
/RVVOHVV $XGLR &RGLQJ

0DWKLHX +DQV DQG 5RQDOG 6FKDIHU

7HFKQLFDO 5HSRUW �&6,3 75�������

&HQWHU IRU 6LJQDO 	 ,PDJH 3URFHVVLQJ �&6,3�

6FKRRO RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ

*HRUJLD ,QVWLWXWH RI 7HFKQRORJ\� $WODQWD� *$

HPDLO�IKDQV�UZVJ#HFH�JDWHFK�HGX

1RYHPEHU ��� ����

$EVWUDFW

7KLV 7HFKQLFDO 5HSRUW VXUYH\V DQG FODVVLnHV WKH FXUUHQWO\ DYDLODEOH DQG EHVW

SHUIRUPLQJ ORVVOHVV DXGLR FRGHFV� 2XU VWXG\ VXJJHVWV WKDW WKHVH FRGHFV UHDFKHG D

OLPLW LQ FRPSUHVVLRQ WKDW LV YHU\ PRGHVW FRPSDUHG WR ORVV\ DXGLR FRGLQJ WHFKQRO�

RJ\� $VVXPLQJ WKLV OLPLW WR EH QHDU WKH WKHRUHWLFDO HQWURS\� ZH GHVLJQHG D VLPSOH�

ORVVOHVV DXGLR FRGHF_$XGLR3D._ � ZKLFK XVHV RQO\ D IHZ LQWHJHU DULWKPHWLF RS�

HUDWLRQV DQG SHUIRUPV DV ZHOO� RU EHWWHU WKDQ PRVW VWDWH�RI�WKH�DUW ORVVOHVV FRGHFV�

7KH PDLQ RSHUDWLRQV RI WKLV FRGHF DUH SRO\QRPLDO SUHGLFWLRQ DQG *RORPE FRG�

LQJ� 7KHVH RSHUDWLRQV DUH GRQH RQ D IUDPH EDVLV� 7KH FRPSOHWH DUFKLWHFWXUH RI

$XGLR3D. LV SUHVHQWHG�

� :K\ /RVVOHVV $XGLR &RGLQJ "

/RVVOHVV DXGLR FRGLQJ RI VWHUHR &' TXDOLW\ GLJLWDO DXGLR VLJQDO VDPSOHG DW ���� .+]

DQG TXDQWL]HG RQ �� ELWV ZLOO EHFRPH DQ HVVHQWLDO WHFKQRORJ\ IRU GLJLWDO PXVLF GLV�

WULEXWLRQ RYHU WKH ,QWHUQHW EHFDXVH FRQVXPHUV ZLOO ZDQW WR DFTXLUH WKH EHVW SRVVLEOH

TXDOLW\ RI DQ DXGLR UHFRUGLQJ IRU WKHLU KLJK�nGHOLW\ VWHUHR V\VWHP� /RVV\ DXGLR FRP�

SUHVVLRQ WHFKQRORJLHV VXFK DV ,62 03(* RU 'ROE\ $&�� PD\ QRW EH DFFHSWDEOH IRU

WKLV DSSOLFDWLRQ�

/RVVOHVV DXGLR FRPSUHVVLRQ ZLOO QRW EHFRPH D GRPLQDWLQJ WHFKQRORJ\� EXW LW ZLOO

FRPSOHPHQW WKH ORVV\ FRPSUHVVLRQ DOJRULWKPV� $V ZH ZLOO VHH� ORVVOHVV FRPSUHVVLRQ

DOJRULWKPV UDUHO\ REWDLQ D FRPSUHVVLRQ UDWLR ODUJHU WKDQ ���� 2Q WKH RWKHU KDQG� ORVV\

FRPSUHVVLRQ DOJRULWKPV DOORZ FRPSUHVVLRQ UDWLRV WR UDQJH IURP ��� XS WR ���� DQG

KLJKHU� 2EYLRXVO\� IRU ORVV\ DOJRULWKPV� WKH KLJKHU WKH FRPSUHVVLRQ UDWLR EHFRPHV WKH

ORZHU WKH UHVXOWLQJ nQDO DXGLR TXDOLW\�
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%HFDXVH WKH ,QWHUQHW UHVRXUFHV DUH DQG ZLOO VWD\ FRQVWUDLQHG �HVSHFLDOO\ IRU EDQG�

ZLGWK� LW LV UHDVRQDEOH WR VXJJHVW WKDW PXVLF GLVWULEXWLRQ DSSOLFDWLRQV ZLOO RmHU WR WKH

FRQVXPHU KLJKO\ FRPSUHVVHG YHUVLRQV RI DXGLR FOLSV IRU EURZVLQJ DQG VHOHFWLRQ� $IWHU

VHOHFWLRQ� WKH FRQVXPHU ZKR LV DFFXVWRPHG WR DXGLR &' TXDOLW\ VKRXOG KDYH DFFHVV WR

D ORVVOHVVO\ FRPSUHVVHG FRS\ RI WKH RULJLQDO_D FRS\ ZLWKRXW DQ\ GLVWRUWLRQ FRPLQJ

IURP WKH FRPSUHVVLRQ DOJRULWKP�

0XVLF GLVWULEXWLRQ RYHU WKH ZHE LV QRW WKH RQO\ DSSOLFDWLRQ IRU ZKLFK ORVVOHVV DX�

GLR FRPSUHVVLRQ WHFKQRORJ\ LV RI LQWHUHVW� 7KLV WHFKQRORJ\ FDQ DOVR EH XVHG IRU WKH

IROORZLQJ�

q $UFKLYLQJ DQG PL[LQJ RI KLJK�nGHOLW\ UHFRUGLQJV LQ SURIHVVLRQDO HQYLURQPHQWV�

7KLV DGGUHVVHV WKH JURZLQJ FRQFHUQ DURXQG PXOWLSOH FRGLQJ ZKHQ XVLQJ ORVV\

FRPSUHVVLRQ FRGHFV� 7KLV SUREOHP DSSOLHV SDUWLFXODUO\ WR WKH SRVW SURGXFWLRQ

LQGXVWU\ DQG RFFXUV ZKHQ WKH VLJQDOV DUH SURFHVVHG RU GLmHUHQW FRGLQJ IRUPDWV

DUH XVHG�

q )XWXUH KLJK�GHQVLW\ &' IRUPDWV� VXFK DV '9' DXGLR� &XUUHQW SURSRVDOV� H�J� >�@

VXJJHVW XVLQJ ORVVOHVV WHFKQRORJ\ WR SUHVHUYH VRXQG TXDOLW\ DQG WR FRQYH\ PRUH

SUHFLVLRQ RQ PRUH FKDQQHOV�

6HFWLRQ � RI WKLV UHSRUW LV D VXUYH\ DQG D FODVVLnFDWLRQ RI FXUUHQW VWDWH�RI�WKH�DUW ORVVOHVV

DXGLR FRGHFV� 7KLV VWXG\ VXJJHVWV WKDW WKHVH FRGHFV UHDFKHG D OLPLW LQ ZKDW FDQ EH

DFKLHYHG IRU ORVVOHVV FRPSUHVVLRQ RI DXGLR� 6HFWLRQ � LV D FRPSOHWH GHVFULSWLRQ RI D

VLPSOH� ORVVOHVV DXGLR FRGHF FDOOHG $XGLR3D.� ZKLFK KDV ORZ DOJRULWKPLF FRPSOH[LW\

DQG SHUIRUPV DV ZHOO� RU HYHQ EHWWHU WKDQ PRVW ORVVOHVV DXGLR FRGHFV�

� 6WDWH�RI�WKH�$UW /RVVOHVV $XGLR &RGHUV

/RVVOHVV FRPSUHVVLRQ RI GDWD LV QRW D QHZ WHFKQRORJ\� ,W LV XVHG E\ ZHOO NQRZQ FRP�

SUHVVLRQ XWLOLWLHV VXFK DV 3N=LS� FRPSUHVV� RU J]LS WR UHGXFH WKH VL]H RI WH[W DQG ELQDU\

nOHV� 7KLV FRPSUHVVLRQ LV ORVVOHVV EHFDXVH WKH nOHV DIWHU GHFRPSUHVVLRQ DUH LGHQWLFDO WR

WKH RULJLQDOV�

8QIRUWXQDWHO\� WKHVH XWLOLWLHV� ZKLFK PRVWO\ XVH D YDULDQW RI /HPSHO DQG =LY
V DOJR�

ULWKPV >�@� GR QRW VXFFHHG LQ FRPSUHVVLQJ DXGLR GDWD YHU\ ZHOO� :KLOH PRVW WH[W nOHV

DUH FRPSUHVVHG ZLWK IDFWRUV JUHDWHU WKDQ ���� DXGLR nOHV DUH KDUGO\ FRPSUHVVHG DW DOO�

7DEOH � SUHVHQWV W\SLFDO FRPSUHVVLRQ UDWLRV REWDLQHG ZLWK WKH 3N=LS DSSOLFDWLRQ�

7KH FRPSUHVVLRQ XWLOLWLHV EDVHG RQ /HPSHO DQG =LY
V DOJRULWKP UHSODFH D JURXS RI

OHWWHUV ZLWK D SRLQWHU WR ZKHUH WKH\ KDYH RFFXUUHG HDUOLHU LQ WKH WH[W� )RU DXGLR nOHV�

OHWWHUV DUH UHSODFHG ZLWK DXGLR VDPSOHV� 8QIRUWXQDWHO\� UHFXUULQJ VHTXHQFHV RI WKH VDPH

DXGLR VDPSOHV DUH YHU\ UDUH� VR FRPSUHVVLRQ LV YHU\ ORZ�
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7\SH RI )LOH &RPSUHVVLRQ 5DWLR

