWHOOLWH PRGHPV�� DV WKHUH LV QR VWDQGDUG IRU
LQWHUIDFLQJ WR VXFK GHYLFHV� 0DQ\ DFRXVWLF PRGHPV SURYLGH IXQFWLRQDOLW\ EH\RQG
WKH VWULFW GHILQLWLRQ RI D PRGHP �ZKLFK LV GHILQHG DV VHQGLQJ GDWD IURP RQH SRLQW
WR DQRWKHU�� ([DPSOHV RI WKHVH H[WUD IHDWXUHV LQFOXGH QDYLJDWLRQ �ORQJ EDVH OLQH
RU /%/� XOWUD�VKRUW EDVH OLQH RU 86%/� DQG UDQJLQJ PHDVXUHPHQWV �´SLQJVµ�� *RE\
0RGHP'ULYHU DOORZV DQ DSSOLFDWLRQ LQWHQW RQO\ RQ WUDQVPLWWLQJ GDWD WR RSHUDWH RQ
DQ\ LPSOHPHQWHG PRGHP ZLWKRXW FRQFHUQLQJ LWVHOI ZLWK WKH GHWDLOV RI WKDW GHYLFH�
2Q WKH RWKHU KDQG� LI WKH DSSOLFDWLRQ QHHGV WR XVH VRPH RI WKH H[WUD IHDWXUHV� LW FDQ
GR VR YLD D VHW RI ZHOO�GHILQHG H[WHQVLRQV�

����� 1RQ�GLVUXSWLYH 7HFKQLTXHV

6RPH PHWKRGV WKDW GR QRW UHTXLUH SRWHQWLDOO\ XQDFFHSWDEOH FKDQJHV WR WKH PLVVLRQ LQ�
FOXGH VHOHFWLQJPRGHPSDUDPHWHUV EDVHGRQSURSDJDWLRQPRGHOV DQGXVH RI HQWURS\ VRXUFH
FRGLQJ� VXFK DULWKPHWLF FRGLQJ�

5DWKHU WKDQPRYLQJ WKH YHKLFOH DV VXJJHVWHG LQ WKH QH[W VHFWLRQ DQG GHWDLOHG LQ FKDS�
WHU �� WKH YHKLFOH FDQ VHOHFW DQ RSWLPDO ELW�UDWH� WUDQVPLW SRZHU RU IUHTXHQF\ EDQG� *LYHQ
WKDW WKH DFRXVWLF DEVRUSWLRQ SHU XQLW GLVWDQFH LQFUHDVHV ZLWK IUHTXHQF\� ZKHUHDV WKH DP�
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7DEOH ���� 7HFKQLTXHV WR LPSURYH DFRXVWLF FRPPXQLFDWLRQV DYDLODEOH WR DQ DUWLILFLDOO\
LQWHOOLJHQW $89

'HVFULSWLRQ 'LVUXSWLYH ,PSURYHPHQW 5HTXLUHV $GYDQWDJHV 'LVDGYDQWDJHV
0RYH WR FORVH
UDQJH ZLWK
UHFHLYHU �´GDWD
PXOLQJµ�

\HV KLJKHU 615 RU
UHGXFHG
PXOWLSDWK

UHFHLYHU
SRVLWLRQ

ODUJH JDLQV H[WUHPHO\
GLVUXSWLYH

&KDQJH GHSWK
WR H[SHFWHG
EHQHILFLDO
SRVLWLRQ
�&KDSWHU ��

\HV KLJKHU 615 RU
UHGXFHG
PXOWLSDWK

UHFHLYHU
SRVLWLRQ�
SURSDJDWLRQ
PRGHO

SRWHQWLDOO\
ODUJH JDLQV
�H�J� 62)$5
FKDQQHO�

TXLWH
GLVUXSWLYH

6WRS WR
WUDQVPLW RU
UHFHLYH

\HV OHVV 'RSSOHU�
ORZHU QRLVH

VRXUFH
WUDQVPLW WLPH�
VHOI�QRLVH
PRGHO

PLQLPDOO\
GLVUXSWLYH

V\QFKURQL]DWLRQ
ZLWK
WUDQVPLWWHU

)UHTXHQF\
VHOHFWLRQ

QR KLJKHU 615 UHFHLYHU
SRVLWLRQ�
SURSDJDWLRQ
PRGHO�
EURDGEDQG RU
PXOWL�FKDQQHO
KDUGZDUH

H[WUD KDUGZDUH

7UDQVPLW
SRZHU
VHOHFWLRQ

QR ORZHU SRZHU UHFHLYHU
SRVLWLRQ�
SURSDJDWLRQ
PRGHO

HDV\ WR
LPSOHPHQW

DFFXUDWH
PRGHOLQJ
GLIILFXOW�
FDQQRW XVH
&ODVV '
DPSOLILHUV

(QWURS\�EDVHG
VRXUFH
HQFRGLQJ
�&KDSWHU ��

QR LQFUHDVHG
LQIRUPDWLRQ
SHU ELW

GDWD PRGHO FRPSOHPHQWDU\
WR RWKHU
WHFKQLTXHV

GDWD PRGHOLQJ
WLPH
FRQVXPLQJ RU
GLIILFXOW

ELHQW QRLVH OHYHO JHQHUDOO\ GHFUHDVHV ZLWK IUHTXHQF\� D PD[LPXP LQ WKH H[SHFWHG VLJQDO�
WR�QRLVH UDWLR H[LVWV YDULHV DV D IXQFWLRQ RI FDUULHU IUHTXHQF\ DV VKRZQ LQ >��@� 7KXV� D
YHKLFOH DZDUH RI WKH UDQJH WR LWV FRPPXQLFDWLQJ SDUWQHU FDQ VHOHFW WKH DYDLODEOH FDUULHU
IUHTXHQF\ WKDW LV H[SHFWHG WR EH FORVHVW WR WKLVPD[LPXP615� 6LPLODUO\� WKH SRZHU FDQ EH
DGMXVWHG WR UHDFK DQ H[SHFWHG DFFHSWDEOH WKUHVKROG IRU D JLYHQ PRGXODWLRQ VFKHPH DQG
ELW UDWH� 'XH WR WKH UHDOLWLHV RI GHVLJQLQJ EURDGEDQG WUDQVGXFHUV� YHU\ZLGH EDQGPRGHPV
UHTXLUHG WR PDNH WKLV WHFKQLTXH IHDVLEOH DUH QRW SUHVHQWO\ DYDLODEOH� +RZHYHU� D YHKLFOH
HTXLSSHG ZLWK WZR WUDQVGXFHUV ZLWK GLIIHUHQW EDQGV FRXOG VHOHFW EHWZHHQ WKH WZR EDVHG
RQ WKH UDQJH WR WKH UHFHLYHU�
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$XWRQRPRXV PRGHOLQJ WR LPSURYH VRXUFH FRGLQJ

$ VHFRQG ZD\ RI QRQ�GLVUXSWLYHO\ LPSURYLQJ DFRXVWLF FRPPXQLFDWLRQV LV YLD VRXUFH FRG�
LQJ RU FRPSUHVVLRQ RI WKH YHKLFOH·V GDWD� 7KLV WKHVLV VKRZV WKDW WKH YHKLFOH·V LQWHOOLJHQFH
FDQ EH XVHG WR PDNH VLJQLILFDQW VWULGHV LQ VRXUFH FRGLQJ RI WHOHPHWHUHG GDWD� 3K\VLFDO
PRGHOV RI VRXUFH GDWD FDQ EH FRPSDUHG WR WKH PHDVXUHG GDWD WR SURYLGH VPDOO GHOWD PHV�
VDJHV WR H[LVWLQJ HQWURS\ HQFRGHUV� VXFK DV DULWKPHWLF FRGLQJ� 7KH UHVXOWLQJ HQFRGHG
PHVVDJH LV VXEVWDQWLDOO\ VPDOOHU GXH WR WKH UHVXOWLQJ LQFUHDVH LQ LQIRUPDWLRQ FRQWHQW�
7KLV WHFKQLTXH LV QRQ�GLVUXSWLYH DQG FDQ EH FRPSOHPHQWDU\ WR WKH GLVUXSWLYH WHFKQLTXHV�
&KDSWHU � SUHVHQWV VXFK D V\VWHP EXLOW RQ WKH *RE\�$FRPPV OLEUDU\� DQG LV WKXV VXLWDEOH
IRU UHDO GHSOR\PHQWV�

7KH FRQFHSW GHYHORSHG LQ FKDSWHU � SURYLGHV D VKDUHG �EHWZHHQ VHQGHU DQG UHFHLYHU�
GHFRXSOHG SK\VLFDOPRGHO DQG DQ DULWKPHWLF HQWURS\ HQFRGHU� ZKLFK HQFRGHV WKH LQQRYD�
WLRQV EHWZHHQ WKH PRGHO DQG WKH PHDVXUHG GDWD� 7KLV FRQFHSW LV DSSOLFDEOH WR QXPHURXV
GDWD VRXUFHV RQ D $89� DQG VLQFH WKH WZR FRPSRQHQWV �PRGHO DQG HQFRGHU� DUH LVRODWHG�
WKH ZRUN RQ WKH HQFRGHU QHHG QRW EH GXSOLFDWHG IRU IXWXUH DSSOLFDWLRQV RI WKLV WHFKQLTXH�

6HYHUDO SRWHQWLDO DSSOLFDWLRQV RI WKLV FRQFHSW LQFOXGH�

• 6FDODU VHQVRU GDWD� VXFK DV IURP FRQGXFWLYLW\�WHPSHUDWXUH�GHSWK �&7'�� WXUELGLW\�
S+� R[\JHQ� RU SROOXWDQWV �H�J� K\GURFDUERQV� LQVWUXPHQWDWLRQ� 7KHVH PHDVXUH�
PHQWV FDQ EH FRPSDUHG WR D VKDUHG G\QDPLF HQYLURQPHQWDO IRUHFDVWLQJ PRGHO DQG
HIILFLHQWO\ HQFRGHG XVLQJ DQ HQWURS\ HQFRGHU�

• (VWLPDWHG SRVLWLRQV RI DQ XQNQRZQ PRYLQJ REMHFW �VXFK DV WKH EHDULQJ DQG UDQJH
WR D VRQDU WDUJHW� FRPELQHG ZLWK D PRGHO RI WKH WDUJHW·V G\QDPLFV�

• ,Q D VLPLODU FRQFHSW WR WKH XQNQRZQ WDUJHW� EXW IRU D NQRZQ YHKLFOH� WKH SRVLWLRQ RI
WKH VHQGLQJ $89 �WKH RXWSXW RI LWV QDYLJDWLRQ V\VWHP� FDQ EH FRPSDUHG WR D VKDUHG
PRGHO RI WKH $89·V PRWLRQ�

7KH WKLUG RI WKHVH� WHOHPHWU\ RI D WLPH VHULHV RI DQ $89·V SRVLWLRQ� LV WKH DSSOLFDWLRQ
H[SORUHG LQ FKDSWHU �� ,Q WKLV FDVH� WZR G\QDPLFV PRGHOV DUH GHYHORSHG� D FRPSXWDWLRQ�
DOO\ LQH[SHQVLYH IL[HG�VSHHG PRWLRQ PRGHO WKDW LV DSSOLFDEOH WR D ODUJH FODVV RI WRUSHGR�
VKDSHG $89V� DQG D PRUH JHQHUDO SXUSRVH .DOPDQ )LOWHU PRGHO WKDW LQWURGXFHV YHKLFOH
PDQHXYHUV YLD SURFHVV QRLVH WR SUHVHUYH JHQHUDOLW\ WR D ODUJH VHW RI YHKLFOHV� 7KHVH WZR
PRGHOV DUH FRPSDUHG WR WKH PHDVXUHPHQWV DQG WKH GLIIHUHQFHV �´GHOWDVµ� SURGXFHG DUH
WKHQ SURYLGHG WR D PRGLILHG LQWHJHU DULWKPHWLF HQFRGHU WR HQFRGH� 7KLV WHFKQLTXH ZDV
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XVHG RQ D WZR ZLGHO\ GLIIHUHQW YHKLFOH W\SHV XVLQJ VLPXODWLRQ RQ H[SHULPHQWDO GDWD DV
ZHOO DV LQ�VLWX WHVWLQJ XVLQJ *RE\�$FRPPV� ,Q DOO FDVHV� FRPSUHVVLRQ UDWLRV �UHODWLYH WR
XVLQJ VWDQGDUG ���ELW LQWHJHUV� H[FHHGLQJ ��� ZHUH UHDOL]HG XVLQJ WKLV WHFKQLTXH�

(YHQ LQ WKH FDVH ZKHUH RQO\ WKH QHZHVW SRVLWLRQ RI WKH YHKLFOH LV GHVLUHG �WKDW LV� D
KLVWRULFDO EDFN ILOO RI ´PLVVHGµ SRVLWLRQV GXH WR OLQN GURSRXWV LV XQQHHGHG�� WKLV WHFKQLTXH
SURYLGHV LPSURYHG FRPSUHVVLRQ IRU KLJKO\ ORVV\ OLQNV �XS WR WKRVH H[FHHGLQJ DERXW ���
SDFNHW ORVV��

����� 'LVUXSWLYH 7HFKQLTXHV

6LQFH� E\ GHILQLWLRQ� $89V DUH PRELOH� WKH SRVVLELOLW\ H[LVWV IRU PRWLRQ �RU ODFN WKHUHRI�
WR HIIHFW D FKDQJH LQ WKH SK\VLFDO FRPPXQLFDWLRQV VLWXDWLRQ� ,Q JHQHUDO� WKH PRYHPHQW
UHTXLUHGZRXOG EH SDUWLDOO\ RUWKRJRQDO WR WKHPRYHPHQW JRDOV RI WKH RYHUDUFKLQJPLVVLRQ
�H�J� HQYLURQPHQWDO VDPSOLQJ� KD]DUG GHWHFWLRQ�� KHQFH WKH XVH RI WKH WHUP ´GLVUXSWLYH�µ

7KH GLVUXSWLYH WHFKQLTXH GLDJUDPPHG LQ FKDSWHU � DLPV WR LPSURYH FRPPXQLFDWLRQ
SHUIRUPDQFH E\ SODFLQJ WKH $89 LQ D SRVLWLRQ ZKHUH WKH DFRXVWLF FKDQQHO LV PRUH ID�
YRUDEOH IRU WHOHPHWU\� VXFK DV E\ LQFUHDVLQJ WKH H[SHFWHG VLJQDO�WR�QRLVH UDWLR �615� IRU
XVH ZLWK DQ LQFRKHUHQW PRGXODWLRQ VFKHPH �VXFK DV IUHTXHQF\�KRSSLQJ IUHTXHQF\ VKLIW
NH\LQJ��

,Q RUGHU WR DFFRPSOLVK WKLV� WKH YHKLFOH PXVW PRGHO WKH DFRXVWLF FKDQQHO� ([LVWLQJ
DFRXVWLF PRGHOV DUH QRW GHVLJQHG IRU ´RQOLQHµ XVH E\ DQ DXWRQRPRXV HPEHGGHG FRP�
SXWLQJ V\VWHP� KDYLQJ EHHQ GHYHORSHG IRU KXPDQ�EDVHG ´RIIOLQHµ XVH� W\SLFDOO\ XVLQJ
SRZHUIXO FRPSXWDWLRQDO KDUGZDUH� 7R PDNH VXFK PRGHOV XVDEOH LQ WKLV QHZ FRQWH[W�
WKH *HQHULF 5RERWLF $FRXVWLF 0RGHOLQJ �*5$0� FRQFHSW ZDV GHYHORSHG� *5$0 SURYLGHV
DQ DEVWUDFW UHPRWH�SURFHGXUH FDOO �53&� LQWHUIDFH WR OHJDF\ �EXW VWLOO YDOXDEOH� DFRXVWLF
PRGHOLQJ FRGHV� DV ZHOO� LW SURYLGHV DQ LQFUHPHQWDO XSGDWH PHFKDQLVP WKH UHGXFHV WKH
RYHUKHDG LQYROYHG ZLWK HDFK LQYRFDWLRQ RI WKH DFRXVWLF PRGHO FRGH�

*5$0 LV WKHQ XVHG LQ FRQMXQFWLRQ ZLWK WKH H[LVWLQJ %(//+23 FRGH IURP >��@ WR SUR�
YLGH IRUHFDVWV RI WKH SUHGLFWHG DFRXVWLF WUDQVPLVVLRQ ORVV EHWZHHQ DQ $89 DQG LWV UH�
FHLYHU� 7KH LQSXWV WR WKH PRGHO LQFOXGH VRXQG VSHHG GDWD FDOFXODWHG IURPPHDVXUHPHQWV
RQ�ERDUG WKH $89� 8VLQJ WKH UHVXOWV RI WKH PRGHO� DQ DXWRQRP\ EHKDYLRU GHYHORSHG IRU
WKLV ZRUN SURGXFHV D IXQFWLRQ RI XWLOLW\ IRU WKH YHKLFOH RYHU DOO UHDFKDEOH GHSWKV� 7KLV
EHKDYLRU LV WKHQ VROYHG XVLQJ WKH H[LVWLQJ ,Y3 +HOP PXOWL�REMHFWLYH GHFLVLRQ HQJLQH SUH�
VHQWHG LQ >��@� 7KXV� WKH VSHFLILF FRQWULEXWLRQV RI WKLV FKDSWHU WR WKH WKHVLV DUH WKH *5$0
FRQFHSW DQG LPSOHPHQWDWLRQ �´RQOLQHµ DFRXVWLF PRGHOLQJ E\ D URERWLF DJHQW�� WKH GHSWK�
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DGDSWLYH DXWRQRPRXV EHKDYLRU � DQG WKH GHULYHG ��
DQG WKH HQYLURQPHQWDO�IHHGEDFN IUDPHZRUN �VHH )LJ� ���� WKDW XWLOL]HV WKHVH FRPSRQHQWV
LQ D ILHOGHG $89�

$QRWKHU WHFKQLTXH WKDW LV QRW H[SORUHG LQ GHWDLO LQ WKLV WKHVLV LQYROYHV VORZLQJ RU
VWRSSLQJ WKH YHKLFOH WR PLWLJDWH VHOI�QRLVH DQG�RU 'RSSOHU HIIHFWV� &HUWDLQ PRGXODWLRQ
VFKHPHV� VXFK DV RUWKRJRQDO IUHTXHQF\ GLYLVLRQ PXOWLSOH[LQJ �2)'0�� DUH KLJKO\ VHQVL�
WLYH WR 'RSSOHU VKLIWV� 6LQFH YHKLFOH VSHHGV �RUGHU RI 100 P�V� DUH QRW QHJOLJLEOH FRP�
SDUHG WR WKH VSHHG RI VRXQG LQ VHD ZDWHU �RUGHU RI 103 P�V�� QRUPDO YHKLFOH PRWLRQ FDQ
EH GLVUXSWLYH WR VXFFHVVIXO FRPPXQLFDWLRQV� :KHWKHU WKLV WHFKQLTXH LV XVHIXO RU QRW GH�
SHQGV RQ WKH DXWRQRP\ V\VWHP XQGHUVWDQGLQJ WKH UHTXLUHPHQWV RI WKH DFRXVWLF PRGHP�
LW PDNHV QR VHQVH WR VWRS WKH YHKLFOH LI WKH PRGHP·V PRGXODWLRQ LV LPPXQH WR WKH UHOH�
YDQW IUHTXHQF\ VKLIWV� $ VHFRQG UHDVRQ WR DUUHVW WKH PRWLRQ RI WKH YHKLFOH LV MXVW SULRU WR
UHFHLSW RI D WHOHJUDP WR UHGXFH WKH YHKLFOH·V VHOI QRLVH� =LPPHUPDQ� HW DO >��@ IRXQG WKDW
WKH VHOI�QRLVH RI D W\SLFDO PLG�VL]H $89 �WKH %OXHILQ 2G\VVH\ ,,E� ZDV �� WR �� G% KLJKHU
WKDQ WKH RFHDQ EDFNJURXQG QRLVH OHYHOV LQ WKH ��+] WR ��N+] UDQJH� WKH XSSHU HQG RI
WKLV EDQG LV FRPPRQO\ XVHG IRU $89 FRPPXQLFDWLRQ� 0RVW RI WKLV QRLVH LV PRWLRQ UH�
ODWHG �SURSHOOHU DQG WXUEXOHQFH�� VXJJHVWLQJ WKDW PXFK RI WKLV QRLVH FRXOG EH UHPRYHG E\
VWRSSLQJ WKH YHKLFOH WHPSRUDULO\ WR UHFHLYH FRPPXQLFDWLRQV� +RZHYHU� VXFK D VFKHPH
UHTXLUHV NQRZOHGJH RI LQFRPLQJ WUDQVPLVVLRQV� ZKLFK FDQ EH SUH�DUUDQJHG �H�J� IL[HG
WLPH GLYLVLRQ PXOWLSOH DFFHVV �7'0$� PHGLXP DFFHVV FRQWURO �0$&�� RU QHJRWLDWHG �H�J�
UHTXHVW�WR�VHQG�FOHDU�WR�VHQG VW\OH 0$& VFKHPHV��

%RWK RI WKHVH WHFKQLTXHV KDYH WKH REYLRXV GLVDGYDQWDJH RI WDNLQJ WLPH DQG SRZHU
DZD\ IURP WKH FRUH PLVVLRQ IRU WKH SXUSRVH RI FRPPXQLFDWLRQV� +RZHYHU� PDQ\ PLV�
VLRQV �HVSHFLDOO\ GHWHFWLRQ RI PLQHV RU VXEPDULQHV� DUH LQKHUHQWO\ XVHOHVV ZLWKRXW WLPHO\
UHSRUWV RI FROOHFWHG GDWD� 7KXV� ZKHQ XVLQJ WKHVH GLVUXSWLYH WHFKQLTXHV VRPH IRUP RI
PXOWL�REMHFWLYH RSWLPL]DWLRQ QHHGV WR EH XVHG� 2WKHUZLVH� WKHUH LV D ULVN RI WKH PLVVLRQ
FROODSVLQJ WR WKH GHJHQHUDWH FDVH ZKHUH DOO RI WKH PLVVLRQ WLPH LV VSHQW FRPPXQLFDWLQJ
XVHOHVV GDWD�
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� *RE\�$FRPPV� $ PRGXODU DFRXVWLF
QHWZRUNLQJ IUDPHZRUN IRU VKRUW�UDQJH PDULQH

YHKLFOH FRPPXQLFDWLRQV

��� ,QWURGXFWLRQ

)RU VXFFHVVIXO FROODERUDWLRQ RI DXWRQRPRXV XQGHUZDWHU YHKLFOHV �$89V� LQ WDVNV UDQJLQJ
IURP WKH VFLHQWLILF �H�J� RFHDQRJUDSKLF VHQVLQJ� VHH >��@� WR FRPPHUFLDO DQGPLOLWDU\ �H�J�
KDUERU VXUYHLOODQFH� VHH >��@�� WUDQVPLVVLRQ RI GDWDJUDPV LV HVVHQWLDO WR SURSDJDWH VWDWH
DQG VHQVRU GDWD� +RZHYHU� WKH RQO\ SUDFWLFDO ORQJ UDQJH FRPPXQLFDWLRQV OLQN� RQH FDU�
ULHG E\ DFRXVWLFV� KDV H[WUHPHO\ ORZ WKURXJKSXW DQG KLJK ODWHQFLHV GXH WR WKH SK\VLFV
JRYHUQLQJ SURSDJDWLRQ RI VRXQG LQ WKH RFHDQ �SULPDULO\ OLWWOH DYDLODEOH EDQGZLGWK� ORZ
VSHHG� DQG PXOWLSDWK GXH WR ERXQGDU\ LQWHUDFWLRQV�� )RU DQ RYHUYLHZ RI WKHVH FKDOOHQJHV
VHH >��@ DQG >��@�

$QRWKHU VLJQLILFDQW UHDOLW\ FDXVHG E\ WKH DFRXVWLF OLQN·V ORZ GDWD UDWHV LV WKDW WRWDO
WKURXJKSXW LV UDUHO\ RU QHYHU D SRVVLELOLW\� ,GHDOO\ DOO FROODERUDWLQJ YHKLFOHV DQG WKH WRS�
VLGH KXPDQ RSHUDWRU ZRXOG KDYH WKH HQWLUH GDWD VHW RI DOO YHKLFOHV LQ WKH QHWZRUN LQ RUGHU
WRPDNH WKH EHVWPLVVLRQ GHFLVLRQV� ,QVWHDG� RQO\ DPLQLVFXOH VXEVHW RI WKH GDWD JHQHUDWHG
E\ DQ $89 FDQ EH UHOD\HG DFRXVWLFDOO\� 7KLV OHDGV WR D VLJQLILFDQW SULRULWL]DWLRQ SUREOHP�
VRPH RI WKLV TXHXLQJ FDQ EH DXWRPDWHG E\ WKH *RE\ G\QDPLF SULRULW\ TXHXLQJ PRGXOH
�TXHXH� VHH VHFWLRQ �����

7KH ILQDO VLJQLILFDQW FKDOOHQJH IRU XQGHUZDWHU WHOHPHWU\ DGGUHVVHG E\ *RE\ LV WKH ODFN
RI VWDQGDUGL]DWLRQ RU HYHQ VLJQLILFDQW FRPPRQDOLW\ EHWZHHQ GLIIHUHQW DFRXVWLF PRGHPV�
,Q RUGHU WR DOORZ FRPPXQLFDWLRQ WKDW DSSHDUV VHDPOHVV WR WKH DSSOLFDWLRQ LQ D YDULHW\ RI
KDUGZDUH HQYLURQPHQWV� WKH *RE\ LQWHUIDFH WR WKH OLQN OD\HU �PRGHPGULYHU� VHH VHFWLRQ
���� LV H[WHQVLEOH DQG SRO\PRUSKLF� DOORZLQJ *RE\ WR FRPPXQLFDWH RYHU DQ\ GHYLFH WKDW
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FDQ VHQG E\WHV IURP SRLQW $ WR SRLQW %� $W WKH VDPH WLPH� WKH DSSOLFDWLRQ FDQ VWLOO XVH
KDUGZDUH�VSHFLILF IHDWXUHV DV GHVLUHG� ,Q FROODERUDWLRQ ZLWK WKH PRGHPGULYHU� *RE\ SUR�
YLGHV EDVLF WLPH GLYLVLRQ PXOWLSOH DFFHVV �7'0$� PHGLXP DFFHVV FRQWURO �0$&� ZLWK D
QRYHO SHHU DXWRGLVFRYHU\ PHFKDQLVP �VHFWLRQ �����

1HWZRUNLQJ LV D ZHOO VWXGLHG SUREOHP LQ WKH WHUUHVWLDO GRPDLQ� D SULPH H[DPSOH LV WKH
,QWHUQHW 3URWRFRO �,3� 6XLWH� ZKLFK LV FRPSULVHG RI 7&3 DQG8'3� +RZHYHU� WKH OLPLWDWLRQV
WR WKURXJKSXW DQG ODWHQF\ LQ DQ XQGHUZDWHU DFRXVWLF QHWZRUN VXJJHVW ZH VKRXOG SHUIRUP
FDUHIXO DQDO\VLV EHIRUH DSSO\LQJ WHUUHVWLDO QHWZRUNLQJ VROXWLRQV WR WKH PDULQH HQYLURQ�
PHQW� 6SHFLILFDOO\� ZH VXJJHVW WKDW FHUWDLQ WUDGHRIIV RI HIILFLHQF\ IRU DEVWUDFWLRQ WKDW DUH
GHVLUDEOH RQ KLJK WKURXJKSXW� ORZ ODWHQF\ OLQNV LQYROYLQJ WKRXVDQGV RI FRPSXWHUV DUH
QRW GHVLUDEOH IRU WKH ORZ WKURXJKSXW� KLJK ODWHQF\ DFRXVWLF OLQNV LQYROYLQJ DW PRVW WHQV
RI DXWRQRPRXV XQGHUZDWHU YHKLFOHV �$89V��

$ FRPPRQ IRUP RI QHWZRUNLQJ DEVWUDFWLRQ LV WKH FRQFHSW RI ´OD\HUVµ �WRJHWKHU� WKH
OD\HUV IRUP D QHWZRUN ´VWDFNµ�� 7KH 2SHQ 6\VWHP ,QWHUFRQQHFWLRQ 5HIHUHQFH 0RGHO �26,
0RGHO� SUHVHQWHG LQ >��@ SURYLGHV D IUDPHZRUN IRU WKLV W\SH RI DEVWUDFWLRQ� ,Q WKH 26,
0RGHO� HDFK OD\HU LV DEVWUDFWHG IURP WKH SUHYLRXV OD\HU� WKDW LV� KLJKHU OHYHOV GR QRW QHHG
WR FRQFHUQ WKHPVHOYHV ZLWK WKH LPSOHPHQWDWLRQ GHWDLOV RI ORZHU OHYHOV� 7KLV DEVWUDFWLRQ
DOORZV IRU FRPSOLFDWHG V\VWHPV WR EH EURNHQ LQWR PRUH PDQDJHDEOH SLHFHV DQG LV OLNHO\
D FRQWULEXWHU WR WKH VXFFHVV RI WKH LQWHUQHW� +RZHYHU� VXFK OD\HULQJ FRPHV ZLWK WUDGH�
RIIV� +LJKHU OD\HUV GXSOLFDWH KHDGHU LQIRUPDWLRQ �VXFK DV DGGUHVVLQJ� DQG HUURU FKHFNLQJ
WKDW PD\ EH DOUHDG\ LPSOHPHQWHG RQ RQH RU PRUH RI WKH ORZHU OD\HUV� +HQFH� ZLWK

� LQ RUGHU WR SURGXFH VKRUWHU PHVVDJHV� ZH FKRVH WR PDLQWDLQ WKH JHQHUDO FRQFHSW
RI QHWZRUNLQJ OD\HUV� EXW ZLWK PRUH H[SOLFLW DQG LPSOLFLW LQWHUDFWLRQV EHWZHHQ OD\HUV�
'XH WR WKH VXFFHVV DQG ZLGHVSUHDG NQRZOHGJH RI WKH ,3 VXLWH� LW ZLOO EH XVHG DV D FRPSDU�
LVRQ WR ZKHUH SRVVLEOH WR HOXFLGDWH GHVLJQ GHFLVLRQV�

7KH OD\HUV �RUPRGXOHV� RI DUH VXPPDUL]HG LQ 7DEOH ��� ZLWK DQ DSSUR[�
LPDWLRQ RI WKH FRUUHVSRQGLQJ OD\HU�V� RI 26, 0RGHO� DQG LOOXVWUDWHG JHQHUDOO\ LQ )LJ� ����
:KLOH HDFK OD\HU LV GHSHQGHQW RQ RQH RU PRUH RI WKH RWKHU OD\HUV� DQ\ OD\HU FRXOG EH
UHSODFHG DV ORQJ DV WKH UHSODFHPHQW IXOILOOV WKH QHFHVVDU\ LQWHUIDFH UHTXLUHPHQWV� 7KLV
PRGXODULW\ RI VKRXOG LPSURYH LWV IOH[LELOLW\ IRU XVH LQ D YDULHW\ RI IXWXUH
DFRXVWLF QHWZRUNV� DV QHHGV FKDQJH DQG QHZ UHVHDUFK FRPHV WR OLJKW� )RU H[DPSOH� D IX�
WXUH SURMHFW WKDW MXVW QHHGV HQFRGLQJ FRXOG XVH GFFO DORQH� 2U DQ DFRXVWLF QHWZRUNZLWK DQ
LPSURYHG EXIIHULQJ V\VWHP FRXOG UHSODFH TXHXHZKLOH PDNLQJ XVH RI WKH UHPDLQLQJ OD\HUV
RI �
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7DEOH ���� &RPSDULVRQ RI OD\HUV ZLWK WKRVH RI WKH 26, 0RGHO
26, 0RGHO OD\HU ,3 6XLWH OD\HU OD\HU 3URYLGHV
$SSOLFDWLRQ 3URYLGHG E\ WKH ,3 XVHU 3URYLGHG E\ WKH

XVHU�
&RQILJXUDWLRQ DQG GDWD�

3UHVHQWDWLRQ 3URYLGHG E\ WKH ,3 XVHU GFFO D (QFRGLQJ DQG GHFRGLQJ�
6HVVLRQ 3URYLGHG E\ WKH ,3 XVHU 1RW XVHG� 6HVVLRQV DUH

SDVVLYH�
7UDQVSRUW 7&3 RU 8'3 TXHXH E 3ULRULW\ EXIIHULQJ�

FRQFDWHQWDWLRQ RI
PXOWLSOH '&&/ PHVVDJHV�
DQG RSWLRQDO JXDUDQWHH RI
UHFHLSW�

1HWZRUN ,3 1RW SURYLGHG� EXW FRXOG
EH DGGHG E\ XVHU LQWR WKH
GFFO KHDGHU�

'DWD /LQN H�J� (WKHUQHW GULYHU DPDF F 'LYLVLRQ RI WLPH LQWR VORWV
IRU PXOWLSOH YHKLFOHV RYHU
WKH KDOI�GXSOH[ OLQN�

PRGHPGULYHU G &RQILJXUDWLRQ RI�
LQWHUDFWLRQ ZLWK� DQG
DEVWUDFWLRQ RI WKH
SK\VLFDO OD\HU�

3K\VLFDO H�J� (WKHUQHW H�J� :+2, 0LFUR�0RGHP 7UDQVPLVVLRQ DQG UHFHLSW
RI PHVVDJHV�

D VHFWLRQ ���
E VHFWLRQ ���
F VHFWLRQ ���
G VHFWLRQ ���

����� $ QRWH DERXW *RE\ YHUVLRQV � DQG �

*RE\ JUHZ RXW RI D 0226 SURMHFW �VHH VHFWLRQ ������ WR EHFRPH D VWDQGDORQH &�� VXLWH
RI OLEUDULHV ZKLFK ZDV FDOOHG YHUVLRQ � �*RE\��� $IWHU QXPHURXV ILHOG WULDOV DQG IHHGEDFN
IURP H[WHUQDO FROODERUDWRUV� D VLJQLILFDQW RYHUKDXO DQG FRPSOHWH UHZULWH RIPXFK RI *RE\
ZDV FRPSOHWHG LQ OLJKW RI WKLV NQRZOHGJH� 7KLV EHFDPH NQRZ DV *RE\ YHUVLRQ � �*RE\���
8QOHVV RWKHUZLVH VSHFLILHG� WKLV FKDSWHU UHIHUV WR WKH FXUUHQW VWDWH RI WKH DUW� *RE\�� EXW
LQ D QXPEHU RI SODFHV WKH GHVLJQ KLVWRU\ RI WKH SURMHFW LV PHQWLRQHG WR H[SODLQ FHUWDLQ
GHFLVLRQV� 2IWHQ WKH KLVWRU\ RI D GHVLJQ FKRLFH LV FULWLFDO WR XQGHUVWDQGLQJ LWV UDWLRQDOH�
6XFFHVVIXO HQJLQHHULQJ RI UHDO V\VWHPV LV DQ LWHUDWLYH� LQFUHPHQWDO SURFHVV� DQG WKH LQWHO�
OHFWXDO FRQWULEXWLRQ RI WKLV ZRUN UHVWV RQ WKH XOWLPDWH RXWFRPH RI D VHYHUDO \HDU KLVWRU\
RI PDNLQJ PLVWDNHV RU VXESDU FKRLFHV� OHDUQLQJ IURP WKHP� DQG LPSURYLQJ WKH ZRUN�

7KH RYHUDOO JRDOV RI *RE\� YHUVXV *RE\� DUH WR
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Modem Hardware

goby-acomms user

goby-acomms

QueueManager

DriverBase

MMDriver

DCCLCodec

«executable»
Acomms Application

«executable»
Modem Firmware

«file»
DCCL Protobuf (.proto)

MACManager

«module»
dccl

«module»
queue

«module»
modemdriver

«module»
amac

)LJXUH ���� 8QLILHG 0RGHOLQJ /DQJXDJH �80/� FRPSRQHQW PRGHO RI WKH OL�
EUDU\� 'HSHQGHQFLHV DUH LQGLFDWHG ZLWK D GRWWHG DUURZ SRLQWLQJ IURP DQ REMHFW WR LWV
GHSHQGHQF\� 7KH LQWHUIDFH FODVV WR HDFK OLEUDU\ LV JLYHQ DV D OLQH WHUPLQDWHG E\ D VHPL�
FLUFOH �H�J� '&&/&RGHF�� 80/ LV SUHVHQWHG LQ >��@�

�� LPSURYH H[WHQVLELOLW\ E\ WKLUG�SDUW\ DXWKRUV� 5HOHDVH � ZDV SULPDULO\ IRFXVHG RQ
D VSHFLILF PDULQH YHKLFOH PLGGOHZDUH �WKH 0226 SURMHFW�� DQG GLG QRW RIIHU PDQ\
H[SDQVLRQ RSSRUWXQLWLHV H[FHSW WKH DELOLW\ WR GHILQH RQH·V RZQ '&&/ PHVVDJHV�

�� SURPRWH WKH GHYHORSPHQW RI D V\VWHP WKDW SURYLGHV KLJK FRUUHFWQHVV DVVXUDQFH DV
IDU EHIRUH GHSOR\PHQW DV SRVVLEOH� VLQFH VKLS WLPH LV KLJKO\ YDOXDEOH DQG YHKLFOHV
DUH FRVWO\� 7KH FRPPXQLFDWLRQV V\VWHP LV� DOPRVW E\ GHILQLWLRQ� DQ HVVHQWLDO SDUW
RI FROODERUDWLYH YHKLFOH PLVVLRQV� DQG WKXV LW FDQQRW IDLO�

6RPH GHWDLOV DERXW *RE\� DUH JLYHQ LQ WKH DSSHQGL[ VHFWLRQ %���
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amacqueue WHOI Micro-Modem FirmwaremodemdriverApplication dccl

push_message()

cycle init ($CCCYC)

data request ($CADRQ)

encoded data

send data ($CCTXD)

acknowledgement ($CAACK)

initiate transmission(message)

data_request(message)

requested data

(type = ACK): receive(message)

pop_messageack

encode()

)LJXUH ���� 7KH 80/ VHTXHQFH GLDJUDP IRU VHQGLQJ D PHVVDJH XVLQJ DOO WKH
FRPSRQHQWV�

��� '&&/� GDWD PDUVKDOOLQJ �RU VRXUFH FRGLQJ�
7KH '\QDPLF &RPSDFW &RQWURO /DQJXDJH �'&&/� LV FRPSULVHG RI WZR SDUWV GHVLJQHG WR
PDNH FUHDWLQJ YHU\ VPDOO GDWDJUDPV VWUDLJKWIRUZDUG DQG UHOLDEOH� D VWUXFWXUH ODQJXDJH
DQG DQHQFRGLQJ OLEUDU\� 7KH ODQJXDJHSURYLGHV DZD\RI UHSUHVHQWLQJ ´PHWKRGOHVV FODVVHVµ
RU ´GXPE GDWD REMHFWVµ WKDW DUH VLPLODU WR ZKDW FDQ EH UHSUHVHQWHG LQ D & VWUXFW� EXW ZLWK
WKH DGGLWLRQ RI PHWD�GDWD WKDW SURYLGHV LQIRUPDWLRQ DOORZLQJ RSWLPL]HG HQFRGLQJ DQG
VWULFW XSSHU ERXQGLQJ RI WKH PHVVDJH VL]H�

����� 0RWLYDWLRQ

'&&/ IXOILOOV WKH UROH RI GDWD SUHVHQWDWLRQ E\ SURYLGLQJ D IUDPHZRUN IRU GHILQLQJ REMHFW�
EDVHG PHVVDJHV DQG D FRPPPRQ IUDPHZRUN IRU VRXUFH HQFRGLQJ DQG GHFRGLQJ WKHP�
)XUWKHUPRUH� HDFK '&&/ PHVVDJH LV LQWHQGHG WR EH H[WHQGHG E\ WKH XVHU WR SURYLGH WKH
HTXLYDOHQW RI WKH ,QWHUQHW 3URWRFRO·V �,3� KHDGHU LQIRUPDWLRQ WR DOORZ IRU PXOWLSOH KRS
URXWLQJ� ,W GRHV QRW PDNH VHQVH WR XVH ,3 RQ DFRXVWLF OLQNV� ODUJHO\ EHFDXVH WKH VL]H RI
WKH ,3 KHDGHU �PLQLPXP �� E\WHV� LV WKH VDPH RUGHU RI PDJQLWXGH RI WKHPD[LPXP WUDQV�
PLVVLRQ XQLW �078� RI FRPPRQ DFRXVWLF PRGHPV� )RU H[DPSOH� WKH :+2, 0LFUR�0RGHP
XVHV IUDPHV RI �� WR ��� E\WHV� %DVDJQL HW DO� >��@ VKRZ WKDW IRU D UHSUHVHQWDWLYH OLQN
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ZLWK D ELW�HUURU UDWH RI 10−4 DQG ELW UDWH RI ��� ELWV SHU VHFRQG �ESV�� REWDLQLQJPD[LPXP
WKURXJKSXW HIILFLHQF\ RI D PXOWL�KRS QHWZRUN UHTXLUHV SDFNHW VL]HV RI ��� E\WHV RU OHVV�
7KXV� LW VHHPV UHDVRQDEOH WR DVVXPH WKDW WKH PLQLPXP ,3 KHDGHU ZLOO FRPSULVH DW OHDVW
5� RI DQ DFRXVWLF PRGHP SDFNHW VDWLVI\LQJ WKH ��� E\WHV RU OHVV FRQVWUDLQW� ,Q WKH FDVH RI
WKH0LFUR�0RGHP� WKLV FRXOG DV PXFK DV 62.5� RYHUKHDG� *LYHQ WKH YHU\ ORZ WKURXJKSXW
RI WKHVH OLQNV WR EHJLQ ZLWK� WKLV LV DQ XQDFFHSWDEOH DPRXQW RI WKH PHVVDJH WR EH XVHG IRU
SRWHQWLDOO\ XQQHHGHG LQIRUPDWLRQ� 2QFH RXW RI WKH KLJKO\ UHVWULFWHG GRPDLQ RI DFRXVWLF
OLQNV� LW LV VWUDLJKWIRUZDUG DQG OLNHO\ GHVLUDEOH WR ZUDS '&&/ PHVVDJHV DV D SD\ORDG RQ ,3
QHWZRUNV�

,Q DGGLWLRQ WR PLQLPL]LQJ KHDGHU VL]H� WKH OLPLWHG WKURXJKSXW FRQVWUDLQW RI DFRXVWLF
FRPPXQLFDWLRQV VXJJHVWV WKDW FRPSUHVVLQJ PHVVDJH SD\ORDGV DV PXFK DV SRVVLEOH LV D
XVHIXO JRDO� 'XH WR WKH KLJK HUURU UDWHV FDXVHG E\ WKH DFRXVWLF FKDQQHO FRPELQHG ZLWK
KLJK ODWHQFLHV �RUGHU RI VHFRQGV WR PLQXWHV�� JXDUDQWHHLQJ UHFHLSW RI PXOWLSOH IUDPHV FDQ
RIWHQ WDNH DQ XQDFFHSWDEOH DPRXQW RI WLPH IRU $89 FROODERUDWLRQ� 7KXV� DOO RI

GHDOV ZLWK GDWD IUDPHV VPDOOHU WKDQ RU HTXDO WR WKH VL]H RI WKH KDUGZDUH OD\HU·V
IUDPH VL]H� DQG GRHV QRW SHUIRUP DXWRPDWLF IUDJPHQWDWLRQ� 7KLV UHTXLUHV WKDW WKH DS�
SOLFDWLRQ OD\HU SURGXFH GDWD WKDW DUH XVHIXO RU DW OHDVW SRWHQWLDOO\ XVHIXO DV VWDQGDORQH
IUDPHV� 7KXV� IRU WKH '\QDPLF &RPSDFW &RQWURO /DQJXDJH� WKH XVHU PXVW VWULFWO\ VSHFLI\
DQG QDPH WKH ILHOGV WKDW D JLYHQ PHVVDJH FDQ WDNH� )XUWKHUPRUH� DOO QXPHULF ILHOGV PXVW
KDYH WLJKW ERXQGV WKDW UHSUHVHQW WKH UHDOLVWLF VHW RI YDOXHV WKDW ILHOG ZLOO WDNH� )RU H[DP�
SOH� LW LV LQHIILFLHQW WR XVH D ���ELW LQWHJHU WR UHSUHVHQW WKH RSHUDWLRQ GHSWK ZKLFK PLJKW
YDU\ DW PRVW IURP ������� PHWHUV RQ (DUWK DQG WKXV ILW LQ �� ELWV RU OHVV�

����� 'HVLJQ RYHUYLHZ

'&&/ LV FRPSULVHG RI WZR FRPSRQHQWV� �� D VWUXFWXUH ODQJXDJH EDVHG RQ *RRJOH 3URWRFRO
%XIIHUV �SURWREXI� ZLWK ZKLFK WR GHILQH PHVVDJHV �GHVFULEHG LQ VHFWLRQ ������� DQG �� D
PRGXOH LQ WKH &�� OLEUDU\ �GFFO� GHWDLOHG LQ VHFWLRQ ������ WKDW YDOLGDWHV WKH
'&&/ H[WHQVLRQV RI SURWREXI DQG LPSOHPHQWV FRQVLVWHQW HQFRGLQJ DQG GHFRGLQJ RI HDFK
PHVVDJH�

,Q RUGHU WR SURGXFH PHVVDJHV DV VPDOO DV SRVVLEOH� '&&/ RIIHUV WKHVH IHDWXUHV�

• 'HILQHG ERXQGHG ILHOG W\SHV ZLWK FXVWRPL]DEOH UDQJHV� )RU H[DPSOH� DQ LQWHJHU
ZLWK PLQLPXP YDOXH RI � DQG PD[LPXP YDOXH RI ���� WDNHV �� ELWV LQVWHDG RI WKH
�� ELWV RIWHQ XVHG IRU WKH LQWHJHU W\SH� UHJDUGOHVV RI ZKHWKHU WKH IXOO LQWHJHU W\SH
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LV QHHGHG�

• 'LVVROYHG E\WH ERXQGDULHV �XQDOLJQHGPHVVDJHV�� ILHOGV LQ WKHPHVVDJH FDQ EH DQ DU�
ELWUDU\ QXPEHU RI ELWV� 2FWHWV �E\WHV� DUH RQO\ XVHG LQ WKH ILQDO PHVVDJH SURGXFHG�
7KHUH LV QR GHOLPLWHU EHWZHHQ ILHOGV LQ WKH HQFRGHG ELWVWUHDP� HDFK HQFRGHU LV UH�
TXLUHG WR SURGXFH WKH H[DFW QXPEHU RI ELWV FRQVXPHG E\ WKH FRUUHVSRQGLQJ GH�
FRGHU�

• 'HOWD�GLIIHUHQFH HQFRGLQJ RI FRUUHODWHG GDWD �H�J� &7' LQVWUXPHQW GDWD�� UDWKHU
WKHQ VHQGLQJ WKH IXOO YDOXH IRU HDFK VDPSOH LQ D PHVVDJH� HDFK YDOXH LV GLIIHUHQFHG
IURP ERWK D SUH�VKDUHG NH\ DQG WKH ILUVW VDPSOH ZLWKLQ WKH PHVVDJH� 7KLV IHDWXUH
LV GHVFULEHG LQ PRUH GHWDLO LQ VHFWLRQ ������

:H DOVR ZDQWHG WR UHPRYH VRPH RI WKH FRPSOH[LW\ DQG SRWHQWLDO VRXUFHV RI KXPDQ
HUURU LQYROYHG LQ ELQDU\ HQFRGLQJ DQG ELW DULWKPHWLF� 7R PDNH '&&/ VWUDLJKWIRUZDUG� ZH
PDGH VHYHUDO GHVLJQ FKRLFHV�

• $OO ERXQGV RQ W\SHV FDQ EH VSHFLILHG DV DQ\ QXPEHU� VXFK DV SRZHUV RI WHQ� UDWKHU
WKDQ UHVWULFWLQJ WKH PHVVDJH GHVLJQHU WR SRZHUV RI WZR� 7KLV OHDGV WR D VPDOO LQHI�
ILFLHQF\ VLQFH WKH PHVVDJH LV HQFRGHG E\ SRZHUV RI WZR� EXW WKLV GUDZEDFN LV EDO�
DQFHG E\ WKH YDOXH RI VLPSOLFLW\ VLQFH WKH KXPDQ PLQG LV PXFK PRUH FRPIRUWDEOH
ZLWK SRZHUV RI WHQ WKDQ SRZHUV RI WZR�

• 3URWREXI LV WKH EDVLV RI WKH PDUNXS ODQJXDJH WKDW GHILQHV WKH VWUXFWXUH RI D '&&/
PHVVDJH� 3URWREXI LV ZLGHO\ XVHG ZLWKLQ *RRJOH DQG LV DQ RSHQ VRXUFH SURMHFW ZLWK
H[FHOOHQW GRFXPHQWDWLRQ DQG TXDOLW\�

• (QFRGLQJ DQG GHFRGLQJ IRU EDVLF W\SHV DUH SUHGHILQHG DQG KDQGOHG DXWRPDWLFDOO\
E\ WKH '&&/ &�� OLEUDU\ �GFFO�� PHDQLQJ WKDW LQ WKH YDVW PDMRULW\ RI WKH FDVHV QR
QHZ FRGH QHHGV WR EH ZULWWHQ WR FUHDWH RU UHGHILQH D '&&/ PHVVDJH� :ULWLQJ FRGH
RQ FUXLVHV LV DOZD\V D ULVN\ HQGHDYRU� DQGPLQLPL]LQJ WKDW ULVN LV LPSRUWDQW WRPD[�
LPL]LQJ XVH RI VKLS WLPH� +RZHYHU� IOH[LELOLW\ WR GHILQH FXVWRP DOJRULWKPV WR DVVLVW
ZLWK HQFRGLQJ LV SURYLGHG IRU WKH IDLUO\ UDUH FDVH ZKHQ WKH EDVLF HQFRGLQJ GRHV QRW
VDWLVI\ WKH QHHGV RI D SDUWLFXODU PHVVDJH�

����� '&&/ 6WUXFWXUH /DQJXDJH
7KH '&&/ VWUXFWXUH ODQJXDJH �GHILQHG LQ 7DEOH ���� LV EDVHG RQ DQ H[WHQVLRQ RI WKH *RRJOH
3URWRFRO %XIIHUV �´SURWREXIµ� ODQJXDJH �VHH >��@�� 3URWREXI ZDV FKRVHQ WR UHSODFH ;0/�

��



7DEOH ���� 'HILQLWLRQ RI WKH '&&/ 6WUXFWXUH /DQJXDJH

0HVVDJH ([WHQVLRQVD

([WHQVLRQ 1DPH ([WHQVLRQ
7\SH ([SODQDWLRQ *RE\� HTXLYDOHQWE

�GFFO�PVJ��LG LQW�� 8QLTXH LGHQWLI\LQJ
LQWHJHU IRU WKLV PHVVDJH

< >

�GFFO�PVJ��PD[ E\WHV XLQW�� (QIRUFHG XSSHU ERXQG
IRU WKH HQFRGHG PHVVDJH

< >

)LHOG ([WHQVLRQVF

([WHQVLRQ 1DPH ([WHQVLRQ
7\SH

$SSOLFDEOH
)LHOGV ([SODQDWLRQ *RE\� HTXLYDOHQW

�GFFO�ILHOG��FRGHF VWULQJ DOO &RGHF WR XVH IRU WKLV ILHOG
�RPLW IRU GHIDXOW�

1�$

�GFFO�ILHOG��RPLW ERRO DOO 'R QRW LQFOXGH ILHOG LQ
HQFRGHG PHVVDJH
�GHIDXOW  IDOVH�

1�$

�GFFO�ILHOG��SUHFLVLRQ LQW�� GRXEOH�
IORDW 'HFLPDO GLJLWV WR

SUHVHUYH�
< >

�GFFO�ILHOG��PLQ GRXEOH
�X�LQW1G�
GRXEOH�
IORDW

0LQLPXP YDOXH WKDW WKLV
ILHOG FDQ FRQWDLQ
�LQFOXVLYH�

< >

�GFFO�ILHOG��PD[ GRXEOH
�X�LQW1�
GRXEOH�
IORDW

0D[LPXP YDOXH YDOXH
WKDW WKLV ILHOG FDQ
FRQWDLQ �LQFOXVLYH�

< >

�GFFO�ILHOG��PD[ OHQJWK XLQW�� VWULQJ�
E\WHV 0D[LPXP OHQJWK �LQ

E\WHV� WKDW FDQ EH
HQFRGHG

< >

�GFFO�ILHOG��PD[ UHSHDW XLQW�� DOO �UH�
SHDWHG� 0D[LPXP QXPEHU RI

UHSHDWHG YDOXHV�
< >

D ([WHQVLRQV RI
E 6HH VHFWLRQ %�� IRU OHJDF\ *RE\� ;0/ WDJ GHILQLWLRQV�
F ([WHQVLRQV RI
G �X�LQW1 UHIHUV WR DQ\ RI WKH LQWHJHU W\SHV� LQW��� LQW��� XLQW��� XLQW��� VLQW��� VLQW��� IL[HG��� IL[HG���
VIL[HG��� VIL[HG��

��



ZKLFKZDV XVHG LQ '&&/�� EHFDXVH LW SURYLGHV VWDWLF �FRPSLOH�WLPH� W\SH VDIHW\ DQG V\QWD[
FKHFNLQJ� 'HYHORSLQJ V\VWHPV IRU $89V LQYROYHV LQWHJUDWLQJ ODUJH FRGHEDVHV IURP PXO�
WLSOH UHVHDUFK FHQWHUV� DQG ZLWKRXW D KLJK GHJUHH RI FRPSLOH�WLPH FRUUHFWQHVV DVVXUDQFH�
FRVWO\ VKLS WLPH ZLOO EH ZDVWHG WUDFNLQJ GRZQ DYRLGDEOH VRIWZDUH EXJV� 6LQFH '&&/� ZDV
GHILQHG LQ ;0/ �VHH DSSHQGL[ VHFWLRQ %���� DOO FRUUHFWQHVV FKHFNLQJ ZDV GRQH DW UXQWLPH�
GHIHUULQJ GHWHFWLRQ RI V\QWDFWLFDO DQG W\SH HUURUV�

)XUWKHUPRUH� 3URWREXI PHVVDJHV �DQG WKXV WKHLU GHULYDWLYHV� '&&/ PHVVDJHV� XVH D
FRPSLOHU WKDW SURGXFHV QDWLYH &�� FODVVHV� DOORZLQJ IRU KLJK HIILFLHQF\ ZKLFK LV FULWLFDO
IRU HPEHGGHG V\VWHPV� 'XH WR WKH IXQGDPHQWDO WUDGHRII EHWZHHQ SRZHU DQG ORQJHYLW\
�DV GHWDLOHG LQ >��@�� $89V FDQ RQO\ VXSSRUW ORZ SHUIRUPDQFH �EXW ORZ SRZHU� KDUGZDUH�
VXFK DV $50 EDVHG FRPSXWHUV� &�� SURYLGHV DQ H[FHOOHQW EDODQFH EHWZHHQ SURJUDPPLQJ
HDVH DQG UXQWLPH HIILFLHQF\�

)LQDOO\� 3URWREXI SURYLGHV FODVV LQWURVSHFWLRQ� ZKLFK DOORZV '&&/ WR RSHUDWH RQ DU�
ELWUDU\ XVHU�SURYLGHG PHVVDJHV� ZKLFK FDQ EH FRPSLOHG LQWR WKH DSSOLFDWLRQ RU ORDGHG
G\QDPLFDOO\ HLWKHU WKURXJK VKDUHG OLEUDULHV RU UXQWLPH FRPSLODWLRQ RI WKH '&&/PHVVDJH
GHILQLWLRQ�

$Q H[DPSOH RI WKH V\QWD[ RI WKH VWUXFWXUH ODQJXDJH LV JLYHQ LQ )LJ� ���� $OVR LQ WKDW
ILJXUH LV WKH HQFRGHG VL]H RI WKH PHVVDJH�

0HVVDJH 'HVLJQ

:KHQGHVLJQLQJ D'&&/PHVVDJH� D IHZ FRQVLGHUDWLRQVPXVW EHPDGH� (DFKPHVVDJH QHHGV
WR EH JLYHQ D LGHQWLILFDWLRQ �,'� QXPEHU XQLTXH ZLWKLQ WKH '&&/ QHWZRUN WKDW WKLV PHV�
VDJH LV LQWHQGHG WR OLYH E\ DVVLJQLQJ D YDOXH WR WKH � %\ GHIDXOW�
'&&/ SURYLGHV D YDULDEOH LQWHJHU HQFRGHU IRU WKH ,' WKDW XVHV RQH E\WH IRU ,'V LQ WKH UDQJH
[0, 128) DQG WZR E\WHV IRU [128, 32768)� 6RPHWLPHV PHVVDJHV PD\ KDYH OLPLWHG VFRSH RU
PD\ EH PXWXDOO\ H[FOXVLYH� LQ ZKLFK FDVH GXSOLFDWH ,'V PD\ EH DVVLJQHG� /LNH DQ\ RWKHU
ILHOG� WKLV '&&/ ,' FRGHF FDQ EH UHGHILQHG E\ WKH XVHU� )RU H[DPSOH� D UHVWULFWHG QHWZRUN
ZKHUH RQO\ HLJKW PHVVDJH W\SHV DUH QHHGHG FRXOG XVH D � ELW ,' ILHOG� 7KH YDOXH RI EHLQJ
DEOH WR UHGHILQH WKH KHDGHU EDVHG RQ WKH QHWZRUN VL]H LV LOOXVWUDWHG LQ )LJ� ����

)XUWKHUPRUH� WKH RYHUDOOPD[LPXPVL]H RI WKHPHVVDJHQHHGV WR EHGHWHUPLQHG �
�� 7KLV PD\ EH D FRQVWUDLQW LPSRVHG E\ WKH KDUGZDUH OD\HU WKDW

WKLV PHVVDJH LV LQWHQGHG WR WUDYHUVH� ,Q WKH FDVH RI WKH :+2, 0LFUR�0RGHP� WKLV VKRXOG
PDWFK WKH IUDPH VL]H RI WKH LQWHQGHG GDWD UDWH WR EH XVHG ��� E\WHV IRU UDWH �� �� E\WHV
IRU UDWH �� DQG ��� E\WHV IRU UDWHV � DQG ��� 7KH VL]H RI WKH PHVVDJH LV JLYHQ E\ WKH VXP

��



import "goby/acomms/protobuf/dccl_option_extensions.proto";

message CTDMessage
{
  option (dccl.msg).id = 102;
  option (dccl.msg).max_bytes = 64;

  required int32 destination = 1 [(dccl.field).max=31,
   (dccl.field).min=0,
   (dccl.field).in_head=true];

  required uint64 time = 2 [(dccl.field).codec="_time"];
  
  repeated int32 depth = 3 [(dccl.field).max=1000,
                                   (dccl.field).min=0,
                                            (dccl.field).max_repeat=10];

  repeated int32 temperature = 4 [(dccl.field).max=40,
                            (dccl.field).min=0,
                             (dccl.field).max_repeat=10];  

  repeated double salinity = 5 [(dccl.field).max=40,
                           (dccl.field).min=25,
                               (dccl.field).precision=2,
                             (dccl.field).max_repeat=10];
}

8
5

17

  required int32 100

                                   (dccl.field).min=0,
                                            (dccl.field).max_repeat=10];

60

  repeated double 
                           (dccl.field).min=25,110
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)LJXUH ���� 'HILQLWLRQ RI D '&&/ PHVVDJH IRU VHQGLQJ WHQ VDPSOHV IURP D &RQGXFWLYLW\�
7HPSHUDWXUH�'HSWK �&7'� VHQVRU� 2Q WKH OHIW LV WKH VL]H RI HDFK HQFRGHG ILHOG LQ ELWV�
WKH ZKROH PHVVDJH LV ��� ELWV ��� E\WHV� LQFOXGLQJ UHTXLUHG ELW SDGGLQJ RQ WKH KHDGHU
DQG ERG\� )RU FRPSDULVRQ� WKH GHIDXOW 3URWREXI HQFRGLQJ XVHV �� E\WHV WR HQFRGH WKLV
PHVVDJH ZLWK D UHSUHVHQWDWLYH VHW RI YDOXHV�

��
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)LJXUH ���� 6L]H RI D FXVWRPL]HG '&&/ KHDGHU �FRQWDLQLQJ D W\SH LGHQWLILHU �'&&/ ,'��
VRXUFH DGGUHVV� DQG GHVWLQDWLRQ DGGUHVV� IRU YDU\LQJ QHWZRUN VL]HV N DQG QXPEHU RI
PHVVDJH W\SHV M XVHG� ,Q FRPSDULVRQ� ,3 XVHV D IL[HG �� ELWV WRWDO IRU WKH VRXUFH DQG
GHVWLQDWLRQ DGGUHVVHV DQG GRHV QRW SURYLGH DQ\ W\SH LGHQWLILFDWLRQ �HTXLYDOHQW RQ WKLV
SORW WR N = 232 = 109.6� M = 0�� 6LQFH $89 QHWZRUNV W\SLFDOO\ UHVLGH QHDU WKH RULJLQ
RQ WKLV SORW� LW LV YDOXDEOH WR KDYH WKH DELOLW\ WR WDUJHW D JLYHQ QHWZRUN DQG WKXV PLQLPL]H
WKH KHDGHU VL]H�

RI WKH XVHU GHILQHG ILHOGV� SOXV WKH '&&/ ,' ILHOG� 7KH ILHOG VL]HV DUH FDOFXODWHG XVLQJ WKH
H[SUHVVLRQV JLYHQ LQ WKH µ6L]Hµ FROXPQ RI 7DEOH ���� 7KHVH VL]HV DUH FDOFXODWHG DW UXQWLPH
ZLWK GFFO� VR LW LV UDUHO\ QHFHVVDU\ WR FDOFXODWH WKHVH E\ KDQG� +RZHYHU� WKHVH H[SUHVVLRQV
JLYH D VHQVH RI KRZPXFK VSDFH D JLYHQ ILHOG ZLOO W\SLFDOO\ WDNH� ZKLFK LV LPSRUWDQW ZKHQ
FRQVLGHULQJ KRZ WR W\SH DQG ERXQG WKH GDWD�

����� $OJRULWKPV DQG ,PSOHPHQWDWLRQ

$ORQJ ZLWK WKH PHVVDJH VWUXFWXUH GHILQHG LQ VHFWLRQ ������ '&&/ SURYLGHV D VHW RI FRQ�
VLVWHQW HQFRGLQJ DQG GHFRGLQJ WRROV LQ WKH &�� GFFO OLEUDU\� 7KH WRROV SURYLGHG E\ GFFO
LQFOXGH�

• &DOFXODWLRQ RI PHVVDJH ILHOG VL]HV DQG FRPSDULVRQ WR WKH PDQGDWHG PD[LPXP VL]H

��



� �� 0HVVDJHV H[FHHGLQJ WKLV VL]H DUH UHMHFWHG DQG WKHGHVLJQHUPXVW FKRRVH
WR UHPRYH DQG�RU UHGXFH ILHOGV RU LQFUHDVH WKH PHVVDJH �

• (QFRGLQJ RI '&&/ PHVVDJHV XVLQJ WKH H[SUHVVLRQV JLYHQ LQ 7DEOH ���� 7KH XVHU
SDVVHV DQ LQVWDQWLDWLRQ RI D 3URWREXI PHVVDJH DQG UHFHLYHV DQ HQFRGHG VWULQJ RI
E\WHV EDFN�

• 'HFRGLQJ RI '&&/ PHVVDJHV XVLQJ WKH UHFLSURFDO RI WKH H[SUHVVLRQV XVHG IRU HQFRG�
LQJ�

����� (QFU\SWLRQ

GFFO SURYLGHV SUH�VKDUHG NH\ HQFU\SWLRQ RI WKH ERG\ SRUWLRQ RI WKH PHVVDJH XVLQJ WKH
$GYDQFHG (QFU\SWLRQ 6WDQGDUG �$(6 RU 5LMQGDHO� >��@� $(6 LV D 1DWLRQDO ,QVWLWXWH RI 6WDQ�
GDUGV DQG 7HFKQRORJ\ �1,67� FHUWLILHG FLSKHU IRU VHFXUHO\ HQFU\SWLQJ GDWD� ,W KDV EHHQ
FHUWLILHG E\ WKH 1DWLRQDO 6HFXULW\ $JHQF\ �16$� IRU XVH HQFU\SWLQJ WRS VHFUHW GDWD�

GFFO XVHV D 6+$���� KDVK RI D XVHU SURYLGHG SDVVSKUDVH WR IRUP WKH VHFUHW NH\ IRU
WKH $(6 FLSKHU �VHH >��@ IRU WKH VSHFLILFDWLRQ RI 6+$������ ,Q RUGHU WR IXUWKHU VHFXUH WKH
PHVVDJH� DQ LQLWLDOL]DWLRQ YHFWRU �,9� LV XVHG ZLWK WKH $(6 FLSKHU� 7KH ,9 XVHG IRU '&&/
LV WKH PRVW VLJQLILFDQW ��� ELWV RI D 6+$���� KDVK RI WKH KHDGHU RI WKH PHVVDJH� ,W LV
D UHTXLUHPHQW RI WKH '&&/ PHVVDJH GHVLJQHU WKDW WKH PHVVDJH KHDGHU FRQWDLQ D QRQFH
�VXFK DV WKH WLPH RI GD\� VR WKDW LW SURYLGHV WKH FRQWLQXDOO\ FKDQJLQJ YDOXH UHTXLUHG RI
DQ ,9� 7KLV HQVXUHV WKDW WKH FLSKHUWH[W FUHDWHG IURP WKH VDPH GDWD HQFU\SWHG ZLWK WKH
VDPH VHFUHW NH\ ZLOO RQO\ ORRN WKH VDPH LQ WKH IXWXUH RQ D JLYHQ GD\ RQ WKH H[DFW VHFRQG
LW ZDV FUHDWHG� 7KH RSHQ VRXUFH &U\SWR�� OLEUDU\ DYDLODEOH DW >��@ LV XVHG WR SHUIRUP WKH
FU\SWRJUDSK\ WDVNV�

����� &RPSDULVRQ WR SULRU ZRUN

,Q WKH PDULQH FRPPXQLW\� WZR FRQWULEXWLRQV SURYLGH D VLPLODU IUDPHZRUN WR '&&/� WKH
&RPSDFW &RQWURO /DQJXDJH �&&/� DQG ,QWHU�0RGXOH &RPPXQLFDWLRQ �,0&�� )XUWKHUPRUH�
RWKHU DSSOLFDWLRQ GRPDLQV KDYH GHYHORSHG DSSURDFKHV WR D VLPLODU SUREOHP� 7KHVH LQ�
FOXGH YDULRXV IRUPV RI 7H[W (QFRGLQJ� $EVWUDFW 6\QWD[ 1RWDWLRQ 2QH �$61���� DQG *RRJOH
3URWRFRO %XIIHUV �ZKRVH HQFRGLQJ OLEUDU\ '&&/ GRHV QRW XVH��

��



7DEOH ���� )RUPXODV IRU HQFRGLQJ WKH '&&/ W\SHV�

3URWREXI
7\SH 6L]H �ELWV� (QFRGHD

ERRO
�UHTXLUHG� � xenc =

{
1 LI x LV WUXH
0 LI x LV IDOVH

ERRO
�RSWLRQDO� � xenc =






2 LI x LV WUXH
1 LI x LV IDOVH
0 LI x LV XQGHILQHG

HQXP
�UHTXLUHG� !ORJ2(

∑
εi)" xenc = i

HQXP
�RSWLRQDO� !ORJ2(1 +

∑
εi)" xenc =

{
i+ 1 LI x ∈ {εi}
0 RWKHUZLVH

VWULQJ 8 +
min(length,max length) ·8

xenc = length+
∑min(length,max length)

n=0 s(n) · 28(n+1)

�X�LQW1
�UHTXLUHG� !ORJ2(xmax − xmin + 1)" xenc =

{
x− xmin LI x ∈ [xmin, xmax]

0 RWKHUZLVH
�X�LQW1
�RSWLRQDO� !ORJ2(xmax − xmin + 2)" xenc =

{
x− xmin + 1 LI x ∈ [xmin, xmax]

0 RWKHUZLVH
GRXEOH�
IORDW
�UHTXLUHG�

!ORJ2((xmax − xmin) ·
10prec + 1)"

xenc ={
QLQW((x− xmin) · 10prec) LI x ∈ [xmin, xmax]

0 RWKHUZLVH
GRXEOH�
IORDW
�RSWLRQDO�

!ORJ2((xmax − xmin) ·
10prec + 2)"

xenc ={
QLQW((x− xmin) · 10prec) + 1 LI x ∈ [xmin, xmax]

0 RWKHUZLVH
E\WHV max length · 8 xenc  x
· x LV WKH RULJLQDO �DQG GHFRGHG� YDOXH� xenc LV WKH HQFRGHG YDOXH�
· xmin� xmax� max length� prec DUH WKH YDOXH RI WKH �GFFO�ILHOG��PLQ� �GFFO�ILHOG��PD[�
�GFFO�ILHOG��PD[ OHQJWK� DQG �GFFO�ILHOG��SUHFLVLRQ RSWLRQV� UHVSHFWLYHO\� εi LV WKH iWK FKLOG RI WKH
HQXP GHILQLWLRQ �ZKHUH i = 0, 1, 2, . . .�� QRW WKH YDOXH DVVLJQHG WR WKH HQXP�
· QLQW�x� PHDQV URXQG x WR WKH QHDUHVW LQWHJHU�
· s(n) LV WKH $6&,, YDOXH RI WKH QWK FKDUDFWHU RI WKH VWULQJ�

D LI GDWD DUH QRW SURYLGHG RU WKH\ DUH RXW RI UDQJH �H�J� x > max�� WKH\ DUH HQFRGHG DV ]HUR �xenc = 0�
DQG GHFRGHG DV QRW SUHVHQW�

��



&RPSDFW &RQWURO /DQJXDJH

GFFO RZHV LQVSLUDWLRQ DQG SDUW RI WKH QDPH WR WKH &RPSDFW &RQWURO /DQJXDJH �&&/� GHYHO�
RSHG DW :+2, E\ 5RJHU 6WRNH\ DQG RWKHUV IRU WKH 5(086 VHULHV RI $89V� $Q RYHUYLHZ RI
&&/ LV DYDLODEOH LQ >��@� DQG WKH VSHFLILFDWLRQ LV JLYHQ LQ >��@� ,Q RXU H[SHULHQFH� EHIRUH
'&&/� &&/ ZDV WKH GH IDFWR VWDQGDUG GDWDPDUVKDOOLQJ VFKHPH IRU DFRXVWLF QHWZRUNV EDVHG
RQ WKH :+2, 0LFUR�0RGHP�

'&&/ LV LQWHQGHG WR EXLOG RQ WKH LGHDV GHYHORSHG LQ &&/ EXW ZLWK VHYHUDO QRWDEOH LP�
SURYHPHQWV� '&&/ SURYLGHV WKH DELOLW\ IRU PHVVDJHV WR DGDSW TXLFNO\ WR FKDQJLQJ QHHGV
RI WKH UHVHDUFKHUV ZLWKRXW FKDQJLQJ VRIWZDUH FRGH �L�H� G\QDPLF�� &&/ PHVVDJHV DUH KDUG
FRGHG LQ VRIWZDUH ZKLOH '&&/PHVVDJHV DUH FRQILJXUHG XVLQJ 3URWREXI� )XUWKHUPRUH� &&/
KDV QR PHFKDQLVP WR LQFOXGLQJ QHWZRUN OHYHO KHDGHU LQIRUPDWLRQ UHTXLUHG IRU URXWLQJ�
'&&/ SURYLGHV D XVHU�H[WHQVLEOH KHDGHU IRU VXFK WDVNV� ZLWKRXW LQFUHDVLQJ WKH RYHUKHDG
ZKHQ VXFK LQIRUPDWLRQ LV QRW UHTXLUHG�

$OVR� VLJQLILFDQWO\ VPDOOHU PHVVDJHV DUH FUHDWHG ZLWK '&&/ WKDQ ZLWK &&/ VLQFH WKH
IRUPHU XVHV XQDOLJQHG ILHOGV� ZKLOH WKH ODWWHU� ZLWK WKH H[FHSWLRQ RI D IHZ FXVWRP ILHOGV
�H�J� ODWLWXGH DQG ORQJLWXGH�� UHTXLUHV WKDWPHVVDJH ILHOGV ILW LQWR DQ HYHQQXPEHU RI E\WHV�
7KXV� LI D YDOXH QHHGV HOHYHQ ELWV WR EH HQFRGHG� &&/ XVHV WZR E\WHV �VL[WHHQ ELWV�� ZKHUHDV
'&&/ XVHV WKH H[DFW QXPEHU RI ELWV �HOHYHQ LQ WKLV FDVH�� '&&/ DOVR RIIHUV VHYHUDO IHDWXUHV
WKDW &&/ GRHV QRW� LQFOXGLQJ HQFU\SWLRQ� GHOWD�GLIIHUHQFLQJ� DQG GDWD SDUVLQJ DELOLWLHV�

7R WKH EHVW RI WKH DXWKRUV· NQRZOHGJH �ZKLFK LV VXSSRUWHG E\ &KLWUH� HW DO� LQ >��@�� &&/
LV WKH RQO\ SUHYLRXV HIIRUW WR SURYLGH DQ RSHQ VWUXFWXUH IRU GHILQLQJ PHVVDJHV WR EH VHQW
WKURXJK DQ XQGHUZDWHU DFRXVWLF QHWZRUN� 2WKHU DWWHPSWV KDYH EHHQ DG�KRF HQFRGLQJ IRU
D VSHFLILF SURMHFW� ,Q RUGHU QRW WR WUDPSOH RQ 6WRNH\·V ZRUN DQG PD[LPL]H LQWHURSHUDELO�
LW\� ZH KDYH PDGH '&&/ RSWLRQDOO\ FRPSDWLEOH ZLWK D &&/ QHWZRUN� JLYLQJ '&&/ WKH &&/
LQLWLDO E\WH IODJ RI �[�� �GHFLPDO ���� 7KLV DOORZV YHKLFOHV XVLQJ &&/ DQG '&&/ WR LQWHURS�
HUDWH� DVVXPLQJ DOO QRGHV KDYH DSSURSULDWH HQFRGHUV IRU ERWK PHVVDJH ODQJXDJHV� :KHQ
LQWHURSHUDELOLW\ LV QRW QHFHVVDU\� WKLV E\WH LV RPLWWHG� VDYLQJ PHVVDJH KHDGHU VSDFH�

,QWHU�0RGXOH &RPPXQLFDWLRQ �,0&�

,0& �VHH >��@� XVHV ;0/ ZLWK ;6/7 WUDQVIRUPDWLRQV LQWR WKH QDWLYH ODQJXDJH FRGH �H�J�
&��� WKDW JLYHV D VLPLODU ODQJXDJH�QHXWUDO GDWD REMHFW �EXW ZLWK FRPSLOH�WLPH W\SH VDIHW\�
WR '&&/�� +RZHYHU� ,0& XVHV WKH VWDQGDUG V\VWHP SULPLWLYH W\SHV �H�J� ��� DQG ���ELW
LQWHJHUV� DQG GRHV QRW DOORZ DUELWUDU\ ERXQGLQJ RU XVHU�GHILQHG FRGHFV�

��



7H[W (QFRGLQJ

7ZR DSSURDFKHV WR HQFRGLQJ WKDW KDYH SURYHQ XVHIXO LQ RWKHU DSSOLFDWLRQV IRU FRPSUHVV�
LQJ WH[WXDO GDWD DUH GLFWLRQDU\ FRGHUV �H�J� /=: >��@� DQG HQWURS\ FRGHUV �H�J� +XIIPDQ
FRGLQJ >��@�� %RWK RI WKHVH DUH VXFFHVVIXO RQ VSDUVH GDWD� VXFK DV KXPDQ UHDGDEOH WH[W�
7KHLU XWLOLW\ IRU WKH W\SHV RI PHVVDJHV HQFRXQWHUHG FRPPRQO\ LQ PDULQH URERWLFV LV OLP�
LWHG� KRZHYHU� 7KHVH PHVVDJHV WHQG WR EH VKRUW DQG IXOO RI QXPHULF YDOXHV� ZKRVH LQIRU�
PDWLRQ HQWURS\ LV PXFK JUHDWHU WKDQ WKDW RI KXPDQ JHQHUDWHG WH[W� +RZHYHU� FDUHIXO
DSSOLFDWLRQ RI HQWURS\ FRGHUV WR QRQ�WH[W GDWD FDQ SURGXFH VLJQLILFDQW JDLQV� DV H[SORUHG
LQ FKDSWHU ��

)XUWKHUPRUH� WKH RYHUKHDG FRVW LQFXUUHG E\ WKHVH WH[W HQFRGHUV PHDQV WKDW WKH FRP�
SUHVVHG PHVVDJH PD\ QRW EH PRUH HIILFLHQW WKDQ WKH RULJLQDO PHVVDJH XQWLO D VL]DEOH
DPRXQW RI GDWD �SHUKDSV VHYHUDO NLORE\WHV� KDV EHHQ HQFRGHG� 7KLV H[FHHGV WKH VL]H RI
LQGLYLGXDO IUDPHV LQ WKH :+2, 0LFUR�0RGHP� PHDQLQJ WKDW LQ PHVVDJHV ZRXOG KDYH EH
VSOLW DFURVV IUDPHV DQG UHDVVHPEOHG� *LYHQ WKH ORZ WKURXJKSXW DQG KLJK HUURU UDWH RI WKH
DFRXVWLF FKDQQHO� LW LV LPSUDFWLFDO WR DWWHPSW WR VHQG D PHVVDJH WKDW LV PRUH WKDQ VHY�
HUDO IUDPHV EHIRUH EHLQJ GHFRGDEOH� )XUWKHUPRUH� WKH UHVXOWLQJ PHVVDJH IURP WKHVH WH[W
HQFRGHUV LV YDULDEOH OHQJWK� DV WKH FRPSUHVVLELOLW\ GHSHQGV RQ WKH LQSXW GDWD� 7KLV FDQ
FDXVH IXUWKHU GLIILFXOWLHV WUDQVSRUWLQJ WKHVH GDWD DFURVV WKH DFRXVWLF QHWZRUN�

*LYHQ WKHVH FRQVLGHUDWLRQV� ZH GHFLGHG WKDW FXUUHQWO\ DYDLODEOH WH[W HQFRGHUV ZRXOG
QRW DQ DFFHSWDEOH VROXWLRQ WR WKH SUREOHP DW KDQG� L�H� FUHDWLQJ VKRUW PHVVDJHV IRU DFRXV�
WLF FRPPXQLFDWLRQV�

$EVWUDFW 6\QWD[ 1RWDWLRQ 2QH

$EVWUDFW 6\QWD[ 1RWDWLRQ 2QH �$61��� LV DPDWXUH DQGZLGHO\ XVHG VWDQGDUG IRU DEVWUDFWO\
UHSUHVHQWLQJ GDWD VWUXFWXUHV �RU PHVVDJHV� LQ D KXPDQ�UHDGDEOH WH[WXDO IRUP� ,W DOVR
VSHFLILHV D YDULHW\ RI UXOHV IRU HQFRGLQJ GDWD XVLQJ WKH $61�� VWUXFWXUHV� ,Q ERWK WKHVH
DUHDV� $61�� LV VLPLODU WR '&&/� '&&/ DOVR SURYLGHV D VWUXFWXUH ODQJXDJH �EDVHG RQ ;0/
LQ WKLV FDVH�� DQG D VHW RI HQFRGLQJ UXOHV� ,Q IDFW� WKH UXOHV XVHG E\ '&&/ DUH YHU\ VLPLODU
WR WKH $61�� XQDOLJQHG 3DFNHG (QFRGLQJ 5XOHV �3(5�� )RU D JRRG WUHDWPHQW RI $61��� VHH
/DUPRXWK·V ERRN >��@�

*LYHQ WKH VHYHUH UHVWULFWLRQV RQ PHVVDJH VL]H GXH WR WKH DFRXVWLF PRGHP KDUGZDUH�
H[LVWLQJ $61�� VWUXFWXUHV DUH XQOLNHO\ WR EH XVHIXO� XQOHVV WKH GHVLJQHUV ZHUH RULJLQDOO\
FDUHIXO LQ VSHFLI\LQJ ERXQGV RQ QXPHULFDO W\SHV �H�J� ,17(*(5� DQG PLQLPL]LQJ XVH RI
VWULQJ W\SHV �H�J� 87)�675,1*�� 7KXV� IRU VLPSOLFLW\� WKH DXWKRUV SUHIHU WKH SURWREXI

��



VSHFLILFDWLRQ JLYHQ LQ 7DEOH ��� DQG FXUUHQWO\ XVHG E\ '&&/�
6XSSRUW IRU $61�� PD\ EHFRPH D GHVLUDEOH JRDO LQ WKH IXWXUH WR WDNH DGYDQWDJH RI WKH

NQRZOHGJH EDVH DQG H[SHULHQFH RI WKLV ZHOO DFFHSWHG VWDQGDUG� +RZHYHU� ZH ZLOO OLNHO\
KDYH WR FKRRVH D WLJKWO\ UHGXFHG VXEVHW RI WKH $61�� VSHFLILFDWLRQ WR PHHW WKH UHVWULF�
WLYH GHPDQGV RI WKH XQGHUZDWHU DFRXVWLF FKDQQHO� SRVVLEO\ UHQGHULQJ DQ\ JDLQV RI EHLQJ
VWDQGDUGV�FRPSOLDQW PRRW�

*RRJOH 3URWRFRO %XIIHUV

:KLOH '&&/ RQO\ XVHV *RRJOH 3URWRFRO %XIIHUV �3URWREXI� DV D VWDUWLQJ SRLQW IRU LWV ODQ�
JXDJH GHILQLWLRQ� 3URWREXI DOVR SURYLGHV D ELQDU\ HQFRGLQJ� 7KH HQFRGLQJ LV UHDVRQDEO\
FRPSDFW� EXW GRHV QRW WDNH LQWR DFFRXQW WKH RULJLQ RI HDFK ILHOG·V GDWD� ZKLFK DOORZV '&&/
WR SURYLGH D PRUH FRPSDFW HQFRGLQJ� 7KH '&&/ HQFRGLQJ RI WKH PHVVDJH JLYHQ LQ )LJ�
��� LV ��� PRUH FRPSDFW WKDQ WKH 3URWREXI EXLOW�LQ HQFRGLQJ EHFDXVH WKH '&&/ PHVVDJH
GHVLJQHU FDQ LQFRUSRUDWH LQIRUPDWLRQ DERXW WKH ILHOGV· SK\VLFDO RULJLQV �H�J� VDOLQLW\ LV
ERXQGHG EHWZHHQ �� DQG �� LQ WKH ZRUOG·V RFHDQV��

'&&/ 6XPPDU\

7KH GHVLJQ RI '&&/ FDQ EH VXPPDUL]HG LQ D IHZ NH\ SRLQWV�

• ,W LV ZRUWK VSHQGLQJ VLJQLILFDQW KXPDQ DQG &38 WLPH GHVLJQLQJ KLJKO\ FRPSUHVVHG
PHVVDJHV VLQFH DFRXVWLF OLQNV DUH RIWHQ RSHUDWHG DW FDSDFLW\ �´WRWDO WKURXJKSXW LV
UDUHO\ DFKLHYDEOH RQ UHDO $89 DFRXVWLF QHWZRUNVµ��

• '&&/ SURYLGHV DPLQLPDO KHDGHU VL]H �LQ WKHRU\ DV VPDOO DV � E\WHV� EHFDXVH DFRXVWLF
PRGHPV KDYH VPDOO 078V �RUGHU RI ��V WR ���V RI E\WHV��

• '&&/ DOORZV YDULDEOH OHQJWK HQFRGHUV� EXW HQIRUFHV D NQRZQ XSSHU ERXQG RQ PHV�
VDJH VL]H WR DOORZ D GHVLJQHU WR WDUJHW D JLYHQ OLQN�OD\HU SDFNHW VL]H�

��� TXHXH� '\QDPLF SULRULW\ EDVHG EXIIHULQJ

����� 0RWLYDWLRQ

)LHOG H[SHULHQFH KDV WDXJKW XV WKDW LQ D QHWZRUN RI $89V� GHVLUHG WKURXJKSXW DOPRVW
DOZD\V H[FHHGV WKH DYDLODEOH FKDQQHO FDSDFLW\� %DVHG RQ WKH DYDLODEOH FDSDFLW\� WKH HQ�
JLQHHUV DQG VFLHQWLVWV WRSVLGH SUHIHU WR VHH DV PXFK GDWD DV SRVVLEOH� 7KH XSSHU OLPLW RQ

��



GHVLUHG WKURXJKSXW ZRXOG SHUKDSV EH D UHDO�WLPH IHHG RI DOO VHQVRU GDWD� EXW WKLV FDQ HDV�
LO\ EH RUGHU RI PHJDELWV SHU VHFRQG RU KLJKHU �HVSHFLDOO\ LI YLGHR LV LQYROYHG�� 0D[LPXP
GDWD WKURXJKSXW RI DYDLODEOH FRPPHUFLDOPRGHPV� VXFK DV WKH:+2,0LFUR�0RGHP� LV RU�
GHU NLORELWV SHU VHFRQG RUPXFK ORZHU LQ UHDOLVWLF HQYLURQPHQWV� *LYHQ WKDW WKLV VSUHDG LV
XQOLNHO\ WR FORVH GXH WR WKH SK\VLFDO OLPLWDWLRQV RI WKH DFRXVWLF FDUULHU� XVHUV ZLOO DOZD\V
KDYH EH VHOHFWLYH DERXW ZKLFK GDWD DUH VHQW RYHU WKH QHWZRUN�

2QH VROXWLRQ WR WKLV SUREOHP LV WR IL[ �EHIRUH ODXQFK� D VPDOO VXEVHW RI GDWD WKDW ZLOO EH
WUDQVPLWWHG DFRXVWLFDOO\� $SSURDFKHV WR DFRXVWLF QHWZRUNLQJ EHIRUH JRE\�DFRPPV VXFK DV
WKH DSSURDFKHV LQ >��@ DQG >��@ XVH WKLV VROXWLRQ� W\SLFDOO\ RQO\ VHQGLQJ D YHKLFOH VWDWXV
DQGPD\EH D VLQJOH VHQVRU GDWD W\SH WKDW LV PRVW UHOHYDQW WR WKH H[SHULPHQW DW KDQG� 7KLV
WHFKQLTXH LV JHQHUDOO\ VXERSWLPDO� JLYHQ WKH GHVLJQHU PXVW DFFRXQW IRU WKH ZRUVW FDVH
FRPPXQLFDWLRQV VFHQDULR RU ULVN ILOOLQJ WKH VHQGLQJ EXIIHUV IDVWHU WKDQ PHVVDJHV FDQ EH
WUDQVPLWWHG RYHU WKH FKDQQHO� 'XH WR WKH KLJKO\ YDULDEOH FRPPXQLFDWLRQV HQYLURQPHQW
H[SHULHQFHG XVLQJ DFRXVWLFV LQ WKH RFHDQ� WKLV PLQLPD[ DSSURDFK ZLOO XQGHU�XWLOL]H WKH
DYDLODEOH FDSDFLW\�

7R EHWWHU XWLOL]H WKH FKDQQHO� ZH QHHG D VROXWLRQ WKDW G\QDPLFDOO\ VFDOHV ZLWK WKH
PRPHQW�WR�PRPHQW DYDLODEOH FDSDFLW\� :KHQ ZH KDYH SRRU WKURXJKSXW� ZH ZDQW WR
VHQG KLJKO\ YDOXDEOH PHVVDJHV� 7KHVH PD\ FRUUHVSRQG WR VWDWXV PHVVDJHV RU WLPH VHQ�
VLWLYH PLVVLRQ VSHFLILF PHVVDJHV VXFK DV WDUJHW RU HYHQW GHWHFWLRQ DOHUWV� :KHQ ZH KDYH
JRRG WKURXJKSXW� ZH DOVR ZDQW WR VHQG OHVV FULWLFDO� EXW VWLOO XVHIXO GDWD� TXHXH SURYLGHV
D SULRULWL]HG VHW RI EXIIHUV ZLWK WLPH YDU\LQJ YDOXHV WR HIIHFW WKLV GHVLUHG EHKDYLRU� (DFK
'&&/ PHVVDJH W\SH LV DVVLJQHG D EXIIHU� :KHQ WKH 0HGLXP $FFHVV &RQWURO UHTXHVWV GDWD
IURP TXHXH� D SULRULW\ FRQWHVW LV SHUIRUPHG EHWZHHQ DOO WKH EXIIHUV WKDW FRQWDLQPHVVDJHV�
7KH ZLQQLQJ EXIIHU SURYLGHV GDWD IURP HLWKHU LWV IURQW RU EDFN� EDVHG RQ WKH XVHU·V GHVLUH
IRU D ILUVW�LQ � ILUVW�RXW �),)2� RU ILUVW�LQ � ODVW�RXW �),/2� TXHXH UHVSHFWLYHO\�

����� 3ULRU ZRUN

3ULRULW\ 4XHXHV

3ULRULW\ TXHXHV DUH D ZLGHO\ DYDLODEOH FRQWDLQHU W\SH LQPRGHUQ SURJUDPPLQJ ODQJXDJHV�
�)RU H[DPSOH� &��� -DYD� DQG3\WKRQDOO SURYLGH LPSOHPHQWDWLRQ LQ WKHLU VWDQGDUG OLEUDULHV��
,Q D SULRULW\ TXHXH� PHVVDJHV DUH DGGHG ZLWK VRPH SULRULW\ YDOXH� :KHQ GDWD DUH UH�
TXHVWHG IURP WKH TXHXH� WKH KLJKHVW SULRULW\ GDWD DUH JLYHQ ILUVW� TXHXH SURYLGHV D G\�
QDPLF SULRULW\ TXHXH RI �RUGLQDU\� GRXEOH�HQGHG TXHXHV �RU ´GHTXHVµ�� 7KH G\QDPLF SDUW

��
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DCCL Object of Type 3
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)LJXUH ���� 'DWD VWUXFWXUH RI TXHXH IRU WKUHH GHFODUHG '&&/ W\SHV� $OO REMHFWV ZLWKLQ D
GHTXH DUH RI WKH VDPH'&&/ W\SH DQG HDFKGHTXH LV G\QDPLFDOO\ SULRULWL]HG XVLQJ (TXDWLRQ
���� :KHWKHU D GHTXH LV DFFHVVHG IURP WKH EDFN RU IURQW LV FRQILJXUDEOH IRU HDFK '&&/
W\SH�

LV KRZ TXHXH GLIIHUV IURP RUGLQDU\ SULRULW\ TXHXHV� 5DWKHU WKDQ KDYLQJ D IL[HG SULRULW\�
HQWULHV LQ TXHXH KDYH D SULRULW\ WKDW YDULHV LQ WLPH� 7KH VWUXFWXUH RI WKLV G\QDPLF SULRULW\
TXHXH RI GHTXHV LV RXWOLQHG WKURXJK DQ H[DPSOH LQ )LJ� ����

����� ,PSOHPHQWDWLRQ
(DFK EXIIHU �RQH EXIIHU IRU HDFK '&&/ W\SH�� LV JLYHQ D EDVH YDOXH �Vbase� DQG D WLPH�WR�OLYH
�ttl� WKDW FUHDWH WKH SULRULW\ �P (t)� DW DQ\ JLYHQ WLPH �t��

P (t) = Vbase
(t− tlast)

ttl
�����

ZKHUH tlast LV WKH WLPH RI WKH ODVW WLPH DQ REMHFW ZDV VHQW IURP WKLV EXIIHU�
7KLV PHDQV IRU HYHU\ EXIIHU� WKH XVHU KDV FRQWURO RYHU WZR YDULDEOHV �Vbase DQG ttl��

Vbase LV LQWHQGHG WR FDSWXUH KRZ LPSRUWDQW WKH PHVVDJH W\SH LV LQ JHQHUDO� +LJKHU EDVH
YDOXHV PHDQ WKH PHVVDJH LV RI KLJKHU LPSRUWDQFH� +RZHYHU� ZLWK RQO\ WKH Vbase� KLJKHU
YDOXH PHVVDJHV ZRXOG DOZD\V VXSHUFHGH ORZHU YDOXH PHVVDJHV� $89 RSHUDWRUV NQRZ�
KRZHYHU� WKDWPHVVDJHV RI VRPH W\SHV EHFRPHPRUH YDOXDEOH LI RQH KDV QRW EHHQ UHFHLYHG
LQ D ORQJ SHULRG RI WLPH� ZKHUH ´ORQJµ LV GHILQHG E\ WKH SUHIHUHQFHV RI WKH RSHUDWRUV DQG
WKH JRDOV RI WKH PLVVLRQ� )RU H[DPSOH� WKH YDOXH RI D YHKLFOH·V VWDWXV PHVVDJH JURZV LQ
WLPH DV WKH RSHUDWRUV EHFRPH LQFUHDVLQJO\ FRQFHUQHG ZLWK WKH KHDOWK DQG ORFDWLRQ RI WKH
YHKLFOH� 7KH ttl SDUDPHWHU ZRUNV WR LQFRUSRUDWH WKLV QRWLRQ RI WLPH YDU\LQJ YDOXH�

$V WKH QDPH VXJJHVWV� WKH ttl JRYHUQV WKH QXPEHU RI VHFRQGV WKH PHVVDJH OLYHV IURP
FUHDWLRQ XQWLO LW LV GHVWUR\HG E\ TXHXH� %XW PRUH LPSRUWDQWO\� WKH ttl DOVR IDFWRUV LQWR WKH

�DV XQLTXHO\ GHILQHG E\ �GFFO�PVJ��LG

��



7DEOH ���� ([DPSOH '&&/ W\SHV IRU TXHXH

W\SH LG Vbase ttl H[DPSOH
� � ���� SRVLWLRQ UHSRUW
� � ���� HYHQW PHVVDJH
� � ���� VHQVRU �&7'� PHVVDJH

SULRULW\ FDOFXODWLRQ� 0RUH WLPH VHQVLWLYH PHVVDJHV �WKRVH ZLWK ORZHU ttl YDOXHV� JURZ LQ
SULRULW\ IDVWHU� 7KH UHDVRQ WKDW WKH ttl SDUDPHWHU LV FKRVHQ WR EH WKH VDPH DV WKH SULRULW\
WLPH FRQVWDQW LV VLPSOLFLW\� 0DQDJLQJ FRPSOH[LW\ RI FRQILJXUDWLRQ LV RQH RI WKH ODUJHVW
FKDOOHQJHV IDFLQJ ILHOG URERWLFV� %\ JURXSLQJ WKHVH WZR FRQFHSWV WRJHWKHU� RQO\ D VLQJOH
YDOXH �ZLWK D FRQFUHWH PHDQLQJ� QHHGV WR EH FRQILJXUHG IRU D JLYHQPHVVDJH TXHXH·V WLPH
VHQVLWLYLW\� :KHQ D YHKLFOH FDQ KDYH GR]HQV RI PHVVDJH W\SHV �DQG FRPPXQLFDWLRQV LV
RQH RI GR]HQV RI VXEV\VWHPV�� UHGXFLQJ FRQILJXUDWLRQ QHHGV UHGXFHV FRPSOH[LW\�

6R ZLWK WKHVH WZR SDUDPHWHUV� WKH XVHU FDQ FDSWXUH ERWK RYHUDOO YDOXH �L�H� Vbase� DQG
ODWHQF\ WROHUDQFH �ttl� RI WKH PHVVDJH EXIIHU� $Q H[DPSOH RI KRZ TXHXLQJPDQLIHVWV LWVHOI
IRU GLIIHUHQW VSDFLQJ RI WKH 0HGLXP $FFHVV &RQWURO F\FOHV LV JLYHQ LQ )LJ� ����

$QRWKHUZD\ WR WKLQN RI WKLV G\QDPLF SULRULW\ EXIIHULQJ LV LQ DQDORJ\ WR WKH HFRQRPLFV
RI VXSSO\ DQG GHPDQG� '&&/ PHVVDJHV DUH DQDORJRXV WR SHULVKDEOH JRRGV �VXFK DV IRRG��
7KH PHVVDJH VHQGHU KDV FHUWDLQ VXSSO\ RI HDFK W\SH RI PHVVDJH� 7KH UHFHLYHU GHPDQGV
PHVVDJHV DW D IL[HG SULFH EDVHG RQ WKH W\SH RI JRRG �Vbase� WKDW JURZV DV WLPH SDVVHV VLQFH
WKH ODVW ´VKLSPHQWµ �VXFFHVVIXO WUDQVPLVVLRQ�� 7KH ´SHULVKDELOLW\µ RI JRRGV LV UHIOHFWHG LQ
WKH ttl� 7KH VHQGHU XVHV (TXDWLRQ ��� WR PD[LPL]H KLV ´SURILWµ �DVVXPLQJ OLQHDU� ODZV��

����� 3HUIRUPDQFH HYDOXDWLRQ

,Q RUGHU WR HYDOXDWH WKH SHUIRUPDQFH RI TXHXH� D PDUNHWSODFH IRU GDWD W\SHV ZDV HVWDE�
OLVKHG ZKHUH WKH UHFHLYHU·V GHPDQG IRU GDWD LV JRYHUQHG E\ WKUHH SDUDPHWHUV� D EDVH GH�
PDQGDb� D JURZLQJ GHPDQG DIWHU VRPH WLPH ZLWKRXW GDWD RI WKDW W\SH �Ds� IRU VFDUFLW\��
DQG D GHFUHDVLQJ GHPDQG EDVHG RQ WKH DJH RI WKH GDWD �De IRU YDOXH HURVLRQ�� 7KLV K\�
SRWKHWLFDO PDUNHWSODFH LV LQWHQGHG WR VLPXODWH WKH QHHGV RI DQ $89 WRSVLGH RSHUDWRU RU
FROODERUDWLQJ DXWRQRPRXV YHKLFOH� 7KH ´VFRUHµ �Si� XSRQ UHFHLSW RI D JLYHQ'&&/PHVVDJH
i RI W\SH j LV WKHQ JLYHQ E\

Si = Dj
b +Dj

s −Di
e �����

�RWKHU IXQFWLRQDO IRUPV �H�J� H[SRQHQWLDO� ZHUH WHVWHG EXW WKH DXWKRU FRXOG QRW ILQG DQ\ VXEVWDQWLDO
EHQHILW YHUVXV OLQHDU� VR OLQHDU ZDV FKRVHQ IRU VLPSOLFLW\�

��



7DEOH ���� &RQILJXUDWLRQ RI WKH *RE\ '\QDPLF 3ULRULW\ 4XHXHV

0HVVDJH FRQILJXUDWLRQ
1DPH 7\SH ([SODQDWLRQ
DFN ERRO $FNQRZOHGJPHQW UHTXLUHG IRU WKLV PHVVDJH

W\SH�
EODFNRXW WLPH XLQW�� $EVROXWH PLQLPXP WLPH �VHFRQGV� EHWZHHQ

WUDQVPLVVLRQV RI WKLV W\SH�
PD[ TXHXH XLQW�� 6L]H RI WKH TXHXH �LQ PHVVDJHV��
QHZHVW ILUVW ERRO WUXH ILUVW�LQ�ODVW�RXW �),/2��

IDOVH ILUVW�LQ�ILUVW�RXW �),)2��
WWO LQW�� WLPH�WR�OLYH LQ VHFRQGV �DOVR JRYHUQV WLPH

VHQVLWLYLW\��
YDOXH EDVH GRXEOH %DVH YDOXH RI WKLV PHVVDJH W\SH�

)LHOG UROHV D

5ROH 1DPH ([WHQVLRQ 7\SH ([SODQDWLRQ
7,0(67$03 GRXEOH RU XLQW�� 7DJV WKLV '&&/ ILHOG DV VRXUFH RI WLPH�
6285&( ,' �X�LQW1 7DJV WKLV '&&/ ILHOG DV FRQWDLQLQJ WKH VRXUFH

DGGUHVV�
'(67,1$7,21 ,' �X�LQW1 7DJV WKLV '&&/ ILHOG DV FRQWDLQLQJ WKH

GHVWLQDWLRQ DGGUHVV�
D $OORZV WKH PHVVDJH GHVLJQHU WR GHVLJQDWH DQ\ ILHOG LQ WKH '&&/ PHVVDJH ZLWK WKH DS�
SURSULDWH W\SH DV D JLYHQ UROH LQ WKH TXHXLQJ DQG DGGUHVVLQJ RI WKLV PHVVDJH� 7KLV LV
LQ OLHX RI D WUDGLWLRQDO KHDGHU �VXFK DV ,3 XVHV� DQG WKXV DOORZV WKH '&&/ ´KHDGHUµ WR
FRQIRUP WR WKH VSHFLILFV RI WKH QHWZRUN� VHH )LJ� ����
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7DEOH ���� 'DWD PDUNHWSODFH SDUDPHWHUV XVHG IRU SHUIRUPDQFH HYDOXDWLRQ

SDUDPHWHU YDOXH
Db Vbase

τe ttl

τs 6HH )LJ� ��� 	 )LJ� ���

ZKHUH WKH VFDUFLW\ SDUDPHWHU LV JLYHQ DV

Dj
s =

t− tjlast
τ js

�����

DQG

Di
e =

t− ticreate
τ je

�����

7KH WLPH FRQVWDQWV τ js DQG τ je JRYHUQ WKH UDWH RI GHPDQG JURZWK DQG UDWH RI PHVVDJH
GHSUHFLDWLRQ� UHVSHFWLYHO\� 7KH YDOXH t LV WKH FXUUHQW WLPH� tjlast LV WKH ODVW WLPH D PHVVDJH
ZDV VHQW IURP TXHXH j� DQG ticreate LV WKH FUHDWLRQ WLPH RI WKH PHVVDJH i�

$VVXPLQJ WKDW HDFK TXHXH LV HPSW\ ZLWK %HUQRXOOL SUREDELOLW\ Pempty� DQG WKDW DOO
TXHXHV KDYH IUHVK GDWD� WKH WRWDO VFRUH IRUN = 100PHVVDJHV VHQW ZLWK HYHQO\ VSDFHG LQ�
WHUYDO τ = 100s LV VKRZQ LQ )LJ� ��� IRU WKH TXHXH DOJRULWKP DQG WZR FRPSDULVRQ TXHXLQJ
VFKHPHV� D VWDQGDUG SULRULW\ TXHXH ZKLFK DOZD\V SLFNV WKH TXHXH ZLWK WKH KLJKHVW Vbase

DQG D WLPH�VHQVLWLYH SULRULW\ TXHXH WKDW SLFNV WKH TXHXH ZLWK WKH ORZHVW ttl DPRQJVW DOO
IXOO TXHXHV� 7KH TXHXH DOJRULWKP SHUIRUPV EHVW ZKHQ WKH TXHXHV DUH IXOO QHDUO\ DOO WKH
WLPH� DV WKH QHHG IRU WKLV W\SH RI TXHXLQJ GHFUHDVHV ZKHQ WKH OLQN LV QR ORQJHU RYHU�
FDSDFLW\� +RZHYHU� LQ UHDO RSHUDWLRQV� Pempty LV QHDU ]HUR IRU PDQ\ RI WKH TXHXHV DV WKH
YHKLFOH LV JHQHUDWLQJ IDU PRUH GDWD WKDQ FRXOG HYHU WUDYHUVH DQ DFRXVWLF OLQN�

$V VKRZQ LQ )LJ� ���� ZKHQ WKH VFDUFLW\ WLPH FRQVWDQW τs LV LQFUHDVHG VXEVWDQWLDOO\
�WKXV UHGXFLQJ WKH GHPDQG IRU GLIIHUHQW W\SHV RI GDWD EDVHG RQ WKH ODVW WLPH WKH\ ZHUH
UHFHLYHG�� WKH VWDQGDUG Vbase SULRULW\ TXHXH SHUIRUPV EHWWHU LQ WKLV PDUNHW� +RZHYHU�
IRU W\SHV RI GDWD VXFK DV YHKLFOH VWDWXV UHSRUWV� HYHQW UHSRUWV �WDUJHW FRQWDFW DQG WUDFN
UHSRUWV�� DQG KHDOWK UHSRUWV� WKH YDOXH RI WKHVH GDWD UHODWLYHO\ GHFUHDVHV WKH PRUH WKDW
DUH UHFHLYHG LQ D VKRUW WLPH IUDPH DV WKH UHSRUWV DUH HVVHQWLDOO\ WKH VDPH� VXJJHVWLQJ WKH
´PDUNHWµ IRU $89 GDWD LV EHWWHU UHSUHVHQWHG E\ WKH RQH XVHG IRU WKH UHVXOWV LQ )LJ� ����

��
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)LJXUH ���� 5HODWLYH SHUIRUPDQFH RI TXHXLQJ WHFKQLTXHV ZKHUH τs = τ/10 DQG WKH RWKHU
PDUNHWSODFH SDUDPHWHUV DUH JLYHQ LQ 7DEOH ��� ZLWK WKH TXHXHV IURP 7DEOH ���� ,Q WKLV
FDVH� WKH UDWH RI JURZWK LQ GHPDQG IRU D JLYHQ W\SH LV DQ RUGHU RI PDJQLWXGH JUHDWHU WKDQ
WKH UDWHPHVVDJHV DUH VHQW �SHULRG τ �� 7KXV� PHVVDJHV RI D W\SH WKDW KDVQ·W EH UHFHLYHG UH�
FHQWO\ DUH VLJQLILFDQWO\ IDYRUHG RYHU W\SHV WKDW KDYH UHFHQWO\ EHHQ UHFHLYHG� ,Q WKLV FDVH�
HVSHFLDOO\ ZKHQ WKH QHWZRUN LV RYHU�FDSDFLW\ �Pempty ! 0�� WKH *RE\ TXHXH WHFKQLTXH
RXWSHUIRUPV WKH WZR YDULDQWV RI D VWDQGDUG SULRULW\ TXHXH�
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Base value priority queue
Time sensitivity priority queue
Goby−Queue

)LJXUH ���� 5HODWLYH SHUIRUPDQFH RI TXHXLQJ WHFKQLTXHV ZKHUH τs = 10τ �DQG RWKHU SD�
UDPHWHUV DV LQ 7DEOH ����� 7KDW LV� WKH JURZWK RI GHPDQG IRU D JLYHQ W\SH LV VORZ UHODWLYH
WR WKH UDWH �1/τ � DW ZKLFK PHVVDJHV DUH VHQW� ,Q WKLV FDVH� D UHJXODU SULRULW\ TXHXH RXW�
SHUIRUPV WKH TXHXH DOJRULWKP�

��



����� 0HVVDJH VWLWFKLQJ
:KLOH GRHV QRW SURYLGH VSOLWWLQJ DQG VXEVHTXHQW UHVWLWFKLQJ RI KDUGZDUH
OD\HU IUDPHV WR DOORZ WUDQVPLVVLRQ RI ODUJH '&&/ PHVVDJHV�� LW GRHV SURYLGH WKH RSSRVLWH�
TXHXHZLOO VWLWFK VPDOO '&&/PHVVDJHV WRJHWKHU WR IRUP D ODUJHU KDUGZDUH OD\HU IUDPH� )RU
H[DPSOH� ZLOO QRW EUHDN D ��� E\WH '&&/ PHVVDJH LQWR SDUWV WR ILW D �� E\WH
:+2,0LFUR�0RGHP IUDPH� EXW LWZLOO VWLWFK � �� E\WH '&&/PHVVDJHV WR ILW D �� E\WH:+2,
0LFUR�0RGHP IUDPH� 7KLV VWLWFKLQJ LV VLPSO\ FRQFDWHQDWLRQ ZKLFK ZRUNV VLQFH WKH '&&/
ILHOG GHFRGHUVPXVW FRQVXPH H[DFWO\ WKH VDPH QXPEHU RI ELWV WKDW WKH HQFRGHU SURGXFHG�

7KH UHDVRQLQJ EHKLQG WKLV LV DFRXVWLF WHOHPHWU\ LV VR HUURU SURQH WKDW HDFK UHFHLYHG
KDUGZDUH IUDPH VKRXOG EH XVHIXO LQ LWV RZQ ULJKW� 7KH VL]H RI KDUGZDUH IUDPHV DUH FKRVHQ
DV D GHFHQW FRPSURPLVH EHWZHHQ VL]H DQG DFFHSWDEOH IUDPH HUURU UDWHV� +HQFH� ZH IHHO
SURYLGLQJ DEVWUDFWLRQ RI PXOWLSOH IUDPHV SHU '&&/ PHVVDJH ZRXOG OHDG WR XQDFFHSWDEOH
HUURU UDWHV �RU XQDFFHSWDEOH GHOD\V ZDLWLQJ IRU VXFFHVVIXO UHFHLSW DQG DFNQRZOHGJHPHQW��
+RZHYHU� SURYLGLQJ IDFLOLWLHV WR IXOO\ XWLOL]H WKH HQWLUH KDUGZDUH IUDPH ZKHQ WKH '&&/
PHVVDJHV DUH VPDOO LV XVHIXO DQG HIILFLHQW DV LW PD[LPL]HV WKH UDWLR RI GDWD WR RYHUKHDG
�YDULRXV KHDGHUV DQG SK\VLFDO OD\HU V\QFKURQL]DWLRQ��

��� DPDF� 0HGLXP $FFHVV &RQWURO

����� 0RWLYDWLRQ
7KH DFRXVWLF 0HGLXP $FFHVV &RQWURO PRGXOH LV LQWHQGHG WR SURYLGH D UR�
EXVW DQG HDVLO\ XVDEOH 0$& OD\HU� 0$& LV SHUKDSV WKH PRVW ZLGHO\ VWXGLHG TXHVWLRQ LQ
DFRXVWLF QHWZRUNLQJ� 3DUWDQ GRHV D JRRG MRE VXPPDUL]LQJ WKH YDULRXV RSWLRQV >��@� DPDF
IRFXVHV RQ SURYLGLQJ FROOLVLRQ IUHH FRPPXQLFDWLRQV ZLWK DFFHSWDEOH XWLOL]DWLRQ RI WKH
DYDLODEOH EDQGZLGWK XQGHU WKH IROORZLQJ DVVXPSWLRQV�

• $OO QRGHV DUH ZLWKLQ EURDGFDVW UDQJH RI RQH DQRWKHU IRU PXFK RI WKH WLPH� �L�H��
WKHUH DUH QR KLGGHQ QRGHV��

• 7KH KDUGZDUH OD\HU FDQ VXSSRUW WLPH GLYLVLRQ PXOWLSOH DFFHVV �7'0$��

7KHVH DVVXPSWLRQV PD\ VHHP UDWKHU VWURQJ� EXW LQ RXU H[SHULHQFH WKH\ DUH SUDFWLFDO
IRU QXPHURXV SUHVHQW GD\ $89 DSSOLFDWLRQV� VXSSRUWV WZR YDULDQWV RI WKH
7'0$ 0$& VFKHPH� FHQWUDOL]HG DQG GHFHQWUDOL]HG� $V WKH QDPHV VXJJHVW� &HQWUDOL]HG

�IRU H[DPSOH� 7&3 SURYLGHV VXFK D PHVVDJH VSOLWWLQJ IHDWXUH

��



7'0$ LQYROYHV FRQWURO RI WKH HQWLUH F\FOH IURP D VLQJOHPDVWHU QRGH� ZKHUHDV HDFK QRGH·V
UHVSHFWLYH VORW LV FRQWUROOHG E\ WKDW QRGH LQ 'HFHQWUDOL]HG 7'0$�

����� &HQWUDOL]HG 7'0$ �3ROOLQJ�
&HQWUDOL]HG 7'0$ LQYROYHV DPDVWHU QRGH �XVXDOO\ DERDUG WKH 5HVHDUFK9HVVHO RU RQ ODQG�
ZKLFK LQLWLDWHV HYHU\ WUDQVPLVVLRQ IRU WKH HQWLUH FRPPXQFDWLRQV F\FOH �L�H� ´SROOVµ HDFK
QRGH IRU GDWD�� 7KXV� WKH RWKHU QRGHV DUH QRW UHTXLUHG WR PDLQWDLQ V\QFKURQL]HG FORFNV
DV WKH WLPLQJ LV DOO SHUIRUPHG RQ WKH PDVWHU QRGH�

7KLV VW\OH RI 0$& KDV EHHQ ZLGHO\ XVHG IRU VPDOO $89 RSHUDWLRQV XVLQJ WKH :+2,
0LFUR�0RGHP� ,WV SULQFLSDO DGYDQWDJHV DUH WKDW LW KDV �� QR UHTXLUHPHQW IRU V\QFKUR�
QL]HG FORFNV� �� IXOO FRQWURO RYHU WKH FRPPXQLFDWLRQV F\FOH DW UXQWLPH �DVVXPLQJ WKH
PDVWHU LV DFFHVVLEOH WR WKH YHKLFOH RSHUDWRUV� DV LV XVXDOO\ WKH FDVH�� DQG �� D PDVWHU ZKR
FDQ DFNQRZOHGJH ´EURDGFDVWµ PHVVDJHV�

+RZHYHU� FHQWUDOL]HG 7'0$ KDV D QXPEHU RI VXEVWDQWLDO GLVDGYDQWDJHV� ,Q RUGHU IRU
D WKLUG�SDUW\ PDVWHU WR LQLWLDWH D WUDQVPLVVLRQ� DQ DFRXVWLF SDFNHW PXVW EH VHQW IRU WKLV
LQLWLDOL]DWLRQ� 7KLV DGGLWLRQDO ´F\FOH LQLWLDOL]DWLRQµ SDFNHW� OLNH DQ\ DFRXVWLF PHVVDJH� KDV
D KLJK FKDQFH RI EHLQJ ORVW �DIWHU ZKLFK WKH GDWD DUH QHYHU VHQW EHFDXVH WKH VHQGLQJ QRGH
GLG QRW UHFHLYH D F\FOH LQLWLDOL]DWLRQ PHVVDJH�� FRQVXPHV SRZHU� DQG OHQJWKHQV WKH WLPH
RI WKH FRPPXQLFDWLRQV VORW� 6HH )LJ� ��� IRU WKH YDULRXV SDUWV RI WKH FRPPXQLFDWLRQ F\FOH
ZLWK �IRU &HQWUDOL]HG 7'0$� DQG ZLWKRXW �IRU 'HFHQWUDOL]HG 7'0$� WKH F\FOH LQLWLDOL]D�
WLRQ PHVVDJH� 7KH DGGLWLRQDO WLPH UHTXLUHG IRU HDFK VORW RI &HQWUDOL]HG 7'0$ LV

τci + rmax/c �����

ZKHUH τci LV WKH OHQJWK �LQ VHFRQGV� RI WKH F\FOH LQLWDOL]DWLRQ SDFNHW �DERXW RQH VHFRQG IRU
WKH :+2, 0LFUR�0RGHP�� rmax LV WKH PD[LPXP UDQJH RI WKH QHWZRUN �W\SLFDOO\ RI RUGHU
����V RI PHWHUV�� DQG c LV WKH FRPSUHVVLRQDO VSHHG RI VRXQG �QRPLQDOO\ ���� P�V��

����� 'HFHQWUDOL]HG 7'0$ ZLWK SDVVLYH DXWR�GLVFRYHU\
'HFHQWUDOL]HG 7'0$ UHPRYHV WKH F\FOH LQLWLDOL]DWLRQ SDFNHW DQG WKXV UHGXFHV WKH OHQJWK
RI HDFK VORW DQG WKH FKDQFH RI HUURUV� +RZHYHU� LW LQWURGXFHV WKH FRQVWUDLQW RI V\QFKUR�
QL]HG FORFNV� IRU DOO QRGHV� ZKLFK FDQ EH VRPHZKDW WULFN\ WR PDLQWDLQ XQGHUZDWHU� 6HH

�WKH DFFXUDF\ RI WKH FORFN V\QFKURQL]DWLRQ FDQ EH ORZ UHODWLYH WR RWKHU WLPLQJ QHHGV VXFK DV EL�VWDWLF
VRQDU� *HQHUDOO\� DFFXUDF\ EHWWHU WKDQ ��� VHFRQGV LV DFFHSWDEOH� KLJKHU LQDFFXUDFLHV FDQ EH KDQGOHG E\
LQFUHDVLQJ WKH JXDUG WLPH RQ ERWK VLGHV RI HDFK VORW�

��



Cycle Initialization (Poll) 

Propagation

Message

Propagation

Acknowledge

Propagation

�D� &HQWUDOL]HG 7'0$

Message

Propagation

Acknowledge

Propagation

�E� 'HFHQWUDOL]HG 7'0$

)LJXUH ���� &RPSDULVRQ RI WKH WLPH QHHGHG IRU D VLQJOH VORW IRU WKH WZR W\SHV RI 7'0$
VXSSRUWHG E\ DPDF� (T� ��� JLYHV WKH DGGLWLRQDO OHQJWK RI WLPH UHTXLUHG E\
WKH &HQWUDOL]HG YDULDQW�

(XVWLFH HW DO� >��@ IRU DQ H[DPSOH RI PDLQWDLQLQJ V\QFKURQL]DWLRQ IRU QDYLJDWLRQ DQG FRP�
PXQLFDWLRQ�

'HFHQWUDOL]HG 7'0$ JLYHV HDFK YHKLFOH D VLQJOH VORW LQ ZKLFK LW WUDQVPLWV� (DFK YH�
KLFOH LQLWLDWHV LWV RZQ WUDQVPLVVLRQ DW WKH VWDUW RI LWV VORW� &ROOLVLRQV DUH DYRLGHG E\ HDFK
YHKLFOH IROORZLQJ WKH VDPH UXOHV DERXW VORW SODFHPHQW ZLWKLQ WKH WLPH ZLQGRZ �EDVHG RQ
WKH WLPH RI GD\�� $OO VORWV DUH RUGHUHG E\ DVFHQGLQJ DFRXVWLF 0$& DGGUHVV �RU ´PRGHP
LGHQWLILFDWLRQ QXPEHUµ�� ZKLFK LV DQ XQVLJQHG LQWHJHU XQLTXH IRU HDFK QHWZRUN�

'XULQJ WKH UXQWLPH RI WKH QHWZRUN� LW LV RIWHQ GHVLUDEOH WR DGG RU UHPRYH QRGHV� 6LQFH
WKH 0$& LV VSUHDG WKURXJKRXW WKH QRGHV� WKHUH LV QR HDV\ ZD\ WR FKDQJH WKH F\FOH GXULQJ
UXQWLPH� DPDF VXSSRUWV SDVVLYH DXWR�GLVFRYHU\ �DQG VXEVHTXHQW H[SLUDWLRQ� RI QRGHV WR
SURYLGH D VROXWLRQ WR WKLV SUREOHP� 7KLV DXWR�GLVFRYHU\ LV SDVVLYH EHFDXVH LW UHTXLUHV QR
FRQWURO PHVVDJLQJ EH\RQG WKH QRUPDO FRPPXQLFDWLRQV EHWZHHQ QRGHV�

9HKLFOHV DUH GLVFRYHUHG E\ VKLIWLQJ D EODQN VORW LQ HDFK F\FOH EDVHG RQ WKHLU NQRZOHGJH
RI WKH ZRUOG DQG WKH WLPH RI GD\� ,I D QHZ YHKLFOH LV KHDUG IURP GXULQJ WKH EODQN� LW
LV DGGHG WR WKH OLVWHQLQJ YHKLFOH·V NQRZOHGJH RI WKH ZRUOG DQG KHQFH WKHLU F\FOH� ,Q WKH
VLPSOLILHG VLWXDWLRQ �ZKLFK LV UHDOO\ D ZRUVW FDVH VFHQDULR� GLVFRYHU\ LV GHILQHG E\ D VLQJOH
YHKLFOH WUDQVPLWWLQJ GXULQJ D F\FOH DQG DOO WKH RWKHUV VLOHQW �WKH FXUUHQW VORW LV QRW HTXDO
WR HDFK YHKLFOH·V DFRXVWLF 0$& DGGUHVV��

7KH DXWR�GLVFRYHU\ZRUNV LQ DPDQQHU DQDORJRXV WR H[FLWDWLRQ RI HOHFWURQV LQ DQ DWRP�
7KH EODQN VORW LV LQVHUWHG VRPHZKHUH LQ WKH PLGGOH RI WKH F\FOH �´JURXQG VWDWHµ�� 7KH
JURXQG VWDWH LV PRYHG DURXQG SVHXGRUDQGRPO\ �EXW LQ WKH VDPH SODFH IRU D JLYHQ NQRZQ

��



3 sends

1 sends 2 sends 3 sends

1 sends 2 sends 3 sends

3 sends

1 sends

2 sends

2 sends

1 sends 1 sends 1 sends

Vehicle 1 Vehicle 2 Vehicle 3
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 state”

)LJXUH ����� *UDSKLFDO H[DPSOH RI DXWR GLVFRYHU\ IRU WKUHH QRGHV ODXQFKHG DW WKH VDPH
WLPH� (DFK FLUFOH UHSUHVHQWV WKH YHKLFOH·V F\FOH DW HDFK WLPH VWHS �UHSUHVHQWHG E\ KRUL�
]RQWDO URZV� EDVHG RQ WKH YHKLFOH·V FXUUHQW NQRZOHGJH RI WKH ZRUOG� ,Q WKH ILUVW URZ� DOO
YHKLFOHV RQO\ NQRZ RI WKHPVHOYHV DQG SXW WKH EODQN VORW LQ WKH ODVW VORW� WKXV� DOO FRP�
PXQLFDWLRQV FROOLGH DQG QR GLVFRYHULHV DUH PDGH� ,Q WKH VHFRQG URZ� YHKLFOH �·V EODQN LV
PRYHG �E\ SVHXGR�FKDQFH� VHH HTXDWLRQ ���� WR WKH SHQXOWLPDWH �ILUVW� VORW� VR YHKLFOHV �
DQG � GLVFRYHU �� 7KHQ� LQ WKH WKLUG URZ YHKLFOHV � DQG � DUH GLVFRYHUHG E\ WKH RWKHUV
EHFDXVH YHKLFOH � PRYHV LWV EODQN VORW� %\ WKH IRXUWK URZ DOO YHKLFOHV KDYH GLVFRYHUHG
WKH RWKHUV DQG FRQWLQXH WR WUDQVPLW ZLWKRXW FROOLVLRQ IROORZLQJ WKH F\FOH GLDJUDPPHG RQ
WKLV URZ�

��



WLPH YHKLFOH � YHKLFOH � UHVXOW
� VHQG VHQG FROOLVLRQ
�� EODQN EODQN QRWKLQJ
�� EODQN VHQG VXFFHVV� � GLVFRYHUV �
�� F\FOH ZDLW EODQN QRWKLQJ
�� F\FOH ZDLW VHQG VXFFHVV
�� F\FOH ZDLW EODQN QRWKLQJ
�� VHQG EODQN VXFFHVV� � GLVFRYHUV �
��� OLVWHQ IRU � F\FOH ZDLW QRWKLQJ
��� EODQN F\FOH ZDLW QRWKLQJ
��� VHQG OLVWHQ IRU � VXFFHVV
��� OLVWHQ IRU � VHQG VXFFHVV
��� EODQN EODQN QRWKLQJ
��� VHQG OLVWHQ IRU � VXFFHVV
��� EODQN EODQN QRWKLQJ
��� OLVWHQ IRU � VHQG VXFFHVV

7DEOH ���� ([DPSOH LQLWLDOL]DWLRQ IRU WKH 'HFHQWUDOL]HG 7'0$ ZLWK DXWRGLVFRYHU\� %\ ���
VHFRQGV� ERWK YHKLFOHV KDYH GLVFRYHUHG HDFK RWKHU DQG DUH V\QFKURQL]HG� 7KXV� QR PRUH
FROOLVLRQV ZLOO RFFXU� 7KLV VFHQDULR DVVXPHV WKDW ERWK YHKLFOHV DOZD\V KDYH VRPH GDWD WR
VHQG GXULQJ WKHLU VORW�

´ZRUOGµ RI YHKLFOHV� VR WKDW DQ\ SRVVLEOH 0$& DGGUHVV LQ WKH F\FOH ZLOO EH HYHQWXDOO\ GLV�
FRYHUHG� +RZHYHU� GHSHQGLQJ RQ WKH ´WHPSHUDWXUHµ �GHWHUPLQHG E\ WKH FRROQHVV SDUDP�
HWHUC� WKH EODQN VORW PD\ EH ´H[FLWHGµ DQG PRYHG WR WKH HQG �WR WKH XOWLPDWH VORW�� +RZ
RIWHQ WKLV SDUDPHWHU LV PRYHG LV SVHXGRUDQGRPO\ GHWHUPLQHG IURP WKH WLPH RI GD\ DQG
WKH FXUUHQW NQRZQ ZRUOG VWDWH �DV HYLGHQFHG E\ WKH VXP RI WKH DFRXVWLF 0$& DGGUHVVHV
RI DOO NQRZQ QRGHV�� 7KH KLJKHU WKH FRROQHVV SDUDPHWHU C � WKH OHVV OLNHO\ WKH EODQN VORW
ZLOO EH ´H[FLWHGµ IURP LWV QRUPDO SRVLWLRQ WR WKH HQG RI WKH F\FOH� $VVXPLQJ DOO FROOLVLRQV
DUH GHVWUXFWLYH WR WKH GDWD UHFHLYHG� QR YHKLFOHV ZRXOG HYHU EH GLVFRYHUHG ZLWKRXW WKLV
PRYHPHQW RI WKH EODQN VORW� %\ PRYLQJ WKH EODQN VORW� ZH LPSURYH WKH FKDQFHV WKDW WZR
YHKLFOHV ZLWK GLVVLPLODU YLHZV RI WKH ZRUOG ZLOO HYHQWXDOO\ GLVFRYHU HDFK RWKHU� 0DWKH�
PDWLFDOO\� WKLV SODFHPHQW RI WKH EODQN VSRW LQ WKH F\FOH FDQ EH H[SUHVVHG DV

iblank =





imax LI !tUTC/

∑
i τ(i)" �PRG C�  ∑i a(i) �PRG C�

ibase RWKHUZLVH
�����

ibase = imax − !tUTC/
∑

i τ(i)" �PRG imax�−1 �����

ZKHUH iblank LV WKH SRVLWLRQ RI WKH EODQN VORW LQ WKH F\FOH� tUTC LV WKH QXPEHU RI VHFRQGV
VLQFH PLGQLJKW &RRUGLQDWHG 8QLYHUVDO 7LPH �87&� RI WKH FXUUHQW GD\� τ(i) LV WKH OHQJWK
RI WKH iWK VORW�C LV WKH ´FRROQHVVµ SDUDPHWHU� DQG a(i) LV WKH DFRXVWLF 0$& DGGUHVV RI WKH
QRGH LQ WKH iWK VORW� 3XW LQ ZRUGV� WKH EODQN VORW LV PRYHG IURP LWV QRUPDO SODFH LQ WKH

��



F\FOH �SRVLWLRQ ibase� WR WKH H[FLWHG SRVLWLRQ �imax� ZKHQ WKH QXPEHU RI F\FOHV VLQFH WKH
VWDUW RI WKH GD\ LV FRQJUXHQW PRGXOR C ZLWK WKH NQRZQ ZRUOG �VXP RI 0$& DGGUHVVHV��
7KHUHIRUH� WKH KLJKHU C LV� WKH OHVV RIWHQ WKHVH WZR YDOXHV DUH FRQJUXHQW� DQG WKH OHVV
RIWHQ WKH EODQN VORW LV ´H[FLWHGµ� 7KH QRPLQDO �EDVH� SRVLWLRQ RI WKH HPSW\ VORW ibase LV
URWDWHG WKURXJK WKH QRQ�HQG SRVLWLRQV RI WKH F\FOH VR WKDW WKH QRQ�H[FLWHG YHKLFOH F\FOHV
FDQ GLVFRYHU DOO WKH GLIIHUHQW H[FLWHG YHKLFOH 0$& DGGUHVVHV RYHU WLPH�

����� 3HUIRUPDQFH HYDOXDWLRQ

7KH PHDQLQJ RI WKH FRROQHVV SDUDPHWHU PD\ EH TXDOLWDWLYHO\ LQWXLWLYH� EXW LW LV ZRUWK
TXDQWLWDWLYHO\ H[DPLQLQJ LWV HIIHFW RQ WKH SHUIRUPDQFH RI DPDF� )LUVW� D 0RQWH &DUOR VLP�
XODWLRQ RI UDQGRPO\ FKRVHQ QHWZRUNV �IURP WKUHH WR VL[ YHKLFOHV LQ VL]H� GUDZQ IURP WKH
VSDFH RI DOO VHYHQ ELW 0$& DGGUHVVHV ZDV SHUIRUPHG DQG WKH UHVXOWV SORWWHG LQ )LJ� �����
7KH FROOLVLRQ SUREDELOLW\ UHSUHVHQWV WKH OLNHOLKRRG RI FROOLVLRQ GXULQJ WKH DPDF OHDUQLQJ
SKDVH �DIWHU ZKLFK DOO YHKLFOHV KDYH WKH VDPH 7'0$ F\FOH DQG WKH FKDQFH RI FROOLVLRQ
JRHV WR ]HUR�� )LJ� ����D VKRZV WKH FROOLVLRQ SUREDELOLW\ IRU WKHVH YDU\LQJ QHWZRUN VL]HV
DV D IXQFWLRQ RI WKH FRROQHVV IDFWRU C IRU D QHWZRUN ZKHUH DOO WKHRUHWLFDO FROOLVLRQV DFWX�
DOO\ RFFXU �pcollide = 1�� 5HDO QHWZRUNV ZLOO QRW DOZD\V KDYH FROOLVLRQV DV WUDQVPLVVLRQV
PD\ EH ORVW GXH WR UDQJH� YHKLFOHV PD\ FKRRVH QRW WR WUDQVPLW� RU D VXIILFLHQW DPRXQW
RI KHDGHU GDWD WR SHUIRUP GLVFRYHU\ PD\ VXUYLYH WKH FROOLVLRQ GXH WR DV\PPHWULF WUDYHO
WLPHV� 7KXV� LQ )LJV� ����E DQG ����F� WKH VDPH PHWULF ZDV SORWWHG EXW IRU pcollide = 0.75

DQG pcollide = 0.5� UHVSHFWLYHO\� :KHQ WKH SUREDELOLW\ RI FROOLVLRQ JRHV GRZQ� WKLV UHGXFHV
WKH RSWLPDO FRROQHVV SDUDPHWHU YDOXH IRU D JLYHQ H[SHFWHG QHWZRUN VL]H�

1H[W� D IXOO VLPXODWLRQ RI WKH GLVFRYHU\ SURFHVV ZDV FUHDWHG� XVLQJ pcollide = 1 DQG D
QXPEHU RI YHKLFOHV DOO HQWHULQJ WKH QHWZRUN VLPXOWDQHRXVO\� 7KLV LV WKH ZRUVW FDVH VFH�
QDULR� DV DOO WKH YHKLFOHV KDYH GLIIHUHQW 7'0$ F\FOH VWDWHV DW RQFH� $OO SHUPXWDWLRQV RI
D QHWZRUN FRQWDLQLQJ ILYH 0$& DGGUHVVHV ZHUH VLPXODWHG� $JDLQ� D YDULHW\ RI VPDOO QHW�
ZRUNV ZHUH H[DPLQHG IRU D UDQJH RI FRROQHVV IDFWRUV� 7KH OLQH JUDSK LQ )LJ� ���� VKRZV
WKH PHDQ GLVFRYHU\ GXUDWLRQ �WKH WLPH WR UHDFK D ]HUR FROOLVLRQ VWDWH� LQ PXOWLSOHV RI WKH
VORW GXUDWLRQ �τ = τ(i) IRU DOO i� ZKHQ VXFK D GLVFRYHU\ VXFFHHGHG� 7KH EDU JUDSK VKRZV
WKH SHUFHQWDJH RI SHUPXWDWLRQV WKDW IDLOHG IRU D JLYHQ FRROQHVV IDFWRU� 7KXV� ORZHU FRRO�
QHVV IDFWRUV JHQHUDOO\ UHDFK D VROXWLRQ IDVWHU� LI VXFK D VROXWLRQ FDQ EH UHDFKHG� +LJKHU
FRROQHVV IDFWRUV OHDG WR VORZHU QHWZRUN GLVFRYHU\� EXW ZLWK LQFUHDVLQJ FKDQFH RI VXFFHVV�
7KXV� D UHDVRQDEOH HQJLQHHULQJ YDOXH IRU C ZRXOG EH RQH PRUH WKDQ WKH H[SHFWHG PD[L�
PXP VL]H RI WKH QHWZRUN�

��
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)LJXUH ����� 7KHVH SORWV VKRZ WKH PHDQ FROOLVLRQ SUREDELOLW\ IRU D JLYHQ F\FOH GXULQJ WKH
GLVFRYHU\ �OHDUQLQJ� SKDVH RI DPDF� IRU D UDQJH RI SUREDELOLWLHV RI D JLYHQ WUDQVPLVVLRQ
FROOLGLQJ �pcollide��

��



2 3 4 5 6
0

5

10

15

20

25

Coolness factor

M
ea

n
 t

im
e 

to
 r

ea
ch

 z
er

o 
co

lli
si

on
 s

ta
te

 (m
ul

ti
pl

es
 o

f s
lo

t 
du

ra
ti

on
)

 

 

2

3

4

5

0

10

20

30

40

50

60

70

80

90

100

P
er

ce
n

ta
ge

 p
er

m
u

ta
ti

on
s 

th
at

 n
ev

er
 r

es
ol

ve

Network size

)LJXUH ����� )XOO VLPXODWLRQ RI QHWZRUN GLVFRYHU\ WLPH IRU DPDF XVLQJ SDVVLYH DXWRGLVFRY�
HU\� /LQH JUDSK� PHDQ GLVFRYHU\ WLPH LQ PXOWLSOHV RI τ � %DU JUDSK� SHUFHQWDJH RI 0$&
DGGUHVV SHUPXWDWLRQV WKDW IDLO WR HYHU UHDFK IXOO GLVFRYHU\ DPRQJVW DOO QRGHV�

��� PRGHPGULYHU� $FRXVWLF PRGHP GULYHU

����� 0RWLYDWLRQ

,Q � WKH SK\VLFDO OD\HU LV JHQHUDOO\ DVVXPHG WR EH DQ DFRXVWLF PRGHP� DV
WKH WUDGHRIIV PDGH EHWZHHQ HIILFLHQF\ DQG DEVWUDFWLRQ DUH LQWHQWLRQDOO\ KLJKO\ ELDVHG WR�
ZDUGV HIILFLHQF\ LQ EHFDXVH RI WKH YHU\ ORZ WKURXJKSXW DFRXVWLF FKDQQHO�
+RZHYHU� WKH UHPDLQGHU RI LV DJQRVWLF WR WKH FKRLFH RI DFRXVWLF PRGHP� RU
HYHQ WKDW WKH SK\VLFDO OD\HU LV DFRXVWLF DW DOO� RWKHU YHU\ ORZ WKURXJKSXW FKDQQHOV �H�J�
VDWHOOLWH� DOVR ZRUN ZLWK WKH GHVLJQ SDUDGLJPV RI � PRGHPGULYHU LV UHVSRQ�
VLEOH IRU FRPPXQLFDWLQJ ZLWK WKH VSHFLILF ILUPZDUH RI WKH DFRXVWLF PRGHP RI FKRLFH DQG
DEVWUDFWLQJ WKDW LQWHUIDFH IRU WKH UHVW RI �

1R VWDQGDUG H[LVWV IRU WKH LQWHUIDFHV WR DFRXVWLF PRGHPV� DQG LW LV XQOLNHO\ RQH ZLOO
DULVH LQ WKH QHDU IXWXUH� (YHQ ZLWK D FRPPRQ LQWHUIDFH� PRGHPV ZLOO OLNHO\ FRQWLQXH WR
KDYH XVHIXO VSHFLDO IHDWXUHV �VXFK DV QDYLJDWLRQ DQG UDQJLQJ IXQFWLRQDOLW\� WKDW H[LVW RXW�
VLGH UHDOP RI WKH FRUH IXQFWLRQDOLW\ RI D PRGHP� ZKLFK LV WR VHQG GDWD� 7KXV� LQ RUGHU WR

��



PDNH XVH RI WKH UHVW RI *RE\ �HVSHFLDOO\ '&&/� RQ D YDULHW\ RI $89V XVLQJ GLIIHUHQW KDUG�
ZDUH� WKH OLQN OD\HU LQWHUIDFH �0RGHP'ULYHU� ZDVZULWWHQZLWK D VWDQGDUG REMHFW�RULHQWHG
GHVLJQ� D EDVH FODVV WKDW SURYLGHV DQ LQWHUIDFH WR WKH KLJKHU OD\HUV RI *RE\� DQG DQ LQFUHDV�
LQJ VXLWH RI GHULYHG FODVVHV WR LPSOHPHQW WKLV LQWHUIDFH IRU D VSHFLILF SLHFH RI KDUGZDUH�
$ EHQHILFLDO VLGH HIIHFW RI WKLV GHVLJQ LV WKH DELOLW\ WR ZULWH GULYHUV IRU D YDULHW\ RI QRQ�
DFRXVWLF OLQNV WKDW KDYH VLPLODU FKDUDFWHULVWLFV WR DFRXVWLF OLQNV �ORZ WKURXJKSXW�� VXFK
DV VDWHOOLWH FRPPXQLFDWLRQV RU D IDVWHU�WKDQ�UHDOWLPH XQGHUZDWHU DXWRQRP\ VLPXODWRU�
VXFK DV WKH 0226�,Y3 ´X)LHOG 7RROER[µ IURP >��@�

7KH NH\ WR WKH VXFFHVV RI WKLV GHVLJQ LV VLPSOLFLW\� $ VLQJOH IXQFWLRQ FDOO LQLWLDWHV
D WUDQVPLVVLRQ XVLQJ WKH 0RGHP7UDQVPLVVLRQ FODVV� ZKLFK LV W\SLFDOO\ D GDWD WHOHJUDP
� �� 6\PPHWULFDOO\� D VLQJOH VLJQDO �DJDLQ FRQWDLQLQJ DQ LQVWDQWLDWLRQ RI WKH
0RGHP7UDQVPLVVLRQ� LV HPLWWHGXSRQDV\QFKURQRXV UHFHLSW RI GDWD� +RZHYHU� WKH0RGHP�
7UDQVPLVVLRQ FDQ EH H[WHQGHG �HYHQ RXWVLGH WKH *RE\ SURMHFW� WR VXSSRUW DQ\ QXPEHU RI
DGGLWLRQDO GDWD VWUXFWXUHV UHODWLQJ WR DQ DOWHUQDWLYH W\SH RI WUDQVPLVVLRQ �H�J� ORQJ EDVH�
OLQH �/%/� SLQJV VXFK DV WKH :+2, 0LFUR�0RGHP·V �� ,I WKH DS�
SOLFDWLRQ LV DZDUH WKDW LV XVLQJ D VSHFLILF SLHFH RI KDUGZDUH� DOO WKHVH H[WHQVLRQV EHFRPH
YLVLEOH� ,I QRW� WKH DSSOLFDWLRQ FDQ VWLOO XVH WKH FRUH IXQFWLRQDOLW\ �GDWD WUDQVPLVVLRQ�� 7KLV
GHVLJQ DOORZV WKH V\VWHP GHVLJQHU WR FKRRVH DEVWUDFWLRQ ZKHQ GHVLUDEOH RU KDYH IXOO FRQ�
WURO RI DPRGHP·V IXQFWLRQDOLW\ DV QHHGHG� 6HH )LJ� ���� IRU D GLDJUDP LOOXVWUDWLQJ WKH FRUH
DQG H[WHQGHG IXQFWLRQDOLW\ IRU VHYHUDO DFRXVWLF DQG RWKHU ´VORZµ OLQNV�

7KLV VLPSOLFLW\ PDNHV WKH WDVN RI ZULWLQJ D QHZ GULYHU HDVLHU� 5DWKHU WKDQ GHDO ZLWK
D SOHWKRUD RI IXQFWLRQDOLW\ �WKH VXSHUVHW RI DOO VXSSRUWHG PRGHPV ZRXOG KDYH EHHQ DQ
DOWHUQDWLYH GHVLJQ�� WKH QHZ GULYHU DXWKRU PXVW RQO\ GHDO ZLWK VHQGLQJ DQG UHFHLYLQJ
GDWD� 2QFH WKDW LV ILQDOL]HG� QHZ IXQFWLRQDOLW\ FDQ EH DGGHG DV QHHGHG�

����� 'ULYHU%DVH� $EVWUDFW $FRXVWLF 0RGHP 'ULYHU

'ULYHU%DVH SURYLGHV DQ YLUWXDO LQWHUIDFH WR D JHQHULFPRGHP �RU DQ\ V\VWHP WKDW FDQ WUDQV�
PLW GDWDJUDPV�� 7KH RQO\ UHTXLUHPHQW LV WKDW WKH PRGHP VXSSRUWV WUDQVPLVVLRQ RI IL[HG
VL]H GDWDJUDPV ZLWK RSWLRQDO DFNQRZOHGJPHQW RI WKHPHVVDJH UHFHLSW �YDULDEOH VL]H GDWD�
JUDPV FDQ EH XVHG WRPLPLF IL[HG VL]HV�� ,I WKHPRGHPGRHV QRW SURYLGH DFNQRZOHGJPHQW�
WKLV IXQFWLRQDOLW\ PXVW EH EXLOW LQWR WKH H[WHQVLRQ RI 'ULYHU%DVH� 7KH UHTXLUHPHQW LV YL�
VXDOL]HG E\ WKH DQG WUDQVPLVVLRQ W\SHV VKRZQ LQ )LJ� �����

'ULYHU%DVH SURYLGHV�

��
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)LJXUH ����� 'LDJUDP RI EDVH JHQHULF 0RGHP'ULYHU IXQFWLRQDOLW\ YHUVXV H[WHQGHG
PRGHP�VSHFLILF IHDWXUHV IRU DQ DFRXVWLF PRGHP �WKH :+2, 0LFUR�0RGHP�� D VDWHOOLWH
OLQN� DQG D IDVWHU�WKDQ�UHDOWLPH YLUWXDO ´PRGHPµ�WKH X)LHOG VLPXODWRU�� 7KH DSSOLFDWLRQ
XVLQJ 0RGHP'ULYHU FDQ RSHUDWH RQ HLWKHU WKH JHQHULF OHYHO �LI LW RQO\ QHHGV GDWD DQG DF�
NQRZOHGJPHQW IXQFWLRQDOLW\� ZLWKRXW NQRZLQJ WKH GHWDLOV RI WKH JLYHQ KDUGZDUH RU RQ
WKH VSHFLILF OHYHO WR WDNH DGYDQWDJH RI VSHFLDO IHDWXUHV RI D JLYHQ PRGHP�

• D FODVV WKDW UHDGV VHULDO SRUW RU 7&3 GDWD LQWR D EXIIHU IRU XVH E\ WKH 'ULYHU%DVH
GHULYHG FODVV�

• PHWKRGV WR VHW DOO VL[ FDOOEDFNV SURYLGHG E\ WKH GHULYHG FODVV �UHFHLYH� WUDQVPLW UH�
VXOW� GDWD UHTXHVW� UDZ LQFRPLQJ PHVVDJH� UDZ RXWJRLQJ PHVVDJH�� 7\SLFDOO\ TXHXH
KDQGOHV WKH UHFHLYH� DQG GDWD UHTXHVW FDOOEDFNV� 7KH UDZ PHVVDJLQJ FDOOEDFNV DUH
RSWLRQDOO\ SURYLGHG IRU WKH DSSOLFDWLRQ OD\HU WR SHUIRUP GHEXJJLQJ GLUHFWO\ RQ WKH
PRGHP� LI GHVLUHG�

• IRXU YLUWXDO IXQFWLRQV� IRU VWDUWLQJ� VWRSSLQJ� DQG UXQQLQJ WKH GULYHU� DQG IRU LQLWL�
DWLQJ WKH WUDQVPLVVLRQ RI D PHVVDJH�

����� 00'ULYHU� :+2, 0LFUR�0RGHP 'ULYHU
7KH00'ULYHU H[WHQGV WKH 'ULYHU%DVH IRU WKH:+2,0LFUR�0RGHP DFRXVWLF PRGHP� 7KH
:+2,0LFUR�0RGHPXVHV D VHULDO 56���� LQWHUIDFH DQG DQ10($����� VHQWHQFH VWUXFWXUH�

7KH IROORZLQJ IHDWXUHV RI WKH :+2, 0LFUR�0RGHP DUH LPSOHPHQWHG� ZKLFK FRPSULVH
WKH PDMRULW\ RI WKH 0LFUR�0RGHP IXQFWLRQDOLW\�

• )UHTXHQF\ +RSSLQJ )UHTXHQF\ 6KLIW .H\LQJ �)+�)6.� �UDWH �� GDWD WUDQVPLVVLRQ
� � �� 6HH )LJ� ���� IRU D VHTXHQFH GLDJUDP RI WKH *RE\
00'ULYHU XVLQJ WKH 0LFUR�0RGHP IRU WKLV WUDQVPLVVLRQ W\SH�

��



• 3KDVH 6KLIW .H\LQJ �36.� �UDWHV ���������� GDWD WUDQVPLVVLRQ � �
��

• 1DUURZEDQG WUDQVSRQGHU /%/ SLQJ
� ��

• 5(086 WUDQVSRQGHU /%/ SLQJ � ��

• 8VHU PLQL�SDFNHW �� ELW GDWD WUDQVPLVVLRQ � ��

• 7ZR ZD\ SLQJ � �� )LJ� ���� LOOXVWUDWHV WKLV
WUDQVPLVVLRQ W\SH�

3ULRU :RUN� L0LFUR0RGHP

*LYHQ WKH QXPEHU RI XVHUV RI WKH:+2,0LFUR�0RGHP�ZH EHOLHYH WKDW D QXPEHU RI VSHFLDO
SXUSRVH ´DG�KRFµ 0LFUR�0RGHP GULYHUV KDYH EHHQ ZULWWHQ� EXW WKH GHWDLOV RI ZKLFK DUH
QRW UHSRUWHG LQ WKH OLWHUDWXUH� *UXQG·V L0LFUR0RGHP LV RQH RI WKHVH WKDW ZH KDYH KDG D
FKDQFH WR ZRUN ZLWK VLQFH LW ZDV WKH0LFUR�0RGHP GULYHU XVHG ZLWK WKH0226 DXWRPRQ\
DUFKLWHFWXUH WKDW SUHFHHGHG � 7KH 0226 LV GLVFXVVHG LQ VHFWLRQ ������

00'ULYHU ERUURZV D QXPEHU RI LGHDV IURP L0LFUR0RGHP LQ WHUPV RI GHDOLQJ ZLWK WKH
VSHFLILFV RI WKH:+2,0LFUR�0RGHP ILUPZDUH� 7KHPDMRU GLIIHUHQFH LV WKDW00'ULYHU LP�
SOHPHQWV WKH LQWHUIDFH SURYLGHG E\ 'ULYHU%DVH DQG WKXV GRHV QRW KDYH WR UHSOLFDWH DQ\ RI
WKH ZRUN GRQH E\ 'ULYHU%DVH� 7KLV PDNHV 00'ULYHU VKRUWHU DQG VLPSOHU DV LW RQO\ FRQ�
WDLQV GHWDLOV VSHFLILF WR WKH :+2, 0LFUR�0RGHP� 'ULYHU%DVH KDQGOHV WKH FRPPXQLFDWLRQ
�56���� VHULDO LQ WKLV FDVH�� ORJJLQJ� DQG LQWHUIDFH WR WKH UHVW RI �

7KLV LV VWDQGDUG REMHFW�RULHQWHG GHVLJQ� EXW LW LV PHQWLRQHG KHUH VLQFH VXFK D GHVLJQ LV
FULWLFDO IRU VXSSRUWLQJ PXOWLSOH W\SHV RI DFRXVWLF PRGHPV� *LYHQ WKDW QR VWDQGDUG H[LVWV
IRU XQGHUZDWHU DFRXVWLF WHOHPHWU\� LW DSSHDUV WKH QHHG WR VXSSRUW YDULRXV W\SHV RI KDUG�
ZDUH WKURXJK DQ DEVWUDFWHG JHQHULF LQWHUIDFH ZLOO H[LVW IRU VRPH WLPH� 00'ULYHU ZLWK
'ULYHU%DVH SURYLGHV WKDW IRU WKH :+2, 0LFUR�0RGHP�

��� *RE\� )LHOG &DVH 6WXGLHV

����� 0226�,Y3 $XWRQRP\ V\VWHP DQG PLGGOHZDUH

ZDV GHYHORSHG ZLWK DQG WHVWHG ZLWK WKH 0226�,Y3 DXWRQRP\ DUFKLWHF�
WXUH >��@� 0226�,Y3 LV XVHG RQ PDULQH URERWV IRU DXWRQRP\ OHYHO FRQWURO� :H XVH 0226�

��
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,Y3 LQ DQ DEVWUDFWHG PDQQHU VXFK DV WKDW GLIIHUHQW YHKLFOH W\SHV IURP GLIIHUHQW PDQX�
IDFWXUHUV DSSHDU WKH VDPH WR WKH DXWRQRP\ V\VWHP DQG FRPPXQLFDWLRQV QHWZRUN� 7KLV
PRGHO RI RSHUDWLRQV LV FDOOHG 8QLILHG &RPPDQG DQG &RQWURO� 7KH GHVLJQ RI 8QLILHG &RP�
PDQG &RQWURO DV ZHOO DV IXUWKHU GHWDLOV RI DOO WKHVH WULDOV H[FHSW */,17�� FDQ EH IRXQG
LQ >��@� DV ZHOO DV LQ $SSHQGL[ $� 7KH UHVXOWV SUHVHQWHG KHUH DUH XVLQJ YLD
S$FRPPV+DQGOHU� DQ LQWHUIDFH SURFHVV EHWZHHQ 0226�,Y3 DQG � 7KH H[�
SHULPHQWV UHIHUHQFHG DUH VXPPDUL]HG LQ 7DEOH ���� 6LQFH HDFK H[SHULPHQW KDV GLIIHUHQW
DVVHWV� GLIIHUHQW HQYLURQPHQWDO FRQGLWLRQV� DQG GLIIHUHQW REMHFWLYHV� LW LV GLIILFXOW WRPDNH
FOHDU FRPSDULVRQV LQ SHUIRUPDQFH IURP RQH VHD WULDO WR DQRWKHU� 7KXV� ZKDW IROORZV LV D
VHULHV RI FDVH VWXGLHV KLJKOLJKWLQJ WKH GHYHORSPHQW DQG WHVWLQJ RI � )RU
VXFFHVVIXO VHD WULDOV ZLWK $89V� WZR JRDOV DUH SHUKDSV WKH PRVW LPSRUWDQW� VDYLQJ H[�
SHULPHQWHUV· WLPH DQG LPSURYLQJ VDIHW\ RI WKH YHKLFOHV� $Q\ LPSURYHPHQW LQ RSHUDWLRQV
WKDW WRXFKHV XSRQ WKHVH JRDOV LPSURYHV WKH SURGXFWLYHQHVV RI WKH H[SHULPHQW� 7KHVH DUH
RIWHQ KDUG WR TXDQWLI\� EXW WKHVH FDVH VWXGLHV WU\ WR HPSKDVL]H ZKDW KDV
GRQH RQ ERWK RI WKHVH IURQWV�

����� */,17��

7KH WKUHH */,17 H[SHULPHQWV ����������� ZHUH GHVLJQHG WR GHYHORS DQG WHVW V\VWHPV IRU
PXOWL�VWDWLF DFWLYH WUDFNLQJ RI PRYLQJ WDUJHWV� )RU WKH ���� H[SHULPHQW WKH ILUVW SDUW RI

� WKH FRGH ZKLFK ODWHU EHFDPH TXHXH� ZDV GHYHORSHG� :H ZHUH XVLQJ WKUHH
&&/ PHVVDJHV WR FRPPXQLFDWH WKUHH W\SHV RI GDWD IURP WKH $89� VWDWXV �SRVLWLRQ DQG
VSHHG RI WKH YHKLFOH�� FRQWDFW �SRVVLEOH GHWHFWLRQ�� DQG WUDFN �IXVHG FRQWDFWV� UHSRUWV� 7KH
VWDWXV UHSRUWV ZHUH DOZD\V JHQHUDWHG VR WKDW ZH FRXOG PRQLWRU WKH KHDOWK DQG DFWLYLW\ RI
WKH YHKLFOHV� :KHQ DQ DFRXVWLF VRXUFH ZDV GHWHFWHG� FRQWDFW UHSRUWV ZHUH JHQHUDWHG E\
WKH VLJQDO SURFHVVLQJ DQG WKHQ WUDFN UHSRUWV IURP WKH WUDFNHU� $W WKLV SRLQW XVLQJ D EDVLF
SULRULW\ TXHXH �EHIRUH TXHXH� ZH ZRXOG RQO\ UHFHLYH WKH KLJKHU SULRULW\ WUDFN UHSRUWV DQG
FRQWDFW UHSRUWV DQG QR VWDWXV UHSRUWV� 7KLV ZDV EHFDXVH WKH QXPEHU RI FRQWDFW DQG WUDFN
UHSRUWV H[FHHGHG WKH DYDLODEOH WKURXJKSXW RI WKH DFRXVWLF FKDQQHO� 7KLV ZDV XQDFFHSW�
DEOH EHFDXVH ZH NQHZ ZKHUH WKH WDUJHWV ZHUH� EXW QR ORQJHU UHFHLYHG XSGDWHV DV WR WKH
SRVLWLRQ RI RXU $89� 7KXV� ZH QHHGHG D ZD\ IRU PHVVDJHV ZLWK D ORZHU EDVH YDOXH �VXFK
DV WKH VWDWXV PHVVDJH� WR RFFDVLRQDOO\ EHFRPHPRUH YDOXDEOH WKDQ WKRVH ZLWK KLJKHU EDVH
YDOXHV �VXFK DV WKH FRQWDFW DQG WUDFN PHVVDJHV�� 7R VROYH WKLV SUREOHP� TXHXH·V G\QDPLF
SULRULW\ TXHXHV� DV GHVFULEHG LQ VHFWLRQ ���� ZHUH FUHDWHG�

:LWK TXHXH� WKH PHVVDJHV UHFHLYHG ZHUH SURSRUWLRQDO WR WKH EDVH YDOXH �WLPH VHQVL�

��



7DEOH ���� 6XPPDU\ RI ILHOG WULDOV�

1DPH 6XPPDU\ $VVHWV �YHKLFOHV DOO KDYH :+2,
0LFUR�0RGHP�

([SHULPHQW
'DWXPD

*/,17�� ,QWHURSHUDELOLW\ RI PDULQH
YHKLFOHV IRU SDVVLYH DFRXVWLF
WDUJHW GHWHFWLRQ

� %OXHILQ �� $89� � 185& 2(;
$89� � 2FHDQ6HUYHU ,YHU� $89� �
5RERWLF 0DULQH .D\DNV� � :+2,
&RPP %XR\� � 6KLS�GHSOR\HG
:+2, 0LFUR�0RGHPV

����◦1�
��������◦(

6:$06,�� 'HWHFWLRQ DQG WUDFNLQJ RI VHDEHG
REMHFWV XVLQJ ELVWDWLF DFRXVWLFV�

� %OXHILQ �� $89V� � :+2, &RPP
%XR\

������◦1�
������◦:

*/,17�� ,QWHURSHUDELOLW\ RI PDULQH
YHKLFOHV IRU PXOWL�VWDWLF DFRXVWLF
WDUJHW WDUJHW WUDFNLQJ

� 185& 2(; $89� � 2FHDQ6HUYHU
,YHU� $89� � 5RERWLF 0DULQH
.D\DNV� � 6KLS�GHSOR\HG :+2,
0LFUR�0RGHPV

�����◦1�
����◦(

&+$03/$,1�� 7KHUPRFOLQH JUDGLHQW IROORZLQJ� � 2FHDQ6HUYHU ,YHU� $89� �
6KLS�GHSOR\HG :+2,
0LFUR�0RGHP�

�������◦1�
�������◦:

*/,17�� ,QWHURSHUDELOLW\ RI PDULQH
YHKLFOHV IRU SDVVLYH DQG DFWLYH
DFRXVWLF WDUJHW WUDFNLQJ�
&ROODERUDWLYH DFRXVWLF
FRPPXQLFDWLRQV DQG
HQYLURQPHQWDO VDPSOLQJ�

� %OXHILQ �� $89� � :+2, &RPP
%XR\� � 185& 2(; $89V� �
6KLS�GHSOR\HG :+2,
0LFUR�0RGHPV�

�����◦1�
����◦(

D 7KH H[SHULPHQW GDWXP LV D ORFDWLRQ LQ WKH VRXWKZHVW FRUQHU RI WKH RSHUDWLRQ UHJLRQ IURP ZKLFK DOO
YHKLFOH SRVLWLRQV DUH UHIHUHQFHG XVLQJ WKH 8QLYHUVDO 7UDQVYHUVH 0HUFDWRU SURMHFWLRQ ZLWK WKH :*6 ��
HOOLSVRLG >��@�

WLYLW\� YLD WKH WLPH�WR�OLYH �ttl� ZDV LQWURGXFHG ODWHU�� 'XULQJ D WUDFNLQJ HYHQW� WUDFN DQG
FRQWDFW PHVVDJHV ZHUH KLJKHVW SULRULW\� EXW VWDWXV PHVVDJHV ZHUH VWLOO RFFDVLRQDOO\ VHQW�

����� 6:$06,��

6:$06,�� ZDV DQRWKHU DFRXVWLF VHQVLQJ H[SHULPHQW� WKLV WLPH IRU VHD IORRU PLQH�OLNH
WDUJHWV� &&/ KDGQRPHVVDJHV IRU UHSRUWLQJ FRQWDFWV IRU WKLV W\SH RI WDUJHW� )RU WKLV UHDVRQ
DQG WKH RWKHUV JLYHQ LQ VHFWLRQ ������ ZH GHWHUPLQHG WKDW &&/ ZDV QR ORQJHU VXIILFLHQW IRU
RXU QHHGV DQG GHYHORSHG '&&/ DQG WKH FRUUHVSRQGLQJ HQFRGLQJ OLEUDU\� GFFO�

7KH HDVH RI GHILQLQJ DQG UHGHILQLQJ '&&/ PHVVDJHV DOORZV IRU UDSLG SURWRW\SLQJ RI
QHZ H[SHULPHQWDO LGHDV GXULQJ WKH ILHOG WULDO� UDWKHU WKDQ EHLQJ ULJLGO\ FRQILQHG WR SUH�
YLRXVO\ GHILQHG PHVVDJHV� :H ZURWH ILYH QHZ PHVVDJHV RQ WKH H[SHULPHQW WR JUHDWO\
H[SDQG WKH IOH[LELOLW\ RI YHKLFOH WR WRSVLGH� DQG YHKLFOH WR YHKLFOH FRPPXQLFDWLRQV FDSD�

��



ELOLW\�
:H XVHG WZR $89V WR H[HFXWH D YDULHW\ RI ELVWDWLF DFRXVWLF FRQILJXUDWLRQV IRU WUDFNLQJ

RI SURXG DQG EXULHG VHDEHG WDUJHWV� %RWK $89V WUDYHUVHG D FLUFXODU SDWWHUQ DURXQG WKH
SRWHQWLDO WDUJHW� PDLQWDLQLQJ D FRQVWDQW ELVWDWLF DQJOH �VHH )LJ� ����D�� (QWHULQJ LQWR WKLV
FROODERUDWLRQ DQG PDLQWDLQLQJ WKH FRUUHFW DQJOH UHTXLUHG KDQGVKDNLQJ DQG GDWD WUDQVIHU
EHWZHHQ ERWK YHKLFOHV� :H ZHUH DEOH WR FRPPDQG WKH YHKLFOHV LQWR WKLV FROODERUDWLYH
VWDWH ZLWK � DQG WKH PHVVDJH �ZLWK DGGLWLRQDO ILHOGV DGGHG
WR VXSSRUW WKLV H[SHULPHQW� ZDV SDVVHG EHWZHHQ YHKLFOHV WR PDLQWDLQ WKH FRUUHFW SRVL�
WLRQLQJ DXWRQRPRXVO\�

����� */,17��

)RU WKH SUHYLRXV WZR H[SHULPHQWV� ZH ZHUH XVLQJ L0LFUR0RGHP �VHFWLRQ ������ DV WKH
GULYHU IRU WKH :+2, 0LFUR�0RGHP� &RQFHUQV DERXW WKH UREXVWQHVV DQG H[WHQVLELOLW\ RI
WKDW VRIWZDUH OHG WR WKH GHYHORSPHQW RI PRGHPGULYHU� :KLOH WKH IHDWXUHV SURYLGHG E\
PRGHPGULYHU IRU WKH:+2,0LFUR�0RGHPGLG QRW YDU\PXFK IURP L0LFUR0RGHP�ZH VDYHG
VLJQLILFDQW WLPH GHEXJJLQJ�

)XUWKHUPRUH� ZH H[SDQGHG RXU XVDJH RI GFFO� '&&/ PHVVDJLQJ PDGH DQRWKHU FROODE�
RUDWLYH H[SHULPHQW SRVVLEOH� :H KDG D PRELOH DFRXVWLF JDWHZD\ �DQ DXWRQRPRXV VXUIDFH
FUDIW ZLWK D :+2, 0LFUR�0RGHP� DYDLODEOH WR VWUHDP KLJK UDWH HQYLURQPHQWDO DQG RWKHU
GDWD PHVVDJHV� %\ YLUWXH RI WKH VXUIDFH FUDIW VWD\LQJ QHDU WKH $89 �PDGH SRVVLEOH E\ WKH
$89·V PHVVDJH�� WKH $89 KDG D VKRUW DFRXVWLF SURSDJDWLRQ SDWK WR WKH
VXUIDFH FUDIW� )URP WKHUH� WKH VXUIDFH FUDIW UHOD\HG GDWD WR WKH RSHUDWRUV YLD ,((( ������
ZLUHOHVV HWKHUQHW� $OVR� WKH GHSWK RI WKH PRGHP ZDV FRQWUROOHG E\ D ZLQFK WKDW WKH VXU�
IDFH YHKLFOH FRXOG FRPPDQG DXWRQRPRXVO\� 8VLQJ WKH PHVVDJH� WKH $89
FRPPDQGHG WKH VXUIDFH FUDIW D GHSWK DW ZKLFK WR VHW WKHPRGHP WR LPSURYH FRPPXQLFD�
WLRQV� 7KH $89ZDV SHUIRUPLQJ D ELVWDWLF DFRXVWLF GHWHFWLRQ RI DPLG�ZDWHU FROXPQGHSWK
WDUJHW� 7KH VRXUFH� PRXQWHG RQ D EXR\� ZDV DXWRQRPRXVO\ WXUQHG RQ DQG RII E\ WKH $89
XVLQJ WKH PHVVDJH� 7KH $89� ZKLFK ZDV WRZLQJ DQ DFRXVWLF DUUD\�
ZDV WKH UHFHLYHU� 1RQH RI WKLV PXOWL�URERW FROODERUDWLRQ ZRXOG KDYH EHHQ SRVVLEOH ZLWK�
RXW WKH DELOLW\ WR GHILQH QHZ PHVVDJHV TXLFNO\ DQG ZLWK D KLJK GHJUHH RI FRQILGHQFH LQ
WKHLU V\QWDFWLFDO FRUUHFWQHVV SURYLGHG E\ GFFO�

��



�D� 'XULQJ 6:$06,��� WKH WZR $89V ´0DFUXUDµ DQG ´8QLFRUQµ SHUIRUP D V\QFKURQRXV FLUFXODU SDWWHUQ
ZLWK D FRQVWDQW DQJOH RI VHSDUDWLRQ� +RZHYHU� GXH WR WKH VSRUDWLF XSGDWHV IURP WKH DFRXVWLF PRGHP� LW
LV KDUG WR YLVXDOL]H WKH SHUIRUPDQFH RI WKH YHKLFOHV LQ H[HFXWLQJ WKLV PDQHXYHU DW UXQWLPH�

�E� $ VQDSVKRW RI WKH UXQWLPH YLVXDOL]DWLRQ RI WKH $89 ´8QLFRUQµ SHUIRUPLQJ D VLQXVRLGDO GHSWK H[FXU�
VLRQ ZKLOH SHUIRUPLQJ D SHQWDJRQ VKDSH� :KLOH IXOO� XSGDWHV DUH GHOD\HG� WKH
DQG PHVVDJHV JLYH D GHWDLOHG KLVWRU\ RI WKH YHKLFOH·V WUDFN ZKHQ WKH FRPPXQLFDWLRQ HQYL�
URQPHQW SHUPLWV�

)LJXUH ����� &RPSDULVRQ RI WKH *RRJOH (DUWK LQWHUIDFH IRU 2FHDQ 9HKLFOHV �*(29� >��@ YL�
VXDOL]DWLRQ DYDLODEOH WR WKH YHKLFOH RSHUDWRU GXULQJ UXQWLPH XVLQJ GDWD WUDQVPLWWHG YLD

HDUO\ LQ LWV GHVLJQ DW 6:$06,�� �D� DQG LQ WKH IRUP LV SUH�
VHQWHG LQ WKLV SDSHU GXULQJ */,17�� �E�� 9HUWLFDO OLQHV LQGLFDWH DFRXVWLF SRVLWLRQ XSGDWHV
YLD WKH PHVVDJH DQG KRUL]RQWDO OLQHV FRQQHFW WKHVH XSGDWHV�

��



7DEOH ���� )RUPXODV IRU GHOWD GLIIHUHQFH HQFRGLQJ WKH '&&/ < > W\SH�

'&&/ 7\SH (QFRGHD

< >
�key� xkey =

{
QLQW((x− xmin) · 10prec) + 1 LI x ∈ [xmin, xmax]

0 RWKHUZLVH
< >
�delta� x∆ =

{
QLQW((x+∆max − xkey) · 10prec) + 1 LI x− xkey ∈ [−∆max,∆max]

0 RWKHUZLVH
· xmin� xmax� prec� ∆max DUH WKH FRQWHQWV RI WKH < >� < >� < >� DQG
< > WDJV� UHVSHFWLYHO\�
· QLQW�x� PHDQV URXQG x WR WKH QHDUHVW LQWHJHU�
· 7KH NH\ YDOXH xkey LV WKH VDPH DV WKH QRUPDO< > W\SH HQFRGLQJ JLYHQ LQ 7DEOH ����

����� &+$03/$,1��

7KH WKLUG FDVH VWXG\ LV WKH &+$03/$,1�� DGDSWLYH HQYLURQPHQWDO H[SHULPHQW� ,Q WKLV
H[SHULPHQW� D VPDOO $89 RXWILWWHG ZLWK D &RQGXFWLYLW\�7HPSHUDWXUH�'HSWK �&7'� LQVWUX�
PHQW ZDV GHSOR\HG WR VWXG\ WKH WKHUPRFOLQH VWUXFWXUH RI /DNH &KDPSODLQ� 7KH $89 ZDV
FRPPDQGHG� XVLQJ D XSGDWHG PHVVDJH� RQ WKH WDVN RI DGDSWLYHO\ VXUYH\LQJ
WKH WKHUPRFOLQH� 7KH YHKLFOH DFFRPSOLVKHG WKLV WDVN E\ SHUIRUPLQJ VHULHV RI VLQXVRLGDO
�´\R\Rµ� GHSWK PDQHXYHUV DQG VWUHDPHG LWV VDPSOHV EDFN XVLQJ WKH GHOWD�GLIIHUHQFH HQ�
FRGHG PHVVDJH� ,Q WKLV PDQQHU� WKH HQYLURQPHQWDO GDWD ZDV PDGH DYDLODEOH
LQ QHDU UHDOWLPH �L�H� GHOD\HG E\ QR PRUH WKDQ D IHZ PLQXWHV� WR WKH $89 RSHUDWRU�

7KHNH\ IHDWXUH XVHG IRU WKLVZRUN DQG ODWHU LQ*/,17��ZDV*RE\�·V GHOWD�GLIIHUHQFLQJ�
RULJLQDOO\ DSSOLHG RQO\ WR &7'PHVVDJHV DQG ODWHU DGGHG DV D JHQHUDO IHDWXUH WR GFFO� 'HOWD�
GLIIHUHQFH HQFRGLQJ FDQ EH DSSOLHG WR < > '&&/ ILHOGV �DQG < > VLQFH WKH\ DUH
GHULYHG IURP < >�� ,W JLYHV DQ HYHQ PRUH FRPSDFW ZD\ WR ORVVOHVVO\ HQFRGH FRU�
UHODWHG GDWD� ,Q WKLV FDVH� GXH WR WKH $89V ILQLWH VSHHG DQG FRQWLQXLW\ RI VDOLQLW\ DQG
WHPSHUDWXUH YDOXHV� &7' YDOXHV DUH FRUUHODWHG LQ WLPH� %\ HVWLPDWLQJ XSSHU DQG ORZHU
ERXQGV RQ WKLV FRUUHODWLRQ� GDWD FDQ EH FRPSUHVVHG IXUWKHU WKDQ '&&/ QRUPDOO\ DOORZV
E\ VHQGLQJ WKH ILUVW VDPSOH LQ LWV HQWLUHW\ �VWLOO ERXQGHG E\ WKH XVXDO '&&/ < > DQG
< > ´JOREDO NH\µ� DQG VHQGLQJ WKH UHPDLQLQJ VDPSOHV LQ D IUDPH E\ WKHLU GLIIHUHQFH
WR WKLV ILUVW VDPSOH� 7KH ERXQG RQ WKH PD[LPXP WKDW WKLV GLIIHUHQFH FDQ EH �∆max� PXVW
EH JLYHQ LQ < > WDJ� XVLQJ SK\VLFDO NQRZOHGJH RI WKH GDWD WR EH VDPSOHG� 6HH
7DEOH ��� IRU WKH FRUUHVSRQGLQJ IRUPXODV IRU WKH ILHOG VL]H DQG HQFRGHG YDOXHV� 'LDJUDP�
PDWLFDOO\� WKH SURFHVV LV H[SODLQHG LQ )LJ� ���� DQG DQ H[DPSOH RI WKH GDWD DYDLODEOH WR WKH
RSHUDWRU GXULQJ UXQWLPH LV VKRZQ LQ )LJ� �����

)RU H[DPSOH� SHUKDSV LW LV NQRZQ D SULRUL E\ PHDQV RI KLVWRULFDO GDWD RU D VKLS &7'

��
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)LJXUH ����� 6FKHPDWLF RI HQFRGLQJ DQG GHFRGLQJ D '&&/ PHVVDJH XVLQJ GHOWD�GLIIHUHQFH
HQFRGLQJ� 7KH '&&/ KHDGHU LV GLDJUDPPHG LQ GHWDLO LQ )LJ� %���

FDVW WKDW WKH PD[LPXP WHPSHUDWXUH JUDGLHQW LQ D JLYHQ DUHD LV 0.05◦C/m DQG WKH GLYH
UDWH RI RXU JOLGHU LV 0.2m/s� :H DOVR NQRZ WKDW WKH ZDWHU LQ WKH RSHUDWLRQ UHJLRQ GRHV
QRW H[FHHG (10, 30)◦C � )XUWKHUPRUH� ZH IHHO WKDW WHQWKV RI D GHJUHH &HOFLXV LV VXIILFLHQW
SUHFLVLRQ� )LQDOO\� ZH ZDQW WR VDPSOH WKH WKHUPLVWRU RQ RXU &7' DW � +] DQG ZH DUH XVLQJ
D ��� E\WH :+2, 0LFUR�0RGHP IUDPH� 3XWWLQJ WKLV DOO WRJHWKHU� ZH XVH IRU WHPSHUDWXUH
�LQ ◦C� D '&&/ < > ZLWK D < > RI ��� D < > RI ��� D < > RI �� 7KH
< >PXVW EH FDOFXODWHG LWHUDWLYHO\ �VXFK DV XVLQJ WKH1HZWRQ�5DSKVRQPHWKRG��
DV PDNLQJ D VPDOOHU < > FUHDWHV D VPDOOHU PHVVDJH� LQFUHDVLQJ WKH QXPEHU RI
VDPSOHV WKDW FDQ EH ILW LQ D IUDPH� 7KLV LQFUHDVHV WKH ZLQGRZ RI VDPSOLQJ IRU D JLYHQ
IUDPH� WKXV LQFUHDVLQJ WKH < >� 7KDW LV� WKH RSWLPXP∆max IRU JLYHQ ERXQGV LV
WKH VROXWLRQ FORVHVW WR HTXDOLW\ WR

lkey + ldelta(∆max) · (∆max/rmax ∗ fs − 1) <= lframe �����

ZKHUH lframe LV WKH WRWDO PHVVDJH IUDPH VL]H� lkey DQG ldelta(∆max) DUH WKH VL]HV IRU NH\
DQG GHOWD IUDPHV JLYHQ LQ 7DEOH ���� rmax LV WKH PD[LPXP H[SHFWHG UDWH RI FKDQJH RI WKH
SK\VLFDO SDUDPHWHU EHLQJ HQFRGHG� DQG fs LV WKH VDPSOLQJ IUHTXHQF\� )RU WKLV H[DPSOH
l = 2048 ELWV� rmax = 0.05◦C/m · 0.2m/s = 0.01◦C/s� fs = 1Hz� DQG lkey = 8 ELWV�
VR VROYLQJ IRU WKH VPDOOHVW ∆max �ZKLFK SURYLGHV WKH ODUJHVW QXPEHU RI VDPSOHV LQ WKH
IUDPH� LV 3.1◦C � SURYLGLQJ ��� VDPSOHV SHU IUDPH� 7KLV LV D ��� LPSURYHPHQW RYHU WKH
��� �l/lkey� VDPSOHV WKDW ZRXOG ILW LI WKH PHVVDJH ZDV QRW GHOWD�GLIIHUHQFH HQFRGHG�

∆max LV D IXQFWLRQ RI WKH VL]H RI WKH IUDPH �lframe�� VR lframe FDQ DOVR D SDUDPHWHU
IRU RSWLPL]DWLRQ EDVHG RQ WKH H[SHFWHG PD[LPXP UDWH RI FKDQJH �rmax� RI WKH SK\VLFDO
SDUDPHWHUV WR EH VHQW LI WKH SK\VLFDO OD\HU VXSSRUWV D YDULHW\ RI IUDPH VL]HV�

7KLV GHOWD�GLIIHUHQFLQJZDV UHPRYHG LQ*RE\�ZLWK WKH DGGLWLRQRI XVHU�GHILQHG FRGHFV�

��
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)LJXUH ����� 7HPSHUDWXUH GDWD IURP WKH */,17�� H[SHULPHQW D &7' LQVWUXPHQW PRXQWHG
RQ $898QLFRUQ DYDLODEOH DW UXQWLPH YLD XVLQJ GHOWD�GLIIHUHQFHG HQFRGLQJ�

,QVWHDG� DV D XVHU RI *RE\�� D VLPLODU FRQFHSW ZDV GHILQHG XVLQJ DQ HQWURS\ FRGHU RI GHOWD�
GLIIHUHQFHG VDPSOHV� 7KLV LGHD LV H[SORUHG LQ GHWDLO LQ FKDSWHU �� 7KH *RE\� YHUVLRQ FDQ EH
WKRXJKW RI DV D JHQHUDOL]DWLRQ WR DUELWUDU\ SUREDELOLW\ GLVWULEXWLRQV RI WKH FRQFHSW XVHG
GXULQJ WKLV H[SHULPHQW�

����� */,17��

$OO WKH IHDWXUHV DQG LPSOHPHQWDWLRQ RI YHUVLRQ � ZHUH LQ SODFH IRU WKH
*/,17�� VHD WULDO� 7KH '&&/ PHVVDJHV DQG FRUUHVSRQGLQJ Vbase DQG ttl XVHG IRU G\QDPLF
SULRULW\ TXHXLQJ DUH JLYHQ LQ 7DEOH �����

7KH NH\ QHZ LWHPV IRU */,17�� ZHUH

• ([SDQVLRQ RI GHOWD�GLIIHUHQFH HQFRGLQJ PHQWLRQHG LQ 6HFWLRQ ����� WR VXSSRUW DQ\
DUELWUDU\ < > ILHOG� QRW MXVW WKRVH IURP D &7' LQVWUXPHQW� 7KLV HQDEOHG WKH
QHZ ´EDFN�ILOOµ PHVVDJH ZKLFK NHHSV D KLVWRU\ RI YHKLFOH
SRVLWLRQV UHJXODUO\ VDPSOHG �LQ WKLV FDVH WZLFH SHU PLQXWH�� 7KHVH ZHUH TXHXHG
ZLWK D ORZ Vbase RI ��� UHODWLYH WR WKH RWKHU PHVVDJHV �VHH 7DEOH ������ 7KXV� LQ
FDVHV RI ORZ WKURXJKSXW GXH WR XQIDYRUDEOH HQYLURQPHQWDO FRQGLWLRQV RWKHU GDWD
PHVVDJHV ZRXOG EH VHQW� +RZHYHU� ZKHQ WKH WKURXJKSXW ZHQW XS WKH TXHXHG XS

PHVVDJHVZRXOG EH VHQW� JLYLQJ WKH WRSVLGH RSHUDWRUV D VRPH�
ZKDW GHOD\HG EXW VWLOO UHOHYDQW KLVWRU\ RI WKH YHKLFOH·V PDQXHYHUV� :KHQ GHYHORS�
LQJ FRPSOH[ DGDSWLYH DXWRQRP\� WKLV LV FULWLFDO IRU GHEXJJLQJ DQG XQGHUVWDQGLQJ
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7DEOH ����� 6XPPDU\ RI '&&/ 0HVVDJHV XVHG LQ WKH */,17�� ([SHULPHQW

0HVVDJH 1DPH &DWHJRU\
'&&/
VL]H
�E\WHV� D

(VWLPDWHG
(TXLY�
DOHQW
&&/ 6L]H
�E\WHV� E

ttl F Vbase
F 'HVFULSWLRQ

/$066 '(3/2< &RPPDQG �� �� ��� ���� 8QGHUZDWHU YHKLFOH
FRPPDQG PHVVDJH�

/$066 3526(&87( &RPPDQG �� �� ��� ���� 8QGHUZDWHU YHKLFOH
FRPPDQG PHVVDJH�
SURVHFXWH GHWHFWHG
WDUJHW�

$&2867,& 0226 32.( &RPPDQG �� �� ��� ����� 8QGHUZDWHU
GHEXJJLQJ � VDIHW\
PHVVDJH�

/$066 67$786 'DWD � &RO�
ODERUDWLRQ �� �� ��� ��� 9HKLFOH 6WDWXV

PHVVDJH �SRVLWLRQ�
VSHHG� (XOHU DQJOHV�
DXWRQRP\ VWDWH�

/$066 67$786 ),//,1 'DWD �� �� ���� ��� 9HKLFOH 6WDWXV
PHVVDJH KLVWRULFDO
´EDFN�ILOOµ
�GHOWD�GLIIHUHQFH
HQFRGHG��

/$066 &217$&7 'DWD �� �� ��� � 3DVVLYH DFRXVWLF
FRQWDFW UHSRUW
PHVVDJH�

/$066 75$&. 'DWD �� �� ��� � 3DVVLYH DFRXVWLF WUDFN
UHSRUW PHVVDJH�

/$066 %75 'DWD �� �� ���� � %HDP�7LPH 5HFRUG
'DWD IURP D WRZHG
SDVVLYH DFRXVWLF
DUUD\�

/$066 &7' 'DWD ��� ��� ���� � 6DOLQLW\� WHPSHUDWXUH�
GHSWK GDWD IURP D
&7' LQVWUXPHQW
�GHOWD�GLIIHUHQFH
HQFRGHG��

D )RU '&&/� VHH VHFWLRQ ����
E 6LQFH &&/ GRHV QRW LPSOHPHQW WKHVH PHVVDJHV� WKHVH VL]H HVWLPDWHV DUH EDVHG RQ WKH FORVHVW DYDLODEOH
PHVVDJH LQ WKH H[LVWHG &&/ PHVVDJH VHW�

F )RU 3ULRULW\ TXHXLQJ� VHH VHFWLRQ ����

WKH YHKLFOHV· SHUIRUPDQFH� )XUWKHUPRUH� DOO PHVVDJHV ZHUH DOVR GH�
FRGHG DV VWDWXV PHVVDJHV VLQFH WKH\ FRQWDLQ WKH WKUHH GLPHQVLRQDO ORFDWLRQ RI WKH
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Queue

AMAC

TCPStoreDriver

Route
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Research Vessel

MMDriver

Mooring/AUV

Satellite TCP (with SQLite store-and-forward)
Subnet: 020

WHOI Micro-Modem
Subnet: 000

Iridium Satellite
Subnet: 010

Shore

TCPStoreDriver IridiumDriver

Waveglider

IridiumDriver MMDriver

)LJXUH ����� 6WUXFWXUH GLDJUDP RI WKH *RE\ FRPSRQHQWV IRU WKH 7LJHU�� FUXLVH WR IRUP
D VHDPOHVV OLQN IURP WKH 5HVHDUFK YHVVHO WR WKH 7LJHU PRRULQJ �DQG LQWHUPHGLDWH QRGHV�
RYHU D FROOHFWLRQ RI GLIIHUHQW OLQN W\SHV �VDWHOOLWH�7&3� VDWHOOLWH�,ULGLXP ´FDOOµ� DFRXVWLF
0LFUR�0RGHP��

YHKLFOH DW WKH WLPH RI WKH VDPSOH�

• 7KH DXWR�GLVFRYHU\ GHFHQWUDOL]HG 7'0$ 0$& GHVFULEHG LQ VHFWLRQ ��� ZDV WHVWHG
XVLQJ WZR YHKLFOHV� RQH JDWHZD\ EXR\ DQG RQH VKLS GHSOR\HG :+2, 0LFUR�0RGHP�
'XH WR WKH ODFN RI D F\FOH LQLWLDOL]DWLRQ SDFNHW WKDW FRXOG EH ORVW� WUDQVPLVVLRQV IURP
UDQJHV RI XS WR � NPZHUH VXFFHVVIXOO\ PDGH� 8VLQJ WKH VWDQGDUG FHQWUDOL]HG 7'0$
WKDW ZH KDYH XVHG IRU WKH SUHYLRXV H[SHULPHQWV� ZH VDZ WUDQVPLVVLRQV XS WR � NP�
,W LV GLIILFXOW WR TXDQWLI\ LQ�ZDWHU SHUIRUPDQFH RI 0$& VFKHPHV ZLWKRXW D UREXVW
XQGHUVWDQGLQJ RI WKH HQYLURQPHQWDO HIIHFWV RQ SURSRJDWLRQ�

��� *RE\� )LHOG 7ULDOV

6LQFH *RE\� LV QHZ� LW KDV RQO\ EHHQ LQYROYHG LQ WKUHH ILHOG WULDOV �SOXV PDQ\ KRXUV RI
VLPXODWLRQ DQG KDUGZDUH�LQ�WKH�ORRS WHVWLQJ�� FRPSDUHG WR RYHU D GR]HQ RU PRUH WKDW
WKH DXWKRUV DUH DZDUH RI WKDW XVHG *RE\��

• &$3785(�� �$XJXVW ������ &KLHI VFLHQWLVW� &�0XUSK\ �:+2,�� 1RGHV� �2FHDQ6HUYHU
,YHU� $89V �5� (XVWLFH� 8QLYHUVLW\ RI 0LFKLJDQ�� � :+2, 6HD%(' $89 �+� 6LQJK�
:+2,�� � XQPDQQHG VXUIDFH YHKLFOH �)� +RYHU� 0,7�� DQG WZR UHVHDUFK YHVVHOV� DOO
HTXLSSHG ZLWK DQ DFRXVWLF :+2, 0LFUR�0RGHP� 7KLV H[SHULPHQW �XVLQJ KDUGZDUH
DQG VRIWZDUH DVVHWV IURP IRXU GLIIHUHQW ODERUDWRULHV� VXFFHVVIXOO\ GHPRQVWUDWHG
PXOWL�KRS WUDQVPLVVLRQ RI ULFK �H�J� LPDJHU\� GDWDVHWV XVLQJ &� 0XUSK\·V &$3785(
SURWRFRO� &$3785( XVHG *RE\� '&&/ DQG 0RGHP'ULYHU� VKRZLQJ LWV H[WHQVLELOLW\
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LQ WKH KDQGV RI VHYHUDO RWKHU UHVHDUFK JURXSV WKDW GR QRW FROODERUDWH RQ D GDLO\
EDVLV� 7KH GHVLJQ DQG UHVXOWV RI &$3785( DUH GHWDLOHG LQ >��@�

• &\ERUJ�� �0D\ ������ &KLHI VFLHQWLVW� $� %DODVXUL\D �0,7�� 1RGHV� � %OXHILQ �µ $89�
� :+2, 0LFUR�0RGHP VKDOORZ ZDWHU EXR\� � UHVHDUFK YHVVHO� DOO HTXLSSHG ZLWK DQ
DFRXVWLF0LFUR�0RGHP� 7KLV WULDOZDV DQ HQJLQHHULQJ WHVW LQ WKH SURFHVV RI GHYHORS�
LQJ D FROODERUDWLYH QHWZRUN RI KXPDQ H[SHUWV DQG$89V IRUPLQH FRXQWHUPHDVXUHV�

• 7LJHU�� �-XQH ������ &KLHI VFLHQWLVW� /� )UHLWDJ �:+2,�� 1RGHV� � 7LJHU VRQDU PRRU�
LQJ �SURWRW\SH IRU DQ $89�� � /LTXLG 5RERWLFV :DYH*OLGHU� � UHVHDUFK YHVVHO� 7KLV
FUXLVH ZDV D WHVW RI XVLQJ *RE\� RYHU D KHWHURJHQRXV PL[ RI SK\VLFDO OLQNV IRU WKH
SXUSRVH RI VHQGLQJ FRQWURO PHVVDJHV IURP WKH UHVHDUFK YHVVHO WR WKH 7LJHUPRRULQJ
DQG VWDWXVPHVVDJHV LQ WKH RSSRVLWH GLUHFWLRQ� 7KH UHVHDUFK YHVVHOZDV RXW RI DFRXV�
WLF UDQJH RI WKH PRRULQJ� VR WKH ZDYHJOLGHU ZDV XVHG DV D IRUZDUGLQJ URXWHU EH�
WZHHQ WKH DFRXVWLF �VXE�VHD� DQG ,ULGLXP VXEQHWV� 6LQFH ,ULGLXP GRHV QRW ZHOO VXS�
SRUW FDOOV GLUHFWO\ WR PRELOH QRGHV� D VKRUH VWDWLRQ ZDV XVHG DV D VWRUH�DQG�IRUZDUG
LQWHUPHGLDWH� $OO PHVVDJHV ZHUH ORJJHG KHUH DQG UHWULHYHG DW WKH QH[W RSSRUWXQLW\
E\ WKH UHVHDUFK YHVVHO� 7KLV V\VWHP SURYLGHG UHOLDEOH HQG�WR�HQG WUDQVPLVVLRQ RI
'&&/PHVVDJHV IRU VHYHUDO GD\V RI FRQWLQXRXV RSHUDWLRQ� :KLOH '&&/ ZDV GHVLJQHG
LQLWLDOO\ IRU DFRXVWLF QHWZRUNV� LW LV HTXDOO\ XVHIXO IRU VDWHOOLWH OLQNV EHFDXVH RI WKH
VLPLODU FKDUDFWHULVWLFV �ORZ WKURXJKSXW DQG YHU\ KLJK FRVW SHU ELW�� )LJ� ���� VKRZV
WKH QHWZRUN VHWXS RI WKLV H[SHULPHQW ZLWK LWV WKUHH GLIIHUHQW W\SHV RI OLQNV�

7KHVH WULDOV KDYH PDGH XV FRQILGHQW WKDW ZH ZHUH VXFFHVVIXO LQ WKH SULPDU\ GHVLJQ
WKHPHV �VHH VHFWLRQ ������ RI WKLUG�SDUW\ H[WHQVLELOLW\ DQG ILHOG UHOLDELOLW\� )XUWKHUPRUH�
RQO\ RQH RI WKHVH �&\ERUJ��� ZRXOG KDYH HYHQ EHHQ SRVVLEOH ZLWK *RE\��

��� &RQFOXVLRQ
SURYLGHV DQ DFRXVWLF QHWZRUNLQJ VXLWH WKDW FRPELQHV KLJK XVDELOLW\ DW VHD

ZLWK WHFKQLTXHV LQWHQGHG WR PDNH WKH PRVW RXW RI WKH YHU\ ORZ WKURXJKSXW SURYLGHG E\
DFRXVWLF WHOHPHWU\� ,W LV FRPSULVHG RI IRXU PRGXOHV WKDW FRXOG EH LQWHUFKDQJHG ZLWK D
VXLWDEOH UHSODFHPHQW DV UHVHDUFK DGYDQFHV LQ D SDUWLFXODU DUHDV�

• GFFO� SURYLGHV HQFRGLQJ DQG GHFRGLQJ� 7KH PDMRU FRQWULEXWLRQ IURP '&&/ LV WKH
DELOLW\ WR FUHDWH FXVWRP REMHFWV WKDW FDQ EH VHULDOL]HG WR YHU\ VKRUW PHVVDJHV� ZLWK
DQ HPSKDVLV RQ PHVVDJH VL]H HIILFLHQF\ RYHU IHDWXUHV DQG DEVWUDFWLRQ�

��



• TXHXH� GHDOV ZLWK WKH FRPPRQ SUREOHP LQ DFRXVWLF QHWZRUNV RI KDYLQJ WRR PDQ\
PHVVDJHV� TXHXH SURYLGHV D ZD\ WR SULRULWL]H PHVVDJHV EDVHG ERWK RQ WKH WLPH VHQ�
VLWLYLW\ DQG WKH RYHUDOO YDOXH RI WKH PHVVDJH�

• DPDF� LPSOHPHQWV D VLPSOH 7'0$ VFKHPHZLWK DXWR�GLVFRYHU\ UHTXLULQJ QR FRQWURO
PHVVDJHV WR EH VHQW DQG WKXV QRW XVLQJ DQ\ EDQGZLGWK WKDW PLJKW EH EHWWHU XVHG
IRU PLVVLRQ GDWD�

• PRGHPGULYHU� SURYLGHV DQ DEVWUDFW LQWHUIDFH IRU DQ DFRXVWLF �RU RWKHU ORZ�EDQGZLGWK
FDUULHU� PRGHP DQG DQ LPSOHPHQWDWLRQ RI WKLV LQWHUIDFH IRU YDULRXV WUDQVSRUW GH�
YLFHV RU V\VWHPV� WKH ZLGHO\ XVHG :+2, 0LFUR�0RGHP� WKH 0226 ´X)LHOGµ VLPXOD�
WLRQ HQYLURQPHQW� 8'3�,3� DQG D VWRUH�DQG�IRUZDUG VHUYHU EDVHG RQ =HUR04 DQG
7&3�

HPSKDVL]HV UREXVWQHVV WKURXJK REMHFW�RULHQWHG GHVLJQ WR SURYLGH D
FRPPXQLFDWLRQV DUFKLWHFWXUH WKDW FDQ VXSSRUW UHDO ILHOG RSHUDWLRQVZLWKXQGHUZDWHU URERWV�
7KH KRSH LV WKDW � RU DW OHDVW VRPH RI WKH LGHDV ZLWKLQ� FDQ PRYH WKH ILHOG
RI FROODERUDWLYH XQGHUZDWHU URERWLFV DQG DUWLILFLDO LQWHOOLJHQFH IRUZDUG� LV
IUHHO\ DYDLODEOH ZLWK WKH *RE\ 8QGHUZDWHU $XWRQRP\ 3URMHFW IURP

� 7KH *RE\ OLEUDULHV DUH OLFHQVHG XQGHU WKH *18 /HVVHU *HQHUDO 3XEOLF /LFHQVH
�/*3/� DQG JODGO\ DFFHSWV FRQWULEXWLRQV IURP PHPEHUV RI WKH PDULQH DFRXVWLF QHWZRUN�
LQJ DQG URERWLFV FRPPXQLW\�

3RUWLRQV RI WKLV FKDSWHU DUH F©���� ,(((� 5HSULQWHG� ZLWK SHUPLVVLRQ� IURP 7� 6FKQHLGHU DQG +� 6FKPLGW�

´7KH '\QDPLF &RPSDFW &RQWURO /DQJXDJH� $ FRPSDFW PDUVKDOOLQJ VFKHPH IRU DFRXVWLF FRPPXQLFDWLRQV�µ

2&($16 ���� ,((( � 6\GQH\� ����� 0D\ �����

3RUWLRQV RI WKLV FKDSWHU DUH F©���� ,QWHUQDWLRQDO )HGHUDWLRQ RI $XWRPDWLF &RQWURO �,)$&�� 5HSULQWHG� ZLWK

SHUPLVVLRQ� IURP 7� 6FKQHLGHU DQG +� 6FKPLGW� ´*RE\�$FRPPV YHUVLRQ �� H[WHQVLEOH PDUVKDOOLQJ� TXHXLQJ�

DQG OLQN OD\HU LQWHUIDFLQJ IRU DFRXVWLF WHOHPHWU\�µ �WK ,)$& &RQIHUHQFH RQ 0DQRHXYULQJ DQG &RQWURO RI 0DULQH

&UDIW� ����� 6SHWHPEHU �����
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� 1RQ�GLVUXSWLYH 7HFKQLTXH� DXWRQRPRXV
PRGHOLQJ WR LPSURYH VRXUFH FRGLQJ

��� ,QWURGXFWLRQ

����� 0RWLYDWLRQ

8VHUV RI PRELOH PDULQH SODWIRUPV VXFK DV DXWRQRPRXV XQGHUZDWHU YHKLFOHV �$89V� DQG
XQPDQQHG VXUIDFH YHKLFOHV �869V� DUH RQH RI WKH PDMRU EHQHILFLDULHV RI LPSURYHG DFRXV�
WLF FRPPXQLFDWLRQ FDSDELOLWLHV� VLQFH WKH QHHG WR PRYH RIWHQ SUHFOXGHV WKH XVH RI ILEHU
RSWLF FRPPXQLFDWLRQ WHWKHUV� 7KHVH YHKLFOHV DUH DOVR EHFRPLQJ LQFUHDVLQJO\ ´LQWHOOL�
JHQWµ� WKH\ DUH RXWILWWHG ZLWK VXEVWDQWLDO FRPSXWDWLRQDO DELOLW\ DQG DUH FDSDEOH RI IXO�
ILOOLQJ FRPSOH[ PLVVLRQ FRPSRQHQWV RU HQWLUH PLVVLRQV DXWRQRPRXVO\� IRU H[DPSOHV� VHH
>�� ��� ��@�

)RU PDQ\ W\SHV RI $89 PLVVLRQV LW LV UHTXLUHG RU GHVLUDEOH IRU WKH YHKLFOH �KHUH� WKH
VHQGHU� WR WUDQVPLW DFFXUDWH DQG IUHTXHQW YHKLFOH SRVLWLRQPHDVXUHPHQWV WR FROODERUDWLQJ
YHKLFOHV RU D KXPDQ RSHUDWRU �WKH UHFHLYHU�� )RU H[DPSOH� RFHDQRJUDSKLFPLVVLRQV UHTXLUH
WKH SRVLWLRQ ZKHUH VHQVRU VDPSOHV ZHUH WDNHQ� DQG FROODERUDWLYH WDUJHW GHWHFWLRQ WDVNV
UHTXLUH D KLVWRU\ RI SRVLWLRQV WR DYRLG XQQHFHVVDU\ UHGXQGDQW FRYHUDJH� RU IDFLOLWDWH FRRU�
GLQDWHG FRQWURO PDQXHYHUV VXFK DV IRUPDWLRQ IO\LQJ� )XUWKHUPRUH� DV YHKLFOH QDYLJDWLRQ
GHFLVLRQV EHFRPH LQFUHDVLQJO\ DXWRPDWHG� KXPDQ RSHUDWRUV GHVLUH LQFUHDVHG DVVXUDQFH
WKDW WKHLU KLJKO\ H[SHQVLYH YHKLFOHV DUH RSHUDWLQJ FRUUHFWO\ DQG DZD\ IURP KD]DUGV�

7KLV QHHG IRU YHKLFOH SRVLWLRQ NQRZOHGJH FDQ RIWHQ FRQVXPH PXFK RU DOO RI WKH DYDLO�
DEOH DFRXVWLF OLQN·V WKURXJKSXW LQ ILHOGHG YHKLFOHV� ,Q WKLV FKDSWHU� D V\VWHP LV GHYLVHG
WKDW XVHV D PDWFKHG VWDWH REVHUYHU RQ WKH VHQGHU DQG UHFHLYHU WR UHGXFH WKH SRVLWLRQ YHF�
WRU WR D YHFWRU RI GLIIHUHQFHV IURP WKHPRGHOHG VWDWH� 7KH SUREDELOLW\ GLVWULEXWLRQ RI WKHVH
GLIIHUHQFHV LV PRGHOHG D SULRUL RU DGDSWLYHO\ EXLOW IURP SULRU VWDWLVWLFV� 7KH UHVXOWLQJ GLV�
WULEXWLRQ LV FRXSOHG ZLWK DQ DULWKPHWLF HQWURS\ HQFRGHU WR SURYLGH KLJKO\ FRPSUHVVHG
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SRVLWLRQ YHFWRUV�

����� 5HODWHG :RUN

0XFK ZRUN KDV EHHQ GRQH RQ XQGHUVWDQGLQJ WKH SK\VLFDO FKDQQHO IRU DFRXVWLF WHOHPHWU\�
VHH >��@ IRU D UHYLHZ RI WKH ODVW GHFDGH� :KLOH WKH IRFXV KDV EHHQ RQ HUURU�IUHH FKDQQHO
FRGLQJ DQG WUDQVPLVVLRQ RI GDWDJUDPV� OLWWOH KDV EHHQ SXEOLVKHG LQ WKHPDULQH GRPDLQ RQ
VRXUFH FRGLQJ RI XQGHUZDWHUPHDVXUHPHQWV DV HYLGHQFHG E\ >��@ DQG D GHDUWK RI FRYHUDJH
RI VRXUFH FRGLQJ LQ WKH PDMRU XQGHUZDWHU QHWZRUNLQJ UHYLHZ SDSHUV >��� ��@�

2QH H[FHSWLRQ LV 0XUSK\·V ZRUN >��� ��@� LQ ZKLFK KH XVHV WUDQVIRUP FRPSUHVVLRQ
�H�J� WKH GLVFUHWH ZDYHOHW WUDQVIRUP� WR VRXUFH HQFRGH LPDJHU\ DQG KLVWRULFDO WLPH VH�
ULHV RI VFDODU GDWD� :KLOH QRW VSHFLILFDOO\ DGGUHVVHG� RQH FRXOG DSSO\ WKLV WHFKQLTXH WR
VRXUFH HQFRGH YHKLFOH VWDWH YHFWRUV� +RZHYHU� WKH WUDQVIRUP FRGHV SURYLGH DW EHVW DQ DS�
SUR[LPDWLRQ RI WKH RULJLQDO VLJQDO XQWLO WKH HQWLUH VHTXHQFH LV UHFHLYHG� )XUWKHUPRUH� WKH
SHUIRUPDQFH RI WKH WUDQVIRUPFRPSUHVVRU LPSURYHVZLWK ORQJHU VHTXHQFHV RI GDWD� 7KHVH
OLPLWDWLRQV PDNH WKLV WHFKQLTXH OHVV VXLWDEOH ZKHQ QHDU�UHDOWLPH WHOHPHWU\ RI DFFXUDWH
YHKLFOH SRVLWLRQV LV UHTXLUHG� DQG PRUH VXLWDEOH IRU OHVV WLPH�VHQVLWLYH WUDQVPLVVLRQ RI
SUHYLRXVO\ FROOHFWHG GDWD �VXFK DV VFLHQWLILF VFDODU LQVWUXPHQWDWLRQ GDWD DV 0XUSK\ XVHV
LQ KLV H[DPSOHV��

2XWVLGH WKH PDULQH GRPDLQ UHVLGHV WKH FORVHVW UHODWHG ZRUN� E\ .RHJHO DQG 0DXYH
>��@� 7KH\ LQYHVWLJDWH WKH LQIRUPDWLRQ FRQWHQW RI DPRYLQJ XUEDQ RU KLJKZD\ ODQG YHKLFOH
WUDMHFWRU\ �GHILQHG DV D WLPH VHULHV RI YHKLFOH SRVLWLRQV�� ,Q WKLV GRPDLQ� WKH WKURXJKSXW
LV PXFK OHVV OLPLWHG� EXW WKH GHVLUHG QXPEHU RI WUDMHFWRULHV WR WUDQVPLW LV KLJK� 7KXV�
WKH UDWLR RI WUDMHFWRU\ QXPEHU WR DYDLODEOH WKURXJKSXW LV VLPLODU WR WKH PDULQH GRPDLQ
ZKHUHZH KDYH D VPDOO QXPEHU RI WUDMHFWRULHV� EXW D YHU\ ORZ WKURXJKSXW OLQN� .RHJHO DQG
0DXYH VXJJHVW WKH XVH RI D .DOPDQ ILOWHU IRU WKLV SUREOHP EXW GR QRW IXUWKHU LQYHVWLJDWH
LW� DV LV GRQH LQ WKLV FKDSWHU�

2WKHUV KDYH ORRNHG DW WHFKQLTXHV WR ORVVOHVVO\ HQFRGH YHU\ ODUJH VHWV RI WUDMHFWRULHV
IURP WHUUHVWULDO *36 GDWD� VXFK DV WKH OLQHDUL]DWLRQ DQG FOXVWHULQJ DSSURDFK IURP >��@ DQG
WKH URDG�QHWZRUN DOJRULWKP LQ >��@� 0DQ\ RI WKHVH WHFKQLTXHV DUH IRFXVHG RQ WKH SUREOHP
RI HIILFLHQWO\ VWRULQJ DQG WUDQVPLWWLQJ IXOO GDWDVHWV ´RIIOLQHµ� ,Q WKH PDULQH GRPDLQ� LW LV
W\SLFDOO\ IDU HDVLHU WR RIIORDG SUHYLRXVO\ FROOHFWHG GDWDVHWV DIWHU YHKLFOH UHFRYHU\ RU RYHU
HOHFWURPDJQHWLF ZLUHOHVV OLQNV DIWHU WKH YHKLFOH VXUIDFHV� 7KXV� WKLV FKDSWHU IRFXVHV RQ D
WHFKQLTXH LQWHQGHG WR WHOHPHWHU UHDOWLPH RU QHDU�UHDOWLPH GDWD �´RQOLQHµ�� ZKLFK LV WKH
PRUH SUHVVLQJ SUREOHP IRU XQGHUZDWHU V\VWHPV GXH WR WKH KLJKO\ FRQVWUDLQHG DFRXVWLF
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OLQN�
)LQDOO\� WKH PXOWL�YHKLFOH FRQWURO ILHOG KDV EHHQ ORRNLQJ DW WKH SUREOHP RI FRRSHUD�

WLYH ORFDOL]DWLRQ �&/�� ,Q FRRSHUDWLYH ORFDOL]DWLRQ� D JURXS RI URERWV VKDUHV VRPH VXEVHW
RI WKHLU VHQVRU GDWD RU LQWHUQDO VWDWH HVWLPDWHV VR WKDW HDFK URERW HYHQWXDOO\ KDV DQ HVWL�
PDWH RI WKH SRVH �SRVLWLRQ DQG RULHQWDWLRQ� RI DOO WKH RWKHU FROODERUDWLQJ URERWV� 6RPH RI
WKH URERWV PD\ VSHFLILFDOO\ EH WDVNHG WR PDQHXYHU WR GHFUHDVH WKH RYHUDOO HVWLPDWH HUURU�
7\SLFDOO\� FRRSHUDWLYH ORFDOL]DWLRQ UHVHDUFKHUV DUH QRW HVSHFLDOO\ FRQFHUQHG ZLWK WKH H[�
WUHPHO\ ORZ�EDQGZLGWK FRQVWUDLQWV WKDW ZH ILQG LQ XQGHUZDWHU FRPPXQLFDWLRQ OLQNV� EXW
WKHUH DUH D IHZ H[FHSWLRQV ZRUWK QRWLQJ KHUH� 7UDZQ\� HW DO� >��@ XVHV D KLJKO\ TXDQWL]HG
�DV IHZ DV RQH ELW SHU WLPH VWHS� .DOPDQ ILOWHU GXEEHG WKH ,WHUDWLYHO\�4XDQWL]HG ([WHQGHG
.DOPDQ ILOWHU �,4(.)�� ZKLFK WKH\ VKRZ LQ VLPXODWLRQ WR SURYLGH DFFHSWDEOH SHUIRUPDQFH
UHODWLYH WR D UHDO YDOXHG .DOPDQ ILOWHU� 1HUXUNDU DQG 5RXPHOLRWLV >��@ WKHQ H[WHQG WKH
LGHD WR LQFRUSRUDWH DV\QFKURQRXV FRPPXQLFDWLRQV �ZKHUH RQH QRGH FDQQRW QHFHVVDULO\
WDON EL�GLUHFWLRQDOO\ WR DQRWKHU�� %DKU >��@� DQG ODWHU )DOORQ� HW DO� >��@ DGGUHVV WKH SURE�
OHP RI &/ RQ $89V� 7KH\ XVH D VXUIDFH FUDIW �ZLWK DQ DFFXUDWH *36 IL[� WR LPSURYH WKH
GHDG�UHFNRQLQJ DELOLW\ RI XQGHUZDWHU YHKLFOHV �ZKLFK DUH *36�GHQLHG�� $OO RI WKHVH DS�
SURDFKHV JURXS ORFDOL]DWLRQ DQG FRQWURO LQWR D VLQJOH SUREOHP� 7KXV� ZKLOH WKLV PD\ OHDG
WR D RYHUDOO PRUH HIILFLHQW VROXWLRQ� LW LV SRWHQWLDOO\ OHVV UREXVW DQG LV GLIILFXOW WR GHSOR\
RQ WKH KHWHURJHQHRXV QHWZRUNV WKDW H[LVW LQ UHDO VHD URERWLFV �JOLGHUV� $89V� VXUIDFH YH�
KLFOHV� DOO SRWHQWLDOO\ IURP GLIIHUHQW GHVLJQHUV�� 7KLV FKDSWHU VKRZV D V\VWHP IRU UREXVWO\
WUDQVPLWWLQJ ZHOO�GHILQHG �SUHGHWHUPLQHG SUHFLVLRQ� H�J� � PHWHU� TXDQWL]DWLRQV RI WKH
YHKLFOH·V VWDWH DW D NQRZQ VDPSOLQJ UDWH �H�J� ���� +]�� DQG LWV DFFXUDF\ LV QRW FRQWLQ�
JHQW RQ WKH SHUIRUPDQFH RI D JLYHQ WUDFNLQJ DOJRULWKP� 7KLV DSSURDFK LV GHFRXSOHG IURP
WKH YHKLFOH·V QDYLJDWLRQ V\VWHP WKURXJK XVH RI D JHQHUDOL]HG G\QDPLFV PRGHO� LQ DQ DQDO�
RJRXV ZD\ WKDW WKH ´EDFNVHDWµ DXWRQRP\ LV GHFRXSOHG IURP WKH ´IURQWVHDWµ FRQWURO LQ
WKH 8QLILHG &RPPDQG DQG &RQWURO V\VWHP �VHH $SSHQGL[ $�� 2QH RI WKH PDMRU FKDOOHQJHV
IDFLQJ SUDFWLFDO ILHOG URERWLFV LV WKH PDQDJHPHQW RI FRPSOH[LW\� HVSHFLDOO\ LQYROYLQJ KHW�
HURJHQHRXV FROOHFWLRQV RI YHKLFOHV� 6XFK D VHSDUDWLRQ PHDQV WKDW �VRPH� DW OHDVW� RI WKH
JDLQV SURYLGHG LQ XVLQJ GHOWD�EDVHG WHFKQLTXH FDQ EH KDG DW WKH ´EDFNVHDWµ OHYHO ZLWKRXW
LQWLPDWH NQRZOHGJH RU VSHFLILFDWLRQ RI WKH ORZ OHYHO �´IURQWVHDWµ� FRQWURO�

��



x

y

�D� 7UDGLWLRQDO �´QHZHVW ZKHQ SRVVLEOHµ� DS�
SURDFK�

x

y

�E� 7KH WHFKQLTXH JLYHQ LQ WKLV FKDSWHU �´HYHQO\
VDPSOHG KLVWRULFDO WLPHVHULHVµ�

)LJXUH ���� 3RVLWLRQV RI WKH VHQGHU ZKLOH SHUIRUPLQJ DQ HOOLSWLFDO SDWWHUQ DYDLODEOH DW WKH
UHFHLYHU XVLQJ WZR W\SHV RI SRVLWLRQ WHOHPHWU\ V\VWHPV LQ WKH FDVH RI ��� SDFNHW ORVV�

��� $SSURDFK

7KH XVXDO DSSURDFK RI YHKLFOH SRVLWLRQ WHOHPHWU\ V\VWHPV LV WR VHQG WKH QHZHVW DYDLODEOH
SRVLWLRQ �DV DQ LQGHSHQGHQW YHFWRU�ZKHQ WKH DFRXVWLF OLQN EHFRPHV DYDLODEOH DV JRYHUQHG
E\ WKH QHWZRUNPHGLXP DFFHVV FRQWURO �0$&�� 7KLV LV WKH DSSURDFK XVHG E\ WKH ILHOG ZRUN
GRQH E\ D YDULHW\ RI JURXSV� :HEVWHU� HW DO� >��@� 0DUTXHV� HW DO� >��@� 5DMDOD� HW DO� >��@�
.XQ]� HW DO� >�@� *UXQG� HW DO� >��@� DQG LQ PXFK RI RXU SULRU ZRUN RQ ´8QLILHG &RPPDQG
DQG &RQWUROµ� ZKLFK LV GHVFULEHG LQ $SSHQGL[ $�

7KLV ´QHZHVW�ZKHQ�SRVVLEOHµ DSSURDFK� KRZHYHU� FDQ OHDG WR VLJQLILFDQW JDSV LQ WKH
YHKLFOH·V SRVLWLRQ KLVWRU\ DV REVHUYHG E\ WKH UHFHLYHU ZKHQ WKH SDFNHW ORVV RI WKH OLQN LV
KLJK DV VNHWFKHG LQ )LJ� ���D� $ GLIIHUHQW DSSURDFK �VRPHWLPHV FROORTXLDOO\ UHIHUUHG WR
DV ´EDFNILOOLQJµ RI SRVLWLRQV� LV WR VHQG DQ HYHQO\ VDPSOHG KLVWRULFDO WLPHVHULHV� :KHQ
SDFNHWV DUH ORVW� DQ DXWRPDWHG UHSHDW�UHTXHVW �$54� PHFKDQLVP UHWUDQVPLWV WKH SDFNHWV
XQWLO WKH PLVVLQJ SDFNHWV DUH UHFHLYHG� 7KXV� RYHU WLPH� WKH HQWLUH WLPH�VHULHV LV UHFHLYHG
DV VKRZQ LQ )LJ� ���E� 6XFK D ´EDFNILOOLQJµ V\VWHP LV WKH JRDO RI WKH SUHVHQW FKDSWHU·V
ZRUN�

7KH JRDO RI WKLV V\VWHP LV WR WUDQVPLW D VDPSOLQJ �DW VDPSOH SHULRG τ � RI D WLPH VHULHV
RI YHKLFOH SRVLWLRQV \(t) ZKHUH

\(t) =





t

x(t)

y(t)

z(t)




�����

LV WKH &DUWHVLDQ SRVLWLRQ RI WKH YHKLFOH ZLWK UHIHUHQFH WR D FRPPRQ NQRZQ GDWXP� ZLWK

��



z JLYHQ DV WKH QHJDWLYH RI WKH YHKLFOH·V GHSWK��
3RVLWLRQ PHDVXUHPHQWV DUH WUDQVPLWWHG DV RQH RI WZR W\SHV RI PHVVDJHV�

• )XOO WUDQVPLVVLRQV� 7KH YHFWRU \I ZKLFK LQFOXGHV WKH WLPH DQG IXOO SRVLWLRQ RI WKH
YHKLFOH UHODWLYH WR WKH H[SHULPHQW GDWXP ZKHUH

\I =





tf

x(tf )

y(tf )

z(tf )




�����

7KLV PHVVDJH LV XVHG RQFH DW WKH VWDUW RI HDFK PLVVLRQ WR V\QFKURQL]H WKH VWDWHV RI
WKH VHQGHU DQG UHFHLYHU� tf UHSUHVHQWV WKH WLPH RI WKH PLVVLRQ VWDUW�

• 'HOWD WUDQVPLVVLRQV�

G\[n] =





dx[n]

dy[n]

dz[n]



 �����

ZKHUH n = 0, 1, 2, 3, . . .� 7KLV GHOWD WUDQVPLVVLRQ LV VHQW FRQWLQXRXVO\ IROORZLQJ D
IXOO WUDQVPLVVLRQ RU SULRU GHOWD WUDQVPLVVLRQV XQWLO WKH YHKLFOH ZDV UHPRYHG IURP
RSHUDWLRQ IRU JUHDWHU WKDQ τ VHFRQGV� DIWHUZKLFK D IXOO WUDQVPLVVLRQ LV VHQW WR UHLQL�
WLDOL]H WKH UHFHLYHU·V VWDWH� 'HWHUPLQLQJ WKH YDOXHV RI G\ YLD VWDWH REVHUYDWLRQ LV
GHVFULEHG LQ 6HFWLRQ ���� 7KH VDPSOH QXPEHU n GRHV QRW QHHG WR EH WUDQVPLWWHG� DV�
VXPLQJ WKH ORZHU OD\HUV RI WKH QHWZRUN VWDFN FDQ SURYLGH LQ�RUGHU UHFHLSW RI PHV�
VDJHV ZLWKRXW GXSOLFDWH SDFNHWV� ,Q WKLV FDVH� WKH GHFRGHU VLPSO\ LQFUHPHQWV n RQ
HDFK PHVVDJH UHFHLYHG� 7KLV FDQ EH HDVLO\ DFFRPSOLVKHG ZLWK DXWRPDWLF UHSHDW UH�
TXHVW �$54� ZLWK D VLQJOH DOWHUQDWLQJ ELW WR GLVFDUG GXSOLFDWHV� 7KH VDPSOHG \(W)
FDQ EH UHFRQVWUXFWHG DW WLPH n = n0 XVLQJ

\(tf + n0τ) =



 tf + n0τ

\̂prior[n0] + G\[n0]



 �����

ZKHUH \̂prior[n] LV WKH SULRU HVWLPDWH RI WKH VWDWH REVHUYHU H[WUDSRODWHG WR GLVFUHWH
WLPH VWHS n�
)LJ� ��� LOOXVWUDWHV WKH SURFHVV RI JHQHUDWLQJ WKHVH GHOWD WUDQVPLVVLRQV�

�)RU WKH SXUSRVH RI WKLV ZRUN� WKH WUDQVIRUPDWLRQ XVHG IURP JHRGHWLF �ODWLWXGH� ORQJLWXGH� WR &DUWH�
VLDQ �ORFDO� FRRUGLQDWHV GRHV QRW PDWWHU� 2QH FRXOG XVH� IRU H[DPSOH� WKH 8QLYHUVDO 7UDQVYHUVH 0HUFDWRU
WUDQVIRUPDWLRQZLWK WKH:*6·�� HOOLSVRLG >��@ RU WKH1RUWK�(DVW�'RZQ WUDQVIRUPDWLRQ RI DQ HDUWK�FHQWHUHG
HDUWK�IL[HG IUDPH� VHH >��@�

��



Mission path
Actual path
Sent point
Sent difference

y

x

(dx
0
,dy

0
)

datum
(0,0)

�D� *HQHUDWLRQ RI GLIIHUHQFHV �dx DQGdy� EHWZHHQ
WKH YHKLFOH·V DFWXDO SRVLWLRQ DQG WKH H[WUDSRODWHG
SRVLWLRQ �JHQHUDWHG RQ ERWK VHQGHU DQG UHFHLYHU
XVLQJ WUDFNHG SRVLWLRQV SUHYLRXVO\ WUDQVPLWWHG��
7ZR WHFKQLTXHV IRU WKLV SURFHVV DUH H[SODLQHG LQ
6HFWLRQ ����

P
dx

dx
dx

0

�E� ([DPSOH RI WKH SUREDELOLW\ GLVWULEXWLRQ XVHG
WR UHSUHVHQW WKH HUURU EHWZHHQ WKH DFWXDO DQG
H[WUDSRODWHG SRVLWLRQV� 7KHVH GLVWULEXWLRQV DUH
EXLOW XS LQ 6HFWLRQ ����
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EOF

�F� $ULWKPHWLF FRGLQJ V\PERO LQWHUYDOV �HDFK dx
LV PDSSHG WR D V\PERO ZLWK ��PHWHU SUHFLVLRQ��

)LJXUH ���� 2YHUYLHZ LOOXVWUDWLRQ IRU WKH GHOWD WUDQVPLVVLRQV VKRZLQJ WKH PDSSLQJ RI YH�
KLFOH SRVLWLRQ �D� WR D JLYHQ SUREDELOLVWLF PRGHO �E� XVHG WR JHQHUDWH WKH V\PERO LQWHUYDOV
UHTXLUHG IRU DULWKPHWLF FRGLQJ �F��

��� 6WDWH 2EVHUYDWLRQ

$ VWDWH REVHUYHU LV W\SLFDOO\ XVHG LQ FRQWURO V\VWHPV WRPRGHO WKH LQWHUQDO VWDWH RI D V\VWHP
RIWHQ LQ RUGHU WR DSSO\ IHHGEDFN WR VWDELOL]H WKH V\VWHP� +HUH� D VWDWH REVHUYHU LV XVHG LQ D
GLIIHUHQW ZD\� $ PRGHO RI WKH V\VWHP �LQ WKLV FDVH D YHKLFOH LQ WKUHH�GLPHQVLRQDO PRWLRQ�
LV REVHUYHG E\ ERWK WKH VHQGHU DQG UHFHLYHU RI WKH FRPPXQLFDWLRQV OLQN XVLQJ D UHGXFHG
VHW RI WKH GDWD� QDPHO\ RQO\ WKH SUHYLRXVO\ WHOHPHWHUHG \[n]� 7KH GLIIHUHQFH EHWZHHQ WKLV
UHGXFHG PRGHO DQG WKH �SUHVXPDEO\ PRUH DFFXUDWH� RXWSXW RI WKH YHKLFOH·V QDYLJDWLRQ
V\VWHP �ZKLFKPD\ LQFRUSRUDWH RWKHU VWDWH REVHUYHUV DQG ILOWHUV� LV WDNHQ� 7KLV GLIIHUHQFH
�ZKLFK FDQ EH WKRXJKW RI DV DQ HUURU� LV WKH YDOXH XVHG WR WUDQVPLW� 7KLV RSHUDWLRQ LV
YLVXDOL]HG LQ )LJ� ���D�

��



7ZR VWDWH REVHUYHUV ZHUH XVHG LQ WKLV ZRUN� D GHWHUPLQLVWLF �´IL[HG VSHHGµ� PRGHO
DQG D VWRFKDVWLF PRGHO EDVHG RQ WKH .DOPDQ ILOWHU�

����� )L[HG VSHHG REVHUYHU
7KH IL[HG VSHHG PRGHO LV XVHIXO IRU $89V WKDW GULYH DW D URXJKO\ FRQVWDQW VSHHG LQ WKH
xy�SODQH ZKLOH XQGHUZD\� ZKLFK LQFOXGHV PRVW RI WKH WRUSHGR�VKDSHG YHKLFOHV VXFK DV
WKH %OXHILQ DQG 5(086 YHKLFOHV� 7KLV PRGHO XVHV WKH SULRU WZR WUDQVPLWWHG SRVLWLRQV WR
GHWHUPLQH \DZΨ ZKHUH

Ψ = WDQ−1 y[n− 1]− y[n− 2]

x[n− 1]− x[n− 2]
�����

7KH YHKLFOH·V ODVW SRVLWLRQ LV H[WUDSRODWHG XVLQJ WKLV KHDGLQJ DW WKH IL[HG VSHHG s� DQG
WKLV LV XVHG DV D UHIHUHQFH IRU WKH GLIIHUHQFH �RU HUURU� WR WKH DFWXDO YHKLFOH SRVLWLRQ WR EH
WUDQVPLWWHG� VXFK WKDW



dx[n]

dy[n]



 =



x[n]− (x[n− 1] + τ |Y| FRVΨ)

y[n]− (y[n− 1] + τ |Y| VLQΨ)



 �����

)RU GHSWK� VLQFH PDQXHXYHUV DUH OHVV SUHGLFWDEOH� WKH ODVW GLIIHUHQFH LV XVHG�

dz[n] = z[n]− (z[n− 1]− z[n− 2]) �����

7KH VLPSOLFLW\ RI WKLVPRGHOPHDQV WKDW LW LV FRPSXWDWLRQDOO\ LQH[SHQVLYH WKXV DGGLQJ
QHJOLJLEOH RYHUKHDG WR WKH OLPLWHG UHVRXUFHV RQ WKH YHKLFOH� +RZHYHU� LW LV QRW DSSOLFDEOH
IRU $89V WKDW FDQ FKDQJH WKHLU VSHHGV VXEVWDQWLDOO\ ZKLOH XQGHUZD\� )RU WKLV� D JHQHUDO
SXUSRVH PRGHO ZDV GHYHORSHG� XVLQJ WKH .DOPDQ ILOWHU�

����� .DOPDQ ILOWHU REVHUYHU
$VVXPSWLRQV

7R NHHS WKH PRGHO DV JHQHUDO DV SRVVLEOH IRU D PRYLQJ YHKLFOH� WKH IROORZLQJ DVVXPSWLRQV
ZHUH PDGH�

• 0RWLRQ DORQJ HDFK &DUWHVLDQ GLPHQVLRQ LV LQGHSHQGHQW RI WKH RWKHU GLPHQVLRQV�

• 7KH DFFHOHUDWLRQ LQFUHPHQW
dẍ[n] =

∫

τ

���
xdt �����

��



LV D QRUPDOO\ GLVWULEXWHG ZKLWH QRLVH SURFHVV LQ DOO GLPHQVLRQV ZLWK σ = σj �LQ WKH
WDUJHW WUDFNLQJ OLWHUDWXUH WKLV LV UHIHUUHG WR DV WKH :LHQHU�VHTXHQFH DFFHOHUDWLRQ
PRGHO >��@��

7KHVH DVVXPSWLRQV DUH VRPHZKDW XQUHDOLVWLF �H�J� PRWLRQ LQ x DQG y DUH UDUHO\ LQGHSHQ�
GHQW�� EXW VHUYH WR FDSWXUH WKH G\QDPLFV RI WKH YHKLFOH VXIILFLHQWO\ IRU WKH JLYHQ WDVN
ZLWKRXW LQWURGXFLQJ VLJQLILFDQW FRPSXWDWLRQDO RYHUKHDG RU ORVV RI JHQHUDOLW\�

6WDWH VSDFH PRGHO

*LYHQ WKHVH DVVXPSWLRQV� D OLQHDU VWDWH VSDFH [[n] LV GHILQHG DV

[[n] =





\[n]
\̇[n]
\̈[n]



 �����

ZKHUH

\[n] =





x(tf + nτ)

y(tf + nτ)

z(tf + nτ)



 ������

7KH G\QDPLFV RI WKH YHKLFOH LQ GLVFUHWH WLPH DUH WKXV JLYHQ E\

[[n+ 1] = $[[n] + *dẍ[n] ������

ZLWK VWDWH WUDQVLWLRQ PRGHO

$ =





,� τ ,� τ2

2 ,�
03 ,� τ ,�
03 03 ,�



 ������

ZKHUH SURFHVV QRLVH Z[n] LV QRUPDOO\ GLVWULEXWHG

Z[n] = *dẍ[n] ∼ N (0,4) ������

*LYHQ WKH :LHQHU�VHTXHQFH DFFHOHUDWLRQ PRGHO FKRVHQ DERYH� WKH QRLVH FRYDULDQFH 4 LV
JLYHQ DV

4 = σ2
j**T ������

ZKHUH
* =

[
τ2

2
τ2

2
τ2

2 τ τ τ 1 1 1
]T

������

��



.DOPDQ ILOWHU

7KH .DOPDQ ILOWHU >��@ LV D UHFXUVLYH %D\HVLDQ HVWLPDWRU IRU OLQHDU V\VWHPV ZLWK QRUPDOO\
GLVWULEXWHG QRLVH DVVXPSWLRQV� ,Q WKH PDULQH URERWLFV GRPDLQ� .DOPDQ ILOWHUV KDYH EHHQ
W\SLFDOO\ XVHG IRU WZR SXUSRVHV� �� WUDFNLQJ RI XQNQRZQ WDUJHWV EDVHG RQ QRLV\ DQG LQIUH�
TXHQW �RIWHQ VRQDU� PHDVXUHPHQWV DV LQ >��� ��@� DQG �� HVWLPDWLRQ RI WKH YHKLFOH·V QDYL�
JDWLRQ VROXWLRQ IURP D YDULHW\ RI QRLV\ VHQVRUV VXFK DV J\URVFRSHV� LQHUWLDO PHDVXUHPHQW
XQLWV� SUHVVXUH VHQVRUV DQG DFRXVWLF VHQVRUV �ORQJ EDVHOLQH� 'RSSOHU YHORFLW\ ORJJLQJ� DO�
WLPHWHUV�� VXFK DV SUHVHQWHG LQ >��²��@�

)RU WKLV ZRUN� WKH .DOPDQ ILOWHU LV XVHG WR SUHGLFW WKH VWDWH RI WKH V\VWHP EDVHG RQ D
UHGXFHG VHW RI PHDVXUHPHQWV {\[n− 1], \[n− 2], . . .}� QDPHO\ WKRVH PHDVXUHPHQWV WKDW
KDYH DOUHDG\ EHHQ VXFFHVVIXOO\ WUDQVPLWWHG WR WKH UHFHLYHU� ,Q D VHQVH� WKLV LV VLPLODU WR
WKH WDUJHW WUDFNLQJ SUREOHP� H[FHSW WKDW WKH ´WDUJHWµ �WKH VHQGHU� LV DQ $89 FRQWUROOHG
E\ WKH XVHU RI WKH V\VWHP� 7KLV ´WDUJHWµ LV WUDFNLQJ LWVHOI XVLQJ RQO\ WKH NQRZOHGJH WKDW
WKH UHFHLYHU �ZKR LV DOVR WUDFNLQJ WKH $89� KDV� 7KH JRDO� DV SUHYLRXVO\ PHQWLRQHG� LV WR
HIILFLHQWO\ FRPPXQLFDWH D PRUH DFFXUDWH VWDWH YHFWRU ZLWK DV IHZ ELWV DV SRVVLEOH� 7KH
HUURU EHWZHHQ WKH SUHGLFWLRQ DQG WKH PHDVXUHG VWDWH RI WKH V\VWHP �ZKLFK LV W\SLFDOO\ D
PRUH DFFXUDWH SUHGLFWLRQ IURP WKH VHQGHU·V QDYLJDWLRQ V\VWHP� ZKLFK PD\ HPSOR\ YDUL�
RXV VWRFKDVWLF ILOWHUV DV ZHOO� IRUPV WKH GHOWD WUDQVPLVVLRQ YHFWRU G\[n]� DOVR FDOOHG WKH
´LQQRYDWLRQµ RU PHDVXUHPHQW UHVLGXDO�

7KH DOJRULWKP SUHVHQWHG LQ WKLV ZRUN FDQ EH GHVFULEHG DV D WKUHH�VWHS SURFHVV�

�� %RWK VHQGHU DQG UHFHLYHU DQG SUHGLFW WKH QH[W VWDWH YHFWRU A[prior[n] DQG D SULRUL HVWL�
PDWH FRYDULDQFH 3prior[n] ZKHUH

A[prior[n] = $A[post[n− 1] ������
3prior[n] = $3post[n− 1]$T + 4 ������

�� 7KH VHQGHU HQFRGHV �6HFWLRQ ���� DQG WUDQVPLWV WKH GHOWD YHFWRU

G\[n] = \[n]− +A[prior[n] ������

XVLQJ WKH PDSSLQJ RI HVWLPDWH WR PHDVXUHPHQW VWDWH YHFWRUV JLYHQ E\

+ =
[
,3 03 03

]
������

7KLV GHOWD YHFWRU LV WKHQ UHFHLYHG DQG GHFRGHG E\ WKH UHFHLYHU� $W WKLV SRLQW� WKH
´WUXHµ SRVLWLRQ RI WKH YHKLFOH FDQ EH UHFRYHUHG XVLQJ ������

��



�� %RWK HQGV XSGDWH WKH ILOWHU VWDWH YHFWRU A[post[n] DQG HVWLPDWH FRYDULDQFH 3post[n]

ZLWK WKHLU UHVSHFWLYH SRVWHULRUV

A[post[n] = A[prior[n] + .[n]G\[n] ������
3post[n] = (,− .[n]+)3prior[n] ������

XVLQJ WKH LQQRYDWLRQ LQ FRPELQDWLRQ ZLWK WKH .DOPDQ JDLQ

.[n] = 3prior[n]+T6[n]−1 ������

ZKHUH
6[n] = +3prior[n]+T + 5 ������

��� $ULWKPHWLF FRGLQJ
,Q WKH SUHYLRXV VHFWLRQ DPHWKRGZDV GLVFXVVHG IRU SURGXFLQJ DPLQLPDO VHW RI �SUHVXPHG
LQGHSHQGHQW� GHOWD YDOXHV WR WUDQVPLW� $ VRXUFH HQFRGHU FDQ QRZ EH FKRVHQ WR FRPSUHVV
WKHVH GLIIHUHQFHV�

,Q WKLV ZRUN� DULWKPHWLF FRGLQJ ZDV FKRVHQ RYHU YDULRXV DOWHUQDWLYHV EHFDXVH RI WZR
PDLQ DGYDQWDJHV�

• $VVXPLQJ DQ DFFXUDWH PRGHO� LW SURGXFHV D QHDUO\ RSWLPDO HQFRGHG ELWVHW�

• 7KHPRGHOLQJ SURFHVV LV VHSDUDWH IURP WKH FRGHU GHVLJQ� 7KLV DOORZV D VLQJOH LPSOH�
PHQWDWLRQ RI DQ DULWKPHWLF FRGHU WR IXQFWLRQ RQ PDQ\ GLVWLQFW VRXUFHV RI GDWD� ,W
DOVR DOORZV IRU YDULRXVPRGHOV WR EH HYDOXDWHG RQ WKH VRXUFH GDWD ZLWKRXW UHGHVLJQ�
LQJ WKH FRGHU�

7KH PDLQ GUDZEDFN LV WKDW DULWKPHWLF FRGLQJ KDV D UHDVRQDEO\ KLJK FRPSXWDWLRQDO
FRVW� 7KLV LV JHQHUDOO\ QRW D FRQFHUQ IRU WKH XQGHUZDWHU YHKLFOH GRPDLQ VLQFH DYDLODEOH
FRPSXWLQJ UHVRXUFHV W\SLFDOO\ IDU RXWSDFH WKH WKURXJKSXW RI WKH DFRXVWLF FKDQQHO�

����� *HQHUDWLQJ D VRXUFH PRGHO
7KH QH[W VWHS LQ WKLV SURFHVV LV LGHQWLI\LQJ D VXLWDEOH PRGHO� 7KH IXOO WUDQVPLVVLRQV �����
DUH HQFRGHG XVLQJ D XQLIRUP SUREDELOLW\ GLVWULEXWLRQ� VLQFH WKH YHKLFOH FRXOG UHDVRQDEO\
EH UHGHSOR\HG DQ\ZKHUH LQ WKH RSHUDWLRQ UHJLRQ� 7KH SURFHVV RI PDSSLQJ WKH VRXUFH
GHOWD GDWD IURP 6HFWLRQ ��� LV VNHWFKHG LQ )LJ� ���E�

��
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)LJXUH ���� 7KH SUREDELOLW\ GLVWULEXWLRQV �JLYHQ LQ ������������ XVHG WR DULWKPHWLFDOO\ HQ�
FRGH dx DQG dy LQ WKLV ZRUN� 7KHVHPRGHOV ZHUH XVHG WR SURGXFH WKH H[SHULPHQWDO UHVXOWV
JLYHQ LQ )LJ� ���� 1RW VKRZQ LV WKH XQLIRUP GLVWULEXWLRQ JLYHQ LQ �������

$ SULRUL� LW VHHPV ORJLFDO WKDW WKH SUREDELOLW\ GLVWULEXWLRQ JRYHUQLQJ WKH GHOWD YDOXHV
G\[n]ZRXOG EH ]HURPHDQ� VLQFH DQ\ SDWWHUQ WKH YHKLFOHPDNHVZLOO KDYH DQ HTXDO QXPEHU
RI QHJDWLYH DQG SRVLWLYH SRVLWLRQ GLIIHUHQFHV� )RU H[DPSOH� VHH WKH KH[DJRQ LQ )LJ� ���D�
7KH QHJDWLYH dx RQ WKH HDVW VLGH ZLOO EH RIIVHW E\ WKH SRVLWLYH dx RQ WKH ZHVW VLGH� 7KH
VKDSH RI WKH GLVWULEXWLRQ LV XQFOHDU� KRZHYHU� DQG GHSHQGV VXEVWDQWLDOO\ RQ WKH PDQHX�
YHULQJ FKRLFHV WKH YHKLFOHPDNHV �WLJKW FLUFOHVZRXOG OHDG WR KLJK HUURU XVLQJ WKH G\QDPLF
PRGHO JLYHQ LQ ������ VWUDLJKW OLQHV ZRXOG EH ORZ HUURU�� 7KXV� WKH IROORZLQJ GLVWULEXWLRQV
ZHUH FRPSDUHG �DOO WKH QRQ�XQLIRUP GLVWULEXWLRQV DUH VKRZQ LQ )LJ� �����

��



• 8QLIRUP �VLPLODU IRU p[dy] DQG p[dz]��

p[dx] =






1
dxmax−dxmin−1 dx ∈ [dxmin, dxmax)

0 dx "∈ [dxmin, dxmax)
������

ZKHUH WKH OLPLWV

G\min =





dxmin

dymin

dzmin



 ,G\max =





dxmax

dymax

dzmax



 ������

PXVW EH GHWHUPLQHG D SULRUL EDVHG RQ WKH WROHUDQFH IRU XQHQFRGDEOH V\PEROV LI WKH
VWDWH REVHUYHU GLIIHUHQFH H[FHHGV WKHVH ERXQGV� ,Q D UHDO V\VWHP D V\PERO FDQ EH
UHVHUYHG IRU RXW�RI�UDQJH YDOXHV DQG WKH HQFRGHU UHVHW WR VHQG D QHZ ´IXOO WUDQVPLV�
VLRQµ ����� ZKHQ WKLV RFFXUV� 7KH WLJKWHU WKH ERXQGV� KRZHYHU� WKH OHVV SUREDELOLW\
PDVV WKDW LV ´ZDVWHGµ RQ HQFRGLQJ YDOXHV WKDW ZLOO QHYHU RU UDUHO\ RFFXU�

• 1RUPDO� ZLWK YDULDQFH σ2 = (sτ)2�

p[dx] =






N (0, σ2) dx ∈ [dxmin, dxmax)

0 dx "∈ [dxmin, dxmax)
������

7KH VWDQGDUG GHYLDWLRQ sτ ZDV FKRVHQ VR WKDW DOO SRVVLEOH PDQXHYHUV LQFOXGLQJ WKH
´ZRUVW FDVHµ VFHQDULR KDYH DERXW ��� RI WKH SUREDELOLW\ PDVV� 7KH ´ZRUVW FDVHµ LV
ZKHUH WKH YHKLFOHPDNHV D 180◦ WXUQ LPPHGLDWHO\ DIWHU WKHSUHFHHGLQJ WUDQVPLVVLRQ
VR WKDW dx[n] = 2sτ � 7KLV PHDQV WKDW σ = sτ VLQFH

Φ(µ+ 2.0σ)− Φ(µ− 2.0σ) = 0.95 ������

ZKHUHΦ LV WKH FXPXODWLYH PDVV IXQFWLRQ RI WKH QRUPDO GLVWULEXWLRQ� 7KLV GLVWULEX�
WLRQ LV XVHG RQO\ LQ FRQMXQFWLRQ ZLWK WKH IL[HG VSHHG REVHUYHU �6HFWLRQ �������

• 1RUPDO� ZLWK YDULDQFH σ2 = diag(3prior[n])� WKDW LV� WKH YDULDQFHV RI WKH D SULRUL
HVWLPDWH FRYDULDQFH IURP WKH .DOPDQ ILOWHU� 7KLV GLVWULEXWLRQ LV XVHG RQO\ LQ FRQ�
MXQFWLRQ ZLWK WKH .DOPDQ ILOWHU REVHUYHU �6HFWLRQ �������

• $GDSWLYH� 7KLV PRGHO VWDUWV SURFHVVLQJ WKH GDWDVHW ZLWK WKH XQLIRUP GLVWULEXWLRQ
JLYHQ DERYH� DQG WKHQ HTXDOO\ LQFRUSRUDWHV WKH VWDWLVWLFV RI DOO SUHYLRXVO\ WUDQVPLW�
WHG V\PEROV� 7KXV� DQ DFFXUDWH PRGHO RI WKH YHKLFOH·V SULRU SRVLWLRQV LV EXLOW XS WR
HQFRGH IXWXUH SRVLWLRQV� $W DQ\ VDPSOHm0� WKH PRGHO LV

p[dx] =






(Ndx + 1) /f0 dx ∈ [dxmin, dxmax)

0 dx "∈ [dxmin, dxmax)
������

��



ZKHUH Ndx LV WKH QXPEHU RI SULRU WUDQVPLVVLRQV RYHU [dx[0], . . . , dx[m0 − 1]] WKDW
KDG WKH YDOXH dx� DQG m = 0 LV WKH VWDUW RI WKH H[SHULPHQW� f0 LV D QRUPDOL]LQJ
FRQVWDQW JLYHQ DV

f0 = m0 + dxmax − dxmin ������

7KH PRGHO LV XSGDWHG DIWHU HQFRGLQJ DQG DIWHU GHFRGLQJ VR WKDW WKH VHQGHU DQG WKH
UHFHLYHU FDQ VKDUH WKH VDPH VWDWH�

����� ,PSOHPHQWLQJ WKH DULWKPHWLF FRGHU

7R HQVXUH WKLV ZRUN FDQ EH HDVLO\ ILHOGHG RQ $89V LQ WKH QHDU IXWXUH� WKH DULWKPHWLF FRGHU
ZDV LPSOHPHQWHG LQ WKH '\QDPLF &RPSDFW &RQWURO /DQJXDJH �'&&/�� SDUW RI WKH *RE\�
SURMHFW >��@� 7KH GHWDLOV RI WKH DULWKPHWLF FRGHU ZHUH EDVHG RQ WKH ZLGHO\ XVHG LQWHJHU
LPSOHPHQWDWLRQ E\ :LWWHQ� 1HDO� DQG &OHDUO\ >��@ DQG IXUWKHU FODULILHG LQ >��@� :KLOH WKH
LQWHJHU LPSOHPHQWDWLRQ LV XVHG LQ WKH FRGH WR DYRLG XQGHUIORZ� RYHUIORZ� DQG SUHFLVLRQ
SUREOHPV� WKLV WKHVLV XVHV WKH IORDWLQJ SRLQW QRWDWLRQ IRU FODULW\� 7KLV QRWDWLRQ LQYROYHV
HQFRGLQJ D UDQJH IURP >�� �� XVLQJ QRUPDOL]HG SUREDELOLW\ PRGHOV�

7KH PDSSLQJ IURP GHOWD YDOXHV WR V\PERO VSDFH S �VKRZQ LQ )LJ� ���F� LV JLYHQ E\

S[dx] =






dx− dxmin dx ∈ [dxmin, dxmax)

RXW�RI�UDQJH dx #∈ [dxmin, dxmax)

HQG�RI�ILOH dx ∈ ∅

������

ZLWK WZR VSHFLDO V\PEROV� HQG�RI�ILOH �(2)� XVHG WR LQGLFDWH WKH HQG RI HQFRGLQJ� DQG RXW�
RI�UDQJH �225� XVHG WR LQGLFDWH DQ\ YDOXH RXWVLGH [dxmin, dxmax)� $Q (2) V\PERO LV QRW
UHTXLUHG LI WKH QXPEHU RI PHVVDJHV HQFRGHG SHU SDFNHW LV DUUDQJHG EHWZHHQ VHQGHU DQG
UHFHLYHU DKHDG RI WLPH�

7KH DOJRULWKP IRU DULWKPHWLF FRGLQJ LV ZHOO NQRZQ DQGZLOO WKXV QRW EH UHSULQWHG KHUH
IRU EUHYLW\·V VDNH� +RZHYHU� RQH LQQRYDWLRQZDV UHTXLUHG WR FRQIRUP WR WKH'&&/ UHTXLUH�
PHQW WKDW GHFRGHUV FRQVXPH H[DFWO\ WKH VDPH QXPEHU RI ELWV DV WKH HQFRGHU SURGXFHV�
7KH LPSOHPHQWDWLRQ RI DQ DULWKPHWLF FRGHU JLYHQ LQ >��@ DQG HOVHZKHUH DVVXPHV WKDW WKH
GHFRGHU FDQ VDIHO\ UHDG QRQVHQVH ELWV SDVW WKH HQG RI WKH ILOH� XQWLO WKH DFWXDO HQG�RI�ILOH
V\PERO LV GHFRGHG� 7KLV ZLOO QRW ZRUN ZLWK '&&/ VLQFH H[WUD ELWV XVHG LQ GHFRGLQJ HQG XS
EHLQJ WDNHQ IURP WKRVH UHTXLUHG IRU WKH QH[W ILHOG LQ WKH PHVVDJH DQG WKHUHE\ FRUUXSW�
LQJ DOO IROORZLQJ ILHOGV� 7KXV� LQ WKH '&&/ LPSOHPHQWDWLRQ XVHG KHUH� WKH GHFRGHU WUDFNV
ERWK WKH XSSHU �FXUUHQW ELWVHW IROORZHG E\ DOO RQHV� DQG ORZHU �FXUUHQW ELWVHW IROORZHG

��
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�D� ([DPSOH '&&/
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�E� ([DPSOH GHFRGLQJ
dx IURP WKLV H[DPSOH
ELWVWUHDP� %RWK WKH XS�
SHU DQG ORZHU ERXQGV
DUH WUDFNHG� FRQVXPLQJ
D VLQJOH ELW DW D WLPH XQ�
WLO WKH UDQJHXQDPELJX�
RXVO\ LGHQWLILHV D V\P�
ERO�

)LJXUH ���� ([DPSOH RI WKH DULWKPHWLF GHFRGHU IRU '&&/� VKRZLQJ WUDFNLQJ RI GHFRGHG
UDQJHV WR HQVXUH WKH QXPEHU RI ELWV FRQVXPHG E\ WKH HQFRGHU DQG WKH GHFRGHU DUH LGHQ�
WLFDO�

E\ DOO ]HURV� ERXQGV RI WKH FXUUHQW V\PERO� DGGLQJ ELWV RQH DW D WLPH XQWLO WKH V\PERO LV
XQDPELJRXVO\ GHFRGHG� $Q H[DPSOH RI WKLV SURFHVV LV JLYHQ LQ )LJ� ���� 5HODWHGO\� WKH HQG
RI WKH ELWVWUHDPPXVW EH HQFRGHG H[DFWO\ VR WKDW WKH GHFRGHU GRHV QRW OHDYH H[WUD ELWV LQ
WKH VWUHDP WKDW ZRXOG FRUUXSW WKH QH[W ILHOG RI WKH PHVVDJH� 7KH DXWKRUV RI >��@ DOZD\V
XVH WZR ELWV WR LQGLFDWH ZKLFK PLGGOH TXDUWHU �HLWKHU >����� ���� RU >���� ������ LV ZKROO\
FRQWDLQHG E\ WKH ILQDO HQFRGHU UDQJH� +RZHYHU� ZKHQ DW OHDVW RQH HQG RI WKH HQFRGHU
UDQJH LV DW RQH RI WKH ERXQGV �ORZ  � DQG�RU KLJK  ��� IHZHU ELWV PD\ EH UHTXLUHG� 7KH
H[DFW VHW RI HQG ELWV �e� LV JLYHQ E\

e =






∅ KLJK = 1, ORZ = 0� QR IROORZ ELWV

0 RU 1 KLJK = 1, ORZ = 0� IROORZ ELWV

1 KLJK = 1, 0 < ORZ < 0.5

0 0.5 < KLJK < 1, ORZ = 0

01 ORZ < 0.25, KLJK ≥ 0.5

10 ORZ < 0.5, KLJK ≥ 0.75

������

��



SOXV DQ\ IROORZ ELWV DFFUXHG IURP SULRU FHQWHU H[SDQVLRQV DURXQG >����� ������ 7KLV LV
FRQVLVWHQW ZLWK WKH �URXQGHG�XS� LQIRUPDWLRQ HQWURS\

!Hbits" = −log2(p) =






0 KLJK = 1, ORZ = 0

1 KLJK = 1, 0 < ORZ < 0.5

1 0.5 < KLJK < 1, ORZ = 0

2 ORZ < 0.25, KLJK ≥ 0.5

2 ORZ < 0.5, KLJK ≥ 0.75

������

IRU WKH FDVHV LQ �������

��� 5HVXOWV RQ H[SHULPHQWDO GDWD
+HUH ZH ZLOO H[DPLQH WKH SHUIRUPDQFH RI WKH V\VWHP GHYHORSHG LQ WKH SUHYLRXV VHFWLRQV
RQ WUDQVPLWWLQJ K\SRWKHWLFDO PHVVDJHV SXOOHG IURP WZR H[SHULPHQWDO GDWDVHWV�

• 7KH VKDOORZ ZDWHU */,17�� H[SHULPHQW LQ WKH 7\UUKHQLDQ 6HD FRQWDLQLQJ LQ H[FHVV
RI VL[W\ KRXUV RI FXPXODWLYH GLYH WLPH ZLWK D %OXHILQ ��µ $89�

• $ GLYH IURP WKH $UFWLF *DNNHO 9HQWV H[SHGLWLRQ �$*$9(��� ZLWK D 6HD%(' $89 SHU�
IRUPLQJ D VXUYH\ DW � NP GHSWK� 7KH GLYH ZDV WZHQW\�RQH KRXUV LQ GXUDWLRQ�

7KHVH WZR GDWDVHWV ZHUH FKRVHQ WR FRQWUDVW VLJQLILFDQWO\ GLIIHUHQW $89 FODVVHV SHU�
IRUPLQJ GLIIHUHQW PLVVLRQV WR GHPRQVWUDWH WKH EURDG DSSOLFDELOLW\ RI WKLV DSSURDFK� 6SH�
FLILF TXDQWLWLHV IURP WKH H[SHULPHQWV DQGYDOXHV FKRVHQKHUH IRU WKHVH H[DPSOHV DUH JLYHQ
LQ 7DEOH ����

)LQDOO\� WKLV V\VWHP ZDV LPSOHPHQWHG DQG UXQ LQ WKH ILHOG GXULQJ WKH 0%$7�� WULDO
XVLQJ D %OXHILQ ��µ $89 DQG WKH :+2, DFRXVWLF 0LFUR�0RGHP�

����� */,17��
7KH GHVLUHG WUDQVPLVVLRQ LQ WKLV H[DPSOH LV D &DUWHVLDQ UHSUHVHQWDWLRQ RI WKH YHKLFOH·V
SRVLWLRQ

[
x[n] y[n]