���� N+]� ���ELW 0RQR 3&0 )LOH ����

/DWH[ nOH RI WKLV UHSRUW ����

7DEOH � 7\SLFDO UDWLRV RI RULJLQDO nOH VL]H RYHU FRPSUHVVHG nOH VL]H REWDLQHG ZLWK WKH XWLOLW\

3N=LS IRU DQ DXGLR nOH DQG D WH[W nOH�

)XUWKHUPRUH� WKHVH FRPSUHVVLRQ XWLOLWLHV RYHUORRN DQ LPSRUWDQW VLJQDO FKDUDFWHULV�

WLF_ WKH VWURQJ GHSHQGHQFH EHWZHHQ QHLJKERULQJ DXGLR VDPSOHV� 7KLV LV ZK\ VWDWH�

RI�WKH�DUW ORVVOHVV DXGLR FRGHUV DOO LQFOXGH D GHFRUUHODWLRQ VWDJH LQ WKHLU DOJRULWKP WR

UHGXFH WKLV VWDWLVWLFDO GHSHQGHQF\� :H ZLOO VHH WKDW WKH IROORZLQJ WZR W\SHV RI GHFRUUH�

ODWLRQ VWDJHV DUH IRXQG ZLWKLQ WKHVH DXGLR FRGHUV� SUHGLFWLYH PRGHOLQJ DQG WUDQVIRUP

FRGLQJ� 7KH GHFRUUHODWHG VLJQDO LV ORVVOHVVO\ FRPSUHVVHG �DOVR UHIHUUHG WR LQ WKH OLW�

HUDWXUH DV ?SDFNHG�� XVLQJ HQWURS\ FRGLQJ PHWKRGV� 3UDFWLFDOO\� DOO VWDWH�RI�WKH�DUW

FRGHUV XVH DW OHDVW RQH RI WKH IROORZLQJ PHWKRGV� +XmPDQ FRGLQJ� UXQ OHQJWK FRGLQJ�

RU 5LFH FRGLQJ�

INTRA-CHANNEL
DECORRELATION

FRAMING ENTROPY
CODING

x[n] e[n]

CHANNEL

SINGLE
AUDIO TRANSMIT

)LJXUH � 7KH WKUHH PDMRU EORFNV GHnQLQJ D VWDWH�RI�WKH�DUW ORVVOHVV DXGLR FRGHU IRU D VLQJOH

GLJLWDO DXGLR FKDQQHO�

)LJXUH � LV D EORFN GLDJUDP UHSUHVHQWDWLRQ RI WKH RSHUDWLRQV LQYROYHG LQ FRPSUHVVLQJ

D VLQJOH DXGLR FKDQQHO� 7KH PXOWL�FKDQQHO FDVH KDV QRW UHFHLYHG PXFK DWWHQWLRQ LQ

WKH OLWHUDWXUH� *HQHUDOO\� VWHUHR FKDQQHOV DUH FRPSUHVVHG VHSDUDWHO\ ZLWKRXW WDNLQJ

DGYDQWDJH RI WKH H[LVWLQJ FRUUHODWLRQ EHWZHHQ WKH OHIW DQG ULJKW FKDQQHOV RU E\ VLPSO\

FRGLQJ WKH OHIW FKDQQHO DQG WKH GLmHUHQFH EHWZHHQ WKH WZR FKDQQHOV�

��� )UDPLQJ

7KH IUDPLQJ RSHUDWLRQ LV LQWURGXFHG WR SURYLGH IRU HGLWLELOLW\� DQ LPSRUWDQW DQG QHF�

HVVDU\ SURSHUW\ IRU PRVW DSSOLFDWLRQV GHDOLQJ ZLWK GLJLWDO DXGLR� ,W LV RIWHQ LPSRUWDQW

WR TXLFNO\ DQG VLPSO\ HGLW D FRPSUHVVHG DXGLR ELW VWUHDP� DQG WKH VKHHU YROXPH RI

GDWD SURKLELWV UHSHWLWLYH GHFRPSUHVVLRQ RI WKH HQWLUH VLJQDO SUHFHGLQJ WKH UHJLRQ RI HGL�

WLRQ� 7KHUHIRUH� D SUDFWLFDO VROXWLRQ LV WR GLYLGH WKH DXGLR VLJQDO LQWR IUDPHV� +HQFH� D

IUDPLQJ RSHUDWLRQ LV LQWURGXFHG DV WKH nUVW RSHUDWLRQ LQ WKH FRGHU WR GLYLGH WKH GLJLWDO

DXGLR VLJQDO LQWR LQGHSHQGHQW IUDPHV RI HTXDO WLPH GXUDWLRQ� 7KLV GXUDWLRQ VKRXOG

QRW EH WRR VKRUW� VLQFH VLJQLnFDQW RYHUKHDG PD\ UHVXOW IURP WKH SUHn[HG KHDGHU DGGHG

WR HDFK IUDPH� 7KLV KHDGHU LV LPSRUWDQW� VLQFH LW GHnQHV WKH FRPSUHVVLRQ DOJRULWKP
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SDUDPHWHUV� ZKLFK FDQ FKDQJH RQ D IUDPH EDVLV WR IROORZ WKH YDU\LQJ VWDWLVWLFV RI WKH

LQSXW VLJQDO RYHU WLPH� )XUWKHU� GHSHQGLQJ RQ WKH DSSOLFDWLRQ� WKLV KHDGHU PD\ LQFOXGH

DGGLWLRQDO GDWD VXFK DV PXOWLPHGLD DQG V\QFKURQL]DWLRQ LQIRUPDWLRQ�

2Q WKH RWKHU KDQG� WKH IUDPH GXUDWLRQ VKRXOG QRW EH WRR ORQJ� WKLV ZRXOG PDNH

HGLWLQJ RI WKH DXGLR FRPSUHVVHG ELW VWUHDP PRUH GLpFXOW� $V D JRRG FRPSURPLVH�

VWDWH�RI�WKH�DUW FRGHFV XVH D �� WR �� PV IUDPH GXUDWLRQ >�� �� ��� ��@� ZKLFK WUDQVODWHV

WR ��� DQG ���� VDPSOHV IRU D VDPSOLQJ UDWH RI ���� N+]�

��� ,QWUD�&KDQQHO 'HFRUUHODWLRQ

7KH VHFRQG EORFN RI D ORVVOHVV DXGLR FRGHU GHFRUUHODWHV WKH VDPSOHV ZLWKLQ DQ DXGLR

IUDPH� %RWK SUHGLFWLYH PRGHOLQJ DQG WUDQVIRUP FRGLQJ DUH XVHG IRU WKLV SXUSRVH�

7KH IROORZLQJ LV D FODVVLnFDWLRQ RI VWDWH�RI�WKH�DUW ORVVOHVV DXGLR FRGHFV WKDW ZH

IRXQG LQ WKH OLWHUDWXUH� 7KLV FODVVLnFDWLRQ LV EDVHG RQ WKH PHWKRG XVHG E\ WKH FRGHFV

IRU WKHLU LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN�

3UHGLFWLYH PRGHOLQJ

&RGLQJ ZLWK OLQHDU SUHGLFWLRQ

q )LQLWH ,PSXOVH 5HVSRQVH PRGHO �),5�� 6KRUWHQ >��@� 6RQDUF >��@� :$ >��@�

3KLOLSV >�@�

q ,QnQLWH ,PSXOVH 5HVSRQVH PRGHO �,,5�� 2JJ6TXLVK >��@� &UDYHQ HW DO� >�� �@�

&RGLQJ ZLWK DSSUR[LPDWLRQ

q 3RO\QRPLDO DSSUR[LPDWLRQ �n[HG RU DGDSWLYH�� 6KRUWHQ >��@� +($5 >�@�

:$ >��@� 086,&RPSUHVV >��@� $XGLR3D.�

7UDQVIRUP FRGLQJ

2UWKRQRUPDO WUDQVIRUPV 0� 3XUDW HW DO� >��@�

/HW XV EULHo\ SUHVHQW WKHVH GHFRUUHODWLRQ PHWKRGV�

����� 3UHGLFWLYH 0RGHOLQJ

7KH SULQFLSOH LV WR SUHGLFW WKH YDOXH RI D QHZ VDPSOH [>Q@ XVLQJ WKH SUHFHGLQJ VDPSOHV

[>Q b �@� [>Q b �@� HWF� )LJXUH � LV D GLDJUDP RI LQWUD�FKDQQHO GHFRUUHODWLRQ XVLQJ WKH

SUHGLFWLYH PRGHOLQJ VFKHPH�

$V VXJJHVWHG LQ WKH DERYH FODVVLnFDWLRQ RI VWDWH�RI�WKH�DUW ORVVOHVV DXGLR FRGHFV� WZR

SUHGLFWLYH PRGHOV DUH XVHG� 2QH PRGHO LV GHnQHG ZLWK OLQHDU SUHGLFWRUV �),5 DQG ,,5�

DQG WKH RWKHU LV GHnQHG ZLWK DSSUR[LPDWLRQV �SRO\QRPLDO��
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PREDICTION

x[n] e[n]

x[n]