]
= UTMWGS84(lon[n], lat[n])− UTMWGS84(lond, latd) ������

DQG z[n] LV WKH QHJDWLYH RI WKH SUHVVXUH�GHULYHG YHKLFOH GHSWK� UTMWGS84 LV WKH 8QLYHU�
VDO 7UDQVYHUVH0HUFDWRU WUDQVIRUPDWLRQ XVLQJ WKH:*6·�� HOOLSVRLG >��@� lon[n], lat[n] DUH

��



7DEOH ���� ([SHULPHQWDO 3DUDPHWHUV

3DUDPHWHU */,17�� $*$9(�� 0%$7��
'HOWD PRGHO ERXQGV�
[G\min,G\max)

>���� ��� P� H[FHSW )LJ� ���D

7UDQVPLWWHG x, y, z SUHFLVLRQ � P
-HUN YDULDQFH σ2

j 10−3� H[FHSW )LJ� ���E
0HDVXUHPHQW FRYDULDQFH 5 25,�
7LPH EHWZHHQ PHVVDJHV �τ � �� V �� V � V
1XPEHU RI IXOO WUDQVPLVVLRQV �Nf � ��� �� �
0HDQ VL]H RI IXOO WUDQVPLVVLRQ �� ELWV �� ELWV �� ELWV
1XPEHU RI GHOWD WUDQVPLVVLRQV
�Nd�

����� ���� ���

6L]H RI GHOWD WUDQVPLVVLRQ 6HH )LJ� ��� 	 7DEOH ���
9HKLFOH xy VSHHG �s� ��� P�V ��� P�V ��� P�V
:DWHU GHSWK �D� ��� P ���� P �� P
([SHULPHQW GDWXP �latd, lond� ��������◦1� ������◦( ��������◦1� �����◦( �����◦1� �����◦:

WKH YHKLFOH·V ORQJLWXGH DQG ODWLWXGH� DQG lond, latd DUH WKH ORQJLWXGH DQG ODWLWXGH RI WKH
H[SHULPHQW GDWXP� D UHIHUHQFH XVHG IRU FRQYHQLHQFH �XQUHODWHG WR WKH 870 ]RQH GDWXP��

3RVLWLRQ GDWD

$ UHSUHVHQWDWLYH VXEVHW RI WKH GDWD XVHG LV SORWWHG LQ )LJ� ���� DQG UHSUHVHQWV RQH $89
SHUIRUPLQJ D YDULHW\ RI GDWD FROOHFWLRQ DQG DGDSWLYH DXWRQRP\ PLVVLRQV� 7KH GHWDLOV RI
WKH PLVVLRQV DUH QRW RI LQWHUHVW KHUH� DV WKH JRDO LV WR GHYHORS D WHFKQLTXH IRU FRPPXQL�
FDWLQJ SRVLWLRQ GDWD UHJDUGOHVV RI WKH YHKLFOH·V PLVVLRQ� $V FDQ EH VHHQ IURP )LJ� ���D� WKH
$89SHUIRUPHG D YDULHW\ RI SRO\JRQDO H[FXUVLRQV LQWHUUXSWHG E\ VWUDLJKW�OLQHZD\SRLQWV�
,Q GHSWK� ERWK SURILOLQJ ´\R\Rµ DQG FRQVWDQW GHSWK PDQHXYHUV ZHUH XVHG� ,Q )LJV� ���E
DQG ���G� WKH .DOPDQ ILOWHU VWDWH YHFWRUV DUH SORWWHG� DV ZHOO DV WKH PHDVXUHG SRVLWLRQ RI
WKH YHKLFOH IURP WKH QDYLJDWLRQ V\VWHP� 7KH SULRU HVWLPDWH GHYLDWHV WKH PRVW ZKHQ WKH
YHKLFOH PDQXHYHUV� 7KLV LV H[SHFWHG VLQFH WKH FDXVDO PRWLRQ PRGHO GHYHORSHG LQ 6HFWLRQ
����� KDV QR ZD\ WR SUHGLFW WKHVH PDQHXYHUV DQG RQFH WKH\ RFFXU WKH\ DUH WUDFNHG DV UDQ�
GRP FKDQJHV LQ WKH YHKLFOH·V MHUN� $ PRUH VSHFLILF PRWLRQ PRGHO ZRXOG OLNHO\ LPSURYH
WKH WUDFNLQJ KHUH� EXW DW WKH FRVW RI ORVV RI JHQHUDO DSSOLFDELOLW\ WR D YDULHW\ RI YHKLFOHV
DQG PLVVLRQ W\SHV� ,Q DQ\ FDVH� WKH UHTXLUHG FDXVDOLW\ RI WKH PRGHO ZLOO DOZD\V OLPLW WKH
SHUIRUPDQFH RI WKLV V\VWHP WR VRPH GHJUHH�

��
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�D� 5HSUHVHQWDWLYH x DQG y SRVLWLRQV RI $898QLFRUQ �VKRZ�
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�G� =RRP RI SDUW �F� VKRZLQJ WKH .DOPDQ VWDWH YHFWRUV LQ z �QHJDWLYH GHSWK�� 7KH YDOXH WUDQVPLWWHG �dz� LV
WKH GLIIHUHQFH EHWZHHQ WKH PHDVXUHPHQW DQG WKH A[prior DV JLYHQ LQ ������� $V VKRZQ KHUH� WKLV GLIIHUHQFH
LV KLJKHVW IROORZLQJ D VKDUS PDQXHYHU�

)LJXUH ���� ([DPSOH VXEVHW RI $89 8QLFRUQ QDYLJDWLRQ GDWD XVHG IRU WKH H[SHULPHQWDO
DQDO\VLV IURP WKH */,17�� FUXLVH�

��



(QFRGHU UHVXOWV

(DFK RI WKH GLVWULEXWLRQV JLYHQ LQ )LJ� ��� ZDV XVHG ZLWK WKH DULWKPHWLF FRGHU GLVFXVVHG LQ
WKH SULRU VHFWLRQ WR HQFRGH WKH GDWDVHW� 7KH UHVXOWLQJ VL]H RI HDFK PHVVDJH ZDV UHFRUGHG
DQG WKH VWDWLVWLFV SORWWHG LQ )LJ� ���D� DORQJ ZLWK WKH XQFRPSUHVVHG ���ELW LQWHJHU DV D UHI�
HUHQFH SRLQW� 7KH PRPHQWV RI WKHVH UHVXOWV DUH VXPPDUL]HG LQ 7DEOH ���� $V H[SHFWHG�
WKH *DXVVLDQ PRGHO SHUIRUPHG EHWWHU WKDQ WKH XQLIRUP GLVWULEXWLRQ VLQFH LW PDNHV XVH RI
WKH G\QDPLF PRGHOV IURP 6HFWLRQ ��� ZKHUH ORZ HUURUV DUH PRUH SUREDEOH WKDQ KLJK HU�
URUV �WKH YHKLFOH LQ JHQHUDO FRQWLQXHV RQ D VLPLODU SDWK RI PRWLRQ�� +RZHYHU� ERWK RI WKH
*DXVVLDQ GLVWULEXWLRQV RYHUVWDWH WKH HUURU VLJQLILFDQWO\ IURP WKH DGDSWLYH GLVWULEXWLRQ�
DV VHHQ E\ WKH GLIIHUHQFH LQ VWDQGDUG GHYLDWLRQ EHWZHHQ WKH WZR PRGHOV LQ )LJ� ���� 2QFH
WKH DGDSWLYH GLVWULEXWLRQ ZDV LQLWLDOL]HG ZLWK VXIILFLHQW GDWD� LW HDVLO\ RXWSHUIRUPV WKH
UHVXOWV XVLQJ WKH RWKHU GLVWULEXWLRQV� )XUWKHUPRUH� WKH IL[HG VSHHG G\QDPLF PRGHO XVLQJ
WKH DGDSWLYH GLVWULEXWLRQ LV DQ LPSURYHPHQW RI ��� RYHU WKH ZLGHO\ XVHG &RPSDFW &RQ�
WURO /DQJXDJH >��@� ZKLFK XVHV �� ELWV WR HQFRGH D YHKLFOH SRVLWLRQ LQ WKH ´0'$7 67$7(µ
PHVVDJH�

&RPSDULQJ WKH WZRG\QDPLFPRGHOV XVHG� WKH.DOPDQ ILOWHU KDV D VLJQLILFDQW HGJHZLWK
WKH *DXVVLDQ GLVWULEXWLRQ VLQFH LW SURGXFHV DQ XQFHUWDLQW\ PRGHO �3prior� DV SDUW RI WKH
VWDWH HVWLPDWLRQ SURFHVV� )RU WKH DGDSWLYH GLVWULEXWLRQ� KRZHYHU� WKH IL[HG VSHHG PRGHO
SHUIRUPV VOLJKWO\ EHWWHU� HVSHFLDOO\ VLQFH LW KDV ORZHU VWDQGDUG GHYLDWLRQ GXH WR D VPDOOHU
QXPEHU RI ODUJH �L�H� ����� ELW� PHVVDJHV�

����� $*$9(��

$V ZLWK WKH */,17�� GDWDVHW� WKH YHKLFOH·V &DUWHVLDQ SRVLWLRQ GXULQJ $*$9(�� �)LJ� ����
ZDV K\SRWKHWLFDOO\ WUDQVPLWWHG� EXW WKLV WLPH XVLQJ WKH $OYLQ;< WUDQVIRUPDWLRQ IURP ODW�
LWXGH DQG ORQJLWXGH WR x DQG y >��@� 7KH VL]H RI HDFK GHOWD PHVVDJH ZDV FRPSXWHG IRU
WKH VDPH W\SHV RI PRGHOV DV IRU WKH */,17�� H[SHULPHQW� WKHVH UHVXOWV DUH SORWWHG LQ
)LJ� ���E� ,Q JHQHUDO� WKH UHVXOWV IURP WKH WZR GDWDVHWV DUH VLPLODU� 7KHUH DUH WZR PDLQ
GLIIHUHQFHV� �� WKH RYHUDOO VL]H RI WKH PHVVDJHV JHQHUDWHG IURP WKH QRQ�XQLIRUP GLVWUL�
EXWLRQV DUH VPDOOHU IRU WKH $*$9(�� GLYH WKDQ IRU WKH */,17�� WULDO� DQG �� WKH IL[HG
VSHHG PRGHO RXWSHUIRUPV WKH .DOPDQ ILOWHU PRGHO RQ WKH *DXVVLDQ GLVWULEXWLRQ IRU WKH
WKH $*$9(�� GDWDVHW�

%RWK GLIIHUHQFHV DUH OLNHO\ GXH WR WKH GLIIHUHQFH LQ YHKLFOH VSHHGV� 6LQFH WKH UHVROX�
WLRQ WUDQVPLWWHG �� P� DQG WLPH VWHS �τ = 10 V� ZHUH NHSW FRQVWDQW EHWZHHQ H[SHULPHQW

��
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Kalman Filter/Gaussian (σ2 = diag( Pprior ))
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�D� */,17��� 7KH GDWD DUH JHQHUDWHG IRU WKH PRGHOV JLYHQ LQ )LJ� ��� HDFK RSHUDWLQJ RQ WKH IXOO GDWDVHW IURP
WKH %OXHILQ ��µ $89 ´8QLFRUQµ�
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�E� $*$9(��� 5HVXOWV IURP WKH 6HD%(' $89 ´-DJXDUµ GLYH RQ ���������� XVLQJ WKH VDPH GLVWULEXWLRQ W\SHV�

)LJXUH ���� /RJ�ORJ SORW RI WKH QXPEHU RI GHOWD PHVVDJHV JHQHUDWHG ZLWK D JLYHQ VL]H �LQ
ELWV� IRU HDFK H[SHULPHQW� 7ZRPRUH GDWD SRLQWV DUH SURYLGHG IRU FRPSDULVRQ� �� WKH VL]H
LI RQO\ IXOO WUDQVPLVVLRQV ZHUH XVHG �VDPH DV WKH *RE\ '&&/ GHIDXOW DOJRULWKPV JLYHQ LQ
7DEOH ����� DQG �� DQ XQFRPSUHVVHG ���ELW LQWHJHU UHSUHVHQWDWLRQ�

GDWDVHWV� WKH VORZHU YHKLFOH �´-DJXDUµ IURP $*$9(��� ZLOO GLYHUJH OHVV IURP WKH H[SHFWHG
SRVLWLRQ� 7KH YDULDQFH RI WKH QRUPDO GLVWULEXWLRQ IRU WKH IL[HG VSHHG PRGHO LV EDVHG RQ
VSHHG� ,Q WKH FDVH RI WKH $*$9(�� UHVXOWV� WKLV LV D QDUURZHU GLVWULEXWLRQ� PRUH FORVHO\
PDWFKLQJ WKH DGDSWLYH PRGHO WKDQ LQ WKH */,17�� FDVH�

����� 0%$7��

,Q WKLV H[SHULPHQW� WKH WHFKQLTXH GHVFULEHG LQ WKLV FKDSWHU ZDV GHPRQVWUDWHG LQ VLWX RQ�
ERDUG D %OXHILQ ��µ $89 �WKH VHQGHU� HTXLSSHG ZLWK D :+2, DFRXVWLF 0LFUR�0RGHP >��@�
7KH UHFHLYHU ZDV D EXR\ HTXLSSHG ZLWK ERWK D 0LFUR�0RGHP DQG D UDGLR OLQN WR WKH UH�
VHDUFK YHVVHO� )RU FRPSDULVRQ� WKH VWDWH RI WKH YHKLFOH ZDV WUDQVPLWWHG DW HDFK DFRXVWLF

��



7DEOH ���� ([SHULPHQWDO 5HVXOWV

'\QDPLF 0RGHO 'LVWULEXWLRQ 0HDQD 6WDQGDUG GHYLDWLRQD &RPSUHVVLRQ E

*/,17��
)L[HG VSHHG *DXVVLDQ �σ = sτ � ���� ����� ���
)L[HG VSHHG $GDSWLYH ���� ���� ���
.DOPDQ ILOWHU *DXVVLDQ �σ2 = diag(3prior[n])� ���� ���� ���
.DOPDQ ILOWHU $GDSWLYH ���� ���� ���
.DOPDQ ILOWHU 8QLIRUP ���� ������ ���

$*$9(��
)L[HG VSHHG *DXVVLDQ �σ = sτ � ���� ����� ���
)L[HG VSHHG $GDSWLYH ���� ���� ���
.DOPDQ ILOWHU *DXVVLDQ �σ2 = diag(3prior[n])� ���� ����� ���
.DOPDQ ILOWHU $GDSWLYH ���� ���� ���
.DOPDQ ILOWHU 8QLIRUP ���� ������ ���

0%$7��
.DOPDQ ILOWHU *DXVVLDQ �σ2 = diag(3prior[n])� ���� ����� ���
D 0HDQ DQG VWDQGDUG GHYLDWLRQ JLYHQ LQ ELWV�
E 5HODWLYH WR D � HOHPHQW ���ELW LQWHJHU UHSUHVHQWDWLRQ�
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kalman estimate posterior
kalman estimate prior

�E� 6XEVHW RI GHSWK VKRZLQJ WKH .DOPDQ VWDWH YHF�
WRUV�

)LJXUH ���� 6HD%(' ´-DJXDUµ GLYH XVHG IURP WKH $*$9(�� H[SHULPHQW IRU WKH UHVXOWV LQ
)LJ� ���E�

��
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)LJXUH ���� 3RVLWLRQ RI WKH VHQGHU YHKLFOH DV VHHQ E\ WKH UHFHLYHU GXULQJ WKH 0%$7�� ILHOG
WULDO� 7KH VWDWH REVHUYHU FRPSUHVVLRQ WHFKQLTXH GHYHORSHG LQ WKLV FKDSWHU LV FRPSDUHG
WR WKH WUDGLWLRQDO SRVLWLRQ VHQW ZLWK HDFK DFRXVWLF GDWD WUDQVPLVVLRQ� 1RWH WKDW WKLV QHZ
WHFKQLTXH UHPRYHV WKH DOLDVLQJ SUHVHQW LQ WKH YHKLFOH·V GHSWK H[FXUVLRQV�

GDWDJUDP WUDQVPLVVLRQ LQ DGGLWLRQ WR WKH VWDWH HVWLPDWH LQQRYDWLRQV �ZLWK τ  �V�� )LJ� ���
VKRZV WKH UHVXOWV IURP D PLVVLRQ GXULQJ WKLV H[SHULPHQW� ZKLFK XVHG WKH .DOPDQ ILOWHU
VWDWH REVHUYHU FRXSOHG ZLWK WKH *DXVVLDQ GLVWULEXWLRQ IRU HQFRGLQJ WKH GHOWD WUDQVPLV�
VLRQV� 8VLQJ WKH ORZHVW GDWD UDWH DYDLODEOH ZLWK WKH SKDVH�VKLIW�NH\LQJ �36.� PRGXODWLRQ
RQ WKH 0LFUR�0RGHP �´UDWH �µ�� RQO\ 12.6� RI WKH DYDLODEOH GDWD WKURXJKSXW GXULQJ WKLV
PLVVLRQ ZDV XVHG WR WUDQVPLW WKH VWDWH REVHUYHU LQQRYDWLRQV �LQFOXGLQJ DGGUHVVLQJ� GX�
SOLFDWH UHMHFWLRQ� DQG E\WH SDGGLQJ RYHUKHDG�� 7KXV� XVLQJ WKLV WHFKQLTXH� LW LV SRVVLEOH WR
FRQVLGHU WHOHPHWU\ RI YHKLFOH SRVLWLRQV DV D UHDVRQDEO\ VPDOO DPRXQW RI RYHUKHDG RQ WKH
XQGHUZDWHU FRPPXQLFDWLRQV V\VWHP� UDWKHU WKDQ LWV SULPDU\ SXUSRVH DV KDV KLVWRULFDOO\
EHHQ WKH FDVH�

��� 5REXVWQHVV

7KH GHVLJQ RI WKH VWDWH REVHUYHUV LV LQWHQWLRQDOO\ JHQHUDO WR UHGXFH WKH QXPEHU RI SDUDP�
HWHUV WR EH ´WZHDNHGµ RU ´WXQHGµ DQG WKXV LPSURYH WKH UREXVWQHVV �IRU D EURDG UDQJH RI
PDQHXYHULQJ YHKLFOHV�� +RZHYHU� WKHUH DUH WZRPDMRU SDUDPHWHUV WR GHWHUPLQH WKDW KDYH
YDOXHV ZKLFK DUH QRW FOHDU D SULRUL� WKH UDQJH RI LQFOXGHG GHOWD YDOXHV IRU WKH DULWKPHWLF
HQWURS\ HQFRGHU �L�H� [G\min,G\max)� DQG� ZKHQ XVLQJ WKH .DOPDQ ILOWHU HVWLPDWRU� WKH
SURFHVV QRLVH �HPERGLHG LQ LWV YDULDQFH� σ2

j � ZKLFK LV XVHG WR PRGHO DOO YHKLFOH PDQXHY�
HUV�

��
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�E� 3HUIRUPDQFH GHSHQGHQFH RQ WKH YDULDQFH RI WKH SURFHVV QRLVH �ZKLFK LV KRZ
YHKLFOH PDQHXYHUV DUH PRGHOHG�

)LJXUH ���� 8VLQJ WKH */,17�� GDWDVHW� WKH SHUIRUPDQFH �LQPHDQ VL]H RI PHVVDJHV� RI WKLV
V\VWHP RYHU D UDQJH RI SDUDPHWHU YDOXHV� 7KH FRQWULEXWLRQV WR WKH PHDQ VL]H IURP WKH
GHOWD DQG IXOO WUDQVPLVVLRQ DUH VKRZQ VHSDUDWHO\� 7KH YDOXHV LQ EROG ZHUH XVHG IRU WKH
UHVW RI WKH DQDO\VLV LQ WKLV FKDSWHU DQG DUH DOVR JLYHQ LQ 7DEOH ����

��



7KH ILUVW SDUDPHWHU �[G\min,G\max)� LV LOOXVWUDWHG LQ )LJ� ���D� ZKLFK VKRZV WKH WUDGH�
RII LQ FKRRVLQJ WKHVH ERXQGV� 7RR VPDOO� DQG WKH VWDWH REVHUYHU FRQVLVWHQWO\ H[FHHGV WKH
ERXQGV� DQG D IXOO WUDQVPLVVLRQ PXVW EH UHVHQW WR UHLQLWLDOL]H ERWK VHQGHU DQG UHFHLYHU
VWDWHV� +RZHYHU� WKHUH LV DOVR D VPDOO SULFH WR SD\ IRU PDNLQJ WKHP WRR ODUJH� ZKLFK LV
WKH VPDOO DPRXQW RI SUREDELOLW\ PDVV UHTXLUHG IRU HDFK GLVFUHWH YDOXH ZLWK WKH UDQJH RI
G\min WR G\max� WDNLQJ DZD\ PDVV IURP DOO WKH UHPDLQLQJ YDOXHV� PDNLQJ WKH PRUH SURE�
DEOH YDOXHV �H�J� �� �� ��� VOLJKWO\ PRUH FRVWO\ WR HQFRGH� +RZHYHU� WKLV FRVW LV VPDOO FRP�
SDUHG WR KDYLQJ WR UHLQLWLDOL]H WKH VWDWHV E\ VHQGLQJ IXOO WUDQVPLVVLRQV IUHTXHQWO\� 7KXV�
DV LV FOHDU IURP )LJ� ���D� LW LV SUHIHUDEOH WR HUU RQ WKH VLGH RI WRR ORRVH ERXQGV WKDQ WRR
WLJKW�

7KH VHFRQG SDUDPHWHU �σ2
j � ZDV RULJLQDOO\ FKRVHQ XVLQJ D VXEVHW RI WKH H[SHULPHQWDO

GDWD IURP */,17�� WR GHWHUPLQH D UHDVRQDEOH RUGHU�RI�PDJQLWXGH YDOXH �σ2
j = 10−3��

)LJXUH ���E VKRZV WKH RYHUDOO SHUIRUPDQFH �PHVVDJH VL]H LQ ELWV� LQFOXGLQJ IXOO WUDQVPLV�
VLRQV DQG GHOWD WUDQVPLVVLRQV� IRU D ZLGH UDQJH RI SURFHVV QRLVH YDOXHV� 7KLV ILJXUH VKRZV
WKDW WKH DOJRULWKP LV UREXVW RYHU DERXW IRXU RUGHU RI PDJQLWXGH IURP 10−2 WR 10−5 �WRR
ORZ RU WRR KLJK DQG WKH ILOWHU SHUSHWXDOO\ IDLOV WR WUDFN�� ,W LV DOVR ZRUWK UHPHPEHULQJ
WKDW WKH IL[HG VSHHG WUDFNHU GRHV QRW UHTXLUH WKLV SDUDPHWHUL]DWLRQ DQG LV DSSOLFDEOH WR D
ODUJH QXPEHU RI FODVVHV RI $89V IRXQG LQ WKH ILHOG WRGD\�

)LQDOO\� E\ GHVLJQ� WKH WUDGHRII IRU LQDFFXUDF\ LQ GHWHUPLQLQJ WKHVH SDUDPHWHUV LV QRW
DFFXUDF\ LQ WKH UHFHLYHG WHOHPHWU\� EXW UDWKHU FRVW �LQ ELWV� RI VHQGLQJ WKHVH GDWD� 7KLV
PHDQV WKDW WKH UHFHLYHU LV QHYHU XQFHUWDLQ DERXW WKH TXDOLW\ RI WKH GDWD WKDW LW KDV UHFHLYHG�

��� 3HUIRUPDQFH FRPSDULVRQ WR WUDGLWLRQDO DSSURDFK

$V PHQWLRQHG LQ 6HFWLRQ ���� WKH GHOWD WHFKQLTXH GHYHORSHG LQ WKLV FKDSWHU SURYLGHV DQ
HYHQO\ VDPSOHGKLVWRULFDO WLPHVHULHV �UHJDUGOHVV RI SDFNHW ORVV� E\ UHWUDQVPLWWLQJGURSSHG
SDFNHWV �XVLQJ $54�� 6XFK DQ HYHQO\ VDPSOHG KLVWRU\ LV XVHIXO IRU LQ�VLWX DQDO\VLV RI LQ�
VWUXPHQW GDWD DWWDFKHG WR WKHVH SRVLWLRQ PHVVDJHV� RU SHUIRUPDQFH HYDOXDWLRQ� 6LQFH
VKLS WLPH LV KLJKO\ H[SHQVLYH� LW LV YDOXDEOH WR GR DV PXFK GDWD DQDO\VLV DQG GHEXJJLQJ DV
SRVVLEOH ZKLOH WKH YHKLFOH LV XQGHUZD\ �UDWKHU WKDQ ZDLWLQJ XQWLO WKH HQG RI WKH PLVVLRQ��

+RZHYHU� WKHUH DUH WLPHV ZKHQ RQO\ WKH ODWHVW SRVLWLRQ RI WKH YHKLFOH LV GHVLUHG� ,Q
WKLV FDVH� GRHV WKLV VWDWH REVHUYDWLRQ WHFKQLTXH VWLOO SURYLGH DQ\ EHQHILW" 8VLQJ WKH H[SHU�
LPHQWDO UHVXOWV IURP0%$7�� �7DEOH ����� WKH VLPXODWHGPHDQ FRVW WR VHQG D GHOWDPHVVDJH
ZDV SORWWHG DJDLQVW WKH SDFNHW ORVV �PRGHOHG DV DQ LQGHSHQGHQW %HUQRXOOL SURFHVV� DV )LJ�

��
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delta (packet =  55 bits)

delta (packet = 105 bits)

delta (packet = 156 bits)

delta (packet = 206 bits)

delta (packet = 256 bits)

�E� ,QFUHDVHG ODWHQF\ �RYHU IXOO V\VWHPZLWK QR WUDQVPLWV� IRU D YDULHW\
RI SDFNHW VL]HV�

)LJXUH ����� 3HUIRUPDQFH FRPSDULVRQ RI WUDGLWLRQDO ´QHZHVW ZKHQ SRVVLEOHµ V\VWHP �IXOO
WUDQVPLVVLRQZLWK QR UHWUDQVPLWV� ZLWK WKH GHOWD VWDWH REVHUYHU WHFKQLTXH LQ WKH FDVH ZKHQ
D IXOO KLVWRULFDO WLPHVHULHV LV XQQHHGHG�

��



����D� 7KLV PHWULF ZDV FRPSXWHG IRU D YDULHW\ RI SDFNHW VL]HV� UDQJLQJ IURP WKH IXOO WUDQV�
PLVVLRQ VL]H ��� ELWV� WR �� E\WHV ���� ELWV�� D FRPPRQO\ XVHG DFRXVWLF PRGHP PD[LPXP
WUDQVPLVVLRQ XQLW �078�� ,Q DGGLWLRQ� D FXUYH UHSUHVHQWLQJ WKH WUDGLWLRQDO V\VWHP XVLQJ
IXOO WUDQVPLVVLRQV ZLWK QR UHWUDQVPLVVLRQ XSRQ ORVV LV SURYLGHG� 7KXV� GHSHQGLQJ RQ WKH
SDFNHW VL]H� WKLV GHOWD�EDVHG WHFKQLTXH LV FKHDSHU �XVHV IHZHU ELWV RQ DYHUDJH� WKDQ D WUD�
GLWLRQDO IXOO SRVLWLRQ V\VWHP XS WR SDFNHW ORVVHV RI ��� RU KLJKHU�

2Q WKH RWKHU KDQG� WKH GHOWD V\VWHP UHTXLUHV WKDW ROGHU LQQRYDWLRQV EH FRUUHFWO\ UH�
FHLYHG EHIRUH QHZHU LQQRYDWLRQV FDQ EH XVHG �RWKHUZLVH WKH VHQGHU DQG UHFHLYHU VWDWH RE�
VHUYHUV GR QRW VKDUH WKH VDPH VWDWH�� 7KLV OHDGV WR LQFUHDVHG ODWHQF\ RYHU WKH IXOO SRVLWLRQ
V\VWHP WKDW LQFUHDVHVPRQRWRQLFDOO\ ZLWK SDFNHW ORVV� 7KLV H[FHVV ODWHQF\ LV VKRZQ LQ )LJ�
����E� 7KH WROHUDQFH IRU H[FHVV ODWHQF\ YHUVXV LQFUHDVHG ELW FRVW LV PLVVLRQ VSHFLILF� $ K\�
EULG V\VWHP WKDW VZLWFKHV EHWZHHQ WKLV GHOWD WHFKQLTXH �IRU ORZHU SDFNHW ORVV OLQNV� DQG D
WUDGLWLRQDO IXOO V\VWHP �IRU KLJKHU SDFNHW ORVV OLQNV�PD\ EH QHFHVVDU\ WR UHDFK WKH GHVLUHG
WUDGHRII RI ODWHQF\ YHUVXV WKURXJKSXW IRU D JLYHQ PLVVLRQ�

��� &RQFOXVLRQ
$ WHFKQLTXH IRU WUDQVPLWWLQJ WKH SRVLWLRQ YHFWRU RI DQ $89 DW UHODWLYHO\ KLJK UDWHV DW
YHU\ ORZ FRVW �LQ ELWV� ZDV GHYHORSHG DQG GHPRQVWUDWHG RQ WZR H[SHULPHQWDO GDWD VHWV
DQG LPSOHPHQWHG LQ WKH ILHOG� OHDGLQJ WR PHDQ FRPSUHVVLRQ UDWLRV DV KLJK DV 93�� 6XFK
D V\VWHP LV VXLWDEOH IRU XVH ZLWK WKH FXUUHQWO\ DYDLODEOH DFRXVWLF PRGHPV WKDW SURYLGH
RQO\ RQ WKH RUGHU RI 101 WR 102 E\WHV SHU PLQXWH RI WKURXJKSXW� 7KLV FKDSWHU VKRZV WKDW
FRQWLQXRXV WHOHPHWU\ RI YHKLFOH SRVLWLRQ LV SRVVLEOH ZKLOH VWD\LQJZHOO ZLWKLQ WKH DELOLWLHV
RI WKHVHPRGHPV� DOORZLQJ IRU DGGLWLRQDOPLVVLRQ�VSHFLILFPHVVDJLQJ WR WDNH SODFH DVZHOO�

3RUWLRQV RI WKLV FKDSWHU DUH F©���� ,(((� 5HSULQWHG� ZLWK SHUPLVVLRQ� IURP 7� 6FKQHLGHU DQG +� 6FKPLGW�

´$SSURDFKHV WR ,PSURYLQJ $FRXVWLF &RPPXQLFDWLRQV RQ $XWRQRPRXV 0RELOH 0DULQH 3ODWIRUPV�µ 8QGHUZD�

WHU &RPPXQLFDWLRQV� &KDQQHO 0RGHOOLQJ 	 9DOLGDWLRQ� ����� 6HSWHPEHU �����

��



��



� 'LVUXSWLYH 7HFKQLTXH� DXWRQRPRXV
QDYLJDWLRQ DSSURDFKHV WR LPSURYH WKH SK\VLFDO

OLQN

��� ,QWURGXFWLRQ
$XWRQRPRXV XQGHUZDWHU YHKLFOHV �$89V� DUH LQFUHDVLQJO\ XVHG LQ D YDULHW\ RI RFHDQR�
JUDSKLF DQG QDYDO WDVNV� VXFK DV RFHDQRJUDSKLF VXUYH\V� WDUJHW GHWHFWLRQ DQG FODVVLILFD�
WLRQ� DQG VHDIORRU LPDJLQJ� 0DQ\ RI WKHVH WDVNV PDNH XVH RI DFRXVWLFV DV HLWKHU D UHPRWH
VHQVLQJ WRRO RU DV D FRPPXQLFDWLRQV VLJQDO FDUULHU� 3URSDJDWLRQ RI DFRXVWLF VLJQDOV DUH
KLJKO\ GHSHQGHQW RQ WKH DFRXVWLF HQYLURQPHQW� WKH VHD VXUIDFH� ZDWHU FROXPQ� DQG VHD
IORRU� 7KXV� DFFXUDWH XQGHUVWDQGLQJ RI WKLV HQYLURQPHQW PD\ EH H[SORLWHG IRU LPSURY�
LQJ WKH SHUIRUPDQFH RI VRQDUV RU DFRXVWLF PRGHPV� VLPLODUO\ WR WKH RSWLPL]DWLRQ VWUDWH�
JLHV XVHG LQ WKH SDVW E\ KXPDQ SODWIRUP DQG VRQDU RSHUDWRUV� &RPSXWDWLRQDO DFRXVWLF
PRGHOLQJ XVHV QXPHULFDO PHWKRGV IRU DSSUR[LPDWHO\ VROYLQJ WKH ZDYH HTXDWLRQ LQ UHDO
HQYLURQPHQWV ZKRVH SDUDPHWHUV DUH WRR FRPSOH[ WR KDQGOH DQDO\WLFDOO\� 7KLV FKDSWHU
SUHVHQWV WKH *HQHULF 5RERWLF $FRXVWLF 0RGHOLQJ �*5$0� FRQFHSW IRU LQWHUIDFLQJ WKH DU�
WLILFLDO LQWHOOLJHQFH FDSWDLQLQJ WKH $89 WR RQH RU PRUH H[LVWLQJ DFRXVWLF PRGHOV� VXFK DV
WKH $FRXVWLFV 7RROER[ >��@ RU 2$6(6 >��@ PRGHOV� :H SUHVHQW WKH XVH RI WKH *5$0 FRQ�
FHSW DQG VRIWZDUH IRU WZR GRPDLQV� LPSURYHG DFRXVWLF FRPPXQLFDWLRQV LQ VKDOORZ ZDWHU
DQG GHHS VHD ORFDOL]DWLRQ DQG WUDFNLQJ RI D QHDU VXUIDFH DFRXVWLF FRQWDFW� $ VFKHPDWLF RI
WKLV FRQFHSW LV JLYHQ LQ )LJ� ����

����� 0226�,Y3 $XWRQRP\ 6RIWZDUH
7KH0226�,Y3 $XWRQRP\ VRIWZDUH SUHVHQWHG LQ >��@ SURYLGHV WZRPDLQ FRPSRQHQWV WKDW
IRUP WKH XQGHUSLQQLQJV IRU WKLV ZRUN�

��



» measured salinity, temperature, pressure: 
 calculated sound speed

environmental data

modeled acoustics 

» transmission loss
» impulse response (delay spread)
» noise

» decide to transmit or not
» move to improve reception

(a) environment-based acoustic model 
(Generic Robotic Acoustic Modeling) 

modeled communications
communications quality, P(Q)expected direction to contact

actionsactions

(b) application-specific modeling 
(communications, target localization)

(c) AI reasoning

» communications quality
» acoustic pressure
» environment (S,T,P)

measured

(d) explore physical space &
data from other agents

successful decoding (Bernoulli)
symbol SNR

Q = {
modeled beamforming

» move to maximize SNR

)LJXUH ���� %ORFN GLDJUDP RYHUYLHZ RI WKH PRGHO�EDVHG DGDSWLYLW\ IUDPHZRUN SUHVHQWHG
LQ WKLV ZRUN� 7KH ULJKW SDWK IRFXVHV RQ LPSURYLQJ DFRXVWLF FRPPXQLFDWLRQV �GHPRQ�
VWUDWHG LQ VHFWLRQ ���� ZKHUHDV WKH OHIW SDWKPRGHOV VRQDU SHUIRUPDQFH IRU D WDUJHW WUDFN�
LQJ DSSOLFDWLRQ �VHFWLRQ ������� %RWK DSSOLFDWLRQV �DQG RWKHUV� FDQ EH UXQ LQ SDUDOOHO GXH WR
WKH 53& GHVLJQ RI *5$0 �VHH VHFWLRQ ����� 7KH GRWWHG DUURZV UHSUHVHQW DUHDV RI IHHGEDFN
QRW SUHVHQWHG LQ WKLV ZRUN WKDW FRXOG EH H[SORLWHG IRU EHWWHU SHUIRUPDQFH�

��



• 0226 SXEOLVK�VXEVFULEHPLGGOHZDUH� SURYLGHV LQWHUSURFHVV FRPPXQLFDWLRQV �,3&�
RYHU7&3 LQ DSXEOLVK�VXEVFULEHPDQQHU YLD D FHQWUDO ´EXOOHWLQ�ERDUGµSURFHVVZKLFK
FRQWDLQV D GDWDEDVH RI WKH ODWHVW VDPSOH RI HDFK GDWD W\SH� 7KLV HQDEOHV WKH URERWLF
VRIWZDUH WR EH VSOLW LQWR PDQ\ GLVFUHWH VXEV\VWHPV WKDW FDQ EH GHYHORSHG DQG GH�
EXJJHG LQGHSHQGHQWO\�

• 7KH ,QWHUYDO 3URJUDPPLQJ �,Y3� +HOP PXOWL�REMHFWLYH GHFLVLRQ HQJLQH� 7KH ,Y3
+HOP SURYLGHV DQ LQWHUIDFH IRU D FROOHFWLRQ RI EHKDYLRUV WR SURGXFH IXQFWLRQV RI
XWLOLW\ �ZKLFK DUH VRIW GHFLVLRQV DQG FDQ EHPXOWL�PRGDO� RYHU RQH RUPRUH GRPDLQV
�XVXDOO\ KHDGLQJ� VSHHG� DQG GHSWK RI WKH $89�� $W D VHW IUHTXHQF\ �W\SLFDOO\ RQH
+HUW]�� WKH ,Y3 +HOP VROYHV DOO WKH EHKDYLRUV· IXQFWLRQV IRU D VLQJOH KDUG GHFLVLRQ
WKDW LV SDVVHG WR WKH YHKLFOH FRQWURO V\VWHP WR H[HFXWH� 8QOLNH WUDGLWLRQDO EHKDYLRU�
EDVHG FRQWURO VXFK DV WKDW FKDPSLRQHG E\ %URRNV >��@� WKH ,Y3 +HOP EHKDYLRUV KDYH
VWDWH DQG WKHUHIRUH FDQ UXQ PRGHOV DQG DFW RQ FROOHFWHG GDWD� DV LV GRQH LQ WKH EH�
KDYLRUV SUHVHQWHG LQ WKLV ZRUN�

0226�,Y3 KDV EHHQ XVHG H[WHQVLYHO\ LQ PDULQH YHKLFOH DXWRQRP\ UHVHDUFK� VXFK DV
FRRSHUDWLYH VHDUFK WDVNV >��� ��� ��@ DQG DGDSWLYH RFHDQRJUDSKLF VHQVLQJ >��� ��@�

����� &RPSXWDWLRQDO $FRXVWLF 0RGHOV

7KLV ZRUN EXLOGV RQ VHYHUDO FRPSXWDWLRQDO PRGHOV WKDW XVH GLIIHULQJ WHFKQLTXHV IRU DS�
SUR[LPDWHO\ VROYLQJ WKH ZDYH HTXDWLRQ LQ FRPSOH[ RFHDQ HQYLURQPHQWV� 7KH WKHRUHWL�
FDO WUHDWPHQW RI WKH XQGHUO\LQJ DSSUR[LPDWLRQV XVHG IRU DOO WKHVH PRGHOV LV GLVFXVVHG LQ
GHSWK LQ >��@�

• $FRXVWLFV 7RROER[� D FROOHFWLRQ RI FRPSXWDWLRQDOPRGHOV DQG UHODWHG WRROV� 7KH WZR
WKDW DUH LQWHJUDWHG LQWR *5$0 DUH�

– %(//+23 >��@� D PRGHO WKDW JHQHUDWHV UD\ WUDMHFWRULHV� WUDQVPLVVLRQ ORVV �XV�
LQJ *DXVVLDQ EHDP WUDFLQJ�� DQG HLJHQUD\ WUDYHO WLPH RXWSXWV XVLQJ WKH UD\�
EDVHGKLJK�IUHTXHQF\ DSSUR[LPDWLRQRI DFRXVWLF SURSDJDWLRQ� 7KLV LV WKHPRGHO
XVHG IRU WKH FDVH VWXGLHV LQ WKLV ZRUN GXH WR WKH UDSLG FRPSXWDWLRQ RI UD\ WUDF�
LQJ RYHU RWKHU DSSURDFKHV� 2Q HPEHGGHG V\VWHPV VXFK DV $89V� IDVW FRPSX�
WDWLRQ LV RIWHQ PRUH LPSRUWDQW WKDQ KLJK ILGHOLW\ GXH WR SRZHU FRQVWUDLQWV
DQG DYDLODEOH FRPSXWDWLRQDO UHVRXUFHV� 6HH )LJ� ��� IRU DQ LOOXVWUDWLRQ RI KRZ
PXFK SRZHU FDQ EH VDYHG E\ KDYLQJ D ORZ GXW\ F\FOH RQ WKH PRGHOLQJ V\VWHP�

��



– .5$.(1 >��@� D QRUPDO PRGHV EDVHG PRGHO� .5$.(1 WUHDWV WKH RFHDQ ZDYHJ�
XLGH DV D VXPPDWLRQ RI PRGHV DQG LV WKXV EHVW VXLWHG IRU PRUH DFFXUDWH PRG�
HOLQJ RI VRPHZKDW ORZHU IUHTXHQF\ �IHZHU PRGHV� SUREOHPV WKDQ %(//+23 LV
VXLWHG IRU�

• 2$6(6� D PRGHO WKDW UHOLHV RQ ZDYHQXPEHU LQWHJUDWLRQ WR VROYH SUREOHPV LQYROY�
LQJ SURSDJDWLRQ LQ RQH RU PRUH KRUL]RQWDOO\ VWUDWLILHG OD\HUV� PDNLQJ LW HVSHFLDOO\
VXLWHG IRU VHLVPR�DFRXVWLFV SUREOHPV�

2WKHU DFRXVWLF PRGHOV FDQ EH LQFRUSRUDWHG LQWR WKH IUDPHZRUN SUHVHQWHG LQ VHFWLRQ
���� 7KH $FRXVWLFV 7RROER[ DQG 2$6(6 ZHUH FKRVHQ IRU WKHLU PDWXULW\� RSHQ VRXUFH DYDLO�
DELOLW\� DQG SHUIRUPDQFH �ERWK DUHZULWWHQ LQ )RUWUDQ� ZKLFK LV FRPSLOHG WR WKH SODWIRUP·V
QDWLYH PDFKLQH FRGH��

��� *5$0� /RZ SRZHU LQ�VLWX *HQHUDOL]HG $FRXVWLF
0RGHOLQJ

7KH*HQHULF 5RERWLF $FRXVWLF0RGHO �*5$0�SURYLGHV D VHW RI WRROV LPSOHPHQWHG LQ&�� IRU
SHUIRUPLQJ LQ�VLWXPRGHOLQJ RI WKH DFRXVWLF HQYLURQPHQW IRU XVH E\ DXWRQRPRXV GHFLVLRQ
PDNLQJ �VXFK DV WKH ,Y3 +HOP XVHG LQ WKH H[SHULPHQWDO VWXGLHV LQ VHFWLRQV ��� DQG �������
$ JUDSKLFDO VWUXFWXUH GLDJUDP RI *5$0 LV SURYLGHG LQ )LJ� ���� VKRZLQJ DOVR WKH VXJ�
JHVWHG GLYLVLRQ RI KDUGZDUH V\VWHPV EDVHG RQ WKH UHDOWLPH DQG SHUIRUPDQFH �DQG WKHUHE\
SRZHU� UHTXLUHPHQWV� *5$0 LV GHVLJQHG ZLWK VHYHUDO FRQVLGHUDWLRQV WKDW PDNH LW PRUH
VXLWHG IRU UXQQLQJ RQ XQGHUZDWHU HPEHGGHG URERWLF V\VWHPV WKDQ GLUHFWO\ FDOOLQJ WKH
XQGHUO\LQJ DFRXVWLF PRGHOLQJ FRGH�

• DV\QFKURQRXV UHPRWH SURFHGXUH FDOO �53&� GHVLJQ

• UXQWLPH UHFRQILJXUDEOH

• DEVWUDFWHG LQWHUIDFH

����� 53& GHVLJQ

*5$0 LV GHVLJQHG VXFK WKDW HDFK ´FRQVXPHUµ �DQ DSSOLFDWLRQ RU PRGXOH WKDW QHHGV WKH
UHVXOW RI DQ DFRXVWLF PRGHO� PDNHV DV\QFKURQRXV UHTXHVWV LQGHSHQGHQWO\ RI WKH RWKHU

���



iGRAM Application (C++)

BHV_MaxSNRDepth BHV_AcommsDepth

pHelmIvP Communications Subsystem

Sensor Subsystem

“Frontseat” interface

GRAM Library (C++)

GRAM ResponseGRAM Request

High performance CPU(s) 
 “Model Farm” 

 “Backseat”: MOOS-IvP

“Frontseat”: Low level control, navigation, and sensing
Vehicle manufacturer specific

» Reads Environmental data updates

» Writes GRAM Request / Reads GRAM Response

» Does Acoustic Commuications specific modeling

» Produces multimodal utility function over depth

» Reads Environmental data updates

» Writes GRAM Request / Reads GRAM Response

» Does noise modeling

» Produces multimodal utility function over depth

» Short horizon O(1 second) decision engine

» Solves multiple objective functions over entire
speed, heading, depth domains for scalar desired action

» Reads GRAM Request and calls GRAM Library

» Writes GRAM Response from GRAM Library

» Translates GRAM Request into model-specific language

» Calls requested model

» Translates model output into GRAM Response

BELLHOP Ray Tracing Model KRAKEN Normal Modes Model

OASES Wavenumber Integration Model
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)LJXUH ���� $ VWUXFWXUH GLDJUDP RI DQ DXWRQRPRXV XQGHUZDWHU YHKLFOH XVLQJ WKH *5$0
WRROV DQG WKH 0226�,Y3 DXWRQRP\ PLGGOHZDUH� 6HH >��@ IRU DQ RYHUYLHZ RI WKH
´IURQWVHDWµ�´EDFNVHDWµ SDUDGLJP �2OLYHLUD� HW DO� DOVR XVH D VLPLODU VHSDUDWLRQ RI KDUG�
ZDUH LQ >��@�� 7KH SUHVHQW ZRUN DGGV D WKLUG SK\VLFDO FRPSXWLQJ OD\HU� WKH PRGHO IDUP�
ZKLFK FDQ EH WKRXJKW RI D RQH VWHS IXUWKHU UHPRYHG LQ WHUPV RI UHDOWLPH UHTXLUHPHQWV
IURP WKH ´EDFNVHDWµ� :KLOH WKLV VHSDUDWLRQ LV QRW UHTXLUHG� LW FDQ EH XVHG WR VDYH SRZHU�
DV LOOXVWUDWHG LQ )LJ� ����
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Combined

Split (GRAM)

)LJXUH ���� &RPSDULVRQ RI FRPSXWHU ERDUG SRZHU XVDJH IRU VSOLW ORZ�SRZHU &38 �WKH
´EDFNVHDWµ� DQG KLJK�SHUIRUPDQFH &38 �´PRGHO IDUPµ� YHUVXV FRPELQHG RQ D VLQJOH KLJK�
SHUIRUPDQFH ERDUG� /RZ�SRZHU ERDUG VKRZQ LV WKH (XURWHFK 7LWDQ �,QWHO ��� 0+]
3;$��� ;6FDOH SURFHVVRU� >��@� KLJK�SHUIRUPDQFH ERDUG LV WKH $GYDQWHFK 3&0����� �,Q�
WHO ��� *+] $WRP '��� 'XDO &RUH SURFHVVRU� >��@� 7KH GXW\ F\FOH LV WKH IUDFWLRQ RI WLPH
WKH DFRXVWLF PRGHOV DUH EHLQJ UXQ� ZLWK WKH DVVXPSWLRQ WKHPRGHO IDUP FDQ EH VKXW RII LQ
WKH VSOLW FDVH WKH UHVW RI WKH WLPH� ([FHSW ZKHQ WKH PRGHOV DUH EHLQJ UXQ QHDU FRQVWDQWO\�
WKH VSOLW V\VWHP �LOOXVWUDWHG LQ )LJ� ���� VDYHV SRZHU� ZKLFK LV HVSHFLDOO\ XVHIXO LQ ORQJHU
VORZHU PLVVLRQV ZKHUH KRWHO SRZHU XVDJH GRPLQDWHV SURSXOVLRQ SRZHU XVDJH >��@�

FRQVXPHUV� (DFK UHTXHVW LV SURFHVVHG E\ WKH *5$0 WRROV DQG D UHVSRQVH LV VHQW EDFN FRQ�
WDLQLQJ WKH UHVXOWV RI WKH PRGHO FDOFXODWLRQ� 7KH UHTXHVWV DQG UHVSRQVHV FDQ EH WUDQVPLW�
WHG RYHU D WUDQVSRUW RI FKRLFH �H�J� 7&3� VKDUHGPHPRU\� 56������ LQ WKH UHVXOWV SUHVHQWHG
LQ WKLV FKDSWHU ZH XVH WKH 0226PLGGOHZDUH 7&3�EDVHG WUDQVSRUW� 7KLV GHVLJQ DOORZV IRU
WKH VHSDUDWLRQ RI VRIW UHDOWLPH PRGHOLQJ FRPSXWDWLRQV IURP RWKHU ILUP RU KDUG UHDOWLPH
V\VWHPV �´EDFNVHDWµ DXWRQRPRXV GHFLVLRQ PDNLQJ DQG ´IURQWVHDWµ ORZ�OHYHO FRQWURO DQG
DFWXDWLRQ�� DV FRQVXPHUV FDQ FRQWLQXH WR ZRUN XVLQJ WKHLU PRVW UHFHQW DYDLODEOH GDWD XQ�
WLO WKH QHZ PRGHO FDOFXODWLRQ LV FRPSOHWH� 7KLV VHSDUDWLRQ DOVR DOORZV IRU WKH KDUGZDUH
SHUIRUPLQJ WKH PRGHOLQJ WR EH SXW LQWR D ORZ SRZHU VWDWH� VDYLQJ VLJQLILFDQW DPRXQWV
RI HQHUJ\ ZKHQ WKH UHTXLUHG GXW\ F\FOH RI WKH PRGHOLQJ IDUP LV VRPHZKDW OHVV WKDQ RQH
KXQGUHG SHUFHQW� 6HH )LJ� ��� IRU D FRPSDULVRQ RI SRZHU XVDJH IRU D VSOLW PRGHO�UHDOWLPH
V\VWHP �VXFK DV GLDJUDPPHG LQ )LJ� ���� YHUVXV D PRUH WUDGLWLRQDO VLQJOH &38 ERDUG GH�
VLJQ� 7KH VSHFLILFV RI WKH PLVVLRQ DQG G\QDPLFV RI WKH HQYLURQPHQW FDQ FKDQJH WKH UH�
TXLUHG GXW\ F\FOH GUDPDWLFDOO\�

���



����� 5XQWLPH UHFRQILJXUDEOH

(DFK UHTXHVW IRU DPRGHO FDOFXODWLRQ FDQ FRQWDLQ DQ\ RU DOO RI WKH SDUDPHWHUV RI WKH DFRXV�
WLF HQYLURQPHQW� 7KLV DOORZV IRU PHVKLQJ IL[HG SDUDPHWHU YDOXHV ZLWK UHDO WLPH XSGDWHV
RI WKH HQYLURQPHQW DYDLODEOH IURP RQ�ERDUG VHQVRUV �H�J� &RQGXFWLYLW\�7HPSHUDWXUH�
'HSWK �&7'� VHQVRU� DQG�RU WUDQVPLWWHG IURP D UHPRWH VRXUFH �H�J� DQRWKHU $89� VDWHO�
OLWH� VXUIDFH FUDIW��

����� $EVWUDFWHG LQWHUIDFH

*5$0 XVHV DQ H[WHQVLEOH REMHFW�RULHQWHG UHSUHVHQWDWLRQ RI WKH DFRXVWLF HQYLURQPHQW
�ZULWWHQ LQ D ODQJXDJH�QHXWUDO 3URWRFRO %XIIHUV UHSUHVHQWDWLRQ >��@�� ZKLFK LV WUDQVODWHG
LQWR WKH VSHFLILF LQSXW IRUPDW UHTXLUHG E\ WKH GHVLUHG DFRXVWLFPRGHO� 0DQ\ RI WKHVHPRG�
HOV XVH DUFDQH LQSXW IRUPDWV WKDW DUH LQWROHUDQW RI V\QWDFWLFDO PLVWDNHV� *LYHQ WKH FRVWV
RI $89V �KXQGUHGV RI WKRXVDQGV RI 86 GROODUV� DQG WKH RSHUDWLRQDO FRVWV RI $89 H[SHUL�
PHQWV �WKRXVDQGV RI GROODUV SHU GD\�� DFFHSWHG VRIWZDUH TXDOLW\ SUDFWLFHV WKDW HPSKDVL]H
VDYLQJ SURJUDPPLQJ WLPH DQG LQFUHDVLQJ UHOLDELOLW\ DUH RI XWPRVW FRQFHUQ WR $89 UH�
VHDUFKHUV� 7KH DEVWUDFWHG *5$0 LQWHUIDFHV SURYLGHV WKHVH TXDOLW\ FKHFNV WKDW WKH QDWLYH
LQWHUIDFH WR WKH $FRXVWLFV 7RROER[ DQG 2$6(6 GR QRW�

• FRPSLOH�WLPH W\SH FKHFNLQJ

• FRPSLOH�WLPH ERXQGV FKHFNLQJ RQ HQXPHUDWLRQ ILHOGV

• UXQ�WLPH ERXQGV FKHFNLQJ RQ QXPHULF ILHOGV

��� */,17�� 6KDOORZ ZDWHU H[SHULPHQW

����� $FRXVWLF &RPPXQLFDWLRQV

0RVW DXWRQRPRXV YHKLFOH WDVNV VKDUH D FRPPRQ HOHPHQW� FROOHFWLRQ RI GDWD WKDW DUH RQO\
XVHIXO RQFH WKH\ UHDFK D KXPDQ RSHUDWRU RU D FROODERUDWLQJ URERW� 7UDQVPLVVLRQ RI VXFK
GDWD FDQ HDVLO\ EH DFFRPSOLVKHG RQFH WKH PLVVLRQ LV FRPSOHWHG DQG WKH YHKLFOH LV UHFRY�
HUHG� +RZHYHU� WKH WLPH VHQVLWLYLW\ RI WKH GDWDPD\ SUHFOXGHZDLWLQJ KRXUV RU GD\V EHIRUH
LWV UHFRYHU\� )XUWKHUPRUH� RIIORDGLQJ GDWD GXULQJ D PLVVLRQ JXDUGV DJDLQVW FRPSOHWH ORVV
LQ WKH HYHQW RI FDWDVWURSKLF YHKLFOH IDLOXUHV� )LQDOO\� FROODERUDWLRQ EHWZHHQ WZR RU PRUH
URERWV UHTXLUHV FRPPXQLFDWLRQ GXULQJ WKH PLVVLRQ�

���
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)LJXUH ���� 7KH ��� VRXQG VSHHG SURILOHV FDOFXODWHG XVLQJ WKH &KHQ�0LOOHUR HTXDWLRQ >��@
IURP WKH WHPSHUDWXUH� VDOLQLW\� DQG SUHVVXUH GDWD FROOHFWHG E\ WKH $898QLFRUQ WKURXJK�
RXW WKH */,17�� H[SHULPHQW VWDUWLQJ RQ ����������� 3URILOHV ZHUH FROOHFWHG E\ WKH $89
SHUIRUPLQJ RQH RUPRUH ´\R\RµPDQHXYHUV LQ GHSWK DQG DUH DYHUDJHG RYHU WKLUW\PLQXWH
ZLQGRZV� ,QLWLDOO\ WKH VWUDWLILFDWLRQ LV PRUH SURQRXQFHG EHIRUH D VWRUP HDUO\ LQ WKH H[�
SHULPHQW FDXVHG VRPH PL[LQJ RI VXUIDFH DQG ERWWRP ZDWHUV�

7R WKLV HQG� ZLUHOHVV DFRXVWLF FRPPXQLFDWLRQ V\VWHPV KDYH EHHQ GHYHORSHG WR DOORZ
IRU VXEVHD WHOHPHWU\� 6RXQG LV XVHG DV D FDUULHU UDWKHU WKDQ WKH PRUH WUDGLWLRQDO UDGLR RU
OLJKW ZDYHV GXH WR WKH YHU\ VKRUW HOHFWURPDJQHWLF VNLQ GHSWK RI VHD ZDWHU LQ DOO EXW YHU\
ORZ IUHTXHQFLHV �ZKLFK UHTXLUH ODUJH DQWHQQDV WR HIILFLHQWO\ JHQHUDWH�� $FRXVWLF ZDYHV
DUH IDU IURP DQ LGHDO GLJLWDO VLJQDO FDUULHU� WKRXJK� $WWHQXDWLRQ GXH WR DEVRUSWLRQ ZKLFK
LQFUHDVHV ZLWK IUHTXHQF\ SXWV D SUDFWLFDO XSSHU ERXQG RQ WKH XVDEOH FDUULHU IUHTXHQFLHV
DQG FRQVHTXHQWO\ DYDLODEOH EDQGZLGWK� 0XOWLSDWK GXH WR VXUIDFH DQG ERWWRP UHIOHFWLRQV
DV ZHOO DV UHIUDFWLRQ FDXVHG E\ WKH RIWHQ KLJKO\ VWUDWLILHG YHUWLFDO VRXQG VSHHG SURILOH
OHDGV WR LQWHUV\PERO LQWHUIHUHQFH DQG WKHUHE\ KLJK SDFNHW ORVV� 7KH ORZ VSHHG RI VRXQG
LQ ZDWHU �QRPLQDOO\ ���� P�V� OHDGV WR QRQ�QHJOLJLEOH 'RSSOHU HIIHFWV� 6WRMDQRYLF >��@�
3UHLVLJ >��@� DQG %DJJHURHU >��@ FRYHU DOO WKHVH LVVXHV DQG KRZ WKH\ LQIOXHQFH WKH GHVLJQ
RI DQ DFRXVWLF PRGHP SK\VLFDO OD\HU�

���



7DEOH ���� */,17�� ([SHULPHQW 3DUDPHWHUV

*HRPHWULF
6RXUFH �%XR\� GHSWK �� P
5HFHLYHU �$89� GHSWK YDULDEOH �SULPDULO\ ���� P�
6RXUFH �%XR\� VSHHG ���� P�V �σ  ���� P�V�
5HFHLYHU �$89� VSHHG ���� P�V �σ  ���� P�V�
6RXUFH EHDP SDWWHUQ D]LPXWKDOO\ RPQL�GLUHFWLRQDO� SRODU LV �G% UHGXFHG

WRZDUGV VXUIDFH DQG ERWWRP�
(QYLURQPHQWDO

6HD VWDWH �%HDXIRUW� ���
6HD IORRU GHSWK ��� P �σ  ��� P�
6LJQDOLQJD

6RXUFH /HYHO ��� G% UH � µ3D DW � P
)UHTXHQF\ �FDUULHU� ����� +]

%DQGZLGWK ���� +]
0RGXODWLRQ )UHTXHQF\�KRSSLQJ )UHTXHQF\ 6KLIW .H\LQJ �)+�)6.�

)UHTXHQF\ KRSV �
6\PERO ELQ ZLGWK ��� +]
6\PERO GXUDWLRQ ���� PV

6\PERO FOHDULQJ WLPH � V\PEROV  ���� PV
(UURU FRUUHFWLRQ FRGLQJ UDWH ��� FRQYROXWLRQDO FRGH
6\PEROV � WUDQVPLVVLRQ ���
%+9 $FRPPV'HSWK

$FRXVWLF PRGHO ZLQGRZ τa ��� V
(QYLURQPHQWDO ZLQGRZ τe ���� V
D 6HH >��@ IRU IXUWKHU GHWDLOV RQ FRGLQJ DQG PRGXODWLRQ DQG >��@ IRU WKH SDFNHW VSHFLIL�
FDWLRQ�

���



����� ([SHULPHQWDO 6HWXS
7KH */,17�� H[SHULPHQW WRRN SODFH LQ WKH VKDOORZ ZDWHU �QRPLQDOO\ ��� PHWHUV GHHS�
RII 3RUWR 6DQWR 6WHIDQR� *5� ,WDO\ LQ WKH 7\UUKHQLDQ 6HD ZLWKLQ WHQ NLORPHWHUV RI WKH H[�
SHULPHQW GDWXP DW 42◦27′24′′ 1� 10◦52′30µ (� 7KH DFRXVWLF HQYLURQPHQW �VHH )LJ� ���� ZDV
PDUNHG E\ D ZDUP VXUIDFH OD\HU �FRUUHVSRQGLQJ WR D KLJK VSHHG RI VRXQG� IROORZHG E\ D
VKDUS WKHUPRFOLQH DQG FRROHU ZDWHU� )URP WKH SHUVSHFWLYH RI WKLV ZRUN� WKH H[SHULPHQW
KDV WZR JRDOV�

�� &ROOHFW VWDWLVWLFV RQ DFRXVWLF PRGHP SHUIRUPDQFH DV D IXQFWLRQ RI UDQJH DQG GHSWK
IRU XVH LQ YDOLGDWLQJ WKH XWLOLW\ RI WKH DGDSWLYH EHKDYLRUV DQG IRU GHYHORSLQJ IHHG�
EDFN OHDUQLQJ IRU IXWXUH PLVVLRQV� 2Q SUHYLRXV H[SHULPHQWV LQ D VLPLODU HQYLURQ�
PHQW� TXDOLWDWLYH REVHUYDWLRQV KDG EHHQ PDGH DERXW PXFK LPSURYHG PRGHP SHU�
IRUPDQFH DW GHHSHU GHSWKV� 7KLV H[SHULPHQW KRSHV WR YDOLGDWH DQG TXDQWLI\ WKLV
REVHUYDWLRQ�

�� 'HPRQVWUDWH DQ DGDSWLYH EHKDYLRU IRU WUDFNLQJ WKHPRGHOHG WUDQV�
PLVVLRQ ORVV PLQLPXP FDOFXODWHG XVLQJ WKH VRXQG VSHHG SURILOH REWDLQHG E\ WKH
$89 XVLQJ WKH WKHUPRFOLQH GHWHFWLRQ DQG WUDFNLQJ EHKDYLRUV GHYHORSHG DV SDUW
RI >��@�

%RWK RI WKHVH ZHUH SHUIRUPHG XVLQJ D VLQJOH $89 �´8QLFRUQµ� DQG D FRPPXQLFDWLRQV
EXR\ �´%XR\µ� IL[HG DW ��PHWHUV GHSWK� %RWK DVVHWV ZHUH HTXLSSHG ZLWK WKH:+2, DFRXV�
WLF 0LFUR�0RGHP LQ WKH ´&µ IUHTXHQF\ EDQG XVLQJ PRGXODWLRQ UDWH ´�µ� VHH 7DEOH ��� IRU
WKH FRUUHVSRQGLQJ DFRXVWLFDO DQG PRGXODWLRQ SDUDPHWHUV� 7KLV FKRLFH RI PRGHP KDUG�
ZDUH ZDV GULYHQ E\ DYDLODELOLW\ DQG FRQYHQLHQFH� WKH DGDSWLYH EHKDYLRUV LQ WKLV ZRUN
DUH EDVHG RQ IXQGDPHQWDO DFRXVWLFV WKDW DIIHFW WKH SHUIRUPDQFH RI DOO DFRXVWLF PRGHPV�
'LIIHUHQW PRGXODWLRQ VFKHPHV DQG DGDSWLYH HTXDOL]DWLRQ ZLOO FDXVH LPSURYHG UHVXOWV LQ
FHUWDLQ HQYLURQPHQWV� EXW WKH\ FDQQRW UHPHG\ WKH XQGHUO\LQJ VLJQDO·V TXDOLW\� 7KH EH�
KDYLRUV GHYHORSHG KHUH ZRUN WR LPSURYH WKH XQGHUO\LQJ VLJQDO ZKLFK VKRXOG LQ WXUQ LP�
SURYH PRGHP SHUIRUPDQFH UHJDUGOHVV RI WKH PRGHP FKRVHQ� 7KLV ZRUN LV FRPSOHPHQ�
WDU\ WR WKDW RQ WKH SK\VLFDO OD\HU VXFK DV >��@ DQG >��@� DQG RSHUDWHV RQ D OHYHO DERYH
WKH WUDGLWLRQDO QHWZRUNLQJ ´VWDFNµ LQ D QHZ OD\HU FDOOHG WKH ´SODWIRUPµ OD\HU DV VKRZQ
LQ )LJ� ���� 7KH WLPHVFDOHV LQYROYHG DUH ZLGHO\ GLIIHUHQW DV ZHOO� DLPV
WR LPSURYH FRPPXQLFDWLRQV WDNLQJ LQWR DFFRXQW HQYLURQPHQWDO FKDQJHV RQ WKH RUGHU RI
KRXUV ZKHUHDV SK\VLFDO OD\HU FRPPXQLFDWLRQV ZRUN DWWHPSWV WR DFFRXQW IRU FKDQJHV RQ
WKH RUGHU RI PLOOLVHFRQGV�

���
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)LJXUH ���� 7KHZRUN LQ WKLV VHFWLRQ FDQ EH WKRXJKW RI DV FRPSULVLQJ D QHZ OD\HU DERYH WKH
WUDGLWLRQDO VHYHQ�OD\HU 2SHQ 6\VWHPV ,QLWLDWLYH �26,� QHWZRUNLQJ VWDFN >��@� $QRWKHU ZD\
RI WKLQNLQJ DERXW WKLV FRPSDUHG WR RWKHU ZRUN LQ WKH QHWZRUNLQJ V\VWHP LV WKH WLPHVFDOH
RI HQYLURQPHQWDO FKDQJHV WKDW DUH IRFXVHG RQ� WKDW LV� WKH SK\VLFDO OD\HU LV FRQFHUQHG
ZLWK V\PERO�WR�V\PERO YDULDWLRQ LQ WKH FKDQQHO �PLOOLVHFRQGV�� ZKHUHDV WKLVZRUN WDFNOHV
KRXUO\ RU ORQJHU VFDOH YDULDWLRQ LQ WKH HQYLURQPHQW�

����� %+9 $FRPPV'HSWK� $XWRQRP\ %HKDYLRU IRU PD[LPL]LQJ
DFRXVWLF PRGHP SHUIRUPDQFH RYHU YHKLFOH GHSWK

7KLV ,Y3 +HOP EHKDYLRU ZDV ZULWWHQ WR DUELWUDWH RYHU WKH GHSWK GHFLVLRQ GRPDLQ ZLWK WKH
JRDO RI LPSURYLQJ DFRXVWLF FRPPXQLFDWLRQV UHFHSWLRQ EHWZHHQ DQ $89 DQG D IL[HG �RU
VORZO\ PRYLQJ� UHFHLYHU� ,W PDNHV XVH RI WKH PRGHOHG DFRXVWLFV WR IRUP D VRIW GHFLVLRQ
EDVHG RQ WKH H[SHFWHG EHVW FRPPXQLFDWLRQV WKURXJKSXW�

8VLQJ WKH QHZHVW DYDLODEOH VRXQG VSHHG GDWD PDNHV D UHTXHVW WR
*5$0 IRU D WUDQVPLVVLRQ ORVV FDOFXODWLRQ IRU WKH UDQJH ZLQGRZ∆r ZKHUH

∆r = |Y0|cos(Θ)τa �����

IRUPHG IURP WKH YHKLFOH·V FXUUHQW SRVLWLRQ r0 IRU D SUHGHILQHG WLPH KRUL]RQ τa EDVHG RQ
LWV FXUUHQW LQVWDQWDQHRXV YHORFLW\ Y0 DQG DQJOHΘZLWK UHVSHFW WR WKH %XR\ �ZKHUHΘ = 0

LV GHILQHG DV ZKHQ WKH $89·V ERZ LV SRLQWLQJ GLUHFWO\ DZD\ IURP WKH EXR\·V SRVLWLRQ��
7KLV UHTXHVW LV PDGH DW OHDVW HYHU\ τa VHFRQGV VR WKDW WKH PRGHOHG UHJLRQ LQ UDQJH�GHSWK
VSDFH �ZLWK UHVSHFW WR WKH UHFHLYHU� DOZD\V FRQWDLQV WKH DFWXDO UHJLRQ WKDW WKH YHKLFOH
FXUUHQWO\ RFFXSLHV�

���
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�D� 7KUHH H[DPSOH SORWV RI WKH %+9 $FRPPV'HSWK REMHFWLYH
IXQFWLRQ O(d) �(T� ���� XVLQJ WKH UD\ WUDFH VKRZQ LQ )LJ� �����
Θ  �� Hmax = 108 G%� DQG UHPDLQLQJ SDUDPHWHUV DV JLYHQ
LQ 7DEOH ���� ,Q WKH DEVHQFH RI RWKHU EHKDYLRUV� WKH YHKLFOH·V
GHFLVLRQ IRU GHSWK LV PDUNHG E\ DQ DUURZ�
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�E� 2QH SRVVLEOH LQWHUDFWLRQ RI %+9 $FRPPV'HSWK ZLWK RWKHU
EHKDYLRUV� 7KH REMHFWLYH IXQFWLRQ IRU r0  ���P LV VKRZQ DORQJ
ZLWK WZR RWKHU EHKDYLRUV �RQH IRU DYRLGLQJ D K\SRWKHWLFDO RE�
VWDFOH DW ��P DQG D VDIHW\ EHKDYLRU WR VWD\ ��P RII WKH VHD
IORRU�� $JDLQ� WKH GHFLVLRQ LV JLYHQ E\ DQ DUURZ�

)LJXUH ���� ([DPSOH %+9 $FRPPV'HSWK REMHFWLYH IXQFWLRQVZLWKRXW �D� DQGZLWK �E� FRQ�
FXUUHQW GHSWK�GRPDLQ EHKDYLRUV�

���



7KH VRXQG VSHHG LV DVVXPHGKRPRJHQHRXV LQ UDQJH �L�H� WKH1RUWKLQJV�(DVWLQJV SODQH�
JLYHQ WKH LQIHDVLELOLW\ RI VDPSOLQJ DOO SRLQWV LQ WKH YHKLFOH·V IXWXUH SDWK�
WKHQ DYHUDJHV WKH PRGHOHG LQWHQVLW\ RYHU WKH UDQJH ZLQGRZ WR FDOFXODWH WKH PRGHOHG
WUDQVPLVVLRQ ORVV

H(d) = −10 ORJ10








r0+∆r∑

r=r0

∣∣∣∣∣
P (d, r)

P0

∣∣∣∣∣

2


 /∆r



 �����

ZKHUH P (d, r) LV WKH DFRXVWLF SUHVVXUH LQ $89 GHSWK �d� DQG UDQJH �r�� DQG P0 LV WKH SUHV�
VXUH DW WKH VRXUFH� 8VLQJ WKLV DYHUDJHG WUDQVPLVVLRQ ORVV� VHHNV WR
PD[LPL]H WKH H[SHFWHG DFRXVWLF VLJQDO OHYHO YLD DQ REMHFWLYH IXQFWLRQ �O(d)� RYHU $89
GHSWK

O(d) = PD[
(

1− H(d)

Hmax
, 0

)

�����

ZKHUH Hmax LV D QRUPDOL]DWLRQ FRQVWDQW UHSUHVHQWLQJ WKH WUDQVPLVVLRQ ORVV WKUHVKROG
DERYH ZKLFK WKH YHKLFOH LV DVVLJQHG QR XWLOLW\ WR EH DW WKDW GHSWK� 7KLV FDQ HLWKHU EH WKH
PD[LPXPH IRU D JLYHQ ZLQGRZ �DV ZDV XVHG LQ WKH */,17�� WULDO� RU D JOREDO PD[LPXP
GHWHUPLQHG EDVHG RQ WKH UHFHLYHG VLJQDO VWDWLVWLFV� )RU WKH GDWD FROOHFWHG GXULQJ WKLV
H[SHULPHQW� D Hmax RI ��� G% ZRXOG EH D UHDVRQDEOH FKRLFH DV OHVV WKDQ �� RI PHVVDJHV
ZHUH UHFHLYHG DW PHDVXUHG WUDQVPLVVLRQ ORVVHV KLJKHU WKDQ WKLV� 7KLV YDOXH ZDV XVHG
LQ WKH REMHFWLYH IXQFWLRQV SORWWHG LQ )LJ� ���� $QRWKHU PRUH DJJUHVVLYH FKRLFH FRXOG EH
WKH PLQLPXP SUREDELOLW\ RI HUURU GHFLVLRQ UXOH IRU WKH ELQDU\ K\SRWKHVLV WHVW EHWZHHQ
D SDFNHW EHLQJ UHFHLYHG VXFFHVVIXOO\ RU D SDFNHW EHLQJ GURSSHG� %DVHG RQ WKH */,17��
GDWD� WKLV FULWHULRQ ZRXOG OHDG WRHmax = 94 G%�

7KH FRPSOHWHG REMHFWLYH IXQFWLRQ O(d) LV WKHQ SDVVHG WR WKH ,Y3 +HOP WR VROYH DORQJ
ZLWK WKH RWKHU EHKDYLRUV IRU WKH KHDGLQJ DQG VSHHG GRPDLQV� $Q H[DPSOH RI KRZ O(d)

LQWHUDFWV ZLWK RWKHU REMHFWLYH IXQFWLRQV WKDW DOVR RSHUDWH LQ WKH GHSWK GHFLVLRQ GRPDLQ
LV LOOXVWUDWHG LQ )LJ� ���E�

����� 0LVVLRQ SURILOH

7KLV H[SHULPHQWZDV GHVLJQHG WR WHVW WKH HIIHFWLYHQHVV RIPRGHO�EDVHG DGDSWLYLW\ RQ D VLQ�
JOH $89 ZLWKRXW H[SHQVLYH HTXLSPHQW VXFK DV DQ XSZDUG�IDFLQJ $FRXVWLF 'RSSOHU &XU�
UHQW 3URILOHU �$'&3� ZKLFK FRXOG PHDVXUH VHD�VXUIDFH FRQGLWLRQV� 7KH UHTXLUHG HTXLS�
PHQW IRU WKLV H[SHULPHQW ZDV RQO\ D &7' DQG HQRXJK FRPSXWDWLRQDO SRZHU WR UXQ WKH
0226�,Y3 DQG *5$0 FRPELQHG DXWRQRP\ DQG PRGHOLQJ V\VWHP�

���



(DFKPLVVLRQ ZDV UXQZLWK D EDVLF VWUDLJKW�OLQH µUDFHWUDFNµ LQ WKH 1RUWKLQJV�(DVWLQJV
ORFDO 870 &DUWHVLDQ SODQH� 7KH LQWHUHVWLQJ SDUW RI WKH PLVVLRQ KDSSHQV LQ GHSWK� ZLWK
WKH JRDO WKDW WKH ZRXOG UXQ VLPXOWDQHRXVO\ ZLWK RWKHU EHKDYLRUV DU�
ELWUDWLQJ RYHU WKH 1RUWKLQJV�(DVWLQJV SODQH �YLD D FKRVHQ GHVLUHG VSHHG DQG KHDGLQJ�� ,Q
DGGLWLRQ� LW LV H[SHFWHG WKDW RWKHU EHKDYLRUV ZLOO EH DGGHG WR LQIOXHQFH WKH FKRVHQ GHSWK
RI WKH YHKLFOH� DQG WKH PXOWL�REMHFWLYH VROYHU RI WKH ,Y3 +HOP UHVROYLQJ WKHVH PXOWLSOH
IXQFWLRQV RYHU WKH YHKLFOH·V XWLOLW\ IRU D JLYHQ GHSWK� (DFK PLVVLRQ IROORZHG WKLV SODQ�

�� *DWKHU D &7' SURILOH E\ PDNLQJ VLQXVRLGDO H[FXUVLRQV LQ GHSWK� VWDUWLQJ ZLWK FORVH
WR WKH IXOO ZDWHU FROXPQ DQG QDUURZLQJ GRZQ WR DGDSW WR WKH WKHUPRFOLQH UHJLRQ
ZKHUH WKH PRVW FKDQJHV LQ WHPSHUDWXUH �DQG E\ H[WHQVLRQ VRXQG VSHHG LQ WKLV HQ�
YLURQPHQW� DUH RFFXULQJ� 7KLV WKHUPRFOLQH DGDSWLYLW\ LV GHVFULEHG LQ >��@�

�� 7KHVH &7' GDWD DUH SDVVHG WR ZKLFK JHQHUDWHV DQ REMHFWLYH IXQF�
WLRQ IRU WKH ,Y3 +HOP WR VROYH DORQJ ZLWK WKH RWKHU EHKDYLRUV IRU WKH KHDGLQJ DQG
VSHHG GRPDLQV� 7KH %(//+23 PRGHO ZDV XVHG ZLWK *5$0 IRU WKLV ZRUN GXH WR WKH
KLJK IUHTXHQF\ ��� N+]� RI WKH DFRXVWLF FDUULHU� )RU WKLV H[SHULPHQW� QR EHKDYLRUV
EHVLGHV ZHUH UXQQLQJ WKDW SURGXFHG DQ REMHFWLYH IXQFWLRQ RYHU
GHSWK� VR WKDW ZH FRXOG HYDOXDWH WKH SHUIRUPDQFH RI DORQH�

�� 7KH YHKLFOH PRYHV WR WKH RSWLPDO GHSWK GHWHUPLQHG E\ DQG DW
OHDVW HYHU\ τa VHFRQGV UHUXQV WKH *5$0 PRGHO IURP VWHS �� WDNLQJ LQWR DFFRXQW
FKDQJHV LQ KHDGLQJ DQG VSHHG� /HVV RIWHQ �DW WKH HQYLURQPHQWDO LQWHUYDO τe� D UHVHW
WR VWHS �� LV PDGH WR UHPHDVXUH WKH VRXQG VSHHG SURILOH IRU DQ\ FKDQJHV LQ WKH HQYL�
URQPHQW� τe VKRXOG EHPXFK OHVV WKDQ WKH WLPHVFDOH RI FKDQJHV WR WKH HQYLURQPHQW�
6LQFH WKH VKDOORZ ZDWHU 0HGLWHUUDQHDQ VRXQG VSHHG SURILOH FKDQJHV VLJQLILFDQWO\
RQ WKH RUGHU RI RQH GD\ WLPHVFDOHV� τe ZDV FKRVHQ WR DERXW D WZR RUGHUV RI PDJQL�
WXGH EHORZ WKDW� RU ���� VHFRQGV�

����� 5HVXOWV
0RGHOLQJ DQG FRPPXQLFDWLRQV VWDWLVWLFV

7KH PRGHOLQJ DQG VWDWLVWLFDO UHVXOWV RI WKH */,17�� H[SHULPHQW DUH VXPPDUL]HG LQ )LJ�
���� DORQJZLWK )LJ� ��� ZKLFK VKRZV WKHPRGHOHG QRLVH OHYHO� )LJ� ��� �D� VKRZV D %(//+23
UD\ WUDFLQJ PRGHO IRU WKH DYHUDJH VRXQG VSHHG SURILOH RI WKH HQWLUH H[SHULPHQW WR JLYH D
JHQHUDO RYHUYLHZ RI WKH DFRXVWLF HQYLURQPHQW IURP WKH SHUVSHFWLYH RI WKH %XR\ DV VRXUFH
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f = 25 kHz

)LJXUH ���� 0RGHOHG VHD VXUIDFH QRLVH XVLQJ IRU %HDXIRUW VHD VWDWH � �REVHUYHG IRU PRVW
RI WKH */,17�� H[SHULPHQW� XVLQJ >��@ DQG 2$6(6� 1RWH WKDW WKH QRLVH SURILOH LQ GHSWK LV
QHDUO\ FRQVWDQW �DERXW � G% RI GHYLDWLRQ�� MXVWLI\LQJ WKH XVH RI WUDQVPLVVLRQ ORVV H DV D
SUR[\ IRU SNR LQ WKLV DQDO\VLV�

DQG VKRZ WKH VLJQLILFDQW GRZQZDUG UHIUDFWLRQ GXH WR WKH WKHUPRFOLQH IURP �� WR �� PH�
WHUV GHSWK� 1RWH WKDW WKLV DYHUDJH HUDVHV VRPH RI WKH VPDOO VFDOH IHDWXUHV SUHVHQW LQ HDFK
DFWXDO SURILOH �WDNHQ HYHU\ τe VHFRQGV DQG SORWWHG LQ )LJ� ���� WKDW WKH YHKLFOH DFWXDOO\
XVHV IRU LWV PRGHOLQJ�

)RU GLVSOD\ SXUSRVHV� WKH UHPDLQLQJ SORWV DUH VSOLW LQWR ��� PHWHU UDQJH ELQV ZKHUH
DOO GDWD VKRZQ ZLWKLQ DUH DYHUDJHG LQ UDQJH RYHU WKHVH ELQV� 2QO\ WKH XSSHU �� PHWHUV RI
WKH ZDWHU FROXPQ DUH VKRZQ DV WKLV LV ZKHUH WKH $89 VSHQW PRVW RI LWV WLPH� )LJ� ��� �E�
JLYHV WKH PRGHOHG WUDQVPLVVLRQ ORVV �Hn(d)� XVLQJ WKH SURILOHV �LQVWDQWLDWLRQV� WDNHQ E\
WKH YHKLFOH DQG WKHQ DYHUDJHG LQ LQWHQVLW\ RYHU WKH LQVWDQWLDWLRQV DV ZHOO DV ZLWKLQ HDFK
UDQJH ELQ� WKDW LV

Hn(d) = −10 ORJ10
(

1

imax

imax∑

i=0

10−H(d,i)/10

)

�����

ZKHUH H(d, i) LV JLYHQ E\ HTXDWLRQ ��� IRU HDFK LQVWDQWLDWLRQ RI WKH VRXQG VSHHG SURILOH
i� ,Q WKLV FDVH ∆r = 400 DQG r0 = ∆r(n − 1) ZKHUH n = [1, 5] FRUUHVSRQGV WR HDFK RI
WKH ILYH GLVSOD\HG UDQJH ELQV� 7KH HUURU EDUV �VWDQGDUG GHYLDWLRQ RI WKH LQWHQVLW\ RYHU DOO
WKH VRXQG VSHHG SURILOH LQVWDQWLDWLRQV� VKRZ WKH VHQVLWLYLW\ RI YDULRXV SDUWV RI WKH WUDQV�
PLVVLRQ ORVV SORW WR FKDQJHV LQ WKH VRXQG VSHHG SURILOH� 7KH UHJLRQV RI KLJKHU VWDQGDUG

���



GHYLDWLRQ DUH FDXVHG E\ FDXVWLFVPRYLQJ ORFDWLRQ GXH WR VPDOO FKDQJHV LQ WKH VRXQG VSHHG
SURILOH� ,Q JHQHUDO� GHHSHU GHSWKV KDYH ORZHUH LQ WKLV HQYLURQPHQW�

)LJ� ��� �F� JLYHV WKH PRGHOHG URRW�PHDQ�VTXDUH GHOD\ VSUHDG τRMS FDOFXODWHG XVLQJ
WKH H[SHULPHQW PHDQ VRXQG VSHHG SURILOH �663� �)LJ� ��� �D�� ZKHUH

τRMS =

√√√√
∫∞
0 (τ − τ̄)2A(τ)dτ
∫∞
0 A(τ)dτ

�����

DQGA(τ) LV WKH LQWHQVLW\ RI WKH DUULYDOV ZKHUH τ = 0 LV WKH ILUVW DUULYDO� ,Q JHQHUDO� GHHSHU
ZDWHU KDV D ORZHU GHOD\ VSUHDG� OHDGLQJ WR SRWHQWLDOO\ UHGXFHG LQWHUV\PERO LQWHUIHUHQFH�

7KH H[SHULPHQWDO GDWD IURP DOO WKH WUDQVPLVVLRQV �N = 3350� VHQW E\ WKH $89 8QL�
FRUQ WR WKH %XR\ ZHUH XVHG WR FRPSDUH DJDLQVW WKH PRGHOHG GDWD� 7KH GDWD ZHUH VSOLW
LQWR WZR JURXSV XVLQJ D EDVLF GLYLVLRQ LQWHUHVWLQJ WR $89 URERWLFLVWV� ZDV WKH PHVVDJH
UHFHLYHG FRUUHFWO\ �5 JRRG� RU QRW �5 EDG�" $ PHVVDJH ZDV FRQVLGHUHG WR EH UHFHLYHG
FRUUHFWO\ LI LW KDG QR HUURUV DIWHU GHFRGLQJ �DV YHULILHG E\ D F\FOLF UHGXQGDQF\ FKHFN LQ
WKH:+2,0LFUR�0RGHP�� $Q\ RWKHU SUREOHPZLWK WKHPHVVDJHPHDQW WKDW LW ZDV FRQVLG�
HUHG QRW WR EH UHFHLYHG FRUUHFWO\� $ SUREDELOLW\ GLVWULEXWLRQ RI WKH YHKLFOH·V GHSWK �P (D)�
WKURXJKRXW WKH H[SHULPHQW ZDV HVWLPDWHG IURP WKH GDWD XVLQJ DQ (SDQHFKQLNRY NHUQHO
VPRRWKLQJ HVWLPDWH� $OVR D FRQGLWLRQDO SUREDELOLW\ RI GHSWK JLYHQ WKDW WKHPHVVDJHVZHUH
UHFHLYHG �P (D|R = good)� ZDV FRPSXWHG LQ D VLPLODU PDQQHU� 2I JUHDWHU LQWHUHVW LV WKH
SRVWHULRU SUREDELOLW\ �P (R = good|D = d)� ZKLFK ZDV FRPSXWHG IRU DOO GHSWKV d XVLQJ
WKH SULRU P (D) DQG %D\HV· UXOH�

P (R = good|D = d) =
P (D = d|R = good)P (R = good)

P (D = d)
�����

7KLV SRVWHULRU ZDV SORWWHG LQ )LJ� ��� �G�� )RU UDQJHV JUHDWHU WKDQ ��� PHWHUV �UDQJH
ELQV ����� WKH GDWD VKRZ D VWURQJ GHSWK GHSHQGHQF\� ZLWK PRGHP SHUIRUPDQFH GRXEOLQJ
IURP WZHQW\PHWHUV WR ILIW\PHWHUV LQ WKH IDUWKHVW UDQJH ELQ� $W VKRUW UDQJHV �r < 800P��
ODUJH SHUFHQWDJHV �P (R = good|D = depth) > 0.75� RI WKH PHVVDJHV DUH UHFHLYHG ZKLFK
LV OLNHO\ GXH WR WKH VWURQJ GLUHFW DUULYDO �ILUVW ERWWRP ERXQFH RFFXUV DW r " ���� PHWHUV�
DQG JHQHUDOO\ KLJK VLJQDO VWUHQJWK� $VZRXOG EH H[SHFWHG JLYHQ WKDWPRGHPSHUIRUPDQFH
GHSHQGV RQ VLJQDO VWUHQJWK� WKLV LV WKH LQYHUVH RI WKH PRGHOHG WUDQVPLVVLRQ ORVV LQ )LJ�
����E�� ZKLFK VKRZV D GHSWK GHSHQGHQF\ LQ WKH VDPH ELQV �GHFUHDVLQJH ZLWK LQFUHDVLQJ
GHSWK�� 7KHVH GDWD DOVR GR QRW VKRZ D VWURQJ FRUUHODWLRQ ZLWK WKH PRGHOHG GHOD\ VSUHDG
τRMS � 7KLV PD\ EH GXH WR WKH IDFW WKDW WKH UHDO GHOD\ VSUHDG LV VLJQLILFDQWO\ LQIOXHQFHG E\
WKH VHD VXUIDFH� ZKLFK ZDV QDLYHO\ PRGHOHG XVLQJ D IODW SUHVVXUH UHOHDVH VXUIDFH LQ WKLV

���



0.4 m

0.1 m
14°

Air Cavity (Electronics Housing)

Transducer

z

)LJXUH ���� 6LGH YLHZ RI WKH SD\ORDG HOHFWURQLFV KRXVLQJ �PRGHOHG DV DQ DFRXVWLF SUHVVXUH
UHOHDVH VXUIDFH� DQG WKH PRGHP WUDQVGXFHU�

ZRUN GXH WR WKH ODFN RI RQERDUG NQRZOHGJH DERXW WKH VHD VWDWH� )XUWKHUPRUH� WKH V\PERO
FOHDULQJ WLPH RI WKH )+�)6. PRGXODWLRQ HPSOR\HG LV ���� PV� VLJQLILFDQWO\ ORQJHU WKDQ
WKH GHOD\ VSUHDGV PRGHOHG KHUH �WKH URRW�PHDQ�VTXDUH YDOXHV DUH LQ WKH �����PV UDQJH��

&RPSHQVDWLRQ IRU EDIIOLQJ

7KHSK\VLFDO OD\RXW RI WKH$898QLFRUQ LQYROYHV DQ DLU�ILOOHG HOHFWURQLFV KRXVLQJPRXQWHG
GLUHFWO\ DERYH WKH DFRXVWLF PRGHP WUDQVGXFHU DV VKRZQ LQ )LJ� ���� $ SULRUL LW VHHPV UHD�
VRQDEOH WKDW WKH VXEVHTXHQW �XQGHVLUHG� EDIIOLQJ FDXVHG E\ WKLV KRXVLQJ PD\ KDYH DQ HI�
IHFW RQ WKH UHFHLYHG VLJQDO VWUHQJWK� 7KXV� WKLV HIIHFWZDVPRGHOHG E\ WUHDWLQJ WKHKRXVLQJ
DV D SUHVVXUH�UHOHDVH VXUIDFH� 7KH PRGHO LQ )LJ� ���D ZDV UHUXQ� UHPRYLQJ WKH UD\V WKDW
ZLOO QRW UHDFK WKH WUDQVGXFHU GXH WR VFDWWHULQJ E\ WKH HOHFWURQLFV KRXVLQJ� 7KH GLIIHUHQFH
IURP WKH UHVXOW ZLWKRXW EDIIOLQJ �)LJ� ���D� DQG WKLV QHZ UHVXOW LQFOXGLQJ WKH HOHFWURQLFV
KRXVLQJ LV VKRZQ DV )LJ� �����

7KH UHVXOW LV D VLJQLILFDQW LQFUHDVH LQ WUDQVPLVVLRQ ORVV ZKHQ WKH $89 LV GLUHFWO\ XQ�
GHU WKH %XR\ DQG IRU D ´VKDGRZ ]RQHµ UHDFKLQJ IRU IHZ KXQGUHG PHWHUV IURP WKH %XR\
DW RQH KXQGUHG PHWHUV GHSWK� 2XWVLGH WKH UHJLRQ� WKH WUDQVPLVVLRQ ORVV LV RQO\ PLOGO\
DIIHFWHG E\ WKLV HIIHFW� DQG WKXV LW LV XQOLNHO\ WR SOD\ D PDMRU UROH LQ WKH SHUIRUPDQFH RI
WKH FRPPXQLFDWLRQV V\VWHP LQ WKLV ODUJHO\ KRUL]RQWDO FRQILJXUDWLRQ� )RU GHHS VHD V\V�
WHPV WKDW RSHUDWH PRUH YHUWLFDOO\� KRZHYHU� WKLV FRQILJXUDWLRQ FRXOG KDYH D VLJQLILFDQW
QHJDWLYH HIIHFW� DQG WKXV VKRXOG EH HLWKHU FRQVLGHUHG LQ YHKLFOH GHVLJQ ZKHUH SRVVLEOH RU
LQFRUSRUDWHG LQ WKH YHKLFOH·V DGDSWDWLRQ DOJRULWKPV�

���
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�D� 'HFUHDVH LQ UHFHLYHG VLJQDO VWUHQJWK EHWZHHQ )LJ� ���D DQG WKH VDPH PRGHO LQFOXGLQJ WKH HOHFWURQLFV
KRXVLQJ EDIIOLQJ� 'DUN UHJLRQV LQGLFDWH D ODUJHU EDIIOLQJ HIIHFW�
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�E� 7KH PRGHO IURP �D� ZLWK WKH VDPH DYHUDJLQJ ELQV XVHG LQ )LJ� ����

)LJXUH ����� 0RGHOHG �%(//+23� UHVXOWV LQFOXGLQJ WKH SD\ORDG HOHFWURQLFV KRXVLQJ EDI�
IOLQJ HIIHFW�

$89 $GDSWLYLW\

)LJ� ���� VKRZV WKH SRVLWLRQ RI WKH $89 GXULQJ LWVPLVVLRQV UXQQLQJ RQ
���������� RYHUODLGZLWK D VLQJOH UHSUHVHQWDWLYH WUDQVPLVVLRQ ORVV UD\ WUDFH IURP WKDW GD\�
7KH YHKLFOH WUDFNV WKH PRGHOHG GRZQEHDPLQJ IURP �������� PHWHUV ZHOO DQG DOVR SLFNV
XS WKH FRQYHUJHQFH ]RQH RII WKH ILUVW ERWWRP ERXQFH IURP ��������� PHWHUV� $V FDQ EH
VHHQ IURP WKH VHQVLWLYLW\ DQDO\VLV LQ )LJ� ����E�� WKH UHJLRQ IURP �������� KDV WKH KLJKHVW
VHQVLWLYLW\ WR FKDQJHV LQ WKH VRXQG VSHHG SURILOH� 7KH $89 LV UHVSRQGLQJ WR PRGHOHG
FDXVWLFV LQ WKLV UHJLRQ WKDW PD\ RU PD\ QRW EH UHDO DQG DUH XQOLNHO\ WR EH ZKHUH WKH\ DUH
SUHGLFWHG WR EH GXH WR GLIIHUHQFHV LQ WKH UHDO HQYLURQPHQW IURP WKH PRGHO� 7KLV VXJJHVWV
DQ DUHD RI LPSURYHPHQW IRU � ILOWHU LWV REMHFWLYH IXQFWLRQ ZLWK D ORZ
SDVV ILOWHU ZLWK D FXWRII LQYHUVHO\ SURSRUWLRQDO WR WKH PHDVXUHG VHQVLWLYLW\� %\ GRLQJ VR�
WKH ZRXOG PDNH OHVV FHUWDLQ FKRLFHV LQ OLJKW RI XQFHUWDLQW\� OHDYLQJ
GHSWK GHFLVLRQV XS WR EHKDYLRUV WKDW KDYH PRUH NQRZOHGJH�
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)LJXUH ����� 'HSWK SRVLWLRQ RI WKH $898QLFRUQ �ZKLWH FLUFOHV� ZLWK UHVSHFW WR UDQJH IURP
WKH %XR\ RYHUODLG RQ D UHSUHVHQWDWLYH UD\ WUDFH IURP ���������� �������� 87&�

$SSOLFDELOLW\ WR RWKHU PRGXODWLRQ VFKHPHV

7KH WHFKQLTXH GHYHORSHG KHUH �DGDSWLYHO\ VHHNLQJ WKH 615PD[LPXP� LV DSSOLFDEOH WR WKH
)+�)6. PRGXODWLRQ VFKHPH VLQFH WKLV PRGXODWLRQ LV UHVLVWDQW WR 'RSSOHU DQG PXOWLSDWK
HIIHFWV E\ GHVLJQ� +RZHYHU� GHYHORSHUV RI WKH DFRXVWLF SK\VLFDO OLQN DUH UDSLGO\ PRYLQJ
WRZDUGV FRKHUHQWPRGXODWLRQ VFKHPHV� VXFK DV SKDVH�VKLIW�NH\LQJ �36.� GXH WR WKH LQKHU�
HQW LQHIILFLHQFLHV RI LQFRKHUHQW PRGXODWLRQ� :KLOH DQ\ OLQN LV DW OHDVW VRPHZKDW GLFWDWHG
E\ WKH 615� WKLV PD\ QRW EH WKH OLPLWLQJ IDFWRU LQ WKH FDVH RI 36. PRGHPV� 5DWKHU� WKH
PXOWLSDWK VWUXFWXUH �GHOD\ VSUHDG� VWDELOLW\ RI WKH DUULYDOV� DQG WKH UDWLR RI SHDN LPSXOVH
SRZHU WR WKHPHDQ SRZHU� DUH JHQHUDOO\PRUH VLJQLILFDQW IRU 36. V\VWHPV GXH WR WKH VKRUW
�WLPH�GRPDLQ� H[WHQW RI WKH V\PEROV� 7KXV� LI DQDO\VLV VKRZV WKDW RQH RI WKHVH TXDQWLWLHV
SURYLGHV D EHWWHU SUR[\ IRU WKH RYHUDOO SDFNHW UHFHLSW SUREDELOLW\� *5$0 �ZLWK WKH DSSUR�
SULDWH DFRXVWLF PRGHO� FDQ PRGHO WKDW TXDQWLW\ DQG %+9 $FRPPV'HSWK ZLOO GLUHFW WKH
YHKLFOH WR PDQHXYHU ZLWK UHVSHFW WR WKH XWLOLW\ IXQFWLRQ JHQHUDWHG LQ WKDW FDVH� 7KHUH�
IRUH� WKH FRQFHSW DQG V\VWHP GHYHORSHG KHUH LV QRW VSHFLILF WR DFRXVWLF PRGHPV ZKRVH
SHUIRUPDQFH LV 615 OLPLWHG�

2QH FDYHDW� KRZHYHU� LV WKDW WKH UHFHLYHU LQ D SKDVH�FRKHUHQW V\VWHP PXVW FRPSHQ�
VDWH IRU WKH LQWHUV\PERO LQWHUIHUHQFH FDXVHG E\ PXOWLSDWK DW WKH SK\VLFDO OD\HU� 7KXV�
VLQFH WKHUH DUH QXPHURXV DSSURDFKHV WR GHVLJQLQJ HTXDOL]HUV IRU WKLV WDVN �H�J� FKDQ�
QHO HVWLPDWH EDVHG GHFLVLRQ IHHGEDFN HTXDOL]HUV� OLQHDU 006( HTXDOL]HUV� SDVVLYH WLPH�
UHYHUVDO HTXDOL]HUV >��@�� WKH UHVXOWLQJ OLPLWDWLRQ RI WKH V\VWHPZLOO OLNHO\ EH GHSHQGHQW RQ
GLIIHUHQW DVSHFWV RI WKH PXOWLSDWK VWUXFWXUH� 2I FRXUVH� D SHUIHFW HTXDOL]HU ZRXOG EH DEOH
WR FRPSOHWHO\ UHPRYH WKH PXOWLSDWK HIIHFW� DQG WKHQ WKH PRGHP ZRXOG EH 615�OLPLWHG�
7KHUHIRUH� ZKHQ DSSO\LQJ WKLV GLVUXSWLYH DXWRQRP\ FRQFHSW WR YHKLFOHV HTXLSSHG ZLWK
SKDVH�FRKHUHQW PRGHPV� LW LV OLNHO\ WR EH PXFK PRUH VHQVLWLYH WR WKH GHWDLOV RI WKH VSH�

���



FLILF PRGHP LPSOHPHQWDWLRQ WKDW LV XVHG�

��� $FRXVWLF &RQQHFWLYLW\ LQ 'HHS 2FHDQ (QYLURQPHQWV

,Q FRQWUDVW WR OLWWRUDO HQYLURQPHQWV� WKH EXON RI WKH GHHS RFHDQ LV ZHOO LVRODWHG IURP DW�
PRVSKHULF IRUFLQJ� UHGXFLQJ WKH WHPSRUDO YDULDELOLW\ RQ KRXUO\ DQG GDLO\ VFDOH WR D VPDOO
IUDFWLRQ RI YROXPH FORVH WR WKH VXUIDFH� 7KXV� WKH IHDWXUHV RI VRXQG VSHHG SURILOH PRVW
VLJQLILFDQW WR WKH DFRXVWLF HQYLURQPHQW DUH H[WUHPHO\ VWDEOH� PRVW QRWDEO\ WKH LVRWKHU�
PDO JUDGLHQW GRPLQDWLQJ WKH VRXQG VSHHG SURILOH EHORZ WKH 62)$5 FKDQQHO� FRQWUROOLQJ
WKH GRPLQDQW FRQYHUJHQFH ]RQH SURSDJDWLRQ FKDUDFWHULVWLF RI GHHS RFHDQ DFRXVWLFV�

$QRWKHU IHDWXUH RI WKH GHHS RFHDQ ZKLFK PDNHV GHSWK DGDSWDWLRQ EHQHILFLDO LV WKH
VWURQJ VSDWLDO GLYHUVLW\ RI WKH DPELHQW QRLVH� 7KXV� LQ VKDOORZ ZDWHU� WKH DPELHQW QRLVH
ILHOG WHQGV WR EH GRPLQDWHG E\ WKH ORFDO� VXUIDFH�JHQHUDWHG QRLVH� 7KH QRLVH IURP GLV�
WDQW VKLSSLQJ DQG DWPRVSKHULF GLVWXUEDQFHV ZLOO XQGHUJR VLJQLILFDQW DWWHQXDWLRQ GXH WR
WKH VWURQJ ERWWRP LQWHUDFWLRQ LQKHUHQW WR VKDOORZ ZDWHU SURSDJDWLRQ� ,Q FRQWUDVW� WKH
XSZDUG�UHIUDFWLQJ GHHS VHD VRXQG VSHHG JUDGLHQW DOORZV QRLVH IURP GLVWDQW� QDWXUDO DQG
PDQ�PDGH VRXUFHV RI DPELHQW QRLVH WR EH FDUULHG RYHU ORQJ GLVWDQFHV ZLWK OLPLWHG RU QR
ERWWRP LQWHUDFWLRQ >��@� ,Q YHU\ GHHS RFHDQ HQYLURQPHQWV LQ SDUWLFXODU� WKLV FDQ UHVXOW
LQ DQ DPELHQW QRLVH ILHOG ZKLFK LV KLJKO\ GHSWK GHSHQGHQW� 7KXV� DW GHSWKV DERYH WKH
FULWLFDO GHSWK� WKH DPELHQW QRLVH ILHOG KDV VLJQLILFDQW FRQWULEXWLRQV IURP ERWK ORFDO VXU�
IDFH VRXUFHV� DQG GLVWDQW VKLSSLQJ DQG VWRUPV� %HORZ WKH FULWLFDO GHSWK WKH DFRXVWLF ILHOG
GXH WR GLVWDQW VRXUFHV LV HYDQHVFHQW� DQG WKH QRLVH ILHOG LV UHGXFHG WR WKDW SURGXFHG E\
VRXUFHVZLWKLQ D KRUL]RQWDO UDQJH RI DSSUR[LPDWHO\ KDOI D FRQYHUJHQFH ]RQH� WKH VR�FDOOHG
5HOLDEOH $FRXVWLF 3DWK �5$3� FRQH� &RQVHTXHQWO\ D UHGXFWLRQ LQ QRLVH RI VHYHUDO G% FDQ EH
H[SHFWHG QHDU WKH ERWWRP LQ VXFK HQYLURQPHQWV� ZKLFKPD\ EH H[SORLWHG E\ WKH SODWIRUP
DXWRQRP\�

$QRWKHU IHDWXUH DVVRFLDWHG ZLWK WKH LQWHUSOD\ RI VLJQDO DQG QRLVH ZKLFK PD\ EH H[�
SORLWHG LV WKH VSDWLDO GLYHUVLW\ RI WKH DUUD\ JDLQ� 7KXV� WKH SHUIRUPDQFH RI WKH DFRXVWLF
DUUD\ SURFHVVLQJ QRW RQO\ GHSHQGV RQ WKH VLJQDO�WR�QRLVH UDWLR �615�� EXW DOVR RQ WKH DQ�
JXODU GLVWULEXWLRQ RI WKH VLJQDO DQG QRLVH FRPSRQHQWV� )RU D GHHS UHFHLYHU SODWIRUP FRP�
PXQLFDWLQJ ZLWK D VKDOORZ FROODERUDWRU� WKH PRVW UHOLDEOH DFRXVWLF SDWK ZLOO IROORZ WKH
FRQYHUJHQFH ]RQH SDWK� DQG WKH GRPLQDQW HOHYDWLRQ DQJOH DW WKH GHHS QRGH ZLOO GHSHQG
RQ WKH UDQJH� SRVLWLYH IRU VKRUW UDQJHV� DQG QHJDWLYH IRU UDQJHV EH\RQG KDOI D FRQYHU�
JHQFH ]RQH �DSSUR[� �� NP�� 6LPLODUO\� WKH QRLVH GLUHFWLRQDOLW\ ZLOO GHSHQG RQ WKH KRUL�
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)LJXUH ����� )XQFWLRQDOLW\ RI PRGHO�EDVHG GHSWK DGDSWDWLRQ RQ D GHHS VXEPHUVLEOH IRU
PLQLPL]LQJ VLJQDO�QRLVH UDWLR IRU PDLQWDLQLQJ RSWLPDO DFRXVWLF FRQQHFWLYLW\ ZLWK QHDU�
VXUIDFH DFRXVWLF FRQWDFW� 7KH RQ�ERDUG PLVVLRQ PDQDJHU SURFHVV ZLOO� EDVHG RQ WKH FXU�
UHQW HQYLURQPHQWDO DQG VLWXDWLRQDO LQIRUPDWLRQ� UHTXHVW IURP *5$0 D IRUHFDVW RI WKH
HVWLPDWHG WUDQVPLVVLRQ ORVV� 7KLV IRUHFDVW LV WKHQ FRPELQHG ZLWK HVWLPDWHV RI WKH RWKHU
WHUPV LQ WKH VRQDU HTXDWLRQ IRU SODQQLQJ WKH IXWXUH GHSWK WUDMHFWRU\� WKXV LPSURYLQJ
FRQQHFWLYLW\�

]RQWDO VRXUFH GLVWULEXWLRQ� SRWHQWLDOO\ OHDGLQJ WR D VWURQJ GHSWK GHSHQGHQFH RI WKH DUUD\
JDLQ ZKLFK PD\ EH H[SORLWHG IRU RSWLPDO V\VWHP SHUIRUPDQFH�

7KHVH IHDWXUHV RI WKH VLJQDO WR QRLVH WUDGH�RIIV DUH FRQYHQLHQWO\ FDSWXUHG LQ WKH FODV�
VLFDO VRQDU HTXDWLRQ� ZKLFK PD\ EH PRGHOHG E\ WKH *5$0 LQIUDVWUXFWXUH LQ FRPELQDWLRQ
ZLWK HQYLURQPHQWDO LQIRUPDWLRQ SURYLGHG WR WKH XQGHUVHD SODWIRUPV YLD WKH FRPPDQG
DQG FRQWURO LQIUDVWUXFWXUH�

����� 'HSWK $GDSWDWLRQ IRU 6RQDU (TXDWLRQ 2SWLPL]DWLRQ
,Q LWV VLPSOHVW IRUP WKH 3DVVLYH 6RQDU (TXDWLRQ UHOHYDQW WR SDVVLYH DFRXVWLF VHQVLQJ DQG WR
XQGHUZDWHU FRPPXQLFDWLRQ WDNHV WKH IRUP >��@

6( = 6/− +− 1/+ $*, �����

ZKHUH 6( LV WKH UHVXOWLQJ VLJQDO H[FHVV� 6/ LV WKH VRXUFH OHYHO� + WKH WUDQVPLVVLRQ ORVV� 1/ WKH
QRLVH OHYHO DQG $* LV WKH DUUD\ JDLQ� DOO H[SUHVVHG LQ G%�

���



)LJXUH ���� LOOXVWUDWHV KRZDQRSWLPL]DWLRQ RI WKH V\VWHPSHUIRUPDQFH FDQ EH VWUDLJKW�
IRUZDUGO\ DFKLHYHG LQ WKH 0226�,Y3 DXWRQRP\ DUFKLWHFWXUH H[SDQGHG E\ WKH *5$0 HQ�
YLURQPHQWDO DFRXVWLF PRGHOLQJ IUDPHZRUN�

7KH0LVVLRQ 0DQDJHU SURFHVVHV DUH UHVSRQVLEOH IRU PDLQWDLQLQJ WKH VLWXDWLRQDO DZDUH�
QHVV RI WKH DXWRQRP\ V\VWHP� 7R JHQHUDWH WKH FXUUHQW HQYLURQPHQWDO SLFWXUH LQFOXGLQJ
VRXQG VSHHG SURILOH� QRLVH SURILOHV� DQG QRLVH GLUHFWLRQDOLW\� GHGLFDWHG 0226 SURFHVVHV
DUH IXVLQJ HQYLURQPHQWDO LQIRUPDWLRQ IURP DOO DYDLODEOH VRXUFHV� LQFOXGLQJ L� KLVWRULFDO
GDWD LQ RQ ERDUG GDWDEDVHV� LL� HQYLURQPHQWDO XSGDWHV UHFHLYHG IURP WKH )LHOG &RQWURO YLD
WKH DFRXVWLF FRPPXQLFDWLRQ QHWZRUN� LLL� LQ�VLWX PHDVXUHPHQWV E\ HQYLURQPHQWDO VHQ�
VRUV� DQG LY� RQ�ERDUG PRGHOLQJ�

7KH FXUUHQW HQYLURQPHQWDO HVWLPDWHV UHVXOWLQJ IURP WKLV GDWD IXVLRQ DUH DVVXPHG WR
EH VORZO\ YDU\LQJ DQG DUH WKHUHIRUH VWRUHG LQ WKH 0226'% IRU XVH E\ WKH PRGHOLQJ LQ�
IUDVWUXFWXUH DQG WKH DXWRQRP\ EHKDYLRUV� )RU H[DPSOH� WKH RYHUDOO GHSWK�GHSHQGHQFH
RI WKH 663� DQG WKH QRLVH OHYHO NG DQG DUUD\ JDLQ AG� ZLOO UDUHO\ EH DYDLODEOH IURP LQ�
VLWX ORFDO PHDVXUHPHQWV� DQG ZLOO WKHUHIRUH EH IL[HG DW PLVVLRQ VWDUW� 2Q WKH RWKHU KDQG�
RFFDVLRQDO XSGDWHV RI WKH QHDU�VXUIDFH 663� WKH ORFDWLRQ RI ORFDO VKLSSLQJ WUDIILF� DQG OR�
FDO QRLVH PHDVXUHPHQWV PD\ EH XVHG WR XSGDWH WKH HQYLURQPHQWDO SLFWXUH� ZKLFK LV WKHQ
SXEOLVKHG LQ WKH DSSURSULDWH 0226 YDULDEOHV� DOORZLQJ WKH SODWIRUP WR DGDSW WR FKDQJHV
LQ WKH DPELHQW QRLVH ILHOG HWF� )RU H[DPSOH WKH 2$6(6 PRGHO FDQ EH XVHG WKURXJK *5$0
WR HVWLPDWH WKH FXUUHQW QRLVH GLUHFWLRQDOLW\� ZKLFK PD\ VXEVHTXHQWO\ EH XVHG WR XSGDWH
WKH HVWLPDWH RI WKH DUUD\ JDLQ IRU WKH FXUUHQW JHRPHWULFDO FRQILJXUDWLRQ�

,Q DGGLWLRQ� WKH0LVVLRQ0DQDJHU LVPDLQWDLQLQJ WKH VLWXDWLRQDO DZDUHQHVV� LQFOXGLQJ QDY�
LJDWLRQ LQIRUPDWLRQ IRU WKH SODWIRUP LWVHOI� FROODERUDWLQJ SODWIRUPV� DQG DFRXVWLF FRQ�
WDFWV� UHTXLUHG IRU WKH DFRXVWLF PRGHOLQJ RI WKH WUDQVPLVVLRQ ORVV� DQG NHHSV WUDFN RI WKH
FXUUHQW JHRPHWU\ RI UHFHLYLQJ DFRXVWLF DUUD\V DQG VRXUFHV RQ�ERDUG WKH SODWIRUP� ZKLFK
LV UHTXLUHG IRU WKH DUUD\ JDLQ WHUP LQ WKH VRQDU HTXDWLRQ�

%DVHG RQ WKH FXUUHQWO\ DYDLODEOH HQYLURQPHQWDO DQG VLWXDWLRQDO SLFWXUH WKH DXWRQRP\ V\V�
WHPFDQJHQHUDWH REMHFWLYH IXQFWLRQVZKLFK RSWLPL]H WKH VRQDU HTXDWLRQ �(T� ����� RU FRP�
SRQHQWV WKHUHRI� )RU WKDW SXUSRVH D GHGLFDWHG 0226�,Y3 EHKDYLRU� �
KDV EHHQGHYHORSHG� 7KXV� DV LOOXVWUDWHG LQ )LJ� ����� LWZLOO ILUVW UHWULHYH WKHGHSWK�GHSHQGHQFH
RI WKH DPELHQW QRLVHNL IURP WKH 0226'%� 7KHQ� LW ZLOO VXEPLW D UHTXHVW WR *5$0 IRU D
FXUUHQW HVWLPDWH RI DOO UD\ DUULYDOV SUHGLFWHG IRU WKH DFRXVWLF FRQWDFW RI LQWHUHVW� 8VLQJ D
ORFDO SODQH�ZDYH UHSUHVHQWDWLRQ WKH EHKDYLRU LW ZLOO FRQWLQXRXVO\ XVH WKLV UD\ H[SDQVLRQ
WR JHQHUDWH DQ HVWLPDWH RI WKH FXUUHQW DUUD\ UHVSRQVH� UHSUHVHQWLQJ WKH WHUPV AG − H
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LQ WKH VRQDU HTXDWLRQ� 7KLV SHUIRUPDQFH PHWULF LV VKRZQ LQ WKH ORZHU� FHQWHU SORW DV
FRQWRXUV YHUVXV HOHYDWLRQ DQJOH DQG GHSWK LQ WKH ZDWHU FROXPQ� 7KH EHKDYLRU WKHQ FRP�
ELQHV WKH WZR GHSWK�IXQFWLRQV LQWR RQH GHSWK REMHFWLYH IXQFWLRQ� UHSUHVHQWLQJ WKH XWLOLW\
YHUVXV GHSWK IRU WKH VHQVLQJ REMHFWLYH� $V GHVFULEHG HDUOLHU� WKLV REMHFWLYH IXQFWLRQ LV
WKHQ PHUJHG ZLWK RWKHU GHSWK EHKDYLRU REMHFWLYH IXQFWLRQV E\ WKH ,Y3 PXOWL�REMHFWLYH
RSWLPL]DWLRQ DOJRULWKP�

7KH UHDVRQ IRU FKRRVLQJ YDULDEOH ZHLJKWLQJ RI WKH VLJQDO DQG QRLVH FRPSRQHQWV LQ WKH
VRQDU HTXDWLRQ LV WKH IDFW WKDW WKHLU UHOLDELOLW\ FDQ YDU\ VLJQLILFDQWO\� 7KXV� WKH DYHUDJH
KLVWRULFDO DPELHQW QRLVH SURILOH PD\ KDYH D VLJQLILFDQW XQFHUWDLQW\� LQ SDUWLFXODU LQ UH�
JLRQV ZLWK KHDY\ VHDVRQDO VKLSSLQJ RU DWPRVSKHULF FRQGLWLRQV� ,Q VXFK FDVHV WKH ZHLJKW
RI WKHNL WHUPV VKRXOG EH UHGXFHG� 6LPLODUO\� LI WKH SURSDJDWLRQ HQYLURQPHQW LV KLJKO\
YDULDEOH� PRUH ZHLJKW PD\ EH DSSOLHG WR WKH QRLVH SURILOH LQ FKRRVLQJ WKH RSWLPDO GHSWK�

$OWKRXJK WKH SULQFLSOH RI WKH GHSWK�DGDSWDWLRQ DV GHVFULEHG DERYH LV UDWKHU VLPSOH�
WKHUH DUH D FRXSOH RI VXEWOH LVVXHV DVVRFLDWHG ZLWK WKH XVH RI WKH FRQFHSW LQ GHHS ZDWHU�

7KH ILUVW LV WKH QDWXUH RI WKH FDXVWLFV FKDUDFWHULVWLF WR WKH GHHS FRQYHUJHQFH ]RQH
SURSDJDWLRQ� $V GHVFULEHG HDUOLHU� FDXVWLFV DOVR SOD\ DQ LPSRUWDQW UROH IRU GHSWK�DGDSWDWLRQ
LQ VKDOORZ ZDWHU� +RZHYHU� WKH FRQYHUJHQFH ]RQH FDXVWLFV DVVRFLDWHG ZLWK D GHHS VRXUFH
RU UHFHLYHU FDQ EH PRGHOHG ZLWK KLJK FRQILGHQFH OHYHO GXH WR WKH H[WUDRUGLQDULO\ VWDEOH
QDWXUH RI WKH GHHS VHD 663 JUDGLHQW� )XUWKHU� LQ FRQWUDVW WR WKH VKDOORZ ZDWHU FDVH� WKH
FRQYHUJHQFH ]RQH FDXVWLFV RI UHOHYDQFH WR GHHS SODWIRUPV DOZD\V KDYH WKH VKDGRZ ]RQH
DERYH WKH FDXVWLF� 7KHUHIRUH� UREXVWQHVV UHTXLUHV WKDW D ELDV WRZDUGV GHSWK EH EXLOW LQWR
WKH GHSWK REMHFWLYH IXQFWLRQ� 3DUDPHWHU VWXGLHV KDYH VKRZQ WKDW IRU UHDOLVWLF YDULDWLRQV
RI WKH QHDU VXUIDFH 663 DQG UHDOLVWLF GHSWK XQFHUWDLQW\ RI WKH DFRXVWLF FRQWDFW� WKH GHSWK
RI WKH FDXVWLF FDQ EH SUHGLFWHG ZLWK DQ HUURU RI RUGHU �� P� +HQFH� D ORZ�SDVV ILOWHULQJ RI
WKH UDZ GHSWK�REMHFWLYH IXQFWLRQ ZLWK D VSDWLDO FXWRII IUHTXHQF\ RI ���� P−1 � VWDUWLQJ DW
WKH VXUIDFH� ZLOO \LHOG DQ RSWLPDO GHSWK RI RUGHU ��� P EHORZ WKH SUHGLFWHG FDXVWLF� ZHOO
LQWR WKH ´VDIH ]RQHµ�

$QRWKHU LVVXH RI SDUWLFXODU LPSRUWDQFH WR WKH GHHSZDWHU DSSOLFDWLRQ LV WKH WLPH VFDOHV
DVVRFLDWHG ZLWK GHSWK FKDQJHV� 7KH PD[LPXP SLWFK RI DQ $89 LV RI RUGHU 20◦� ZKLFK IRU
D W\SLFDO SODWIRUP VSHHG RI ��� P�V \LHOGV D PD[LPXP UDWH RI GHSWK FKDQJH RI ���� P�V�
+HQFH� LW WDNHV PRUH WKDQ �� PLQXWHV UHTXLUHG WR FKDQJH WKH GHSWK E\ � NP� ,Q FRQ�
WUDVW� DQ $89 RSHUDWLQJ LQ ��� P GHHS VKDOORZ ZDWHU FDQ UHDFK DQ\ QHZ GHSWK LQ OHVV
WKDQ D FRXSOH RI PLQXWHV� &RQVHTXHQWO\� WKH IRUHFDVWLQJ KRUL]RQ UHTXLUHG IRU WKH DGDS�
WLYH GHSWK FKDQJH ZLOO KDYH WR EH VLJQLILFDQWO\ ODUJHU� 2Q WKH RWKHU KDQG� WKH GHFLVLRQ
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WR FKDQJH GHSWK FDQQRW EH EDVHG RQ D IL[HG IRUHFDVWLQJ KRUL]RQ� )RU H[DPSOH� WR UHDFK D
FHUWDLQ GHSWK LQ �� PLQXWHV PD\ UHTXLUH WKDW WKH SODWIRUP FURVV WKURXJK D VKDGRZ ]RQH�
ZKLFK LV REYLRXVO\ GHWULPHQWDO WR WKH DFRXVWLF FRQQHFWLYLW\� 7KXV� GHFLVLRQV DERXW GHSWK
FKDQJHV KDYH WR EH PDGH RQ WKH EDVLV RI WKH HQWLUH WLPH IURP WKH SUHVHQW WR WKH FKRVHQ
PD[LPXP WLPH KRUL]RQ� ,Q WKLV LV GRQH E\ IRUHFDVWLQJ WKH GHSWK RE�
MHFWLYH IXQFWLRQ RYHU D VHW RI UDQJHV XS WR DQG LQFOXGLQJ WKH IRUHFDVWLQJ KRUL]RQ� 7KHQ�
WKH GHSWK GHFLVLRQ LV PDGH EDVHG RQ WKH IROORZLQJ� VLPSOH� VWUDWHJ\�

• ,I WKH SODWIRUP LV DOUHDG\ DW RU QHDU WKH RSWLPDO GHSWK ORFDOO\� LW ZLOO UHPDLQ WKHUH
E\ FKRRVLQJ D VKRUW WLPH IRUHFDVW DV D EDVLV IRU WKH DGDSWDWLRQ�

• ,I WKH ORFDO GHSWK LV QRW DQ\ ORQJHU QHDU WKH RSWLPDO� H�J� ZKHQ DSSURDFKLQJ D
UDQJH ZKHUH D FRQYHUJHQFH ]RQH FDXVWLF LV IRUPLQJ� WKH EHKDYLRU ZLOO VHOHFW DV D
WDUJHW GHSWK WKH RSWLPDO GHSWK DW D UDQJH ZLWKLQ WKH IRUHFDVW KRUL]RQ� ZKLFK FDQ
EH UHDFKHG ZLWK WKH PLQLPXP SODWIRUP SLWFK�

7KH ILUVW FULWHULD ZLOO HQVXUH WKDW RQFH WKH SODWIRUP KDV UHDFKHG D VWDEOH RSWLPXP� LW ZLOO
WUDFN LW XQWLO D GLVFUHWHO\ GLIIHUHQW RSWLPXP VWDUWV GHYHORSLQJ VRPHZKHUH LQ WKH VHFWLRQ
RI WKH ZDWHU FROXPQ DOORZHG IRU WKH DGDSWDWLRQ� 7KH VHFRQG FULWHULD ZLOO HQVXUH WKDW WKH
SODWIRUP LV QRW IRUFHG WR FKDQJH GHSWK VR IDVW WKDW LW FURVVHV LQWR D VKDGRZ ]RQH WR UHDFK D
IXWXUH RSWLPXP� ,Q RWKHU ZRUGV� WKH SODWIRUPZLOO WU\ WR UHDFK DQ RSWLPXPGHSWK ´ULGJHµ
WDQJHQWLDOO\� 2I FRXUVH WKLV LV DOO DVVXPLQJ WKDW WKH FRQWDFW PRWLRQ FRQWLQXHV DW WKH FXU�
UHQW UDQJH UDWH DQG KHDGLQJ� $OVR� WKH GHSWK FRQWURO LV QRW PDGH LQ SLWFK GLUHFWO\� EXW LQ
GHSWK� VR ZKHQHYHU VLJQLILFDQW GHSWK FKDQJHV DUH UHTXHVWHG� WKH SODWIRUP ZLOO LQFUHDVH
WKH SLWFK WR PD[LPXP� +RZHYHU� VLQFH WKLV SURFHVV LV UHSHDWHG DW WKH UDWH RI WKH ,Y3
+HOP XSGDWHV� W\SLFDOO\ RI RUGHU RI D VHFRQG� WKH GHSWK DGDSWDWLRQ ZLOO RFFXU VPRRWKO\�
DV LOOXVWUDWHG LQ WKH VLPXODWLRQ H[DPSOH IROORZLQJ�

����� 'HHS 6HD 6LPXODWLRQ ([DPSOH
)RU GHPRQVWUDWLQJ WKH GHHS RFHDQ SHUIRUPDQFH RI WKH DFRXVWLF FRQQHFWLYLW\ RSWLPL]DWLRQ
EHKDYLRU� ZHZLOO XVH WKHKLJK�ILGHOLW\ VLPXODWLRQ HQYLURQPHQW GHYHORSHG DQG HVWDEOLVKHG
DW0,7� 7KLV YLUWXDO HQYLURQPHQW SURYLGHV D YLUWXDO RFHDQ HQYLURQPHQWZLWK KLJK�ILGHOLW\
VLPXODWLRQ RI WKH HQYLURQPHQWDO DFRXVWLFV� XVLQJ WKH *5$0 HPEHGGHG PRGHOLQJ LQIUDV�
WUXFWXUH� ,Q DGGLWLRQ WR WKH HQYLURQPHQWDO DFRXVWLF PRGHOLQJ� WKH VLPXODWRU DOVR LQFRU�
SRUDWHV K\GURG\QDPLF PRGHOV RI ERWK WKH VXEPHUVLEOH DQG VRQDU DUUD\V� DV ZHOO DV WKH
DELOLW\ WR VLPXODWH WKH VXSSRUWLQJ DFRXVWLF FRPPXQLFDWLRQ QHWZRUNLQJ� 7KH ILGHOLW\ RI
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)LJXUH ����� &RQWRXUV RI WUDQVPLVVLRQ ORVV LQ G% IRU D PRYLQJ DFRXVWLF VRXUFH DW ��� P
GHSWK LQ GHHS ZDWHU HQYLURQPHQW� SORWWHG YV GHSWK DQG WKH UDQJH IURP IURP WKH VRXUFH�
:KLWH PDUNHUV VKRZ WKH DGDSWLYH SDWK RI D GHHS VXEPHUVLEOH RSWLPL]LQJ DFRXVWLF FRQ�
QHFWLYLW\ ZLWK VXUIDFH VRXUFH� FRQVWUDLQHG E\ D PD[LPXP SLWFK RI �� GHJUHHV�

WKH VLPXODWLRQ HQYLURQPHQW DOORZV WKH WHVWLQJ RI WKH H[DFW VDPH DXWRQRP\ VRIWZDUH DQG
FRQILJXUDWLRQ DV DSSOLHG LQ DFWXDO ILHOG GHSOR\PHQWV�

7R LOOXVWUDWH WKH SHUIRUPDQFH RI WKH 0226�,Y3 EHKDYLRU LQ DGDSW�
LQJ WR WKH ORFDO DFRXVWLF HQYLURQPHQW� ZH FRQVLGHU DV DQ H[DPSOH WKH DXWRQRPRXV DFRXV�
WLF FRQQHFWLYLW\ RI D GHHS VXEPHUVLEOH LQ D 3DFLILF HQYLURQPHQWZLWK DZDWHU GHSWK RI ����
P� ZLWK D FULWLFDO GHSWK RI ����P� 7KH VXEPHUVLEOH LV WDVNHG WRPDLQWDLQ DFRXVWLF FRQQHF�
WLYLW\ ZLWK DQ DFRXVWLF FRQWDFW DW ��� P GHSWK� RSHQLQJ UDQJH DW D UDWH RI � P�V ��� NQ��
7KH DPELHQW QRLVH LV DVVXPHG WR EH FRQVWDQW WR WKH FULWLFDO GHSWK� DQG WKHQ GHFD\ OLQHDUO\
E\ � G%�NP WRZDUGV WKH ERWWRP� 7KH VXEPHUVLEOH LV LQLWLDOO\ GHSOR\HG DW ���� P GHSWK�
SHUIRUPLQJ D KH[DJRQDO ORLWHU SDWWHUQ RI UDGLXV ��� P� 1R SDUWLFXODU DUUD\ JHRPHWU\ LV
FRQVLGHUHG� DQG WKH GHSWK DGDSWDLRQ VLPSO\ RSWLPL]HV WKH VLJQDO�WR�QRLVH UDWLR�

:KHQ WKH FRQWDFW UDQJH H[FHHGV �� NP� WKH EHKDYLRU LV DFWLYDWHG
DQG GHWHUPLQHV WKDW D FDXVWLF� DQG DVVRFLDWHG RSWLPDO GHSWK H[LVWV DW D GHSWK RI ���� P�
7KH EHKDYLRU LQ WKLV FDVH LV FRQILJXUHG WR IRUHFDVW � KRXUV LQWR WKH IXWXUH� DQG GHWHUPLQHV
WKDW LW FDQ UHDFK WKH FDXVWLF DW D UDQJH RI �� NP DQG D GHSWK RI ���� P DQG LQLWLDWHV WKH
GHSWK FKDQJH VLQFH LW LV QRW FXUUHQWO\ DW DQ RSWLPXP GHSWK� %HFDXVH RI UDQJH HVWLPDWLRQ
XQFHUWDLQW\ DQG WKH IDFW WKDW WKH EHKDYLRU XVHV D FRQVHUYDWLYH FRQWDFW UDQJH HVWLPDWH� WKH
VXEPHUVLEOH UHDFKHV WKH FDXVWLF DW D UDQJH RI �� NP� DIWHU ZKLFK WKH DGDSWDWLRQ VWUDWHJ\
ZLOO PDNH LW WUDFN WKH RSWLPDO GHSWK EHORZ WKH FDXVWLF� DV HYLGHQFHG E\ WKH DFWXDO WUDFN
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�E� /RZ�SDVV ILOWHUHG FRUUHVSRQGLQJ WR GHSWK�
XQFHUWDLQW\ RI FDXVWLF RI �� P�

)LJXUH ����� )RUHFDVWHG GHSWK REMHFWLYH IXQFWLRQ DW �� NP UDQJH�

VKRZQ LQ WKH ILJXUH E\ZKLWH FLUFOHV� 1RWH WKDW WKH DSSDUHQW GHSWK UDWH RI WKH VXEPHUVLEOH
GRHV QRW DSSHDU FRQVWDQW GXULQJ WKH DVFHQW� 7KLV LV GXH WR WKH ORLWHU RI WKH VXEPHUVLEOH�
OHDGLQJ WR YDULDWLRQV LQ WKH UDQJH UDWH� :KHQ WKH UDQJH H[FHHGV �� NP� WKH PD[LPXP
SLWFK RI WKH VXEPHUVLEOH GRHV QRW DOORZ LW WR FRQWLQXH WR WUDFN WKH FDXVWLF� DQG LW LQVWHDG
FRQWLQXHV WR FOLPE DW LWV PD[LPXP SLWFK�

7R LOOXVWUDWH WKH SHUIRUPDQFH RI WKH ORZ�SDVV ILOWHULQJ RI WKH GHSWK REMHFWLYH IXQF�
WLRQ� )LJ� ���� VKRZV WKH UDZ GHSWK REMHFWLYH IXQFWLRQ DW �� NP UDQJH IRU WKH H[DPSOH LQ
)LJ� ����� 7KH OHIW SORW VKRZV WKH UDZ GHSWK REMHFWLYH IXQFWLRQ IRU PLQLPL]LQJ WKH VLJQDO�
WR�QRLVH UDWLR� ZKLOH WKH ULJKW SORW VKRZV WKH ORZ�SDVVHG ILOWHUHG REMHFWLYH IXQFWLRQ ZLWK
D PD[LPXP ��� P EHORZ WKH GHSWK RI WKH FRQYHUJHQFH ]RQH FDXVWLF�

��� &RQFOXVLRQ

,Q WKLV ZRUN� WKH QHZ *HQHULF 5RERWLF $FRXVWLF 0RGHOLQJ �*5$0� WRRO ZDV LQWURGXFHG
IRU VXFFHVVIXOO\ XWLOL]LQJ H[LVWLQJ DFRXVWLF PRGHOV RQ HPEHGGHG SURFHVVRUV RQERDUG DX�
WRQRPRXV XQGHUZDWHU YHKLFOHV� *5$0 ZDV DSSOLHG WR WZR UHSUHVHQWDWLYH SUREOHPV� LP�
SURYLQJ FRPPXQLFDWLRQ LQ DQ DQLVRWURSLF VKDOORZ ZDWHU HQYLURQPHQW� DQG PDLQWDLQLQJ
FRQWDFW ZLWK DQ DFRXVWLF WDUJHW LQ WKH GHHS VHD�

,Q DGGLWLRQ WR WKH H[DPSOHV JLYHQ KHUH� *5$0KDV DSSOLFDELOLW\ IRU VRIWZDUH�RQO\ VLP�
XODWLRQ RI DFWXDO VRQDUV DVZHOO DV KDUGZDUH�LQ�WKH�ORRS WHVWLQJ RIPRGHP V\VWHPV �ZKHUH
VLJQDOV IURP DQ H[LVWLQJ KDUGZDUH PRGHP DUH GHOD\HG DQG FRQYROYHG ZLWK WKH FKDQQHO
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PHDVXUHG E\ *5$0�� 7KHVH WRROV DUH DYDLODEOH DV SDUW RI WKH RSHQ VRXUFH /$066 SURMHFW
� � DQG DFFHVV LV DYDLODEOH XSRQ UHTXHVW�

3RUWLRQV RI WKLV FKDSWHU DUH F©���� ,(((� 5HSULQWHG� ZLWK SHUPLVVLRQ� IURP 7� 6FKQHLGHU DQG +� 6FKPLGW�

´0RGHO�EDVHG $GDSWLYH %HKDYLRU )UDPHZRUN IRU 2SWLPDO $FRXVWLF &RPPXQLFDWLRQ DQG 6HQVLQJ E\ 0DULQH

5RERWV�µ ,((( -RXUQDO RI 2FHDQLF (QJLQHHULQJ� LQ SUHVV�
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� &ORVLQJ UHPDUNV

/D PDFKLQH� TXL VHPEODLW G·DERUG O·HQ
H́FDUWHU� OH VRXPHW DYHF SOXV GH
ULJXHXU HQFRUH DX[ JUDQGV
SUREOH̀PHV QDWXUHOV��

$QWRLQH GH 6DLQW�([XSH́U\� 7HUUH GHV
+RPPHV ������

%\ QHFHVVLW\� FRQWULEXWLRQV IURP D WKHVLV DUH W\SLFDOO\ QDUURZO\ IRFXVHG DQG VRPH�
WLPHV DSSHDU WR EH PDNLQJ D VPDOO DGYDQFH LQ D VXEILHOG RI D PLQRU EUDQFK RI HQJLQHHU�
LQJ� 7KXV� LQ FRQFOXGLQJ� LW LV ZRUWK VWHSSLQJ EDFN DQG H[DPLQLQJ WKH EURDGHU FRQWH[W
DQG SRWHQWLDO LPSDFW RI WKH ZRUN SUHVHQWHG KHUH� ,Q VKRUW� ZK\ GRHV WKLV ZRUN PDWWHU"
:K\ VKRXOG DQ\RQH FDUH"

(DUWK·V RFHDQV FRYHU D YDVW SRUWLRQ RI WKH ZRUOG·V VXUIDFH� 6HD OHYHO ULVH DQG WKH PHOW�
LQJ RI WKH $UFWLF LFH DQG SRODU JODFLHUV GXH ODUJHO\ WR DQWKURSRJHQLF FDXVHV WKUHDWHQV
WR FKDQJH WKH ZRUOG ZH UHVLGH LQ� SROLWLFDOO\� VRFLDOO\ DQG PLOLWDULO\� 2FHDQV DOVR FRQ�
WDLQ SUHVHQW DQG SRWHQWLDO VRXUFHV RI IRRG DQG HQHUJ\� DQG OLIHIRUPV WKDW VHHP DOLHQ WR
XV ODQG�GZHOOLQJ KXPDQV� 8QGHUVWDQGLQJ DQG VHQVLEO\ KDUYHVWLQJ WKH UHVRXUFHV RI WKH
RFHDQ LV WKXV RI VLJQLILFDQW YDOXH WR KXPDQLW\� %RWK RI WKHVH HQGHDYRUV DUH DQG ZLOO FRQ�
WLQXH WR EH DLGHG E\ HQJLQHHUHG V\VWHPV� 5RERWLF V\VWHPV� DV KDV EHHQ VKRZQ DV ZHOO LQ
VSDFH H[SORUDWLRQ� KDYH WKH SRWHQWLDO WR FROOHFW IDU PRUH LQIRUPDWLRQ SHU GROODU LQYHVWHG
RYHU ORQJHU GXUDWLRQV WKDQ KXPDQ H[SORUHUV� 7KHVH GDWD DUH XVHOHVV XQOHVV WKH\ UHDFK
SHRSOH� KRZHYHU� DQG WKLV� LQ VKRUW� LV WKH UHDVRQ ZK\ WKLV ZRUN PDWWHUV� 7KH DGYDQFHV
RXWOLQHG KHUH� KRZHYHU VPDOO� LPSURYH WKH DELOLW\ RI XQGHUVHD URERWV WR VKDUH LQIRUPD�
WLRQ DPRQJVW WKHPVHOYHV IRU PRUH HIILFLHQW PLVVLRQV� DQG WR WKHLU KXPDQ RSHUDWRUV DQG
VFLHQWLVWV IRU VORZO\ LPSURYLQJ WKH FROOHFWLYH NQRZOHGJH RI RXU VSHFLHV� :H FDQ FKRRVH

�7KH PDFKLQH GRHV QRW LVRODWH XV IURP WKH JUHDW SUREOHPV RI QDWXUH EXW SOXQJHV XV PRUH GHHSO\ LQWR
WKHP�
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WR RXU GHWULPHQW QRW WR DFW RQ WKLV NQRZOHGJH� EXW ZH KDYH QR KRSH RI PDNLQJ UDWLRQDO
GHFLVLRQV ZLWKRXW LW�

7KH RSHQ VRXUFH *RE\�$FRPPV SURMHFW �&KDSWHU �� LV JDLQLQJ WUDFWLRQ DV D GH IDFWR
VWDQGDUG DPRQJVW WKH 0226 VHJPHQW RI WKH XQGHUZDWHU URERWLFV FRPPXQLW\� DQG LQ�
FUHDVLQJO\ RXWVLGH LW DVZHOO� (IIHFWLQJ LQWHUQDWLRQDOO\ UHFRJQL]HG VWDQGDUGL]DWLRQRI'&&/�
SHUKDSV LQ FROODERUDWLRQ ZLWK RSHQ -$186 SK\VLFDO OD\HU� ZLOO EH D YDOXDEOH JRDO LQ WKH
QH[W IHZ \HDUV� 3UDFWLFDO URXWLQJ DQG VHVVLRQ SURWRFROV VKRXOG EH FRQVLGHUHG DQG ZLOO
KRSHIXOO\ IRUP SDUW RI WKH FRQWLQXHG ZRUN� ,W LV� DIWHU DOO� IDU HDVLHU WR FRPPXQLFDWH LI
HYHU\RQH VSHDNV WKH VDPH ODQJXDJH� 7KH GHVLJQ RI WKH *RE\ SURMHFW LV LQWHQGHG WR IRVWHU
VXFK FROODERUDWLRQ� HDVLO\ DFFHVVLEOH VRXUFH FRGH� GRFXPHQWDWLRQ� ZLNLV� HPDLO OLVWV� DQG
EXJ UHSRUW WUDFNLQJ�

7KH VWDWH REVHUYDWLRQ WHFKQLTXH IRU FRPSUHVVLRQ RI YHKLFOH SRVLWLRQV �&KDSWHU ���
ZKLFKPD\ EH WKRXJKW RI DV DQ H[WHQVLRQ RI '&&/ WR LQFOXGHPRGHOV SUHVHQW LQ WKH YHKLFOH
DXWRQRP\ V\VWHP� FDQ DQG VKRXOG EH H[WHQGHG WR WHOHPHWHU LQQRYDWLRQV RI VFLHQWLILF VHQ�
VRU GDWD IURPPRGHOHG RU SULRU GDWD VHWV� *LYHQ WKH UHDOLWLHV RI WKH SK\VLFDO OLQN� RSWLPDO
FRPSUHVVLRQ �HYHQ DW WKH FRVW RI VLJQLILFDQW KXPDQ HIIRUW DQG WLPH� ZLOO SD\ RII� )LHOGLQJ
YHKLFOHV LV FRVWO\� WLPH�FRQVXPLQJ� DQG HYHQ DW WLPH GDQJHURXV� DQG LW LV HVVHQWLDO WR WKH
PLVVLRQ WR PDNH WKH PRVW RI WKH DYDLODEOH GLJLWDO ZLUHOHVV WKURXJKSXW�

7DNLQJ WKH YDOXH RI FRPPXQLFDWLRQV RQH VWHS IXUWKHU� &KDSWHU � VKRZV WKDW LW DSSHDUV
WR EH SRVVLEOH� DQG SRWHQWLDOO\ XVHIXO �GHSHQGLQJ RQ WKH VSHFLILFV RI WKH WDVN WR EH SHU�
IRUPHG� WR LQFRUSRUDWH LPSURYLQJ FRPPXQLFDWLRQV LQWR WKH DXWRQRPRXV QDYLJDWLRQ WDVN
RI WKH YHKLFOH�V�� 9DOLGDWLQJ WKHVH UHVXOWV LQ WKH GHHS VHD DQG RWKHU YDULHG HQYLURQPHQWV
ZLOO IRUP WKH EDVLV RI WKH QH[W VWDJH RI WKLV ZRUN�
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$ 8QLILHG &RPPDQG DQG &RQWURO IRU
+HWHURJHQHRXV 0DULQH 6HQVLQJ 1HWZRUNV

$�� ,QWURGXFWLRQ

$���� 2YHUYLHZ RI WKH DUFKLWHFWXUH

$XWRQRPRXV PDULQH YHKLFOHV DUH EHFRPLQJ LQH[SHQVLYH HQRXJK �H�J� 2FHDQ6HUYHU·V VXE�
$������� ,YHU� >��@� DQG PDWXUH HQRXJK DV VLQJOH SODWIRUP V\VWHPV WKDW XVH RI WKHVH YH�
KLFOHV LQ JURXSV LV LQFUHDVLQJO\ IHDVLEOH� *URXSV RI YHKLFOHV RIIHU UHGXQGDQF\� VSHFLDOL]D�
WLRQ� DQG LPSURYHG SHUIRUPDQFH LQ FHUWDLQ XQGHUZDWHU UHVHDUFK WDVNV� +RZHYHU� HYHQ
DXWRQRPRXV V\VWHPV QHHG WR EH FRPPDQGHG E\ D KXPDQ� HVSHFLDOO\ LQ WKH SURFHVV RI GH�
YHORSLQJ VXFK V\VWHPV� 7KH FRQFHSW RI XQLILHG FRPPDQG DQG FRQWURO � � DURVH
IURP WKH DXWKRUV· QHHG WR GHSOR\ DQG FRPPDQG PXOWLSOH DXWRQRPRXV XQGHUZDWHU YHKL�
FOHV �$89V� IRU WDUJHW GHWHFWLRQ DQG HQYLURQPHQWDO VDPSOLQJ� � GHVFULEHG
LQ WKLV SDSHU� ZDV GHYHORSHG IURP H[SHULHQFHV GXULQJ QXPHURXV ILHOG H[SHULPHQWV LQ�
YROYLQJ $89V DQG DXWRQRPRXV VXUIDFH FUDIW �$6&V� RSHUDWHG LQ VKDOORZ ZDWHU �GHSWKV
RQ WKH RUGHU RI ��� PHWHUV� IURP ���� WR ����� LV FRPSRVHG RI WKUHH PDMRU
FRPSRQHQWV�

�� +LHUDUFKLFDO FRQILJXUDWLRQ WKDW LV VHW EHIRUH WKH YHKLFOHV DUH LQ WKH ZDWHU� DV GH�
VFULEHG LQ VHFWLRQ $���

�� $QHWZRUN LQIUDVWUXFWXUH WKDW DOORZV FRPPDQGV IRU DQ DUELWUDU\ QXPEHU RI YHKLFOHV
WR EH VHQW E\ D VLQJOH RSHUDWRU DQG GDWD WR EH UHFHLYHG ZKLOH WKH YHKLFOHV DUH LQ WKH
ZDWHU� RXWOLQHG LQ VHFWLRQ $���

�� 'DWD YLVXDOL]DWLRQ E\ PHVKLQJ WKH GDWD ZLWK *RRJOH (DUWK VDWHOOLWH LPDJHU\ DQG
EDWK\PHWU\� 7KH SURFHVV RI LQWHUIDFLQJ WKH QHWZRUN WR *RRJOH (DUWK

���



LV GLVFXVVHG LQ VHFWLRQ $���

$���� DXWRQRP\ DUFKLWHFWXUH

$OO WKH YHKLFOHV �DQG WKH RSHUDWRU WRSVLGH FRPSXWHU� LQ WKH V\VWHP UXQ WKH
DXWRQRP\ DUFKLWHFWXUH >��@� LV FRPSULVHG RI WZR FRPSRQHQWV� ZULW�

WHQ HQWLUHO\ LQ WKH &�� SURJUDPPLQJ ODQJXDJH�

�� � WKH 0LVVLRQ 2ULHQWHG 2SHUDWLQJ 6XLWH� ZKLFK LV D SXEOLVK�VXEVFULEH LQIUDV�
WUXFWXUH IRU DV\QFKURQRXV LQWHUSURFHVV FRPPXQLFDWLRQ EHWZHHQ D QXPEHU RI GLV�
FUHWH SURFHVVHV RU 0226 0RGXOHV �FROOHFWLYHO\� D 0226 &RPPXQLW\�� (DFK 0226
0RGXOH FRPPXQLFDWHV RQO\ E\ SXEOLVKLQJ GDWD WR WKH FHQWUDO GDWD EXV �WKH �
DQG E\ UHFHLYLQJ GDWD IURP WKH IRU ZKLFK LW KDG SUHYLRXVO\ VXEVFULEHG� 1R
SURFHVV FRPPXQLFDWHV GLUHFWO\ ZLWK DQRWKHU SURFHVV� 7KLV DOORZV IRU UDSLG SURWR�
W\SLQJ E\ SDUWLWLRQLQJ WKH YHKLFOH VRIWZDUH V\VWHP LQWR PRGXOHV WKDW FDQ HVVHQ�
WLDOO\ EH GHYHORSHG DQG GHEXJJHG LQGLYLGXDOO\��

�� � WKH ,QWHUYDO 3URJUDPPLQJ +HOP� ZKLFK LV D EHKDYLRU�EDVHG GHFLVLRQ HQ�
JLQH WKDW FRPPDQGV WKH ORZ OHYHO FRQWURO E\ SURGXFLQJ D GHVLUHG KHDGLQJ� VSHHG�
DQG GHSWK IRU WKH YHKLFOH� DOORZV IRU DQ DUELWUDU\ QXPEHU RI EHKDYLRUV WR
FRPSHWH IRU WKH YHKLFOH·V DFWLRQ� SURGXFLQJ D ´EHVW RSWLRQµ E\ HYDOXDWLQJ WKH HQWLUH
REMHFWLYH IXQFWLRQ RI HDFK EHKDYLRU RYHU WKH HQWLUH �IHDVLEOH� KHDGLQJ�VSHHG�GHSWK
VSDFH� UDWKHU WKDQ MXVW DUELWUDWLQJ RYHU D VLQJOH GHVLUHG KHDGLQJ� VSHHG� DQG GHSWK
IURP HDFK EHKDYLRU��

)LJXUH $�� PRGHOV WKH VXEV\VWHPV IRU WKH WRSVLGH RSHUDWRU 0226 FRPPXQLW\ DQG D
VRQDU $890226 FRPPXQLW\ �´EDFNVHDWµ FRPSXWHU�� (DFK VXEV\VWHP LV FRPSRVHG RI RQH
RU PRUH 0226 0RGXOHV �GHVLJQDWHG E\ D QDPH VWDUWLQJ ZLWK D ORZHU FDVH ¶S· RU ¶L·� WKDW
FRPPXQLFDWH WKURXJK WKH FHQWUDO GDWD EXV �WKH �� 7KH GHVLUHG DFWLRQV SURGXFHG E\

�0226 LV OLNH DQ RIILFH ZKHUH DOO WKH HPSOR\HHV �0226 0RGXOHV� QHYHU WDON WR HDFK RWKHU EXW SRVW
SDSHUV RI WKHLU ZRUN �SXEOLVK� DQG FRS\ RWKHUV· SDSHUV �VXEVFULEH� DV QHHGHG RQ D FHQWUDO EXOOHWLQ ERDUG
�WKH ��

� ZRUNV VRPHWKLQJ OLNH WKLV� WZR SHRSOH �EHKDYLRUV� DUH WU\LQJ WR SLFN D PRYLH WR ZDWFK �E\
DQDORJ\� FKRRVH D KHDGLQJ� VSHHG� DQG GHSWK�� ,I HDFK WHOOV RQO\ WKHLU WRS SLFN DQG� DV LV OLNHO\� WKHVH GR QRW
PDWFK� WKH EHVW RSWLRQ LV WR SLFN RQH SHUVRQ·V WRS FKRLFH DW UDQGRP� ZKLFK OHDYHV WKH RWKHU XQKDSS\ ����
XWLOLW\�� +RZHYHU� LI ERWK JLYH D UDQNHG OLVW RI WKHLU FKRLFHV �REMHFWLYH IXQFWLRQV�� WKHQ D PDWFK PLJKW EH
IRXQG VOLJKWO\ GRZQ WKH OLVW WKDW UHDVRQDEO\ VDWLVILHV ERWK SHRSOH �VD\ ���XWLOLW\�� ZRUNV OLNH WKLV
VHFRQG RSWLRQ� E\ ORRNLQJ DW WKH HQWLUH XWLOLW\ IXQFWLRQ RI DOO EHKDYLRUV RYHU WKH HQWLUH VSDFH� FRPSURPLVHV
FDQ EH PDGH DQG PRUH ZRUN JHWV GRQH�
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Sonar AUV MOOS (Backseat) Computer

Hydrophone Array

Main Vehicle Computer 
(Manufacturer Specific)

WHOI Micro-Modem

«subsystem»
Vehicle Autonomy Control
{components = pHelmIvP}

«subsystem»
Tracking

{components = p1BTracker, 
pTrackQuality}

«subsystem»
Front Seat Interface

{components = iHuxley, 
iOceanServerComms, or iOEX}

«subsystem»
Communications

{components = pAcommsHandler, 
pMOOSBridge}

Environmental Sensor 
(e.g. CTD)

«subsystem»
Sonar Interface and Processing

{components = iDAS, 
pBearingTrack}

«subsystem»
Environmental Sampling

{components = iCTD, pEnvtGrad}

«executable»
MOOSDB

IEEE 802.11 Wifi

«subsystem»
Navigation

«subsystem»
Low level control

Topside MOOS Computer

WHOI Micro-Modem

«subsystem»
Communications

{components = pAcommsHandler, 
pMOOSBridge}

Ship Sensors (e.g. GPS, 
Radar)

«executable»
MOOSDB

IEEE 802.11 Wifi

«subsystem»
Command

{components = iCommander}

«subsystem»
Visualization

{components = pMarineViewer, 
iMOOS2SQL} GEOV Server (Google 

Earth Display)

)LJXUH $��� 0RGHO RI WKH VXEV\VWHPV RI WKH RSHUDWRU WRSVLGH �VKLS�EDVHG FRPPDQG FRP�
SXWHU� DQG D VRQDU $XWRQRPRXV 8QGHUZDWHU 9HKLFOH �$89� �H�J� WKH %OXHILQ �� 8QLFRUQ��
(DFK VXEV\VWHP LV FRPSULVHG RI RQH RU PRUH LQGHSHQGHQW 0226 SURFHVVHV WKDW FRPPX�
QLFDWH RQO\ WKURXJK D FHQWUDO GDWD EXV �WKH �� :KLOH SURFHVVHV GR QRW FRPPXQL�
FDWH GLUHFWO\� NH\ LPSOLFLW GHSHQGHQFLHV EHWZHHQ VXEV\VWHPV DUH LQGLFDWHG ZLWK GRWWHG
DUURZV�
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DUH SDVVHG WR WKH YHKLFOH·V ORZ OHYHO FRQWURO FRPSXWHU �´IURQWVHDWµ FRPSXWHU�
GHWDLOV RI ZKLFK YDU\ GHSHQGLQJ RQ WKH YHKLFOH DQG PDQXIDFWXUHU� ZKLFK LV UHVSRQVLEOH
IRU DFWXDWLQJ WKH FRPPDQGV� 3UHFLVHO\ KRZ WKH ´IURQWVHDWµ FDUULHV RXW WKH FRPPDQGV GH�
SHQGV VLJQLILFDQWO\ RQ WKH GHWDLOV RI WKH LQGLYLGXDO YHKLFOH GHVLJQ� )RU H[DPSOH� D KHDGLQJ
FKDQJHPLJKW EH LPSOHPHQWHG RQ RQH YHKLFOH E\ WLOWLQJ D VLQJOH WKUXVWHU EXW LPSOHPHQWHG
RQ DQRWKHU YHKLFOH E\ YDU\LQJ WKH WKUXVW GLIIHUHQWLDO EHWZHHQ WZR WKUXVWHUV GLVWULEXWHG
VRPH GLVWDQFH IURP WKH YHKLFOH·V FHQWHU RI JUDYLW\� %\ KDYLQJ WKLV VSOLW ´IURQWVHDWµ�´EDFN�
VHDWµ VWUXFWXUH� FDQ FRPPDQG SRWHQWLDOO\ YHU\ GLIIHUHQW YHKLFOHV YLD D VLQJOH
DEVWUDFWHG DXWRQRP\ DUFKLWHFWXUH � ��

$���� )LHOG ([HUFLVHV

$OO WKH ZRUN LQYROYHG LQ GHYHORSLQJ ZDV PRWLYDWHG E\ DQG WHVWHG DW VHY�
HUDO ILHOG WULDOV VSDQQLQJ IURP ���� WR ����� 7KHVH H[HUFLVHV WRRN SODFH LQ VKDOORZ ZDWHU
�GHSWKV RQ WKH RUGHU RI ��� PHWHUV� DQG LQYROYHG IRXU GLIIHUHQW W\SHV RI $89V DQG $6&V�
DOO UXQQLQJ WKH DXWRQRP\ LQ D IURQWVHDW�EDFNVHDW FRQILJXUDWLRQ DV GLVFXVVHG
LQ VHFWLRQ $����� 7KHVH WULDOV DUH VXPPDUL]HG LQ WDEOH $�� DQG H[SHULHQFHV IURP WKHPZLOO
EH UHIHUHQFHG WKURXJKRXW WKH UHPDLQGHU RI WKLV SDSHU�

$���� 3ULRU $UW

7UDGLWLRQDOO\� XQGHUZDWHU YHKLFOHV DUH FRQWUROOHGXVLQJSODWIRUPVSHFLILF LQWHUIDFHVZKHUH
WKH YHKLFOHV FRPPXQLFDWH ZLWK WKH VXUIDFHG DVVHWV XVLQJ GHGLFDWHG ZLUHOHVV HWKHUQHW
FRPPXQLFDWLRQ FKDQQHOV� (DFK PLVVLRQ LV FRQILJXUHG EHIRUH WKH GLYH LV LQLWLDWHG� $IWHU
WKH YHKLFOH LV VXEPHUJHG� VWDWXV DQG FRQWDFW UHSRUWV DUH WUDQVPLWWHG YLD DFRXVWLFPRGHP�
DQG VLPSOH UH�GHSOR\ FRPPDQGV DUH VHQW IURP WKH WRSVLGH &� FRQVROH� SURYLGHG VXFKPD�
QHXYHUV DUH DOORZHG LQ WKH PLVVLRQ VFULSW DQG FRGHG LQWR WKH DFRXVWLF GDWDJUDPV� 7KH
IL[HG PHVVDJH VHW KLJKO\ OLPLWV WKH DELOLW\ RI WKH KXPDQ RSHUDWRU WR FRPPDQG WKH YHKL�
FOHV ZKLOH VXEPHUJHG� $OVR� DOPRVW XQLIRUPO\� WKH FRPPDQG DQG FRQWURO LQIUDVWUXFWXUHV
KDYH EHHQ SURSULHWDU\ DQG PDQXIDFWXUHU�VSHFLILF� 7KXV� WKHUH LV OLWWOH RSHQO\ SXEOLVKHG
OLWHUDWXUH RQ WKHVH V\VWHPV�

)RU H[DPSOH� PRVW 5(086 YHKLFOHV �PDQXIDFWXUHG E\ +\GURLG� DUH FRQWUROOHG ZLWKLQ
WKLV SDUDGLJP XVLQJ WKH 5(086 9HKLFOH ,QWHUIDFH 3URJUDP �9,3� VRIWZDUH LQIUDVWUXFWXUH�
6LPLODUO\� %OXHILQ 5RERWLFV· $89V� DSDUW IURP WKH 0,7 /$066 IOHHW� DUH FRQWUROOHG XV�
LQJ WKH %OXHILQ SURSULHWDU\ WRSVLGH� $OWKRXJK VRPH FRPSRQHQWV RI WKHVH V\VWHPV DUH
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7DEOH $��� 6XPPDU\ RI ILHOG WULDOV GXULQJ ZKLFK ZDV GHYHORSHG DQG WHVWHG�
7KH FROXPQPDUNHG0HVVDJHV 8VHG UHIHUV WR '\QDPLF &RPSDFW &RQWURO /DQJXDJHPHVVDJH
QDPHV XQOHVV VSHFLILHG� 7KH H[SHULPHQW GDWXP LV D ORFDWLRQ LQ WKH VRXWKZHVW FRUQHU RI
WKH RSHUDWLRQ UHJLRQ IURP ZKLFK DOO YHKLFOH SRVLWLRQV DUH UHIHUHQFHG XVLQJ WKH 8QLYHUVDO
7UDQVYHUVH 0HUFDWRU SURMHFWLRQ ZLWK WKH :*6 �� HOOLSVRLG >��@�

1DPH 'DWHV 6XPPDU\ 9HKLFOHV 0HVVDJHV 8VHG ([SHULPHQW
'DWXP

&&/1(7�� ������� �
������

)LUVW (QJLQHHU�
LQJ WHVW IRU
*/,17

$89� � 185& 2(;�
$6&� � 5RERWLF 0D�
ULQH .D\DNV

3OXV1HW &&/ �'&&/ QRW
GHYHORSHG�

��������◦1�
�������◦(

648,17�� ������� �
�������

6HFRQG (QJL�
QHHULQJ WHVW IRU
*/,17

$89� � 185& 2(;�
$6&� � 5RERWLF 0D�
ULQH .D\DNV

3OXV1HW &&/ �'&&/ QRW
GHYHORSHG�

��������◦1�
�������◦(

*/,17�� ������� �
�������

,QWHURSHUDELOLW\
RI PDULQH YHKL�
FOHV IRU SDVVLYH
DFRXVWLF WDUJHW
GHWHFWLRQ

$89� � 185&
2(;� � %OXHILQ
�� �8QLFRUQ�� �
2FHDQ6HUYHU ,YHU��
$6&� � 5RERWLF
0DULQH .D\DNV

3OXV1HW &&/ �'&&/ QRW
GHYHORSHG��
FRPSUHVVHG &7'
PHVVDJHV �SUHFXUVRU
WR '&&/�

����◦1�
��������◦(

6:$06,�� ������� �
������

0LQH GHWHFWLRQ
XVLQJ ELVWDWLF
DFRXVWLFV�

$89� � %OXHILQ ��
�8QLFRUQ� 0DFUXUD�

/$066 '(3/2<�
/$066 67$786�
$&7,9( &217$&7�
$&7,9( 75$&.� &7'
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,QWHURSHUDELOLW\
RI PDULQH YHKL�
FOHV IRU SDVVLYH
DFRXVWLF WDUJHW
GHWHFWLRQ

$89� � 185& 2(;� �
2FHDQ6HUYHU ,YHU��
$6&� � 5RERWLF 0D�
ULQH .D\DNV
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685)$&( '(3/2<�
/$066 67$786�
/$066 &217$&7�
/$066 75$&.� &7'

�����◦1�
����◦(

'85,3�� ������� �
�������

(QJLQHHULQJ
WHVW IRU FRO�
ODERUDWLYH
DXWRQRP\ DQG
WRZHG DUUD\
LPSURYHPHQWV

$89� � %OXHILQ ��
�8QLFRUQ� 0DFUXUD��
$6&� � 5RERWLF 0D�
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#Communications
#Logging

Global

#Vehicle Autonomy Control

AUV

#Vehicle Autonomy Control

ASC

#Front Seat Interface

Bluefin AUV

#Front Seat Interface

OceanServer AUV

#Front Seat Interface

NURC AUV

#Front Seat Interface

Robotic Marine Kayak

+ship name : string

Topside

+name : string = Bobby

Kayak

+name : string = Dee

Kayak

#Tracking
#Sonar Interface

Sonar AUV

#Environmental Sampling

Environmental AUV

+name : string = OEX

Ocean Explorer

+name : string = Hammerhead

Iver2

+name : string = Unicorn

Bluefin 21

+name : string = Macrura

Bluefin 21

+name2id() : unsigned int
+id2name() : string
+id2type() : string

Cruise +datum lat : double = 42.47
+datum lon : double = 10.9
+safety behaviors

GLINT09

+datum lat : double = 30.045
+datum lon : double = -85.753
+safety behaviors

SWAMSI09

)LJXUH $��� +LHUDUFK\ RI FODVVHV UHSUHVHQWLQJ WKH VRIWZDUH FRQILJXUDWLRQ RI D FROOHFWLRQ
RI $XWRQRPRXV 6XUIDFH &UDIW �$6&V� DQG $XWRQRPRXV 8QGHUZDWHU 9HKLFOHV �$89V� XVHG
LQ WKH ILHOG H[SHULPHQWV VXPPDUL]HG LQ WDEOH $��� 7KH RSHQ DUURZ LQGLFDWHV D JHQHUDO�
L]DWLRQ RI DQRWKHU FODVV� 7KH ERWWRP URZ RI WKH KLHUDFK\ UHSUHVHQWV FRQILJXUDWLRQ IRU DQ
DFWXDO YHKLFOH� WKH UHVW RI WKH KLHUDUFK\ LV DEVWUDFW� %\ SXWWLQJ FRQILJXUDWLRQ DV KLJK LQ
WKLV WUHH DV SRVVLEOH� FRQILJXUDWLRQ UHGXQGDQF\ LV PLQLPL]HG DQG FKDQJHV FDQ EH SURSD�
JDWHG HDVLO\ WR DOO WKH OHDYHV� (DFK RI WKHVH FODVVHV UHSUHVHQWV RQH RU PRUH WH[W ILOHV WKDW
DUH DVVHPEOHG E\ D WH[W SUHSURFHVVRU EHIRUH EHLQJ SDVVHG WR WKH 0226 SURFHVV ODXQFK
PDQDJHU � ��

FRPPRQ� VXFK DV WKH &&/ PHVVDJH FRGLQJ� WKH\ DUH LQ JHQHUDO FRPSOHWHO\ LQFRPSDWLEOH�
UHTXLULQJ D VHSDUDWH WRSVLGH &� LQIUDVWUXFWXUH IRU HDFK YHKLFOH W\SH DQG RIWHQ IRU HDFK
YHKLFOH�

,Q FRQWUDVW� WKH SD\ORDG�FHQWULF DXWRQRP\ DQG FRPPXQLFDWLRQ LQIUDVWUXFWXUH LQWH�
JUDWHG XVLQJ DOORZV WR EH DSSOLHG WR FRQWUROOLQJ D FRPSOHWHO\ KHW�
HURJHQHRXV QHWZRUN RI YHKLFOHV DQG IL[HG QRGHV� DOO IURP D VLQJOH WRSVLGH FRPPDQG DQG
FRQWURO FRQVROH RQ D VXUIDFH VKLS RU RQ VKRUH� )XUWKHUPRUH� WKH '\QDPLF &RPSDFW &RQ�
WURO /DQJXDJH �'&&/� PHVVDJLQJ �GHWDLOHG LQ VHFWLRQ $����� DOORZV IRU D PXFK ULFKHU DQG
PRUH TXLFNO\ UHFRQILJXUDEOH VHW RI FRPPDQGV WR EH VHQW WR WKH YHKLFOHVZKLOH LQ RSHUDWLRQ
�L�H� XQGHUZDWHU DQG RXW RI UHDFK RI ZLUHOHVV HWKHUQHW��

$�� +LHUDUFKLFDO FRQILJXUDWLRQ
� OLNH PDQ\ VRIWZDUH V\VWHPV� UHTXLUHV FRQILJXULQJ DOO WKH SURFHVVHV ZLWK VRPH

LQLWLDO VWDWH� &RQILJXUDWLRQ YDOXHV UDQJH IURP KDUGZDUH VHWWLQJV �H�J� VHULDO SRUW QDPHV�
WR DXWRQRP\ VHWWLQJV �H�J� EHKDYLRUV� WKDW JRYHUQ WKH YHKLFOHV· LQLWLDO PLVVLRQ DQG DOO SRV�
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VLEOH VWDWHV WKDW FDQ EH FRPPDQGHG GXULQJ UXQWLPH� ,Q D UHVHDUFK HQYLURQPHQW� PDQ\
SURFHVVHV H[SRVH D JRRGGHDO RI LQLWLDO VWDWH WR WKH SUHODXQFK FRQILJXUDWLRQ VLQFH RSWLPXP
GHIDXOWV DUH XQNQRZQ D SULRUL DQG DUH WKH VXEMHFW RI UHVHDUFK WKHPVHOYHV� 7KLV PHDQV
WKHUH DUH D ODUJH QXPEHU RI SUHODXQFK FRQILJXUDWLRQ YDOXHV� PDQ\ RI ZKLFK QHHG WR EH
FRQVLVWHQW DFURVV YHKLFOHV� )XUWKHUPRUH� LW LV RIWHQ GHVLUDEOH WKDW FKDQJHV WR WKH FRQILJ�
XUDWLRQ EH DEOH WR EH HDVLO\ SURSDJDWHG WKURXJKRXW WKH VHW RI YHKLFOHV ZLWKRXW FKDQJLQJ
WKH YDOXH LQ PRUH WKDQ RQH SODFH� :LWK D VLQJOH YHKLFOH� D VLQJOH ILOH GHILQLQJ WKH FRQ�
ILJXUDWLRQ LV PDQDJHDEOH� EXW DV WKH QXPEHU RI YHKLFOHV JURZV� WKH DXWKRUV KDYH IRXQG
WKDW PDNLQJ VXUH WKDW FKDQJHV SURSDJDWH LV D ORJLVWLFDO GLIILFXOW\� 7KH &RPPXQLFDWLRQV
VXEV\VWHP LV DQ H[DPSOH RI RQH WKDW UHTXLUHV D VLJQLILFDQW DPRXQW RI FRQVLVWHQW FRQILJ�
XUDWLRQ WKURXJKRXW WKH QHWZRUN� ,I HQFRGLQJ�GHFRGLQJ WHPSODWHV �'&&/ ;0/ ILOHV� VHH
VHFWLRQ $����� DUH LQFRQVLVWHQW EHWZHHQ YHKLFOHV� WKH PHVVDJHV PD\ QRW EH GHFRGHG SURS�
HUO\�

7R DGGUHVV WKLV LVVXH� D KLHUDUFKLFDO FRQILJXUDWLRQ V\VWHP ZDV LPSOHPHQWHG ZKHUH
HDFK YHKLFOH·V FRQILJXUDWLRQ LV LQKHULWHG IURP D QXPEHU RI SDUHQWV XS WKH ´WUHHµ RI WKH
KLHUDUFK\� )LJXUH $�� GLDJUDPV WKLV KLHUDUFK\ IRU D QXPEHU RI WKH YHKLFOHV XVHG LQ WKH
ILHOG H[HUFLVHV WDEXODWHG LQ WDEOH $��� 7KH FRQILJXUDWLRQ IRU HDFK YHKLFOH FDQ EH WKRXJKW
RI DV D FODVV WKDW LQKHULWV FRQILJXUDWLRQ PXFK LQ WKH VDPH ZD\ DV FODVV LQKHU�
LWDQFH �ZKLFK H[SUHVVHV DQ ´LV�Dµ UHODWLRQVKLS� ZRUNV LQ REMHFW�RULHQWHG SURJUDPPLQJ
ODQJXDJHV �VXFK DV &���� )RU H[DPSOH� LQ )LJXUH $��� WKH 2FHDQ ([SORUHU �2(;� LV D 185&
$89 ZKLFK LV D 6RQDU $89� HWF� $Q\ FRQILJXUDWLRQ IRU D 6RQDU $89 LV LQKHULWHG E\ DOO
185& $89V ZKLFK LV WKHQ LQ WXUQ LQKHULWHG E\ WKH 2(;�

([DPSOHV RI WKH VXEV\VWHPV WKDW DUH W\SLFDOO\ FRQILJXUHG DW HDFK OHYHO DUH JLYHQ LQ
)LJXUH $��� &UXLVHV DUH KDQGOHG DV D FODVV WKDW WKH FRQILJXUDWLRQ �L�H�� WKH URRW RI
WKH WUHH� GHSHQGV RQ� ,QIRUPDWLRQ FRQWDLQHG LQ HDFK FUXLVH LV VSHFLILF WR WKH RSHUDWLRQV RI
WKDW H[SHULPHQW VXFK DV D ORFDO GDWXP IRU JHRGHVLF FRQYHUVLRQV� ORFDO REVWDFOHV WR DYRLG�
DQG DPDSSLQJ RI WKH YHKLFOH QDPHV WR D QXPHULF LG QXPEHU IRU DFRXVWLF FRPPXQLFDWLRQV�

6LQFH LV OLPLWHG WR DFFHSWLQJ SODLQ WH[W FRQILJXUDWLRQ ILOHV ZLWK NH\�YDOXH SDLUV�
WKLV KLHUDUFKLFDO FRQILJXUDWLRQ VWUXFWXUH LV LPSOHPHQWHG WKURXJK D VHULHV RI VPDOO WH[W
ILOHV �WKDW UHSUHVHQW HDFK ´FODVVµ LQ )LJXUH $��� WKDW DUH LQFOXGHG WR WKH PDLQ FRQILJX�
UDWLRQ ILOH YLD D WH[W SUHSURFHVVRU � �� ZKLFK LV YHU\ VLPLODU WR WKH & 3UHSURFHVVRU
� �� 7KH FRQILJXUDWLRQ LV NHSW FRQVLVWHQW WKURXJKRXW WKH YHKLFOHV E\ XVLQJ YHUVLRQ FRQ�
WURO VRIWZDUH �LQ RXU FDVH� 6XEYHUVLRQ� LQ WKH VDPH PDQQHU WKDW WKH VRXUFH FRGH LV NHSW
FRQVLVWHQW�
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7KLV W\SH RI FRQILJXUDWLRQ ZDV ILUVW GHYHORSHG DQG WHVWHG RQ $6&V DW */,17�� DQG
WKHQ PLJUDWHG WR $89V E\ 6:$06,��� 7KH DXWKRUV KDYH IRXQG WKDW $6&V PDNH H[FHOOHQW
WHVWEHGV IRU FKDQJHV WR WKH DUFKLWHFWXUH DV WKH\ FDQ EH UHSURJUDPPHGZKLOH
GHSOR\HG DQG DUH DW OHVV ULVN RI ORVV GXH WR HUURUV LQ WKH QHZ V\VWHP DV WKH\ GR QRW GLYH�

$�� 1HWZRUN

$���� 6XEVHD DQG VXUIDFH QHWZRUNLQJ
5HOLDEOH FRPPXQLFDWLRQV EHWZHHQ XQGHUZDWHU DQG VXUIDFH QRGHV LQ WKH RFHDQ DUH DW EHVW
DQ XQFHUWDLQW\� 8QGHUZDWHU FRPPXQLFDWLRQV DUH RQO\ SUDFWLFDO XVLQJ DQ DFRXVWLF FDUULHU
GXH WR WKH UDSLG DWWHQXDWLRQ RIPRVW HOHFWURPDJQHWLFZDYHOHQJWKV LQ VHDZDWHU >�@� $FRXV�
WLFV DUH VXEMHFW WR WKH YDULDWLRQV RI WKH SK\VLFDO SURSDJDWLRQ RI VRXQG� DUH VORZ �RYHU ILYH
RUGHUV RI PDJQLWXGH VORZHU WKDQ OLJKW�� DQG KDYH OLWWOH XVDEOH EDQGZLGWK GXH WR WKH ORZ
IUHTXHQFLHV RI WKH FDUULHUV� OHDGLQJ WR XQSUHGLFWDELOLW\ DQG ORZ WKURXJKSXWZKHQ VHQGLQJ
PHVVDJHV EHORZ WKH VXUIDFH� $ERYH�VXUIDFH ZLUHOHVV HWKHUQHW �ZLIL� DIIRUGV PXFK KLJKHU
ELWUDWHV EXW LV VXEMHFW WR DQWHQQDH OLQH RI VLJKW LVVXHV� HVSHFLDOO\ ZLWK VPDOO PDVWHG YHKL�
FOHV ERXQFLQJ LQ WKH ZDYHV� ,Q WKH ILHOG WULDOV JLYHQ LQ WDEOH $��� WKH DXWKRUV KDYH IRXQG
WKH UDQJH RI DFRXVWLF FRPPXQLFDWLRQV WR RIWHQ EH VXEVWDQWLDOO\ EHWWHU �IDFWRU RI WZR RU
PRUH� WKDQ WKH ZLIL FRQQHFWLRQ WR %OXHILQ �� $89V� +RZHYHU� VKLS�WR�VKLS RU VKLS�WR�
EXR\ QHWZRUNLQJ RYHU UDQJHV RI VHYHUDO NLORPHWHUV FDQ EH UHDVRQDEO\ UHOLDEOH LI SURSHUO\
LQVWDOOHG� ,Q WKH DXWKRUV· H[SHULHQFH� UHOLDEOH FRPPXQLFDWLRQV DUH PXFK PRUH LPSRUWDQW
WR VXFFHVVIXO ILHOG RSHUDWLRQ RI URERWLF YHKLFOHV WKDQ IDVW FRPPXQLFDWLRQV�

QHWZRUNLQJ KDV HYROYHG IURP D VLQJOH�KRS XQGHUZDWHU QHWZRUN WR D
VLQJOH�KRS XQGHUZDWHU QHWZRUN ZLWK �SRWHQWLDOO\� PXOWL�KRS DERYH�ZDWHU QHWZRUN� 7KLV
DOORZV WKH RSHUDWRU·V FRPPDQGV WR D VXEVXUIDFH QRGH WR EH IRUZDUGHG WR WKH QHDUHVW
´JDWHZD\�µ ZKLFK LV HLWKHU DQ DFRXVWLF PRGHP RQ WKH VKLS� RU D EXR\ RU DXWRQRPRXV
VXUIDFH FUDIW �$6&� ZLWK D PRGHP� 7KH ODVW RSWLRQ DOORZV WKH PRVW IOH[LELOLW\� DV WKH $6&
FDQ WUDQVLW WR LPSURYH LWV UDQJH WR WKH XQGHUZDWHU YHKLFOH DQG LPSURYH WKH FKDQFH RI
UHFHSWLRQ�

2QH EHKDYLRU WKDW ZRUNV ZHOO IRU FDVHV ZKHQ KLJK WKURXJKSXW IURP WKH XQGHUZDWHU
YHKLFOH LV QHHGHG LV WR KDYH DQ $6& WUDLO WKH $89 E\ D VKRUW GLVWDQFH� PDNLQJ WKH DFRXVWLF
WUDQVPLVVLRQ FORVHU WR YHUWLFDO �DV ZHOO DV D VKRUWHU GLVWDQFH� DQG UHGXFLQJ WKH UHIUDFWLRQ
�VLQFH WKH ZDWHU LV PXFK PRUH VWUDWLILHG LQ WKH YHUWLFDO WKDQ WKH KRUL]RQWDO� DQG PXOWLSOH
UHIOHFWLRQV �PXOWLSDWK� WKDW GHVWUR\ DFRXVWLF SDFNHWV� )LJXUH $�� VKRZV WZR VFHQDULRV
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Topside
ASCASCASC

AUV

Topside
ASCASCASCASCASCASCASCASC

Topside
ASCASCASCASC

AUVAUV

AUV TopsideASC

«acoustic» DCCL Status«acoustic» DCCL Status

«wifi» DCCL Status (forward)
Duplicate Status is ignored.

«acoustic» DCCL Command

Topside

ASCASCASC

AUV

TopsideTopside

ASCASCASCASCASCASCASCASC

TopsideTopsideTopside

Wi!

Acoustic

AUV TopsideASC

«acoustic» DCCL Status

«wifi» DCCL Status (forward)

«wifi» DCCL Command

«acoustic» DCCL Command (forward)

)LJXUH $��� 7UDQVPLVVLRQ FRYHUDJH GLDJUDP �WRS� DQG VHTXHQFH GLDJUDP IRU VHQGLQJ D
FRPPDQG DQG UHFHLYLQJ D VWDWXV PHVVDJH IURP WKH WRSVLGH WR DQ XQGHUZDWHU YHKLFOH �EH�
ORZ�� 2Q WKH OHIW WKH $89 LV ZLWKLQ UDQJH RI WKH WRSVLGH IRU ERWK QHWZRUNV EXW VLQFH WKH
$89 LV EHORZ WKH VXUIDFH RQO\ WKH DFRXVWLF PHVVDJH LV UHFHLYHG� ,Q WKH VHFRQG VFHQDULR
WKH $89 LV RXW RI FRPPXQLFDWLRQ GLUHFWO\ ZLWK WKH WRSVLGH VR WKH PHVVDJHV DUH SDVVHG
WKURXJK D VXUIDFH FUDIW �$6&��

IRU D VKLS �WRSVLGH�� DQ $89 DQG DQ $6&� ZKHUH WKH WRSVLGH FRPPDQGHU ZLVKHV WR VHQG
D FRPPDQG WR WKH $89 DV ZHOO DV UHFHLYH D VWDWXV PHVVDJH �H�J�� SRVLWLRQ� RULHQWDWLRQ�
VSHHG� KHDOWK� IURP WKH $89�

,Q WKH ILUVW VFHQDULR �RQ WKH OHIW�� WKH$89 LV LQ GLUHFW DFRXVWLF FRPPXQLFDWLRQZLWK WKH
VKLS PRGHP VR WKDW WKH PHVVDJHV SDVV GLUHFWO\ EHWZHHQ WKH WRSVLGH DQG WKH $89� ,Q WKH
VHFRQG VFHQDULR �ULJKW VLGH RI )LJXUH $���� WKH $89 LV RXW RI DFRXVWLF UDQJH RI WKH VKLS� EXW
ZLWKLQ WKH UDQJH RI WKH $6&� 7KH $6& LV LQ UDQJH DERYH WKH VXUIDFH ZLWK WKH VKLS VR WKDW
LW FDQ IRUZDUG WKH PHVVDJHV EHWZHHQ WKH WZR� 7KLV LV D VRPHZKDW EUXWH IRUFH WHFKQLTXH
WR URXWLQJ �DOO LPSRUWDQW SDFNHWV DUH IRUZDUGHG�� EXW UHPRYHV WKH QHHG WR PDLQWDLQ D
YHU\ UDSLGO\ FKDQJLQJ URXWLQJ WDEOH �VLQFH DOPRVW HYHU\WKLQJ LV LQ PRWLRQ� DQG VLQFH WKH
EDQGZLGWK DYDLODEOH DERYH WKH VHD LV VR PXFK KLJKHU �WKUHH WR IRXU RUGHUV RI PDJQLWXGH
DERYH WKH DFRXVWLF XQGHUZDWHU FRPPXQLFDWLRQV�� WKHUH LV QR ULVN RI VDWXUDWLQJ WKH ZLIL
QHWZRUN� 7KLV WUDLOLQJ EHKDYLRU DV SDUW RI WKH QHWZRUN ZDV ILUVW VXFFHVVIXOO\
GHPRQVWUDWHG DW WKH &&/1(7�� H[SHULPHQW LQ -DQXDU\ ���� �VHH )LJXUH $���� 7KH 5RERWLF
0DULQH ND\DNV 'HH DQG %REE\ WUDLOHG ERWK WKH UHVHDUFK YHVVHO �/HRQDUGR� DQG WKH 2(; $89�
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)LJXUH $��� *(29 VFUHHQVKRW VKRZLQJ$6&V %REE\ DQG'HH WUDLOLQJ WKH2(;$89 WR LPSURYH
QHWZRUNLQJ WKURXJKSXW DW WKH &&/1(7�� H[SHULPHQW� $FRXVWLF FRPPXQLFDWLRQV DUH RQO\
UREXVW RYHU VKRUW GLVWDQFHV ZLWK ODUJHO\ YHUWLFDO SURSDJDWLRQ� ZKLFK PDNHV WKHVH ´PR�
ELOH JDWHZD\Vµ HIIHFWLYH� DV WKH\ FDQ DOZD\V PDLQWDLQ D UHODWLYHO\ VKRUW GLVWDQFH WR WKH
$89� 7KH $6&V ZHUH FRPPDQGHG WR WUDLO DW ��� PHWHUV EHKLQG WKH $89 DW ���◦ DQG ���◦
UHODWLYH WR WKH $89·V ERZ� 7KH $6&V ZHUH DOVR UXQQLQJ D KLJK SULRULW\ FROOLVLRQ DYRLG�
DQFH EHKDYLRU ZLWK WKH 59 /HRQDUGR �´OHRµ�� ZKLFK DFFRXQWV IRU WKH VKLIW WR SRUW IURP WKH
QRUPDWLYH WUDFNLQJ SRVLWLRQV�

IRUZDUGLQJ DFRXVWLF PHVVDJHV WR WKH WRSVLGH� 6LPLODU EHKDYLRU ZDV XVHG DV SDUW RI WKH
*/,17�� DQG */,17�� QHWZRUNV�

7KH XQGHUZDWHU QHWZRUN FDQ EH WKRXJKW RI DV D ORFDO QHWZRUN EURDGFDVW� ZKHUH HY�
HU\ YHKLFOH KHDUV HYHU\ WUDQVPLVVLRQ ZLWKLQ UDQJH �D IHZ NLORPHWHUV IRU WKH �� N+]:+2,
0LFUR�0RGHP �VHH >���@� HPSOR\HG LQ DOO WKH DXWKRUV· H[SHULPHQWV� WKRXJK KLJKO\ YDUL�
DEOH ZLWKLQ WKH VSDWLDO DQG WHPSRUDO HQYLURQPHQW�� 7KH DERYH VHD QHWZRUN LV EDVHG RII
7&3�,3 DQG8'3SURWRFROV� WKH ODWWHU XVHG IRU FDVHVZKHQ WKURXJKSXW LV VR EDG WKDW 7&3�,3
GRHV QRW DGHTXDWHO\ KDQGOH DOO WKHPLVVHG SDFNHWV DQGZKDW LVPRVW GHVLUDEOH LV WKH QHZHVW
PHVVDJH UDWKHU WKDQ DOO WKH PHVVDJHV�

,Q IDFW� WKURXJKSXW RI DOOPHVVDJHV LV UDUHO\ DFKLHYDEOH� 8VLQJ WKH %DQG &:+2,0LFUR�
0RGHPZLWK D FDUULHU RI �� N+]� WKH DXWKRUV KDYH REVHUYHG WKDW DFWXDO WKURXJKSXW LQ JRRG
FRQGLWLRQV UDQJHV IURP DERXW �� ELWV�SHU�VHFRQG �ESV� XVLQJ WKH ORZ�UDWH IUHTXHQF\�VKLIW
NH\LQJ �)6. UDWH �� PRGXODWLRQ WR ���� ESV XVLQJ WKH KLJK�UDWH SKDVH VKLIW NH\LQJ �36.
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UDWH �� PRGXODWLRQ� +RZHYHU� WKLV WKURXJKSXW LV KLJKO\ GHSHQGHQW RQ WKH HQYLURQPHQWDO
FRQGLWLRQV �VRXQG VSHHG SURILOH� ZDWHU GHSWK� VXUIDFH ZDYHV�� ZLWK WKH KLJKHU UDWHV WKH
PRVW VHQVLWLYH� ,W LV DOVR GHSHQGHQW RQ WKH RULHQWDWLRQ RI WKH YHKLFOH DQG WKH PRXQWLQJ
SRVLWLRQ RI WKH PRGHP� &RPPXQLFDWLRQ SHUIRUPDQFH FDQ FKDQJH VXEVWDQWLDOO\ RYHU WKH
FRXUVH RI RQH GD\ WR WKH QH[W GXH WR FKDQJHV LQ WKH HQYLURQPHQW� &RPPXQLFDWLRQ LQ YHU\
VKDOORZ ZDWHU �∼�� PHWHUV GHSWK�� VXFK DV WKDW LQ WKH RSHUDWLRQ UHJLRQ RI 6:$06,���
SRVHG WKH PRVW GLIILFXOW\� &RPPXQLFDWLRQV ZRXOG IDLO IRU WHQV RI PLQXWHV DW D WLPH� HVSH�
FLDOO\ DW UDQJHV RI PRUH WKDQ VHYHUDO KXQGUHG PHWHUV� +RZHYHU� LQ */,17�� ZLWK D ZDWHU
GHSWK RI ��� PHWHUV� HYHQ KLJK UDWH �36. UDWH �� WUDQVPLVVLRQV ZRXOG RFFXU VXFFHVVIXOO\
DW UDQJHV XS WR ��� NP� 7R PD[LPL]H WKH WKURXJKSXW� EXW HQVXUH VRPH FRQVLVWHQW PHV�
VDJLQJ� WKH DXWKRUV ZLOO FRPPDQG WKH YHKLFOHV WR DOWHUQDWLQJO\ VHQG PHVVDJHV DW ORZ DQG
KLJK UDWHV�

$OOPHVVDJHV DUH SULRULWL]HG WR FRPSHQVDWH IRU WKH UHDOLW\ RI ORZ DQG YDULDEOH WKURXJK�
SXW� 7KH PHVVDJH ZLWK WKH KLJKHVW SULRULW\ LV VHQW DW HDFK RSSRUWXQLW\ SURYLGHG E\ WKH
PHGLXP DFFHVV FRQWURO �0$&� VFKHPH� 7KH SULRULWLHV JURZ LQ WKH WLPH VLQFH WKH ODVW PHV�
VDJH RI WKDW W\SH ZDV VHQW� 7KXV� KLJKHU SULRULW\ PHVVDJHV GR QRW FRQWLQXRXVO\ RYHU�
ZKHOP ORZHU SULRULW\ PHVVDJHV� 7KLV LV LPSOHPHQWHG WKURXJK D VHW RI TXHXHV� RQH TXHXH
IRU HDFK '&&/ PHVVDJH �H�J� /$066 67$786 KDV RQH TXHXH� $&7,9( &217$&76 KDV DQ�
RWKHU�� (DFK TXHXH i KDV D SULRULW\ YDOXH �Pi(t)� ZKLFK LV FDOFXODWHG XVLQJ

Pi(t) = Vi

(
t− τi
ttli

)
�$���

ZKHUH Vi LV WKH EDVH YDOXH RI WKH TXHXH �L�H� WKH LPSRUWDQFH RI WKDW W\SH RI PHVVDJH�� ttli
LV WKH WLPH�WR�OLYH �LQ VHFRQGV� RI PHVVDJHV LQ WKDW TXHXH� τi LV WKH ODVW WLPH D PHVVDJH
ZDV VHQW IURP WKH iWK TXHXH DQG t LV WKH FXUUHQW WLPH� 0HVVDJHV ZLWK D VKRUW ttl DUH SUH�
VXPDEO\ PRUH WLPH VHQVLWLYH� VR WKHLU SULRULWLHV JURZ IDVWHU WKDQ PHVVDJHV ZLWK D ORQJHU
ttl� :KHQ WKH 0$& VFKHPH SHUPLWV D PHVVDJH WR EH VHQW� WKH TXHXH LV FKRVHQ ZLWK WKH
KLJKHVW P (t)�

2QH H[DPSOH RI ZK\ WKLV G\QDPLF JURZWK RI SULRULWLHV LV GHVLUDEOH LV GXULQJ D VXEVHD
GHWHFWLRQ� 7KH $89 JHQHUDWHV WUDFN DQG FRQWDFW UHSRUWV �KLJK SULRULW\ PHVVDJHV� IRU WKH
GHWHFWHG REMHFW� EXW WKH RSHUDWRU VWLOO GHVLUHV DQ RFFDVLRQDO ORZHU SULRULW\ VWDWXV PHVVDJH
WR HQVXUH WKH YHKLFOH LV SHUIRUPLQJ FRUUHFWO\� :HUH SULRULWLHV QRW WR JURZ� WKH RSHUDWRU
ZRXOG QHYHU UHFHLYH D VWDWXV PHVVDJH ZKLOH WUDFN UHSRUWV ZHUH EHLQJ JHQHUDWHG�

0HVVDJHV UHFHLYHG IURPXQGHUZDWHU QRGHV DUH IRUZDUGHG E\ WKH VXUIDFH QRGHV VR WKDW
DOO LQWHUHVWHG SDUWLHV �W\SLFDOO\ DOO WKH DVVHWV LQ WKH H[SHULPHQW� FDQ ORJ DQGXVH WKHVH GDWD�
7KLV DOORZV IRU UHGXQGDQF\ ZKHQ FHUWDLQ YHKLFOHV DUH RXW RI UDQJH RI WKH LQLWLDO VHQGHU�
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$���� '\QDPLF &RPSDFW &RQWURO /DQJXDJH �'&&/�

7KH '\QDPLF &RPSDFW &RQWURO /DQJXDJH �'&&/� SURYLGHV D VWUXFWXUH ODQJXDJH IRU GHILQ�
LQJ IL[HG�OHQJWK VKRUW PHVVDJHV SULPDULO\ WR EH VHQW WKURXJK DQ DFRXVWLF PRGHP �EXW
ZKLFK FDQ EH VHQW WKURXJK 7&3�,3 RU 8'3 DV ZHOO�� 7KH PHVVDJHV DUH FRQILJXUHG LQ
;0/ DQG DUH LQWHQGHG WR EH HDVLO\ UHFRQILJXUDEOH� XQOLNH WKH RULJLQDO &&/ IUDPHZRUN
�VHH >���@� XVHG LQ WKH5(086YHKLFOHV WKDW '&&/ DLPV WR UHSODFH� '&&/ FDQ RSHUDWHZLWKLQ
D &&/ QHWZRUN� DV WKHPRVW VLJQLILFDQW E\WH �RU &&/ ,'� LV �[��� '&&/PHVVDJHV FDQ EH HDV�
LO\ UHFRQILJXUHG EHFDXVH WKH\ DUH GHILQHG LQ SODLQ WH[W ;0/ ILOHV ZKLFK DUH HQFRGHG XVLQJ
D VHW RI VWDQGDUG UXOHV JLYHQ LQ 7DEOH ���� &UHDWLQJ D QHZ &&/PHVVDJH� RQ WKH RWKHU KDQG�
UHTXLUHV GHILQLQJ HDFK ILHOG DQG LWV HQFRGLQJ LQ VRIWZDUH FRGH DQG WKHQ WHVWLQJ WR HQ�
VXUH LWV FRUUHFWQHVV� %\ XVLQJ DQ ;0/ VFKHPD DQG RWKHU VWUXFWXUDO FKHFNV� '&&/ JUHDWO\
UHGXFHV WKH FKDQFH RI XQGHWHFWHG HUURU ZKHQ GHILQLQJ QHZ PHVVDJHV� $ PRUH LQ�GHSWK
H[SODQDWLRQ RI '&&/� LQFOXGLQJ H[DPSOH ;0/ ILOHV� FDQ EH IRXQG LQ >���@� 7KH VRXUFH FRGH
DQG GRFXPHQWDWLRQ IRU '&&/� SURYLGHG DV WKH &�� OLEUDU\ OLEGFFO� LV DYDLODEOH DV SDUW RI WKH
RSHQ�VRXUFH SURMHFW DW �

2QH H[DPSOH WKDW GHPRQVWUDWHV WKH IOH[LELOLW\ RI '&&/ RFFXUHG LQ 6:$06,��� ,Q WKLV
H[SHULPHQW� WZR $89V ZHUH WR SHUIRUP ELVWDWLF DFRXVWLF GHWHFWLRQ RI PLQH�OLNH WDUJHWV
RQ WKH VHDIORRU� ,Q RUGHU WR GR WKLV� ERWK $89V QHHGHG WR WUDYHUVH D FLUFXODU SDWWHUQ
DURXQG WKH SRWHQWLDO WDUJHW� PDLQWDLQLQJ D FRQVWDQW ELVWDWLF DQJOH� +RZHYHU� HQWHULQJ
LQWR WKLV FROODERUDWLRQ DQGPDLQWDLQLQJ WKH FRUUHFW DQJOH UHTXLUHG KDQGVKDNLQJ DQG GDWD
WUDQVIHU EHWZHHQ ERWK YHKLFOHV� $W WKH WLPH RI WKH H[SHULPHQW WKHUH ZDV QR DYDLODEOH
ILHOGV LQ WKH FXUUHQW PHVVDJH VHW WR SHUIRUP WKLV KDQGVKDNH� %\ DGGLQJ VRPH QHZ ILHOGV
�L�H� VHYHUDO OLQHV RI ;0/ WH[W� WR WKH PHVVDJH� WKH YHKLFOHV ZHUH DEOH WR
SHUIRUP WKH KDQGVKDNH XQGHUZDWHU DV QHHGHG� 7KLV ZRXOG QRW KDYH EHHQ SRVVLEOH ZLWK
WKH KDUG�FRGHG &&/ PHVVDJHV ZLWKRXW VXEVWDQWLDOO\ PRUH SODQQLQJ� FRGLQJ� DQG WHVWLQJ�

'&&/ LV VLPLODU WR WKH $61�� XQDOLJQHG 3DFNHG (QFRGLQJ 5XOHV >���@� '&&/ PHVVDJHV
DUH SDFNHGEDVHGRQELW ERXQGDULHV �DV RSSRVHG WR E\WHV RUZRUGV� GHWHUPLQHGZLWK NQRZO�
HGJH RI WKH ;0/ ILOH� 7KH\ DUH QRW VHOI�GHVFULELQJ� DV WKLV ZRXOG EH SURKLELWLYHO\ H[SHQ�
VLYH LQ WHUPV RI GDWD XVH� 7KXV� WKH VHQGHU DQG UHFHLYHU PXVW KDYH D FRS\ RI WKH VDPH
;0/ ILOH IRU GHFRGLQJ D JLYHQ PHVVDJH� $OVR� HDFK PHVVDJH LV GHILQHG E\ DQ LGHQWLILFDWLRQ
QXPEHU WKDW PXVW EH XQLTXH ZLWKLQ D QHWZRUN�

'&&/ PHVVDJHV FDQ EH XVHG IRU DQ\ NLQG RI GDWD H[SUHVVLEOH DV D FRPELQDWLRQ RI RQH
RU PRUH FXVWRPL]DEO\ ERXQGHG LQWHJHUV RU IL[HG SRLQW UHDO QXPEHUV� VWULQJV� HQXPHU�
DWLRQV� ERROHDQV� RU XQFDWHJRUL]HG KH[DGHFLPDO� 7KXV� DPRQJ RWKHU XVHV� WKH\ FDQ EH
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XVHG WR HQFRGH FRPPDQGV DQG VWDWXV PHVVDJHV IRU $89V� 7KH DOJRULWKPV XVHG IRU HQ�
FRGLQJ WKH '&&/ W\SHV DUH SURYLGHG LQ 7DEOH ���� '&&/ LV FXUUHQWO\ OLPLWHG WR WKHVH GDWD
W\SHV� ZKLFK FRYHU WKH QHHGV IRU YHKLFOH VWDWXV� FRPPDQG� DQG FROODERUDWLRQ PHVVDJHV�
+RZHYHU� LW LV QRW ZHOO VXLWHG IRU ODUJH YHFWRUV RU DUUD\V RI GDWD� VLQFH HDFK ILHOG PXVW
EH VSHFLILHG VHSDUDWHO\ LQ WKH ;0/ ILOH� 3UHVHQWO\� RWKHU SURFHVVHV DUH XVHG� VXFK DV

� WR HQFRGH GDWDPHVVDJHV LQWR KH[DGHFLPDO WKDW FDQ IRUP SDUW RU DOO RI D '&&/
PHVVDJH� XVHV GHOWD�GLIIHUHQFH HQFRGLQJ WR FRPSDFWO\ VWRUH VDPSOHV IURP D
&RQGXFWLYLW\�7HPSHUDWXUH�'HSWK �&7'� VHQVRU� 'HOWD�GLIIHUHQFH HQFRGLQJ PDNHV XVH RI
WKH FRUUHODWLRQ EHWZHHQ VDPSOHV E\ VHQGLQJ RQO\ WKH GLIIHUHQFH YDOXHV IURP DQ LQLWLDO
´NH\µ VDPSOH�

:LWKLQ WKH DXWRQRP\ LQIUDVWUXFWXUH� DOO WKH DFRXVWLF FRPPXQLFDWLRQV DUH
KDQGOHG E\ D SURFHVV FDOOHG � 7KLV LQYROYHV HQFRGLQJ�GHFRGLQJ �XVLQJ
'&&/�� PHVVDJH TXHXLQJ DQG WUDQVPLVVLRQ E\ SULRULW\� DQG LQWHUDFWLRQ ZLWK WKH PRGHP
ILUPZDUH �GULYHU�� 7KH VHTXHQFH IRU VHQGLQJ D FRPPDQG XQGHUZDWHU LVPRGHOHG LQ )LJXUH
$��� $ERYH WKH VXUIDFH� RYHU ZLIL� WKH SURFHVV LV VLPSOHU VLQFH PRVW RI WKH QHWZRUNLQJ LV
KDQGOHG E\ 7&3�,3 �VHH ILJXUH $���� +HUH� S$FRPPV+DQGOHU LV XVHG MXVW IRU HQFRGLQJ
DQG GHFRGLQJ �DJDLQ ZLWK '&&/�� '&&/ LV SHUKDSV XQQHFHVVDU\ ZLWK WKH KLJKHU UDWH ZLIL
FRQQHFWLYLW\� EXW E\ HQFRGLQJ DOO PHVVDJHV ZLWK WKH VDPH VFKHPH� D YHKLFOH FDQ VZLWFK
HDVLO\ DQG VHDPOHVVO\ IURP EHLQJ FRPPDQGHG RQ WKH VXUIDFH WR EHLQJ FRPPDQGHG EHORZ
WKH VXUIDFH�

7KH FRPPDQG SURFHVV � � LV DQ 1&XUVHV WHUPLQDO JUDSKLFDO XVHU LQWHUIDFH
WKDW DOORZV D XVHU WR W\SH LQ YDOXHV IRU WKH ILHOGV IRU DQ\ QXPEHU RI '&&/ PHVVDJHV� 6LQFH
WKH ILHOGV GLVSOD\HG WR WKH KXPDQ RSHUDWRU IRU HQWU\ DUH GLUHFWO\ UHDG IURP WKH ;0/PHV�
VDJH ILOHV� DQ\ FKDQJH WR WKH FRPPDQGPHVVDJH FRQWHQWV DUH LPPHGLDWHO\ DYDLODEOH WR WKH
RSHUDWRU ZLWKRXW FKDQJLQJ VRIWZDUH FRGH� ,Q WKH DXWKRUV· H[SHULHQFH LW LV SUHIHUDEOH WR
DYRLG FKDQJLQJ FRGH RQ H[SHULPHQWV ZKHUHHYHU SRVVLEOH ZLWKRXW VDFULILFLQJ WKH DELOLW\
WR PDNH FKDQJHV WR WKH PHVVDJHV �H�J�� WR DOORZ D QHZ H[SHULPHQW WR WDNH SODFH��

'&&/ ORDGV WKH PHVVDJH FRQILJXUDWLRQ �JLYHQ DV ;0/� LQWR &�� REMHFWV DW UXQWLPH�
7KXV� ZKHQ D PHVVDJH LV FKDQJHG� WKH YHKLFOH DQG WRSVLGH VRIWZDUH QHHGV PHUHO\ WR EH
UHVWDUWHG� QRW UHFRPSLOHG� IRU WKH FKDQJH WR SURSDJDWH WKURXJK WKH FRPPXQLFDWLRQV VRIW�
ZDUH � � DQG WKH FRPPDQG VRIWZDUH � �� 7KLV LV DGYDQWDJHRXV
IRU HPEHGGHG FRPSXWHUV� VXFK DV WKRVH GHSOR\HG RQ PDULQH YHKLFOHV� VLQFH FRPSLODWLRQ
FDQ EH D WLPH FRQVXPLQJ SURFHVV�

7KH DXWKRUV KDYH GHYHORSHG DERXW D GR]HQ '&&/ PHVVDJHV WKDW DUH ZLGHO\ XVHG LQ
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Topside MOOS Computer AUV MOOS Computer

iCommander MOOSDB pAcommsHandler WHOI Micro-Modem pAcommsHandlerWHOI Micro-ModemOperator pAcommsPoller

types commands

OUT_COMMAND

OUT_COMMAND

$CCCYC (Poll)

$CADRQ (Data request)

$CCTXD (Transmit data)

Acoustic PSK/FSK Data

Acoustic Ack

$CAACK (Acknowledgement)

$CARXD (Receive data)

pHelmIvP

ACOMMS_ACK

ACOMMS_ACK
display ack

IN_COMMAND

DCCL Message encoded
and queued.

MOOSDB

Message decoded.

IN_COMMAND

Message flushed

)LJXUH $��� 6HTXHQFH GLDJUDP IRU VHQGLQJ D FRPPDQG WR DQ $89 XVLQJ WKH
LQIUDVWUXFWXUH� 7KH RSHUDWRU W\SHV D FRPPDQG LQWR WKH DSSOLFDWLRQ� ZKLFK
LV FRQILJXUHG ZLWK WKH GHVLUHG VHW RI '&&/ PHVVDJHV �GHILQHG LQ ;0/�� 7KLV PHVVDJH LV
HQFRGHG XVLQJ '&&/� TXHXHG E\ � DQG VHQW WKURXJK WKH ZDWHU XVLQJ
D �� N+] DFRXVWLF FDUULHU �WKH :+2, 0LFUR�0RGHP�� 2Q WKH UHFHLYLQJ HQG� WKH PHV�
VDJH LV GHFRGHG DQG DQ DFNQRZOHGJPHQW LV JHQHUDWHG DQG GLVSOD\HG WR WKH RSHUDWRU�

KDQGOHV DFFHVV RI WKH DFRXVWLF FKDQQHO E\ D FHQWUDOL]HG WLPH GLYLVLRQ
0$& VFKHPH�

Topside MOOS Computer ASC MOOS Computer

iCommander MOOSDB pAcommsHandler pAcommsHandlerOperator

types commands

OUT_COMMAND

OUT_COMMAND

IN_COMMAND_HEX

pHelmIvP

IN_COMMAND

MOOSDB

Message decoded.

IN_COMMAND

OUT_COMMAND_HEX

pMOOSBridge

DCCL Message encoded.

pMOOSBridge

IEEE 802.11b 2.4 GHz

)LJXUH $��� 6HTXHQFH GLDJUDP IRU VHQGLQJ D FRPPDQG WR DQ $6& XVLQJ WKH 8QLILHG &�
LQIUDVWUXFWXUH� 7KH 7&3 WUDQVSRUW OD\HU KDQGOHV UHOLDELOLW\ VR QR DFNQRZOHGJPHQW LV SUR�
GXFHG IRU WKH RSHUDWRU�

���



Subsea RV Endeavor

Topside MOOS Computer

«executable»
GEOV Server

Lab Display Computer

«executable»
Google Earth

Bluefin 21 AUV 
(Unicorn) MOOS 
Computer

GPS

«serial»

Bluefin 21 AUV 
(Macrura) MOOS 
Computer

«acoustic»
Micro-Modem

«wired»
ethernet

)LJXUH $��� 1HWZRUN VWUXFWXUH IRU WKH 6:$06,�� H[SHULPHQW LQ 3DQDPD &LW\� )/�

RXU H[SHULPHQWV� DV ZHOO D QXPEHU RI WHVW PHVVDJHV� 7KH PHVVDJHV XVHG LQ ILHOG WULDOV DUH
VXPPDUL]HG LQ 7DEOH ����� 7KH\ DUH EURNHQ LQWR WKUHH URXJK FDWHJRULHV� 'DWD� &RPPDQG�
DQG &ROODERUDWLRQ� 'DWD PHVVDJHV DUH VHQW IURP WKH YHKLFOHV WR WKH WRSVLGH RSHUDWRU ZLWK
VRPH W\SH RI PHDVXUHG RU FDOFXODWHG GDWD� &RPPDQGV DUH VHQW WR FKDQJH WKH PLVVLRQ
VWDWH RI WKH YHKLFOHV� &ROODERUDWLRQ PHVVDJHV DUH VHQW EHWZHHQ URERWV WR SURYLGH GDWD RU
KDQGVKDNLQJ UHOHYDQW WR D PXOWL�YHKLFOH H[SHULPHQW�

$���� 1HWZRUN H[DPSOHV

)LJXUH $�� VKRZV WKH QHWZRUN FRQQHFWLYLW\ IRU D VLPSOH WZR�$89 � QR�$6& H[SHULPHQW
�6:$06,���� 7KH WRSVLGH �WKURXJK D EXR\� LV FRQQHFWHG WR WKH YHKLFOHV E\ DQ DFRXVWLF
QHWZRUN XVLQJ WKH :+2, 0LFUR�0RGHP� $ ZLIL QHWZRUN �QRW VKRZQ� LV XVHG WR XSORDG
FRQILJXUDWLRQ DQG FRGH FKDQJHV DQG GRZQORDG GDWD ORJV� EXW WKLV LV SULPDULO\ GRQH EH�
IRUH WKH GD\·V RSHUDWLRQV� 2QFH WKH YHKLFOH LV XQGHUZD\� WKH YHKLFOHV DUH GHSOR\HG DQG
UHGHSOR\HG WKURXJK WKH DFRXVWLF QHWZRUN DORQH�

)LJXUH $�� JLYHV WKH QHWZRUN FRQQHFWLYLW\ IRU D ODUJHU H[SHULPHQW ZLWK ERWK VXUIDFH
DQG VXEVHD QRGHV �*/,17������� 7KLV QHWZRUN DOORZV IRUZDUGLQJ RI PHVVDJHV WKURXJK
PRELOH JDWHZD\V �WKH $6&V� DQG YLVXDOL]DWLRQ RI GDWD VKRUHVLGH YLD WKH LQWHUQHW DQG*(29�

$�� *RRJOH (DUWK LQWHUIDFH IRU 2FHDQ 9HKLFOHV �*(29�
9LVXDO IHHGEDFN IRU WKH $89 RSHUDWRUV LV SURYLGHG WKURXJK D VHW RI FRQWLQXDOO\ XSGDWHG
.H\KROH 0DUNXS /DQJXDJH �.0/� ILOHV LQ *RRJOH (DUWK� 7KLV *RRJOH (DUWK ,QWHUIDFH IRU
2FHDQ 9HKLFOHV �*(29� SURYLGHV D GDWDEDVH IRU YHKLFOH SRVLWLRQV� VSHHGV� KHDGLQJV DQG
GHSWKV DV ZHOO DV D VHW RI DGG�RQ PRGXOHV IRU GLVSOD\LQJ RWKHU W\SHV RI GDWD �H�J� DQ RS�
HUDWLRQDO JULG� WDUJHW WUDFN OLQHV�� *(29 LV D FOLHQW�VHUYHU DUFKLWHFWXUH �VHH )LJXUH $���
ZKHUH WKH XVHU FRQILJXUHV ZKDW GDWD KH RU VKH ZLVKHV WR GLVSOD\ IURP D ZHE EURZVHU�
7KHQ DQ\ QXPEHU RI FOLHQWV UXQQLQJ *RRJOH (DUWK FDQ VHH WKHVH GDWD� *(29 KDV WKUHH
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Subsea

Surface

RV Alliance

RV Leonardo Internet

http://aubergine.whoi.edu

Topside MOOS Computer

«executable»
GEOV Server

Lab Display Computer

Bridge Display Computer

«executable»
Google Earth

«executable»
Google Earth

«wired»
ethernet

Kayak (Elanor) 
MOOS Computer

Kayak ASC (Dee) 
MOOS Computer

Bluefin 21 AUV 
(Unicorn) MOOS 
Computer

NURC AUV (OEX) 
MOOS Computer

Topside MOOS Computer

«wifi»
5.0GHz WiLan

«acoustic»
Edgetech

GPS

«serial»

GPSRadar

«serial» «serial»

«executable»
GEOV Server

Any Computer

«executable»
Google Earth

OceanServer 
Iver2 AUV MOOS 
Computer

«wifi»
IEEE 802.11

«acoustic»
Micro-Modem

)LJXUH $��� &ROOHFWLYH QHWZRUN VWUXFWXUH RI WKH */,17�� DQG */,17�� H[SHULPHQWV VRXWK
RI (OED� ,WDO\� */,17�� GLG QRW KDYH WKH 59 /HRQDUGR�WR�,QWHUQHW FRQQHFWLRQ LQ SODFH DQG
*/,17�� GLG QRW KDYH WKH 8QLFRUQ $89 SUHVHQW�

GEOV Client

GEOV Server

«executable»
Web Server (Apache 2)

«executable»
Web Scripting (php 5)

«executable»
Database (MySQL 5)

«executable»
Web Browser (e.g. Firefox)

«executable»
Google Earth

Other Google 
Earth Content

«html» «kml»

«kml»

)LJXUH $��� 0RGHO RI WKH FOLHQW�VHUYHU LQWHUDFWLRQ IRU WKH *RRJOH (DUWK LQWHUIDFH IRU 2FHDQ
9HKLFOHV �*(29��

���



)LJXUH $���� 6FUHHQVKRW RI *(29 IURP WKH 6:$06,�� H[SHULPHQW� %OXHILQ �� $89V 8QL�
FRUQ DQG 0DFUXUD DUH SHUIRUPLQJ D V\QFKURQL]HG UDFHWUDFN PDQHXYHU IRU ELVWDWLF DFRXV�
WLFV �ERWK YHKLFOHV KDYH VRXUFHV DQG QRVH DUUD\V�� 7KLV V\QFKURQL]HG EHKDYLRU ZDV FRP�
PDQGHG XVLQJ WKH /$066 '(3/2< '&&/ PHVVDJH DQG LV DXWRQRPRXVO\ FRRUGLQDWHG XV�
LQJ WKH /$066 67$786 PHVVDJH� 7KH KLVWRU\ RI WKH YHKLFOHV LV DOVR SURYLGHG E\ WKH
/$066 67$786 PHVVDJH� 7KH VXEVHD WDUJHWV DUH UHSUHVHQWHG E\ SXUSOH DUURZV DQG HDFK
JULG ER[ LV �� PHWHUV VTXDUH� 7KH VROLG FRORUHG OLQHV LQGLFDWH WKH SRVLWLRQ KLVWRU\ RI HDFK
YHKLFOH� ZKLOH WKH QDPH DQG LFRQ VKRZ WKH FXUUHQW ORFDWLRQ�

���



)LJXUH $���� 7DUJHW WUDFNLQJ E\ WKH $898QLFRUQ DW WKH */,17�� H[SHULPHQW YLVXDOL]HG XV�
LQJ *(29� 7KH SLQN OLQHV LQGLFDWH WKH GLUHFWLRQ RI D GHWHFWHG VRXUFH �WKH 59 /HRQDUGRZDV
WRZLQJ DQ DFRXVWLF VRXUFH�� 7KHVH FRQWDFW GDWD DUH SURYLGHG IURP WKH YHKLFOHV DFRXV�
WLFDOO\ E\ WKH '&&/ /$066 &217$&7 PHVVDJH� 9HKLFOHV LQ FDSLWDO OHWWHUV ZHUH PHUJHG
RQWR WKH *(29 GLVSOD\ XVLQJ $,6 UHSRUWV WKURXJK D VHSDUDWH GDWD IHHG�

PRGHV RI RSHUDWLRQ�

�� 5HDOWLPH� GLVSOD\V XS�WR�GDWH SRVLWLRQ DQG SRVLWLRQ KLVWRU\ IRU YHKLFOHV VHOHFWHG�
)RU DQ H[DPSOH IURP WKH 6:$06,�� H[SHULPHQW� VHH )LJXUH $����

�� 3OD\EDFN� VLPLODU WR WKH UHDOWLPH GLVSOD\ EXW IRU D FKRVHQ SHULRG RI WLPH LQ WKH SDVW�
$OVR DOORZV IRU SOD\EDFN DW IDVWHU WKDQ UHDO VSHHG�

�� +LVWRU\� GLVSOD\V WKH YHKLFOH WUDFNV IRU D SHULRG RI WLPH LQ WKH SDVW� 7KLV GLIIHUV
IURP SOD\EDFN LQ WKDW WKH KLVWRU\ LV LQFRUSRUDWHG LQWR WKH .0/ ILOH LQIRUPDWLRQ�
DOORZLQJ KLVWRU\ ILOHV WR EH VDYHG DQG XVHG VHSDUDWHO\ IURP WKH *(29 VHUYHU� 7KH
RWKHU WZR PRGHV �UHDOWLPH DQG SOD\EDFN� UHTXLUH D FRQWLQXRXV FRQQHFWLRQ WR WKH
*(29 VHUYHU�

*RRJOH (DUWK ZDV FKRVHQ GXH WR LWV XELTXLW\� DYDLODELOLW\ RI FRQWLQXRXVO\ XSGDWHG
VDWHOOLWH GDWD� DQG HDVH RI PHVKLQJ GDWD IURP QXPHURXV VRXUFHV� 2Q FROODERUDWLYH H[SHU�
LPHQWV� LW LV SRVVLEOH WR GLVSOD\ RWKHU .0/ GDWD DORQJ ZLWK *(29 GDWD� DOORZLQJ VHYHUDO
UHVHDUFK JURXSV WR ZRUN RII WKH VDPH GLVSOD\ ZLWKPLQLPDO LQWHJUDWLRQ HIIRUW� ,Q WKH ILHOG

���



H[SHULPHQW 648,17�� �0D\ ����� /D 6SH]LD� 63� ,WDO\�� GDWD IURP D VLGHVFDQ VRQDU RQ D
VXUIDFH FUDIW ZHUH GLVSOD\HG XVLQJ WKH PDQXIDFWXUHU·V .0/ SDUVHU RQ WRS RI *(29 SR�
VLWLRQ GDWD� ,Q */,17�� �3LDQRVD ,VODQG� /,� ,WDO\�� $XWRPDWLF ,GHQWLILFDWLRQ 6\VWHP �$,6�
GDWD IRU QHDUE\ VKLSV ZDV GLVSOD\HG XVLQJ D FROODERUDWRU·V 3HUO VFULSW WR FRQYHUW $,6 WR
.0/� DJDLQ DORQJ ZLWK WKH *(29 GDWD �VHH )LJXUH $��� IRU DQ H[DPSOH��

7KH DELOLW\ WR KDYH DQ\ QXPEHU RI FOLHQWV IRU D JLYHQ *(29 VHUYHU DOORZV LQGLYLGXDO
VFLHQWLVWV WR YLVXDOL]H GDWD RQ WKHLU RZQ ODSWRSVZKLOH QRW GLVWXUELQJ WKHPDLQ ODE GLVSOD\�
)XUWKHUPRUH� $89 RSHUDWLRQV UHTXLUHV VLJQLILFDQW LQWHUDFWLRQ ZLWK WKH EULGJH RI WKH UH�
VHDUFK YHVVHO� +DYLQJ D *(29 GLVSOD\ RQ WKH EULGJH JLYHV WKH RIILFHUV D PXFK EHWWHU VHQVH
RI ZKDW LV KDSSHQLQJ XQGHUZDWHU DQG DOORZV IRU VDIHU DQG PRUH HIILFLHQW RSHUDWLRQV�

$�� 6XPPDU\
,Q VXPPDU\� WKH DXWKRUV KDYH IRXQG WKURXJK QXPHURXV ILHOG WULDOV WKDW VXFFHVVIXO FRP�
PDQGDQG FRQWURO RIPXOWLSOH UHVHDUFKPDULQH YHKLFOHV UHTXLUHV VHYHUDO FRPSRQHQWVZKLFK
DUH DGGUHVVHG E\ WKH DUFKLWHFWXUH�

• $EVWUDFWLRQ RI WKH GLIIHUHQFHV EHWZHHQ YHKLFOH W\SHV �HDFK PDQXIDFWXUHU LV GLI�
IHUHQW� � 7KLV LV DFFRPSOLVKHG WKURXJK WKH ´IURQWVHDWµ�´EDFNVHDWµ RSHUDWLRQ SDUD�
GLJP� $IWHU WKLV DEVWUDFWLRQ� WR WKH V\VWHPGHVLJQHU� HDFK YHKLFOH LV VLPLODU� D0226
FRPPXQLW\ UXQQLQJ �

• +LHUDUFKLFDO FRQILJXUDWLRQ � &KDQJHV LQ FRQILJXUDWLRQPXVW EHSURSDJDWHG WKURXJK�
RXW WKH QHWZRUN RI YHKLFOHV� LGHDOO\ E\ PDNLQJ D FKDQJH LQ D VLQJOH ORFDWLRQ� %\ RU�
JDQL]LQJ WKH YHKLFOH FRQILJXUDWLRQ LQWR D KLHUDUFK\� PXFK UHGXQGDQW FRQILJXUDWLRQ
LV UHPRYHG�

• 6XIILFLHQWO\ UREXVW EXW IOH[LEOH FRPPXQLFDWLRQV � $FRXVWLF FRPPXQLFDWLRQV DUH
RIWHQ XQUHOLDEOH GXH WR WKH SK\VLFDO FRQVWUDLQWV RI WKH PHGLXP� 7R FRPSHQVDWH IRU
WKLV UHDOLW\� WKH VXEVHD QHWZRUN FDQ EH FRQQHFWHG WR WKH PRUH UREXVW VXUIDFH QHW�
ZRUN E\ PHDQV RI PRELOH JDWHZD\V �VXUIDFH FUDIW�� 9HU\ VPDOO PHVVDJHV DUH SUR�
YLGHG E\ '&&/� ZKRVH ;0/ FRQILJXUDWLRQ DOORZV IRU UDSLG UHFRQILJXUDWLRQ ZKHQ
QHZ GDWD RU FRPPDQGV QHHG WR EH VHQW� 7LPH�YDU\LQJ SULRULWLHV DOORZ IRU PHVVDJHV
WR EH VHQW EDVHG RQ LPSRUWDQFH� ZKLOH DOORZLQJ IRU DOO PHVVDJH W\SHV WR KDYH VRPH
DFFHVV WR WKH FRPPXQLFDWLRQV FKDQQHO�
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• 0HVKHG YLVXDOL]DWLRQ � *(29 DOORZV IRU YLVXDOL]DWLRQ RI YHKLFOH GDWD IRU UXQWLPH
SHUIRUPDQFH HYDOXDWLRQ DQG VDIHW\� *RRJOH (DUWK DOORZV HDV\ PHVKLQJ RI GDWD IURP
PXOWLSOH VRXUFHV� DOORZLQJ *(29 WR LQWHUIDFH ZLWK GDWD IURP FROODERUDWRUV ZKR GR
QRW QHHG WR EH UXQQLQJ WKH VDPH LQIUDVWUXFWXUH DQG GLVSOD\ HYHU\WKLQJ
RQ D VLQJOH GLVSOD\�

7RJHWKHU WKHVH HOHPHQWV ILJKW WKH HYHU LQFUHDVLQJ FRPSOH[LW\ LQKHUHQW LQPXOWL�YHKLFOH
URERWLF V\VWHPV WR FUHDWH D PDQDJHDEOH� \HW UHDGLO\ UHFRQILJXUDEOH� V\VWHP�

3RUWLRQV RI WKLV FKDSWHU DUH F©���� :LOH\�%ODFNZHOO� 5HSULQWHG� ZLWK SHUPLVVLRQ� IURP 7� 6FKQHLGHU DQG

+� 6FKPLGW� ´8QLILHG &RPPDQG DQG &RQWURO IRU +HWHURJHQHRXV 0DULQH 6HQVLQJ 1HWZRUNV�µ -RXUQDO RI )LHOG

5RERWLFV� 9ROXPH ��� ,VVXH �� SDJHV �������� 1RYHPEHU�'HFHPEHU �����

���



% *RE\�$FRPPV 'HWDLOV

%�� *RE\� '&&/ ;0/ 6SHFLILFDWLRQ
9HUVLRQ � RI '&&/ XVHG DQ H;WHQVLEOH 0DUNXS /DQJXDJH �;0/� ODQJXDJH GHILQLWLRQ� 7KH
FXUUHQW �YHUVLRQ �� GHILQLWLRQ RI '&&/ LV LQ *RRJOH 3URWRFRO %XIIHUV RSWLRQ H[WHQVLRQV �VHH
7DEOH �����

7KH IXOO ;0/ VFKHPD LV DYDLODEOH ZLWK WKH VRXUFH FRGH DW<
>� KHUH ZH JLYH D VXPPDU\ RI WKH WDJV� $ '&&/ PHVVDJH ILOH DOZD\V FRQVLVWV RI

WKH URRW WDJ < > ZKLFK KDV RQH RU PRUH < > WDJV DV LWV FKLOGUHQ� 7KH
< > FKLOGUHQ DUH DV IROORZV�

• < >� DQ LGHQWLILFDWLRQ QXPEHU �� ELWV� VR< > ∈ [0, 511]� UHSUHVHQWLQJ WKLV PHV�
VDJH WR DOO GHFRGLQJ QRGHV > @�

• < >� D QDPH IRU WKH PHVVDJH� 7KLV WDJ DQG< >PXVW HDFK EH D XQLTXH LGHQWL�
ILHU IRU WKLV PHVVDJH� > @�

• < >� WKH PD[LPXP VL]H RI WKLV PHVVDJH LQ E\WHV > @� '&&/
PD\ SURGXFH D VPDOOHU PHVVDJH� EXW ZLOO QRW YDOLGDWH WKLV PHVVDJH ;0/ ILOH LI LW
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)LJXUH %��� /D\RXW RI WKH '&&/ �YHUVLRQ �� KHDGHU� VKRZLQJ WKH IL[HG VL]H �LQ ELWV� RI HDFK
KHDGHU ILHOG� 7KH XVHU FDQQRW PRGLI\ WKH VL]H RI WKHVH KHDGHU ILHOGV� EXW FDQ DFFHVV DQG
VHW WKH GDWD LQVLGH WKURXJK WKH VDPH PHWKRGV XVHG IRU WKH FXVWRPL]DEOH GDWD ILHOGV VSHF�
LILHG LQ < >� 7KH PXOWLPHVVDJH DQG EURDGFDVW IODJV DUH QRW XVHG E\ '&&/� EXW DUH
LQFOXGHG IRU XVH E\ SULRULW\ TXHXLQJ �VHH 6HFWLRQ �����
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H[FHHGV WKLV VL]H�

• < >� HPSW\ WDJ WKDW FDQ EH VSHFLILHG WR WHOO '&&/ WR UHSHDWHGO\ FUHDWH WKH
HQWLUH PHVVDJH WR ILOO WKH HQWLUH < > RI WKH PHVVDJH�

• < >� WKH FKLOGUHQ RI WKLV WDJ DOORZ WKH XVHU WR UHQDPH WKH KHDGHU SDUWV RI WKH
'&&/ PHVVDJH� 6HH )LJ� %�� IRU D VNHWFK RI WKH '&&/ KHDGHU IRUPDW� 7KHVH QDPHV
DUH XVHG ZKHQ SDVVLQJ YDOXHV DW HQFRGH WLPH IRU WKH YDULRXV KHDGHU ILHOGV�

– < >� VHFRQGV HODSVHG VLQFH �������� �´81,; WLPHµ�� ,Q WKH '&&/ HQFRG�
LQJ� WKLV UHGXFHG WR VHFRQGV VLQFH WKH VWDUW RI WKH GD\� ZLWK SUHFLVLRQ RI RQH
VHFRQG� 8SRQ GHFRGLQJ� DVVXPLQJ WKHPHVVDJH DUULYHV ZLWKLQ WZHOYH KRXUV RI
LWV FUHDWLRQ� LW LV SURSHUO\ UHVWRUHG WR D IXOO 81,; WLPH�

∗ < >� WKH QDPH RI WKLV ILHOG� RSWLRQDO� WKH GHIDXOW LV ´ WLPHµ� > @

– < >� D XQLTXH DGGUHVV �< > ∈ [0, 31]� RI WKH VHQGHU RI WKLV PHV�
VDJH� )RU D JLYHQ H[SHULPHQW WKHVH VKRUW XQLTXH LGHQWLILHUV FDQ EHPDSSHG RQ
WR PRUH JOREDO NH\V �VXFK DV YHKLFOH QDPH� W\SH� HWKHUQHW 0$& DGGUHVV� HWF���

∗ < >� GHIDXOW LV ´ VUF LGµ� > @

– < >� WKH HYHQWXDO GHVWLQDWLRQRI WKLVPHVVDJH �DOVR DQ
LQ WKH UDQJH >����@�� ,I WKLV GHVWLQDWLRQ H[LVWV RQ WKH VDPH VXEQHW DV WKH VHQGHU�
WKLV ZLOO DOVR EH WKH KDUGZDUH OD\HU GHVWLQDWLRQ LG QXPEHU�

∗ < >� GHIDXOW LV ´ GHVW LGµ� > @

• < >� WKH FKLOGUHQ RI WKLV WDJ GHILQH WKH JHQHULF GDWD ILHOGV RI WKH PHVVDJH�
ZKLFK FDQ EH GUDZQ IURP DQ\ FRPELQDWLRQ RI WKH IROORZLQJ W\SHV�

– < >� D ERROHDQ YDOXH�

∗ < >� WKH QDPH RI WKLV ILHOG� > @
∗ < >� RSWLRQDO� VSHFLI\LQJ WKLV PDNHV WKLV ILHOG DQ DUUD\ RI

ERRO LQVWHDG RI D VLQJOH ERRO > @�

– < >� D ERXQGHG LQWHJHU YDOXH�

∗ < >� VHH < >< >�
∗ < >� WKH PD[LPXP YDOXH WKLV ILHOG FDQ WDNH� > @�
∗ < >� WKH PLQLPXP YDOXH WKLV ILHOG FDQ WDNH� > @�
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∗ < >� JLYHV WKH PD[LPXP YDOXH IRU WKH GLIIHUHQFH RI GHOWD ILHOGV
ZKHQ XVLQJ GHOWD�GLIIHUHQFH HQFRGLQJ� 2SWLRQDO� WKH XVH RI WKLV WDJ HQ�
DEOHV GHOWD�GLIIHUHQFLQJ HQFRGLQJ� 7KLV IHDWXUH LV H[SODLQHG ZKHUH LW LV
PRWLYDWHG LQ DV SDUW RI WKH &+$03/$,1�� H[SHULPHQW LQ VHFWLRQ �����
> @�

∗ < >� VHH < >< >�
– < >� D ERXQGHG UHDO QXPEHU YDOXH�

∗ < >� VHH < >< >�
∗ < >� VHH < >< >�
∗ < >� VHH < >< >�
∗ < >� VHH < >< >�
∗ < >� VSHFLILHV WKH QXPEHU RI GHFLPDO GLJLWV WR SUHVHUYH� )RU

H[DPSOH� D SUHFLVLRQ RI ´�µ FDXVHV ��������� WR EH URXQGHG WR �������� D
SUHFLVLRQ RI ´��µ URXQGV ��������� WR ����H�� > @�

∗ < >� VHH < >< >�
– < >� D IL[HG OHQJWK VWULQJ YDOXH�

∗ < >� VHH < >< >�
∗ < >� WKH OHQJWK RI WKH VWULQJ YDOXH LQ WKLV ILHOG� /RQJHU VWULQJV

DUH WUXQFDWHG� < > < >PHDQV ´$%&'()*µ LV VHQW
DV ´$%&'µ� > @�

∗ < >� VHH < >< >�
– < >� DQ HQXPHUDWLRQ RI VWULQJ YDOXHV�

∗ < >� VHH < >< >�
∗ < >� D SRVVLEOH YDOXH WKH HQXPHUDWLRQ FDQ WDNH� $Q\ QXPEHU RI

YDOXHV FDQ EH VSHFLILHG�
∗ < >� VHH < >< >� > @�

– < >� D SUH�HQFRGHG KH[DGHFLPDO YDOXH�
∗ < >� VHH < >< >�
∗ < >� WKH QXPEHU RI E\WHV IRU WKLV ILHOG� 7KH VWULQJ SURYLGHG

VKRXOG KDYH WZLFH DV PDQ\ FKDUDFWHUV DV < > VLQFH HDFK FKDU�
DFWHU RI D KH[DGHFLPDO VWULQJ LV RQH QLEEOH �� ELWV RU 1

2 E\WH�� >
@�

���
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%LEOLRJUDSK\

>�@ &� .XQ]� &� 0XUSK\� +� 6LQJK� &� 3RQWEULDQG� 5� $� 6RKQ� 6� 6LQJK� 7� 6DWR�
&� 5RPDQ� .��L� 1DNDPXUD� 0� -DNXED� 5� (XVWLFH� 5� &DPLOOL� DQG -� %DLOH\�
´7RZDUG H[WUDSODQHWDU\ XQGHU�LFH H[SORUDWLRQ� 5RERWLF VWHSV LQ WKH DUFWLF�µ
-RXUQDO RI )LHOG 5RERWLFV� YRO� ��� QR� �� S� ���²���� ����� >2QOLQH@� $YDLODEOH�
KWWS���RQOLQHOLEUDU\�ZLOH\�FRP�OLESUR[\�PLW�HGX�GRL���������URE�������DEVWUDFW

>�@ 5� &DPLOOL� &� 0� 5HGG\� '� 5� <RHUJHU� %� $� 6� 9�0RR\� 0� 9� -DNXED� -� &� .LQVH\� &� 3�
0F,QW\UH� 6� 3� 6\OYD� DQG -� 9� 0DORQH\� ´7UDFNLQJ K\GURFDUERQ SOXPH WUDQVSRUW
DQG ELRGHJUDGDWLRQ DW GHHSZDWHU KRUL]RQ�µ 6FLHQFH� YRO� ���� QR� ����� SS� ���²����
2FW� ����� >2QOLQH@� $YDLODEOH� KWWS���ZZZ�VFLHQFHPDJ�RUJ�FRQWHQW�������������

>�@ .� &RFNUHOO DQG +� 6FKPLGW� ´5REXVW SDVVLYH UDQJH HVWLPDWLRQ XVLQJ WKH ZDYHJXLGH
LQYDULDQW�µ 7KH -RXUQDO RI WKH $FRXVWLFDO 6RFLHW\ RI $PHULFD� YRO� ���� S� ����� �����

>�@ 0� 3XUFHOO� '� *DOOR� *� 3DFNDUG� 0� 'HQQHWW� 0� 5RWKHQEHFN� $� 6KHUUHOO� DQG 6� 3DV�
FDXG� ´8VH RI 5(086 ���� $89V LQ WKH VHDUFK IRU WKH DLU IUDQFH IOLJKW ����µ LQ
2&($16 ����� 6HS� ����� SS� � ²��

>�@ :+2, 0HGLD 5HODWLRQV 2IILFH� ´6FLHQWLVWV ILQG SDUW RI 1HZ =HDODQG·V VXEPHUJHG
´SLQN WHUUDFHVµ�µ 1HZV 5HOHDVH� )HEUXDU\ ����� >2QOLQH@� $YDLODEOH� KWWS�
��ZZZ�ZKRL�HGX�PDLQ�QHZV�UHOHDVHV�����"WLG ����	FLG �����

>�@ '� $QJXLWD� '� %UL]]RODUD� DQG *� 3DURGL� ´%XLOGLQJ DQ XQGHUZDWHU ZLUHOHVV
VHQVRU QHWZRUN EDVHG RQ RSWLFDO FRPPXQLFDWLRQ� 5HVHDUFK FKDOOHQJHV DQG
FXUUHQW UHVXOWV�µ LQ 6HQVRU 7HFKQRORJLHV DQG $SSOLFDWLRQV� ����� 6(1625&200·���
7KLUG ,QWHUQDWLRQDO &RQIHUHQFH RQ� ����� S� ���²���� >2QOLQH@� $YDLODEOH� KWWS�
��LHHH[SORUH�LHHH�RUJ�[SOV�DEVBDOO�MVS"DUQXPEHU �������

>�@ 0� 'RQLHF� ,� 9DVLOHVFX� 0� &KLWUH� &� 'HWZHLOHU� 0� +RIIPDQQ�.XKQW� DQG
'� 5XV� ´$TXDRSWLFDO� $ OLJKWZHLJKW GHYLFH IRU KLJK�UDWH ORQJ�UDQJH XQGHUZDWHU
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SRLQW�WR�SRLQW FRPPXQLFDWLRQ�µ LQ 2&($16 ����� 076�,((( %LOR[L�0DULQH 7HFKQRORJ\
IRU 2XU )XWXUH� *OREDO DQG /RFDO &KDOOHQJHV� ����� S� �²�� >2QOLQH@� $YDLODEOH�
KWWS���LHHH[SORUH�LHHH�RUJ�[SOV�DEVBDOO�MVS"DUQXPEHU �������

>�@ 1� )DUU� $� %RZHQ� -� :DUH� &� 3RQWEULDQG� DQG0� 7LYH\� ´$Q LQWHJUDWHG� XQGHUZDWHU
RSWLFDO �DFRXVWLF FRPPXQLFDWLRQV V\VWHP�µ LQ 2&($16 ���� ,((( � 6\GQH\� 0D\ �����
SS� � ²��

>�@ &� &OD\ DQG +� 0HGZLQ� $FRXVWLFDO RFHDQRJUDSK\� 3ULQFLSOHV DQG DSSOLFDWLRQV� -RKQ
:LOH\ 	 6RQV� ,QF�� �����

>��@ $� %DJJHURHU� ´$FRXVWLF WHOHPHWU\²$Q RYHUYLHZ�µ ,((( -� 2FHDQ� (QJ�� YRO� �� QR� �� SS�
���²���� �����

>��@ '� .LOIR\OH DQG $� %DJJHURHU� ´7KH VWDWH RI WKH DUW LQ XQGHUZDWHU DFRXVWLF WHOHPH�
WU\�µ ,((( -� 2FHDQ� (QJ�� YRO� ��� QR� �� SS� �²��� �����

>��@ -� 3UHLVLJ� ´$FRXVWLF SURSDJDWLRQ FRQVLGHUDWLRQV IRU XQGHUZDWHU DFRXVWLF FRPPX�
QLFDWLRQV QHWZRUN GHYHORSPHQW�µ $&0 6,*02%,/( 0RELOH &RPSXWLQJ DQG &RPPXQLFD�
WLRQV 5HYLHZ� YRO� ��� QR� �� SS� �²��� �����

>��@ 0� 6WRMDQRYLF� ´5HFHQW DGYDQFHV LQ KLJK�VSHHG XQGHUZDWHU DFRXVWLF FRPPXQLFD�
WLRQV�µ ,((( -� 2FHDQ� (QJ�� YRO� ��� QR� �� SS� ���²���� �����

>��@ 0� &KLWUH� 6� 6KDKDEXGHHQ� DQG 0� 6WRMDQRYLF� ´8QGHUZDWHU DFRXVWLF FRPPXQLFD�
WLRQV DQG QHWZRUNLQJ� 5HFHQW DGYDQFHV DQG IXWXUH FKDOOHQJHV�µ 7KH 6WDWH RI 7HFKQRO�
RJ\ LQ ����� YRO� ��� QR� �� SS� ���²���� �����

>��@ -� 3DUWDQ� -� .XURVH� DQG %� 1� /HYLQH� ´$ VXUYH\ RI SUDFWLFDO LVVXHV LQ XQGHUZDWHU
QHWZRUNV�µ 6,*02%,/( 0RE� &RPSXW� &RPPXQ� 5HY�� YRO� ��� QR� �� SS� ��²��� �����
>2QOLQH@� $YDLODEOH� KWWS���SRUWDO�DFP�RUJ�FLWDWLRQ�FIP"LG �������

>��@ 0� $� $LQVOLH DQG -� *� 0F&ROP� ´$ VLPSOLILHG IRUPXOD IRU YLVFRXV DQG FKHPLFDO
DEVRUSWLRQ LQ VHD ZDWHU�µ 7KH -RXUQDO RI WKH $FRXVWLFDO 6RFLHW\ RI $PHULFD� YRO� ���� S�
����� ����� >2QOLQH@� $YDLODEOH� KWWS���OLQN�DLS�RUJ�OLQN�MDVPDQ�Y����L��S�����V�

>��@ &� &KHQ DQG )� 0LOOHUR� ´6SHHG RI VRXQG LQ VHDZDWHU DW KLJK SUHVVXUHV�µ -� $FRXVW� 6RF�
$P� YRO� ��� QR� �� SS� ����²����� �����

���



>��@ -� &� 3UHLVLJ DQG *� %� 'HDQH� ´6XUIDFH ZDYH IRFXVLQJ DQG DFRXVWLF FRPPXQLFDWLRQV
LQ WKH VXUI ]RQH�µ 7KH -RXUQDO RI WKH $FRXVWLFDO 6RFLHW\ RI $PHULFD� YRO� ���� S� �����
����� >2QOLQH@� $YDLODEOH� KWWS���OLQN�DLS�RUJ�OLQN�MDVPDQ�Y����L��S�����V��KWPO

>��@ 0� 6WRMDQRYLF� ´2)'0 IRU XQGHUZDWHU DFRXVWLF FRPPXQLFDWLRQV� $GDSWLYH V\Q�
FKURQL]DWLRQ DQG VSDUVH FKDQQHO HVWLPDWLRQ�µ LQ $FRXVWLFV� 6SHHFK DQG 6LJQDO
3URFHVVLQJ� ����� ,&$663 ����� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ� ����� S� ����²����� >2Q�
OLQH@� $YDLODEOH� KWWS���LHHH[SORUH�LHHH�RUJ�[SOV�DEVBDOO�MVS"DUQXPEHU �������

>��@ 0� *UXQG� /� )UHLWDJ� -� 3UHLVLJ� DQG .� %DOO� ´7KH 3/861HW XQGHUZDWHU FRPPXQLFD�
WLRQV V\VWHP� DFRXVWLF WHOHPHWU\ IRU XQGHUVHD VXUYHLOODQFH�µ LQ 2&($16 ����� �����
S� �²�� >2QOLQH@� $YDLODEOH� KWWS���LHHH[SORUH�LHHH�RUJ�[SOV�DEVBDOO�MVS"DUQXPEHU 
�������

>��@ 5� 3� 6WRNH\� ´$ FRPSDFW FRQWURO ODQJXDJH IRU DXWRQRPRXV XQGHUZDWHU YHKLFOHV�µ
:+2,� 7HFK� 5HS� 3XEOLF 5HOHDVH ���� ����� >2QOLQH@� $YDLODEOH� KWWS���DFRPPV�
ZKRL�HGX�FFO�

>��@ -� 5LFH� ´6HD:HE DFRXVWLF FRPPXQLFDWLRQ DQG QDYLJDWLRQ QHWZRUNV�µ LQ 3URFHHG�
LQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 8QGHUZDWHU $FRXVWLF 0HDVXUHPHQWV� 7HFK�
QRORJLHV DQG 5HVXOWV� ����� >2QOLQH@� $YDLODEOH� KWWS���GWQUJ�RUJ�GRFV�SDSHUV�
8$0HDVXUHPHQWV����5LFH��SGI

>��@ -� 5LFH DQG '� *UHHQ� ´8QGHUZDWHU DFRXVWLF FRPPXQLFDWLRQV DQG QHWZRUNV IRU WKH
86 QDY\·V VHDZHE SURJUDP�µ LQ 6HFRQG ,QWHUQDWLRQDO &RQIHUHQFH RQ 6HQVRU 7HFKQRORJLHV
DQG $SSOLFDWLRQV� ����� 6(1625&200 ·��� $XJ� ����� SS� ��� ²����

>��@ ,QWHUQDWLRQDO 7HOHFRPPXQLFDWLRQ 8QLRQ� ´,QIRUPDWLRQ WHFKQRORJ\ � RSHQ V\VWHPV
LQWHUFRQQHFWLRQ � EDVLF UHIHUHQFH PRGHO� 7KH EDVLF PRGHO�µ ,QWHUQDWLRQ 7HOHFRP�
PXQLFDWLRQ 8QLRQ� 7HFK� 5HS� ;����� �����

>��@ 0� 6WRMDQRYLF� ´2Q WKH UHODWLRQVKLS EHWZHHQ FDSDFLW\ DQG GLVWDQFH LQ DQ
XQGHUZDWHU DFRXVWLF FRPPXQLFDWLRQ FKDQQHO�µ $&0 6,*02%,/( 0RELOH &RPSXWLQJ
DQG &RPPXQLFDWLRQV 5HYLHZ� YRO� ��� QR� �� SS� ��²��� ����� >2QOLQH@� $YDLODEOH�
KWWS���GO�DFP�RUJ�FLWDWLRQ�FIP"LG �������

>��@ 0� 3RUWHU DQG <� /LX� ´)LQLWH�HOHPHQW UD\ WUDFLQJ�µ LQ 3URF� ,QW� &RQI� RQ 7KHRUHWLFDO
&RPS� $FRXVW� YRO� �� SS� ���²����

���



>��@ 0� 5� %HQMDPLQ� +� 6FKPLGW� 3� 0� 1HZPDQ� DQG -� -� /HRQDUG� ´1HVWHG $XWRQRP\ IRU
8QPDQQHG 0DULQH 9HKLFOHV ZLWK 0226�,Y3�µ -RXUQDO RI )LHOG 5RERWLFV� YRO� ��� QR� ��
SS� ���²���� 1RYHPEHU�'HFHPEHU �����

>��@ 5� =LPPHUPDQ� *� '·6SDLQ� DQG &� &KDGZHOO� ´'HFUHDVLQJ WKH UDGLDWHG DFRXVWLF DQG
YLEUDWLRQ QRLVH RI D PLG�VL]H $89�µ ,((( -RXUQDO RI 2FHDQLF (QJLQHHULQJ� YRO� ��� QR� ��
SS� ��� ² ���� -DQ� �����

>��@ 6� 3HWLOOR� +� 6FKPLGW� DQG $� %DODVXUL\D� ´&RQVWUXFWLQJ D GLVWULEXWHG $89 QHWZRUN
IRU XQGHUZDWHU SOXPH�WUDFNLQJ RSHUDWLRQV�µ ,QWHUQDWLRQDO -RXUQDO RI 'LVWULEXWHG 6HQ�
VRU 1HWZRUNV� YRO� ����� �����

>��@ $� 6KDIHU� ´$XWRQRPRXV FRRSHUDWLRQ RI KHWHURJHQHRXV SODWIRUPV IRU VHD�EDVHG
VHDUFK WDVNV�µ 0DVWHU·V WKHVLV� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� �����

>��@ +� =LPPHUPDQQ� ´26, UHIHUHQFH PRGHO²7KH ,62 PRGHO RI DUFKLWHFWXUH IRU RSHQ
V\VWHPV LQWHUFRQQHFWLRQ�µ &RPPXQLFDWLRQV� ,((( 7UDQVDFWLRQV RQ� YRO� ��� QR� �� SS�
���²���� �����

>��@ *� %RRFK� -� 5XPEDXJK� DQG ,� -DFREVRQ� ´7KH XQLILHG PRGHOLQJ ODQJXDJH�µ 8QL[ 5H�
YLHZ� YRO� ��� QR� ��� S� �� �����

>��@ 6� %DVDJQL� &� 3HWULROL� 5� 3HWURFFLD� DQG 0� 6WRMDQRYLF� ´&KRRVLQJ WKH SDFNHW VL]H LQ
PXOWL�KRS XQGHUZDWHU QHWZRUNV�µ 3URFHHGLQJV RI ,((( 2&($16 ����� S� ��²��� �����
>2QOLQH@� $YDLODEOH� KWWS���GDQGHOLRQ�SDWFK�PLW�HGX�SHRSOH�PLOOLWVD�UHVRXUFHV�
SGIV�RF���UREHUWR��SGI

>��@ *RRJOH� ´3URWRFRO EXIIHUV� 'HYHORSHU JXLGH�µ >2QOLQH@� $YDLODEOH� KWWS���FRGH�
JRRJOH�FRP�DSLV�SURWRFROEXIIHUV�GRFV�RYHUYLHZ�KWPO

>��@ $� %UDGOH\� 0� )HH]RU� +� 6LQJK� DQG )� <DWHV 6RUUHOO� ´3RZHU V\VWHPV IRU DX�
WRQRPRXV XQGHUZDWHU YHKLFOHV�µ 2FHDQLF (QJLQHHULQJ� ,((( -RXUQDO RI� YRO� ��� QR� ��
SS� ���²���� �����

>��@ -� 'DHPHQ DQG 9� 5LMPHQ� ´$(6 SURSRVDO� 5LMQGDHO�µ $(6 3URSRVDO� ����� >2QOLQH@�
$YDLODEOH� KWWS���ZZZ�FU\SWRVRIW�GH�GRFV�5LMQGDHO�SGI

>��@ ´6HFXUH KDVK VLJQDWXUH VWDQGDUG�µ 1,67� 7HFK� 5HS� ),36 38% ������ ����� >2QOLQH@�
$YDLODEOH� KWWS���FVUF�QLVW�JRY�SXEOLFDWLRQV�ILSV�ILSV������ILSV������SGI

���



>��@ :� 'DL� ´&U\SWR�� OLEUDU\ ������µ >2QOLQH@� $YDLODEOH� KWWS���ZZZ�FU\SWRSS�FRP�

>��@ 5� 3� 6WRNH\� /� (� )UHLWDJ� DQG 0� '� *UXQG� ´$ FRPSDFW FRQWURO ODQJXDJH IRU $89
DFRXVWLF FRPPXQLFDWLRQ�µ 2FHDQV �����(XURSH� YRO� �� S� ����²����� �����

>��@ 5�0DUWLQV� 3� 'LDV� (� 0DUTXHV� -� 3LQWR� -� 6RXVD� DQG )� 3HUHLUD� ´,0&� $ FRPPXQLFD�
WLRQ SURWRFRO IRU QHWZRUNHG YHKLFOHV DQG VHQVRUV�µ LQ 2&($16 �����(8523(� ,(((�
�����

>��@ 7� :HOFK� ´7HFKQLTXH IRU KLJK�SHUIRUPDQFH GDWD FRPSUHVVLRQ�µ &RPSXWHU� YRO� ���
QR� �� SS� �²��� �����

>��@ '� +XIIPDQ� ´$ PHWKRG IRU WKH FRQVWUXFWLRQ RI PLQLPXP�UHGXQGDQF\ FRGHV�µ 5HV�
RQDQFH� YRO� ��� QR� �� SS� ��²��� �����

>��@ -� /DUPRXWK� $61�� &RPSOHWH� (OVHYLHU� ����� >2QOLQH@� $YDLODEOH� KWWS���ZZZ�RVV�
FRP�DVQ��ODUPRXWK�KWPO

>��@ 6� :HEVWHU� 5� (XVWLFH� &� 0XUSK\� +� 6LQJK� DQG /� :KLWFRPE� ´7RZDUG D SODWIRUP�
LQGHSHQGHQW DFRXVWLF FRPPXQLFDWLRQV DQG QDYLJDWLRQ V\VWHP IRU XQGHUZDWHU YH�
KLFOHV�µ LQ 2&($16 ����� 076�,((( %LOR[L � 0DULQH 7HFKQRORJ\ IRU 2XU )XWXUH� *OREDO DQG
/RFDO &KDOOHQJHV� RFW �����

>��@ /� )UHLWDJ� 0� *UXQG� &� YRQ $OW� 5� 6WRNH\� DQG 7� $XVWLQ� ´$ VKDOORZ ZDWHU DFRXV�
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Autonomous marine vehicles are increasingly used in clusters; the effectiveness of this collaboration is
often limited by communications. This thesis argues that improved communication can be gained by acting
on knowledge from improved awareness of the physical acoustic link and higher network layers by the
autonomous underwater vehicle's (AUV's) decision making software.  This thesis presents a modular
acoustic networking framework called Goby-Acomms which provides underwater vehicles with an efficient
short-range single-hop network. Goby-Acomms is comprised of short message serialization, queuing which
prioritizes based both on importance and time sensitivity, medium access control with passive automatic
discovery, and an abstract modem driver.   Also, two approaches that use the vehicle's "intelligence" to
improve communications are presented. The first is a "non-disruptive" approach which uses state observers
in conjunction with an entropy source encoder to enable highly compressed telemetry of AUV position
vectors. The second approach is "disruptive," as it changes the vehicle's course to effect an improvement in
the communications channel. This technique is an autonomous environmental adaptation framework which
allows AUVs to follow a path which optimizes their ability to maintain connectivity with an acoustic
contact for optimal sensing or communication.
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