)LJXUH � 3UHGLFWLRQ PRGHO IRU WKH LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN�

)RU H[DPSOH� LQ WKH FDVH RI WKH nQLWH LPSXOVH UHVSRQVH PRGHO� WKH SUHGLFWHG YDOXH

A[>Q@ RI WKH QHZ VDPSOH [>Q@ LV GHnQHG E\

A[>Q@  
S;

N �

DN[>Qb N@

ZKHUH FRHpFLHQWV DN DUH VHW WR PLQLPL]H WKH UHVLGXDO VLJQDO H>Q@  [>Q@b A[>Q@�

/LQHDU SUHGLFWRUV DUH FRPPRQO\ XVHG LQ VSHHFK DQG DXGLR SURFHVVLQJ� DQG IRU PRUH

LQIRUPDWLRQ WKH LQWHUHVWHG UHDGHU PD\ ZDQW WR UHIHU WR >��@� IRU H[DPSOH� $V IRU WKH

SRO\QRPLDO SUHGLFWLRQ PRGHO� DQ H[DPSOH ZLOO EH JLYHQ LQ WKH IROORZLQJ ZKHQ SUHVHQWLQJ

$XGLR3D.�

����� 7UDQVIRUP &RGLQJ

7KH XVH RI WUDQVIRUP FRGLQJ LV QRW YHU\ FRPPRQ LQ ORVVOHVV FRPSUHVVLRQ� ,Q IDFW� LW

LV XVHG LQ RQO\ RQH FRGHF SURSRVHG E\ 0� 3XUDW HW DO� >��@� 7KH GHWDLOV RI WKH LQWUD�

FKDQQHO GHFRUUHODWLRQ RSHUDWLRQ DUH SUHVHQWHG LQ )LJXUH �� 7KH SURSRVHG FRGHU XVHV DQ

A Qx[n]

y[n]
Q A

T

e[n] = x[n] - y[n]

c[k]

)LJXUH � 'HWDLOV RI WKH LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN SURSRVHG E\ 0� 3XUDW HW DO� LQ

WKHLU /RVVOHVV 7UDQVIRUP $XGLR &RGHF �/7$&�� %RWK VLJQDOV F>N@ DQG H>Q@ DUH HQWURS\ FRGHG

DQG WUDQVPLWWHG� 4 VWDQGV IRU LQWHJHU WUXQFDWLRQ�

RUWKRQRUPDO WUDQVIRUP �D 'LVFUHWH &RVLQH 7UDQVIRUP� WR UHGXFH WKH VWDWLVWLFDO GHSHQ�

GHQFLHV EHWZHHQ DXGLR VDPSOHV� 7KH LQSXW VLJQDO [>Q@ LV WUDQVIRUPHG DQG TXDQWL]HG�

7KH UHVXOWLQJ FRHpFLHQWV F>N@ DUH WKHQ HQWURS\ FRGHG� %HFDXVH WKH LQYHUVH WUDQVIRUPD�

WLRQ IROORZHG E\ D GHTXDQWL]DWLRQ VWHS UHVXOWV LQ DQ DSSUR[LPDWLRQ� \>Q@� RI WKH RULJLQDO
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VLJQDO [>Q@� WKH GHFRPSUHVVLRQ VWHSV DUH GXSOLFDWHG DW WKH FRGHU VLGH WR FRPSXWH WKH

UHVLGXDO HUURU H>Q@  [>Q@ b \>Q@� 7KLV HUURU LV HQWURS\ FRGHG DQG WUDQVPLWWHG DORQJ

ZLWK WKH FRGHG FRHpFLHQWV F>N@�

��� (QWURS\ &RGLQJ

(QWURS\ FRGLQJ UHPRYHV UHGXQGDQF\ IURP WKH UHVLGXDO VLJQDO H>Q@ �DQG WKH '&7 FRHI�

nFLHQWV LQ WKH WUDQVIRUP�EDVHG PHWKRG�� ,Q WKLV SURFHVV� QR LQIRUPDWLRQ LV ORVW� 7KUHH

PHWKRGV DUH XVHG LQ WKH NQRZQ FRGHFV� +XmPDQ FRGLQJ� UXQ OHQJWK FRGLQJ� DQG 5LFH

FRGLQJ� 7KH nUVW WZR PHWKRGV DUH ZHOO NQRZQ DQG ZH UHIHU WKH LQWHUHVWHG UHDGHU WR >�@

IRU IXUWKHU LQIRUPDWLRQ� 2Q WKH RWKHU KDQG� OHW XV EULHo\ VXPPDUL]H WKH 5LFH FRGLQJ

VFKHPH�

7KH 5LFH FRGH KDV WKH LQWHUHVWLQJ SURSHUW\ RI EHLQJ FKDUDFWHUL]HG E\ RQO\ RQH

SDUDPHWHU�P� ,Q IDFW� WKLV FRGH LV WKH +XmPDQ FRGH IRU D /DSODFLDQ SUREDELOLW\ GHQVLW\

IXQFWLRQ� ZKLFK LV IRXQG WR EH D JRRG DSSUR[LPDWLRQ IRU WKH GLVWULEXWLRQ RI WKH UHVLGXDO

H>Q@ IRU DOO WKH LQWUD�FKDQQHO GHFRUUHODWLRQ RSHUDWLRQV GLVFXVVHG DERYH >�� �� ��� ��@� 7R

IRUP WKLV FRGH� D QXPEHU LV GLYLGHG LQWR D VLJQ ELW� WKH P ORZ RUGHU ELWV� DQG WKH

UHPDLQLQJ KLJK RUGHU ELWV�

7KH nUVW SDUW RI D FRGH ZRUG LV D VLQJOH ELW LQGLFDWLQJ WKH VLJQ RI H>Q@� 7KH VHFRQG

SDUW FRQVLVWV RI WKH P OHDVW VLJQLnFDQW ELWV RI WKH ELQDU\ UHSUHVHQWDWLRQ RI WKH DEVROXWH

YDOXH RI H>Q@� 7KH WKLUG SDUW RI WKH FRGH ZRUG LV PDGH RI 1 FRQVHFXWLYH ]HURHV� ZKHUH

1 KDV WKH VDPH ELQDU\ UHSUHVHQWDWLRQ DV WKH \HW XQXVHG PRVW VLJQLnFDQW ELWV RI WKH

DEVROXWH YDOXH RI H>Q@� )LQDOO\� WR HQG WKLV VHULHV RI ]HURHV� D ELW VHW WR � LV LQVHUWHG�

7DEOH � JLYHV H[DPSOHV RI 5LFH FRGHV IRU P  ��

$OO WKH ORVVOHVV DXGLR FRGHFV SUHVHQWHG LQ WKH OLWHUDWXUH WKDW XVH WKH 5LFH FRGH GHnQH

WKH VLQJOH SDUDPHWHU P WR EH RI FRQVWDQW YDOXH RYHU DQ HQWLUH IUDPH� 7KLV YDOXH LV IRXQG

E\ PHDQV RI D IXOO VHDUFK RU E\ HVWLPDWLRQ� 6XFK DQ HVWLPDWLRQ ZDV nUVW JLYHQ LQ >��@

DV

P  ORJ
�
�ORJ

H
���(�MH>Q@M��

ZKHUH (� � LV WKH H[SHFWDWLRQ IXQFWLRQ�

$XGLR3D.� RXU ORVVOHVV DXGLR FRGHF� XVHV WKH *RORPE FRGH WKDW LV VOLJKWO\ GLmHUHQW

IURP WKH 5LFH FRGH� 7KLV FRGH ZLOO EH H[SODLQHG ZKHQ GHVFULELQJ WKH FRGHF�

1XPEHU 6LJQ %LW /RZHU %LWV 1XPEHU RI �
V )XOO FRGH

� � ��� � �����

�� � ��� � �������

��� � ��� � ������

7DEOH � ([DPSOHV RI 5LFH FRGHV IRU P  ��

�



��� :KDW WR ([SHFW IURP WKHVH &RGHFV

7DEOHV � DQG � JURXS WKH FRGHFV GHSHQGLQJ RQ WKH DULWKPHWLF XVHG� 7DEOH � JURXSV

WKH LQWHJHU DQG n[HG�SRLQW DULWKPHWLF FRGHFV ZKLOH 7DEOH � JURXSV WKH oRDWLQJ�SRLQW

DULWKPHWLF FRGHFV� $XGLR3D. LV WKH RQO\ FRGHF WR XVH LQWHJHU DULWKPHWLF�

,QWHJHU $ULWKPHWLF )L[HG�SRLQW $ULWKPHWLF

$XGLR )LOH $XGLR3D. 086,&RPSUHVV 6RQDUF

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7UDFN / 5 ���� ���� ����

7DEOH � &RPSUHVVLRQ UDWLRV IRU VWDWH�RI�WKH�DUW LQWHJHU DQG n[HG�SRLQW DULWKPHWLF ORVVOHVV

DXGLR FRGHFV �ZH VHW WKH IUDPH VL]H WR ���� VDPSOHV IRU WKH LQWHJHU FRGHFV� DQG ZH XVHG WKH

GHIDXOW DUJXPHQWV IRU WKH n[HG�SRLQW FRGHFV��

)ORDWLQJ�SRLQW $ULWKPHWLF
$XGLR )LOH 6KRUWHQ 6KRUWHQ 2JJ6TXLVK /7$& 6RQDUF :$

�S� �S�� �[ �F�

7UDFN �� RI >��@ ���� ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ���� ����

7UDFN / 5 ���� ���� ���� ���� ���� ����

7DEOH � &RPSUHVVLRQ UDWLRV IRU VWDWH�RI�WKH�DUW oRDWLQJ�SRLQW DULWKPHWLF ORVVOHVV DXGLR

FRGHFV �ZH VHW WKH IUDPH VL]H WR ���� VDPSOHV IRU 6KRUWHQ DQG ZH XVHG WKH GHIDXOW DUJX�

PHQWV IRU 2JJ6TXLVK� 6RQDUF� /7$&� DQG :$��

7KHVH WDEOHV JLYH WKH FRPSUHVVLRQ UDWLR U

U  
2ULJLQDO )LOH 6L]H

&RPSUHVVHG )LOH 6L]H

IRU � H[SHULPHQWDO DXGLR nOHV� $OO WKHVH nOHV KDYH WKH &' IRUPDW� L�H� ���� N+]� VWHUHR�

�� ELWV� DQG DUH EULHo\ GHVFULEHG LQ WKH IROORZLQJ OLVW DQG LQ 7DEOH ��

�



$XGLR )LOH )LOH 6L]H +� /HIW FKDQQHO +� 5LJKW FKDQQHO

�E\WHV� �ELWV SHU VDPSOH� �ELWV SHU VDPSOH�

7UDFN �� RI >��@ ���������� ����� �����

7UDFN �� RI >��@ ��������� ����� �����

7UDFN �� RI >��@ ��������� ���� ����

7UDFN �� RI >��@ ��������� ����� �����

7UDFN �� RI >��@ ��������� ����� �����

7UDFN / 5 ��������� ����� �����

7DEOH � )LOH VL]H DQG nUVW�RUGHU HQWURS\ IRU OHIW DQG ULJKW FKDQQHOV �[>Q@� RI WKH � H[SHUL�

PHQWDO DXGLR nOHV�

q 7UDFN � RI >��@ �� PLQ �� V�� 0DGRQQD
V ?/LNH D 9LUJLQ� VRQJ�

q 7UDFN �� RI >��@ ��� V�� 6D[RSKRQH� ORZ IUHTXHQF\ PXVLFDO VLJQDO�

q 7UDFN �� RI >��@ ��� V�� &DVWDQHWV� KLJK IUHTXHQF\ PXVLFDO VLJQDO�

q 7UDFN �� RI >��@ ��� V�� 9RLFH TXDUWHW�

q 7UDFN �� RI >��@ ��� V�� :LQG HQVHPEOH�

q 7UDFN / 5 ��� V�� WKLV WUDFN ZDV FRQVWUXFWHG XVLQJ WKH OHIW FKDQQHO RI 7UDFN ��

RI >��@� 7KH ULJKW FKDQQHO LV DQ H[DFW FRS\ RI WKH OHIW FKDQQHO� 7KHUHIRUH� WKH

GLmHUHQFH EHWZHHQ WKH OHIW DQG ULJKW FKDQQHO LV ]HUR�

7DEOH � VXPPDUL]HV WKH RULJLQDO nOH VL]H LQ E\WHV DQG WKH HVWLPDWHG nUVW�RUGHU HQWURS\

+� IRU ERWK OHIW DQG ULJKW FKDQQHOV �[>Q@�� +� LV WKH WKHRUHWLFDO ORZHU ERXQG IRU WKH

QXPEHU RI ELWV SHU VDPSOH LI LQGHSHQGHQFH EHWZHHQ VDPSOHV LV DVVXPHG�

,W LV LPSRUWDQW WR QRWH WKDW PRVW RI WKH UHFRUGLQJV IURP >��@ FRQWDLQ D VLJQLnFDQW

DPRXQW RI VLOHQFH� ,Q IDFW� ZH VKRZHG WKDW D FRPSUHVVLRQ UDWLR RI DERXW ��� PD\ EH

HDVLO\ REWDLQHG E\ FRPSUHVVLQJ RQO\ WKHVH VLOHQW VHJPHQWV IRU 7UDFNV ��� ��� ��� DQG

���

7KH FRPSUHVVLRQ DOJRULWKPV SUHVHQWHG LQ WKLV UHSRUW DUH 6KRUWHQ >��@� 086,&RP�

SUHVV >��@� 6RQDUF >��@� 2JJ6TXLVK Y���� >��@� /7$& >��@� :$ >��@� 3KLOLSV >�@� DQG $X�

GLR3D.� 6KRUWHQ� 086,&RPSUHVV� /7$&� DQG 3KLOLS
V DOJRULWKPV DUH GHVFULEHG LQ WKH

OLWHUDWXUH� ,QIRUPDWLRQ FRQFHUQLQJ WKH RWKHU FRGHFV_6RQDUF� 2JJ6TXLVK Y����� DQG

:$_FRPH IURP SHUVRQDO FRPPXQLFDWLRQV ZLWK WKH GHVLJQHUV RI WKHVH DOJRULWKPV� $V

IRU $XGLR3D.� LW LV D ORVVOHVV DXGLR FRGHF GHVFULEHG LQ 6HFWLRQ ��

$ EULHI GHVFULSWLRQ RI WKHVH FRGHFV LV JLYHQ KHUH�

�



6KRUWHQ �9HUVLRQ ��� IRU '26� 7ZR FRPPDQGV ZHUH XVHG� �S � DQG �S ���� 7KHVH

WZR FRPPDQGV GHnQH GLmHUHQW FRGHFV� ZKLFK GLmHU E\ WKHLU LQWUD�FKDQQHO GHFRU�

UHODWLRQ EORFN� �S � XVHV D SRO\QRPLDO DSSUR[LPDWLRQ PHWKRG DQG �S �� D OLQHDU

SUHGLFWLRQ PHWKRG XVLQJ D ��WK�RUGHU ),5 nOWHU� %RWK FRGHFV XVH WKH 5LFH FRGLQJ

VFKHPH�

086,&RPSUHVV �9HUVLRQ ��� IRU :LQGRZV� 086,&RPSUHVV FRGHV ZLWK DSSUR[LPD�

WLRQ� ,W XVHV D EORFN oRDWLQJ�SRLQW UHSUHVHQWDWLRQ DQG WKH +XmPDQ FRGLQJ VFKHPH

WR FRGH ERWK WKH DSSUR[LPDWLRQ DQG WKH UHVLGXDO VLJQDO�

6RQDUF �9HUVLRQ ���K IRU '26� 6RQDUF XVHV ),5 OLQHDU SUHGLFWLRQ DQG +XmPDQ FRG�

LQJ� ,I WKH GHIDXOW DUJXPHQWV DUH XVHG� D n[HG�SRLQW LQWHJHU YHUVLRQ RI 6FKXU
V

DOJRULWKP LV XVHG WR FRPSXWH WKH SUHGLFWLRQ FRHpFLHQWV� ,I WKH �[ DUJXPHQW LV

LQFOXGHG LQ WKH DUJXPHQWV WKHQ WKH SUHGLFWLRQ FRHpFLHQWV DUH GHWHUPLQHG E\ WKH

?ZLQQHU� RI D FRQWHVW EHWZHHQ DXWRFRUUHODWLRQ� FRYDULDQFH� 6FKXU
V� DQG %XUJ
V

DOJRULWKPV�

2JJ6TXLVK �9HUVLRQ ���� IRU 8QL[� 7KH ORVVOHVV DXGLR FRGHF� ZKLFK FRPHV ZLWK 2J�
J6TXLVK YHUVLRQ ���� XVHV ,,5 OLQHDU SUHGLFWLRQ DQG +XmPDQ FRGLQJ��

/RVVOHVV 7UDQVIRUP $XGLR &RPSUHVVLRQ �9HUVLRQ ���� IRU '26� /7$& LV WKH RQO\
FRGHU WKDW XVHV WUDQVIRUP FRGLQJ IRU GHFRUUHODWLRQ� 7KH 5LFH FRGLQJ VFKHPH LV

XVHG WR SDFN WKH WUDQVIRUP FRHpFLHQWV DQG WKH UHVLGXDO HUURUV�

:DYHIRUP $UFKLYHU �9HUVLRQ ��� IRU '26� :$ XVHV D SRO\QRPLDO DQG OLQHDU SUH�
GLFWRU IRU WKH LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN� 7KH HQWURS\ FRGLQJ EORFN XVHV

5LFH FRGLQJ� :$ RmHUV � OHYHOV RI FRGLQJ� �F�� �F�� �F�� �F�� DQG �F�� 7KH

FRPSUHVVLRQ UDWLR �DV ZHOO DV WKH WLPH WR HQFRGH� LQFUHDVHV ZLWK WKH OHYHO QXPEHU�

�F� JLYHV WKH EHVW FRPSUHVVLRQ UDWLRV�

3KLOLSV 7KLV DOJRULWKP GHVLJQHG E\ 3KLOLSV >�@ XVHV D ��WK�RUGHU ),5 OLQHDU SUHGLFWRU
DORQJ ZLWK WKH 5LFH FRGLQJ VFKHPH� 7KLV LV WKH RQO\ FRGHF LQ WKH OLVW IRU ZKLFK QR

H[HFXWDEOH ZDV DYDLODEOH� 7KLV FRGHF GRHV QRW DOORZ UHDO�WLPH FRPSUHVVLRQ >�@� 7R

DOORZ FRPSDULVRQ ZLWK WKH RWKHU FRGHFV ZH FRPSUHVVHG WKH FRPSOHWH �� 7UDFNV

RI >��@ XVLQJ $XGLR3D.� 7DEOH � VXPPDUL]HV WKH FRPSUHVVLRQ UDWLRV�

$XGLR3D. �9HUVLRQ ���� 7KLV FRGHF LV GHVFULEHG LQ GHWDLO LQ 6HFWLRQ ��

�7KH FRPPDQGV XVHG IRU 6KRUWHQ ZHUH�

�S �� VKRUWHQ �E ���� �Y � �W V�� �S � ),/(�SFP ),/(3��VKQ

�S ��� VKRUWHQ �E ���� �Y � �W V�� �S �� ),/(�SFP ),/(3���VKQ
�2JJ6TXLVK LV QRW H[DFWO\ DQ DXGLR FRGHU SHU VH� LW LV D '63 HQJLQH WKDW UXQV DQ\ FRGLQJ SURJUDP

WKH XVHU ZDQWV >��@� )RU H[DPSOH� 2JJ6TXLVK LV FDSDEOH RI UXQQLQJ VFULSWV WKDW JHQHUDWH $'3&0�

03(*� 7ZLQ94� HWF� 7KH ���� YHUVLRQ RI 2JJ6TXLVK LQFOXGHV D ORVVOHVV FRGHF GHVLJQHG E\ WKH DXWKRUV

RI 2JJ6TXLVK� ,Q WKLV DUWLFOH ZH UHIHU WR WKLV FRGHF DV 2JJ6TXLVK�

�



/RVVOHVV $XGLR &RGHF 3KLOLSV $XGLR3D.

(QWLUH &' >��@ ���� ����

7DEOH � &RPSUHVVLRQ UDWLR IRU FRPSOHWH &' >��@� 3KLOLSV LV D oRDWLQJ�SRLQW DULWKPHWLF FRGHF�

$XGLR3D. LV DQ LQWHJHU DULWKPHWLF FRGHF� 7KH FRPSUHVVLRQ UDWLR IRU 3KLOLSV ZDV SXEOLVKHG

LQ >�@ �IUDPH VL]H ZDV VHW WR ���� VDPSOHV��

,W LV QRWHZRUWK\ WKDW WKH FRPSUHVVLRQ UDWLRV REWDLQHG E\ WKH YDULRXV VWDWH�RI�WKH�

DUW ORVVOHVV DXGLR FRGHFV IRU D VDPH DXGLR nOH DUH YHU\ VLPLODU� )RU H[DPSOH� 7UDFN ��

FRPSUHVVLRQ UDWLRV DUH LQ WKH UDQJH ���� WR ����� ZKLFK LV HTXLYDOHQW WR DW PRVW D � ELW

SHU VDPSOH GLmHUHQFH� )RU WKH RWKHU H[SHULPHQWDO DXGLR nOHV� WKHVH GLmHUHQFHV DUH DW

PRVW� ���� ELWV SHU VDPSOH IRU 7UDFN ��� ���� ELWV IRU 7UDFN ��� ���� ELWV IRU 7UDFN ���

DQG ���� ELWV IRU 7UDFN ��

&RPSUHVVLRQ UDWLRV DVVRFLDWHG ZLWK 7UDFN / 5 �WKLV DXGLR nOH ZDV FUHDWHG WR SUREH

ZKLFK FRGHFV WRRN DGYDQWDJH RI LQWHU�FKDQQHO GHSHQGHQFLHV� VKRZ WKDW RQO\ IRU $X�

GLR3D.� 086,&RPSUHVV� 2JJ6TXLVK� DQG :$ LV WKH FRPSUHVVLRQ UDWLR WZLFH WKDW RI

7UDFN ��� LQGLFDWLQJ WKDW WKHVH FRGHUV WDNH DGYDQWDJH RI WKH GHSHQGHQFH EHWZHHQ FKDQ�

QHOV�

)LQDOO\� WKHVH WDEOHV VKRZ WKDW FRGHF :$ ZLWK WKH �F� DUJXPHQW JLYHV WKH EHVW

FRPSUHVVLRQ UDWLR IRU WKH � H[SHULPHQWDO DXGLR nOHV� +RZHYHU� WKLV LV RQH RI WKH IHZ

FRGHFV� ZKLFK FRXOG QRW SURYLGH UHDO�WLPH FRPSUHVVLRQ RQ RXU ��� 0+] 00; 3HQWLXP

PDFKLQH�

,Q FRQFOXVLRQ� RXU VWXG\ RI FXUUHQWO\ DYDLODEOH DQG EHVW SHUIRUPLQJ ORVVOHVV DXGLR FRGHFV

VXJJHVWV WKDW WKH FXUUHQW WHFKQRORJ\ KDV UHDFKHG D OLPLW LQ ZKDW FDQ EH DFKLHYHG IRU

ORVVOHVV FRPSUHVVLRQ RI DXGLR�

,I WKLV LV WUXH� D FRGHF FRPSUHVVLQJ DW WKLV OLPLW ZLWK WKH OHDVW QXPEHU RI DULWKPHWLF

RSHUDWLRQV ZLOO GHnQH WKH EHVW WHFKQRORJ\ IRU ORVVOHVV DXGLR FRPSUHVVLRQ� 7KDW LV� WKH

GHVLJQ RI D ORVVOHVV DXGLR FRGHF VKRXOG QRZ IRFXV RQ UHGXFLQJ DOJRULWKP FRPSOH[LW\�

:H GHVLJQHG D VLPSOH� ORVVOHVV DXGLR FRGHF� WKDW ZH FDOOHG $XGLR3D.� ZKLFK XVHV

RQO\ D IHZ LQWHJHU DULWKPHWLF RSHUDWLRQV RQ ERWK WKH FRGHU DQG WKH GHFRGHU VLGH� 7KH

PDLQ RSHUDWLRQV RI WKLV FRGHF DUH SRO\QRPLDO SUHGLFWLRQ DQG *RORPE FRGLQJ� DQG DUH

GRQH RQ D IUDPH EDVLV� $V VXPPDUL]HG LQ 7DEOHV �� �� DQG �� RXU FRGHU SHUIRUPV DV

ZHOO� RU HYHQ EHWWHU WKDQ PRVW VWDWH�RI�WKH�DUW ORVVOHVV FRGHFV� $ FRPSOHWH GHVFULSWLRQ

RI WKLV FRGHF LV JLYHQ LQ WKH QH[W 6HFWLRQ�

��



� $XGLR3D.� $Q ,QWHJHU $ULWKPHWLF /RVVOHVV $X�

GLR &RGHF

��� )UDPLQJ

$V IRU DOO RWKHU VWDWH�RI�WKH�DUW ORVVOHVV DXGLR FRGHFV� $XGLR3D. GLYLGHV WKH LQSXW

DXGLR VLJQDO LQWR LQGHSHQGHQW IUDPHV� 7KH OHQJWK RI D IUDPH LV D FRGHF SDUDPHWHU DQG

PD\ EH VHW DW FRGLQJ WLPH� KRZHYHU� WKHUH DUH JRRG SUDFWLFDO UHDVRQV IRU XVLQJ IUDPH

VL]HV PXOWLSOH RI ���� WKH QXPEHU RI VDPSOHV FDUULHG E\ DQ $(6�(%8 IUDPH� 7DEOH �

VXJJHVWV WKDW WKH RSWLPDO OHQJWK IRU ���� N+]� �� ELW DXGLR VDPSOHG VWUHDPV LV ����

VDPSOHV�

��� ,QWUD�&KDQQHO 'HFRUUHODWLRQ

7KH LQWUD�FKDQQHO GHFRUUHODWLRQ RSHUDWLRQ XVHV D YHU\ VLPSOH DGDSWLYH SRO\QRPLDO DS�

SUR[LPDWLRQ PHWKRG� 7KLV DSSUR[LPDWLRQ ZDV nUVW SURSRVHG LQ >��@�

7KH SRO\QRPLDO FRHpFLHQWV DUH WKRVH VSHFLnHG E\ nWWLQJ D S�RUGHU SRO\QRPLDO WR

WKH ODVW S GDWD SRLQWV [>Qb�@� [>Qb�@� � � � � [>QbS@� :H FRQVLGHU IRXU DSSUR[LPDWLRQV�

�!!!�
!!!�
A[�>Q@  �

A[�>Q@  [>Qb �@

A[�>Q@  �[>Qb �@b [>Q b �@

A[�>Q@  �[>Qb �@b �[>Qb �@ � [>Qb �@

)LJXUH � JUDSKLFDOO\ GHSLFWV WKHVH IRXU DSSUR[LPDWLRQV�

)UDPH 6L]H ��� ��� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ����

7UDFN �� RI >��@ ���� ���� ���� ���� ����

7DEOH � &RPSUHVVLRQ UDWLRV IRU WKH OHIW FKDQQHO RI H[SHULPHQWDO DXGLR nOHV XVLQJ $XGLR3D.

ZLWK GLmHUHQW IUDPH VL]HV �LQ QXPEHU RI VDPSOHV��

��



2x  [n]

x[n-1]

x[n-2]

x[n-3]

3x  [n]

1x  [n]

x  [n]0

x[n]

x[n]

n

AUDIO SAMPLES

POLYNOMIAL PREDICTORS

)LJXUH � 7KLV nJXUH UHSUHVHQWV WKH IRXU SRO\QRPLDO DSSUR[LPDWLRQV RI [>Q@ FRQVLGHUHG E\

$XGLR3D.
V LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN�

$Q LQWHUHVWLQJ SURSHUW\ RI WKHVH SRO\QRPLDO DSSUR[LPDWLRQV LV WKDW WKH UHVXOWLQJ

UHVLGXDO VLJQDOV� HL>Q@  [>Q@ b A[L>Q@� FDQ EH HpFLHQWO\ FRPSXWHG LQ WKH IROORZLQJ

UHFXUVLYH PDQQHU� �!!!�
!!!�

H�>Q@  [>Q@

H�>Q@  H�>Q@b H�>Q b �@

H�>Q@  H�>Q@b H�>Q b �@

H�>Q@  H�>Q@b H�>Q b �@

)RU HDFK IUDPH� WKH IRXU UHVLGXDOV H�>Q@� H�>Q@� H�>Q@� H�>Q@ DUH FRPSXWHG DV ZHOO DV WKH

VXPV RI WKH DEVROXWH YDOXHV RI WKHVH UHVLGXDOV RYHU WKH FRPSOHWH IUDPH� 7KH UHVLGXDO

ZLWK WKH VPDOOHVW VXP PDJQLWXGH LV WKHQ GHnQHG DV WKH EHVW DSSUR[LPDWLRQ� 7DEOH �

VXPPDUL]HV KRZ PDQ\ WLPHV HDFK UHVLGXDO ZDV XVHG LQ FRGLQJ WKH H[SHULPHQWDO DXGLR

WUDFNV�

:H VKRZ LQ WKH DSSHQGL[ WKDW WKLV DOJRULWKP FDQ EH HDVLO\ SDUDOOHOL]HG WR WDNH

DGYDQWDJH RI WKH QHZ ,QWHO
V 00; 6,0' DUFKLWHFWXUH�

��� ,QWHU�&KDQQHO 'HFRUUHODWLRQ

$XGLR3D. FDQ WDNH DGYDQWDJH RI LQWHU�FKDQQHO GHSHQGHQFLHV SUHVHQW LQ VWHUHR FKDQQHO

DXGLR VWUHDPV� 7KLV LV GRQH ZKHQ WKH FRGHF LV VHW LQ VWHUHR PRGH� ,Q WKLV PRGH� LQ

DGGLWLRQ WR DSSUR[LPDWLQJ WKH ULJKW VWHUHR FKDQQHO VDPSOHV� ZH FRPSXWH WKH DSSUR[L�

��



5HVLGXDO H� H� H� H� 7RWDO )UDPHV

7UDFN �� RI >��@ �� ���� ���� ���� �����

7UDFN �� RI >��@ ��� ��� ���� ��� ����

7UDFN �� RI >��@ ��� ��� ��� ��� ����

7UDFN �� RI >��@ ��� ��� ��� ���� ����

7UDFN �� RI >��@ ��� �� ��� ��� ����

7DEOH � 1XPEHU RI WLPHV HDFK UHVLGXDO ZDV FKRVHQ GXULQJ FRGLQJ RI WKH OHIW FKDQQHO IRU WKH

H[SHULPHQWDO DXGLR nOHV�

PDWLRQ RI WKH GLmHUHQFH EHWZHHQ WKH OHIW DQG ULJKW FKDQQHO DORQJ ZLWK WKH DVVRFLDWHG

UHVLGXDOV� 7KH VPDOOHVW YDOXH DPRQJ WKH � VXPV RI DEVROXWH UHVLGXDOV �� IURP WKH ULJKW

FKDQQHO DQG � IURP WKH GLmHUHQFH� GHnQHV WKH EHVW DSSUR[LPDWLRQ�

7DEOH � SUHVHQWV WKH HVWLPDWHG nUVW�RUGHU HQWURS\ +� IRU WKH OHIW HUURU FKDQQHO� WKH

ULJKW HUURU FKDQQHO LQ GXDO PRGH� DQG WKH ULJKW HUURU FKDQQHO LQ VWHUHR PRGH� 7KHVH

PHDVXUHV VKRZ YHU\ OLWWOH LPSURYHPHQW LQ FRPSUHVVLRQ ZKHQ WKH LQWHU�FKDQQHO GHFRU�

UHODWLRQ LV VZLWFKHG RQ� 7KLV LV QRW VXUSULVLQJ NQRZLQJ KRZ VLPSO\ WKH LQWHU�FKDQQHO

GHFRUUHODWLRQ EORFN LV GHnQHG� %HFDXVH ZH VHHN D FRGHF ZLWK PLQLPXP DOJRULWKP FRP�

SOH[LW\� WKLV VXJJHVWV XVLQJ $XGLR3D. LQ GXDO PRGH�

+� /HIW (UURU &KDQQHO 5LJKW (UURU FKDQQHO
'XDO 0RGH 6WHUHR 0RGH

7UDFN �� RI >��@ ����� ����� �����

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7UDFN �� RI >��@ ���� ���� ����

7DEOH � )LUVW�RUGHU HQWURS\ +� LQ ELWV SHU VDPSOH IRU OHIW DQG ULJKW HUURU FKDQQHOV �H>Q@��

��� (QWURS\ &RGLQJ

6LOHQW IUDPHV FDQ HDVLO\ EH GHWHFWHG ZLWK UHVLGXDOV H�>Q@� H�>Q@ DQG HpFLHQWO\ HQWURS\

FRGHG ZLWK DQ HVFDSH FRGH� ,I WKH VLOHQW IUDPH LV PDGH RI � YDOXH VDPSOHV WKHQ WKH

VXP RI MH�>Q@M LV ]HUR DQG LI WKH VLOHQW IUDPH LV PDGH RI YDOXHV RWKHU WKDQ � ��� RU � DV

VRPHWLPHV IRXQG� WKHQ WKH VXP RI MH�>Q@M LV ]HUR�

�7KH GXDO FKDQQHO PRGH FRPSUHVVHV WKH OHIW DQG ULJKW FKDQQHOV VHSDUDWHO\�

��



:KHQ WKH IUDPH LV QRW RI FRQVWDQW YDOXH� ZH XVH *RORPE FRGLQJ DORQJ ZLWK D

PDSSLQJ WR UHRUGHU WKH LQWHJHU QXPEHUV� 7KLV FRGH LV XVHG LQ WKH QHZ -3(*�/6

ORVVOHVV LPDJH FRPSUHVVLRQ VFKHPH >��@� $ EULHI GHVFULSWLRQ RI WKLV FRGH IROORZV�

*RORPE &RGLQJ *RORPE FRGHV DUH GHnQHG WR EH RSWLPDO IRU H[SRQHQWLDOO\ GHFD\LQJ

SUREDELOLW\ GLVWULEXWLRQV RI SRVLWLYH LQWHJHUV >�@� *LYHQ D XQLTXH SDUDPHWHU P� WKH

*RORPE FRGH ZULWHV D SRVLWLYH LQWHJHU Q LQWR WZR SDUWV� D ELQDU\ UHSUHVHQWDWLRQ RI

�Q PRG P� DQG D XQDU\ UHSUHVHQWDWLRQ RI �
M
Q

P

N
� >��@�

,I P LV D SRZHU RI �� P  �N� WKHQ WKH FRGH ZRUG IRU Q FRQVLVWV RI N OHDVW VLJQLnFDQW

ELWV RI Q� IROORZHG E\ WKH QXPEHU IRUPHG E\ WKH UHPDLQLQJ PRVW VLJQLnFDQW ELWV RI Q

LQ XQDU\ UHSUHVHQWDWLRQ DQG D VWRS ELW� 7KH OHQJWK RI WKLV FRGH ZRUG LV N � � �
M
Q

�N

N
�

%HFDXVH WKH UHVLGXDOV HL>Q@ DUH QRW DOO SRVLWLYH� D PDSSLQJ 0 � � LV GRQH WR UHRUGHU

WKH YDOXHV DV SRVLWLYH LQWHJHUV�

0�HL>Q@�  

�
�HL>Q@ LI HL>Q@ w �

�MHL>Q@M b � RWKHUZLVH

$Q HVWLPDWH IRU WKH SDUDPHWHU N LV JLYHQ LQ >��@ DQG LV XVHG LQ $XGLR3D.� ,W LV EDVHG

RQ WKH H[SHFWDWLRQ (�MHL>Q@M� DOUHDG\ FRPSXWHG LQ WKH LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN

DQG LV

N  GORJ
�
�(�MHL>Q@M��H

7KH SDUDPHWHU N LV GHnQHG WR EH FRQVWDQW RYHU DQ HQWLUH IUDPH DQG WDNHV YDOXHV EHWZHHQ

� DQG �E b �� LQ WKH FDVH RI E ELW DXGLR VDPSOHV� 7KLV SDUDPHWHU FDQ EH HVWLPDWHG

HpFLHQWO\ ZLWKRXW DQ\ oRDWLQJ�SRLQW RSHUDWLRQV DV IROORZV

IRU �N  �� 1  IUDPHVL]H� 1 � $EV(UURU� N��� 1 
 �� I18//�J

ZKHUH IUDPHVL]H LV WKH QXPEHU RI VDPSOHV LQ D IUDPH DQG $EV(UURU LV WKH VXP RI WKH

DEVROXWH YDOXHV RI WKH UHVLGXDO VLJQDO RYHU WKH FRPSOHWH IUDPH�

$GGLWLRQDOO\� ZH H[SHULPHQWHG ZLWK YDU\LQJ WKH YDOXH RI SDUDPHWHU N ZLWKLQ D

IUDPH� 7KHVH H[SHULPHQWV IROORZHG WKH FRQWH[W PRGHOLQJ LGHD IRXQG LQ WKH QHZ -3(*�

/6 VWDQGDUG >��@�

&RQWH[W 0RGHOLQJ &RQWH[W PRGHOLQJ VXJJHVWV GHnQLQJ UHJLRQV �FRQWH[WV� IRU ZKLFK

WKH VWDWLVWLFDO EHKDYLRU RI WKH UHVLGXDO VLJQDO H>Q@ DUH VLPLODU� ,Q WKH QHZ -3(*�/6� WKH

FRQWH[WV DUH EXLOW XVLQJ WKH ORFDO JUDGLHQW� ZKLFK FDSWXUHV WKH OHYHO RI VPRRWKQHVV RU

HGJLQHVV VXUURXQGLQJ D SL[HO� )RU H[DPSOH� SL[HOV LQ DQ HGJH DUHD DUH JURXSHG WRJHWKHU

DV DUH SL[HOV LQ oDW UHJLRQV� 2QFH WKHVH UHJLRQV DUH GHnQHG� WKH FRGHU DGDSWLYHO\

FKRRVHV WKH EHVW HQWURS\ FRGLQJ SDUDPHWHU IRU HDFK UHJLRQ�

:H PHDVXUHG WKH PD[LPXP FRPSUHVVLRQ UDWLR SRVVLEOH XVLQJ FRQWH[W PRGHOLQJ IRU

$XGLR3D.� 7KLV PD[LPXP ZDV IRXQG E\ XVLQJ WKH EHVW HQWURS\ FRGLQJ SDUDPHWHU IRU

��



HYHU\ UHVLGXDO VDPSOH H>Q@� 7KLV PHDQV VHWWLQJ WKH SDUDPHWHU N IRU HDFK UHVLGXDO H>Q@

WR JLYH WKH VPDOOHVW FRGH ZRUG OHQJWK� 8VLQJ RXU H[SHULPHQWDO DXGLR nOHV ZH IRXQG D

PD[LPXP FRPSUHVVLRQ UDWLR LPSURYHPHQW UDQJLQJ IURP � WR ���� ,Q RUGHU WR DFKLHYH

VXFK LPSURYHPHQWV� IXUWKHU ZRUN ZLOO EH UHTXLUHG WR GHnQH FRQWH[WV WKDW FDQ EH LQIHUUHG

IURP WKH GDWD�

��� $ULWKPHWLF &RPSOH[LW\

7KH QXPEHU RI LQWHJHU RSHUDWLRQV SHU VHFRQG IRU $XGLR3D. LQ GXDO PRGH IRU D ���� N+=�

VWHUHR� �� ELW DXGLR VWUHDP LV VXPPDUL]HG LQ 7DEOH ���

&RGHU ��� 0236

'HFRGHU IURP ���� WR ��� 0236

7DEOH �� $ULWKPHWLF FRPSOH[LW\ IRU $XGLR3D. LQ GXDO PRGH� 0236 VWDQGV IRU 0LOOLRQ

2SHUDWLRQV 3HU 6HFRQG� 1RWH WKDW WKH QXPEHU RI RSHUDWLRQV IRU WKH GHFRGHU GHSHQGV RQ WKH

SUHGLFWRU XVHG�

��� 6WUXFWXUH RI &RPSUHVVHG )LOH +HDGHU DQG )UDPHV

:H GHnQHG D nOH KHDGHU IRU $XGLR3D.
V FRPSUHVVHG nOHV WR LQGLFDWH WKH IROORZLQJ�

q 7KH FRGLQJ PRGH �VLQJOH� VWHUHR RU GXDO FKDQQHO� GHnQHG XVLQJ � ELWV�

q 7KH VL]H RI WKH IUDPH LQ VDPSOHV� GHnQHG ZLWK �� ELWV��

q 7KH QXPEHU RI ]HUR YDOXH VDPSOHV DSSHQGHG LQ WKH ODVW IUDPH� GHnQHG ZLWK ��

ELWV�

q ,Q FDVH RI VWHUHR RU GXDO FKDQQHO PRGHV� D � ELW oDJ VWDWLQJ LI WKH RULJLQDO nOH

FRQWDLQHG PRUH OHIW WKDQ ULJKW VDPSOHV�

$IWHU WKLV KHDGHU� WKH IUDPHV DUH FRGHG VHSDUDWHO\� ,Q WKH VLQJOH FKDQQHO PRGH WKH ELW

V\QWD[ GHSHQGV RQ ZKHWKHU RU QRW WKH IUDPH LV FRQVWDQW� 7KLV V\QWD[ LV DV IROORZV�

q ,I WKH IUDPH LV FRQVWDQW WKHQ�
)LUVW ELW VHW WR ��

E QH[W ELWV GHnQH WKH nUVW VDPSOH�

�:H FKRVH /LWWOH�(QGLDQ IRUPDW WR DOORZ SRUWDELOLW\ RI WKH FRPSUHVVHG nOH RYHU GLmHUHQW PDFKLQH

DUFKLWHFWXUH�

��



q ,I WKH IUDPH LV QRW FRQVWDQW WKHQ�!!!!!!�
!!!!!!�

)LUVW ELW VHW WR ��

7ZR QH[W ELWV GHnQH ZKLFK SRO\QRPLDO SUHGLFWRU ZDV XVHG ��� �� �� RU ���

ORJ
�
�E� ELWV GHnQH WKH *RORPE SDUDPHWHU N�

Sd E ELWV GHnQH WKH nUVW S VDPSOHV RI WKH IUDPH �S LV WKH SRO\QRPLDO RUGHU��

5HPDLQLQJ ELWV GHnQH *RORPE HQWURS\ FRGHV IRU UHVLGXDO VLJQDO�

,Q WKH FDVH RI VWHUHR RU GXDO FKDQQHO PRGHV� WZR ELWV DUH DGGHG DW WKH EHJLQQLQJ

RI D VLQJOH FKDQQHO IUDPH KHDGHU V\QWD[� 7KHVH ELWV GHnQH ZKDW FKDQQHO WKH IUDPH

HQFDSVXODWHV DQG DUH VHW WR �� IRU OHIW FKDQQHO� �� IRU ULJKW FKDQQHO� �� IRU WKH GLmHUHQFH

EHWZHHQ OHIW DQG ULJKW FKDQQHO ��� LV QRW XVHG��

��� %LW 5DWH 9DULDELOLW\

%HFDXVH RI WKH QRQ�VWDWLRQDU\ QDWXUH RI DXGLR VLJQDOV� WKH FRPSUHVVLRQ VFKHPH KDV D

YDULDEOH ELW UDWH� )LJXUH � LOOXVWUDWHV WKLV YDULDELOLW\� ,Q WKLV nJXUH WKH FRPSUHVVLRQ

UDWLRV RYHU IUDPHV QXPEHU ���� DQG ���� IRU WKH OHIW FKDQQHO RI 7UDFN �� RI >��@ DUH

SUHVHQWHG� $OVR GHSLFWHG DUH WKH PLQLPXP DQG PD[LPXP VDPSOH YDOXHV LQ HDFK IUDPH

DORQJ ZLWK WKH PHDQ DQG YDULDQFH YDOXH RYHU HDFK IUDPH� 1RWH WKH UHODWLRQVKLS EHWZHHQ

WKH YDULDQFH �ZKLFK DOVR GHnQHV WKH HQHUJ\� DQG WKH FRPSUHVVLRQ UDWLR� $V WKH HQHUJ\

RI D IUDPH LQFUHDVHV� WKH FRPSUHVVLRQ UDWLR GHFUHDVHV�
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,Q VRPH DSSOLFDWLRQV LW PD\ EH RI LQWHUHVW WR KDYH D VPRRWKHG SHDN UDWH LQVWHDG RI

D VWURQJ oXFWXDWLRQ LQ LQVWDQWDQHRXV GDWD UDWH� $ JRRG VROXWLRQ WR WKLV SUREOHP ZDV

SURSRVHG E\ &UDYHQ HW DO� LQ >�@ ZKR VXJJHVWHG LQVHUWLQJ EXmHUV DW ERWK WKH FRGHU DQG

WKH GHFRGHU VLGHV� 7KLV VROXWLRQ FDQ EH LQFOXGHG ZLWKLQ $XGLR3D.�

� &RQFOXVLRQ

/RVVOHVV DXGLR FRPSUHVVLRQ LV OLNHO\ WR SOD\ DQ LPSRUWDQW SDUW LQ PXVLF GLVWULEXWLRQ

RYHU WKH ,QWHUQHW� '9' DXGLR� GLJLWDO DXGLR DUFKLYLQJ� DQG PL[LQJ� %HFDXVH FRPPRQ

ORVVOHVV FRPSUHVVLRQ XWLOLWLHV VXFK DV 3N=LS GR D SRRU MRE RI FRPSUHVVLQJ DXGLR VWUHDPV�

D GLmHUHQW WHFKQRORJ\ DGDSWHG WR WKHVH VLJQDOV LV UHTXLUHG�

$OO FXUUHQW VWDWH�RI�WKH�DUW ORVVOHVV DXGLR FRGHFV DUH EXLOW DURXQG RQH LPSRUWDQW

VLJQDO FKDUDFWHULVWLF� ORFDO GHSHQGHQF\ RI DXGLR VDPSOHV� $V ZH UHSRUW LQ WKLV SDSHU�

WKHVH FRGHFV UHDFKHG D OLPLW LQ FRPSUHVVLRQ� ZKLFK LV YHU\ PRGHVW FRPSDUHG WR WKH ORVV\

WHFKQRORJ\� $VVXPLQJ WKLV OLPLW WR EH QHDU WKH WKHRUHWLFDO HQWURS\ ZH GHVLJQHG D VLPSOH

ORVVOHVV DXGLR FRGHF_$XGLR3D._XVLQJ RQO\ D VPDOO QXPEHU RI LQWHJHU DULWKPHWLF

RSHUDWLRQV� $XGLR3D. SHUIRUPV DV ZHOO� RU EHWWHU WKDQ PRVW VWDWH�RI�WKH�DUW FRGHFV�

7KH FRPSOHWH DUFKLWHFWXUH RI WKLV FRGHF ZDV SUHVHQWHG�

$FNQRZOHGJPHQWV

7KH DXWKRUV ZLVK WR WKDQN 0DUFHOR :HLQEHUJHU DQG *DGLHO 6HURXVVL �PDLQ GHVLJQHUV RI

-3(*�/6� IURP WKH 9LVXDO &RPSXWLQJ 'HSDUWPHQW DW +HZOHWW�3DFNDUG /DEV LQ 3DOR

$OWR� 'HQQLV /HH �DXWKRU RI :$�� &KULVWRSKHU 0RQWJRPHU\ �DXWKRU RI 2JJ6TXLVK��

5LFKDUG 6SUDTXH �DXWKRU RI 6RQDUF�� $O :HJHQHU �DXWKRU RI 086,&RPSUHVV�� DQG

5REHUWD (NOXQG IRU WKHLU WLPH DQG FRQWULEXWLRQ�

$ ,QWUD�&KDQQHO 'HFRUUHODWLRQ ,PSOHPHQWDWLRQ

$XGLR3D.
V LQWUD�FKDQQHO GHFRUUHODWLRQ DOJRULWKP FDQ EH HDVLO\ SDUDOOHOL]HG� 7KH FRUH
RI WKH LQWUD�FKDQQHO GHFRUUHODWLRQ EORFN LV WKH IROORZLQJ IRU���� ORRS

IRU �L �� L�IUDPHVL]H� L��� ^

H>L@  [>L@ � [>L��@�

DEVBVXP � DEV�H>L@��

`

ZKLFK FDQ EH XQUROOHG� IRU H[DPSOH� IRU ,QWHO
V 00; 6,0' DUFKLWHFWXUH DV IROORZV��

�7KH 00; VWXG\ VXPPDUL]HG KHUH DVVXPHV WKH DXGLR VDPSOHV WR KDYH �� ELW UHVROXWLRQ� :H RQO\

FRXQWHG WKH DULWKPHWLF RSHUDWLRQV IRU D VLPSOH F\FOH HVWLPDWH� :H DVVXPHG WKH PHPRU\ UHDGV DQG

ZULWHV IRU ERWK & DQG 00; FRGH WR EH VLPLODU�

��



IRU �L �� L�IUDPHVL]H� L� �� ^

H>L@  [>L@ � [>L��@�

H>L��@  [>L��@ � [>L@�

H>L��@  [>L��@ � [>L��@�

H>L��@  [>L��@ � [>L��@�

DEVBVXP� � DEV�H>L@��

DEVBVXP� � DEV�H>L��@��

DEVBVXP� � DEV�H>L��@��

DEVBVXP� � DEV�H>L��@��

`

DEVBVXP  DEVBVXP� � DEVBVXP��

7KH 00; LQVWUXFWLRQV LQVLGH WKLV ORRS FDQ EH�

IRU �L �� L�IUDPHVL]H� L� �� ^

�


5HJLVWHU 00� FRQWDLQV IRXU �� ELW ZRUGV

[>L��@ _ [>L��@ _ [>L��@ _ [>L@

DQG 00� FRQWDLQV

[>L��@ _ [>L��@ _ [>L@ _ [>L��@


�

368%: 00�� 00�

�


1RZ 00� FRQWDLQV

H>L��@ _ H>L��@ _ H>L��@ _ H>L@

$VVXPH 00� DQG 00� FRQWDLQ FRQVWDQWV

� _ � _ � _ � DQG � _ � _ � _ �


�

3&03*7: 00�� 00� � LI RQH RI WKH IRXU ZRUGV LQ 00�

� LV QHJDWLYH WKHQ FRUUHVSRQGLQJ

� ZRUG LQ 00� ZLOO EH HTXDO WR ��

� �2;))))�� RWKHUZLVH LW ZLOO EH ��

3$'': 00�� 00� � LI RQH RI WKH IRXU ZRUGV LQ 00�

� LV �� WKHQ FRUUHVSRQGLQJ ZRUG

� LQ 00� ZLOO EH �� RWKHUZLVH ��

3$'': 00�� 00� � LI RQH RI IRXU ZRUGV LQ 00� LV

� QHJDWLYH WKHQ FRUUHVSRQGLQJ ZRUG

� LQ 00� ZLOO EH ��� RWKHUZLVH ��

30$'':' 00�� 00� � 00� ZLOO FRQWDLQV �� ELW UHVXOWV

� RI DEV�H>L��@�� DEV�H>L��@� DQG

� DEV�H>L��@�� DEV�H>L@��

3$''' 00�� 00� � 00� ZLOO FRQWDLQ �� ELW UHVXOWV

� RI DEVBVXP� DQG DEVBVXP�

`

DEVBVXP  DEVBVXP� � DEVBVXP��

��



$VVXPLQJ D � F\FOH ODWHQF\ IRU WKH DEV� � PDFUR FDOO� WKH LQVLGH RI WKH & XQUROOHG

IRU���� ORRS HVWLPDWHV WR �� F\FOHV �� PDFUR FDOOV DQG � DGGLWLRQV� ZKLOH WKH DERYH

00; FRGH HVWLPDWHV WR � F\FOHV� 7KHVH HVWLPDWHV VXJJHVW D IDFWRU � UHGXFWLRQ LQ F\FOHV

DVVRFLDWHG WR DULWKPHWLF RSHUDWLRQV�

��
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