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7080! A20>! 3-! 381.4! 1! 37-</=122! Cbb! 3-! /=122.6N! 3B0! 1A>.-!
219:=02!12!H-416.>0!-8!2:--6$!#4!ITL5!1!6013A802<203!/-9:8.20>!
-6! b0=<Q80RA04/N! +0:2381=! +-066./.0432! ?bQ++@5! h08/0:3A1=!
=.4018! :80>./3.;0! 14>! +i++! 712! A20>! 3-! 381.4! 3B0! 04209H=0!
/=122.6.082!/-42.23.4D!-6!>.6608043!;18.1432!-6!Cbb$!#43A.3.;0=N5!
3B0!0V3042.;0!A20!-6!9A=3.:=0!6013A802!91M02!3B.2!2-=A3.-4!=022!
:81/3./1=! 6-8! ,+)2$!! Q07! 7-8M2! IS5! OL! B1;0! B.DB=.DB30>! 3B0!
2.D4.6./14/0!-6!B.DB<680RA04/N!H14>2!20=0/3.;.3N!3-!1>>8022!3B0!
80:=1N!2:--6!>030/3.-4$!#4!3B.2!80D18>5!381429.22.-4!=.40!/-/B=01!
?&Z+@<19:=.3A>0! 9->A=13.-4! 14>! 680RA04/N! 9->A=13.-4!
6013A802! 7080! A20>! .4! ISL! 3-! 381.4! 3B0! Cbb$! W-70;085!
19:=.3A>0! 9->A=13.-4! ?Eb@! 6013A80! 80:80204313.-4! B12!
2.D4.6./143!/-9:A313.-41=!/-235!12!.3!31M02!9-80!3B14!37./0!3B0!
19:=.3A>0! 680RA04/N! 3-!9->A=130! 3B0! 2.D41=$!e.9.=18=N5! .4! IOL!
.4;0830><bQ++! ?#bQ++@5! =.4018! :80>./3.;0! /0:2381=!
/-066./.0432! ?Zh++@5! 14>! Zh++802! 6013A802! 7080! A20>! 3-!
/1:3A80! 3B0! B.DB<680RA04/N! 6013A802! 1=-4D<7.3B! 3B0! 2314>18>!
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! S!

H120=.40!6013A802!-6!+i++5!bQ++5!14>!+0:238A9$!Cbb!712!
A20>! 3-! /=122.6N! 3B0! -8.D.41=! 14>! 2:--6! 219:=02$! &B020!
1::8-1/B02!IS5OL!:086-89!H03308!3B14!3B0!H120=.40!+i++<Cbb!
9->0=! IJL$!W-70;085! 3B020!903B->2! 180! A42A.31H=0! 3-! =-/1==N!
>0:=-N!-4! 802-A8/0! /-42381.40>!,+)2!>A0! 3-! B.DB08! 6013A802!
/-9:A313.-41=!/-9:=0V.3N$!

E:183! 68-9!B.DB<680RA04/N!H14>2!141=N2.25! 2-90! 802018/B!
23A>.02!IP5!`5!"_L!B1;0!B.DB=.DB30>!3B13!80/-8>.4D!14>!:=1NH1/M!
>0;./0! /B181/308.23./25! 80;08H0813.-4! 14>! /B1440=! .46-8913.-4!
2B-A=>!H0!0V19.40>!6-8!80:=1N!1331/M2!>030/3.-4$!#4!IPL5!=.4018!
:80>./3.-4! 802.>A1=! 2.D41=2! 7080! 141=NF0>! 3-! 0V19.40! 3B0!
80/-8>.4D! 14>! :=1NH1/M! >0;./0! /B181/308.23./2$! b-80!
2:0/.6./1==N5! 802.>A1=<bQ++! ?'bQ++@! 14>! 802.>A1=! .4;0820<
bQ++! ?'#bQ++@! 6013A802! 7080! A20>! 3-! 381.4! 3B0! Cbb! 6-8!
80:=1N!2:--6.4D!>030/3.-4$!#4!I`L5!1A3B-82!0V19.40>!3B0!/B1440=!
.46-8913.-4!14>!80;08H0813.-4!68-9!3B0!4-4<;-./0!20D90432!-6!
3B0! 1A>.-$! bQ++5! +i++5! 14>! b0=<Q.=308H14M<e=-:0! ?bQe@!
6013A802!7080!A20>!3-!381.4!3B0!Cbb!6-8!80:=1N!1331/M!>030/3.-4$!
e.9.=18=N5! .4! I"_L! =-7! 680RA04/N! 68190<7.20! 4-891=.F13.-4!
2/B090!712!:8-:-20>!3-!/1:3A80!3B0!183.61/32!68-9!3B0!:=1NH1/M!
2:00/B!14>!=1308!A20>!3-!>030/3!3B0!80:=1N!1331/M2$!
A>! B<13"8%&$"#5"6'@"152&"3'

]-8M2!2A/B!12!IK5!""5!J"L!B1;0!A20>!:B120<-8.0430>!2:0/381=!
6013A802! 6-8! 80:=1N! 2:--6.4D! >030/3.-4$! #4! IKL5! 1! SO<)! 6013A80!
;0/3-8! /-42.23.4D! -6! bQ++5! b0=<Q80RA04/N! h8.4/.:1=!
+-066./.0432! ?bQh+@5! /-2<:B120! :8.4/.:1=! /-066./.0432! ?+-2<
:B120! h+@! 14>! b0=<71;0=03! :1/M03! 381426-89! ?b]h&@! 712!
A20>!3-!381.4!3B0!e,b!3-!/=122.6N!H037004!3B0!D04A.40!14>!2:--6!
219:=02$! #4! I""L5! 301D08! 0408DN! -:0813-8! ?&G(@! :B120<H120>!
6013A802!7080!A20>!3-!/1:3A80!3B0!381.32!-6!H-416.>0!14>!2:--6!
219:=02$!#3!712!>09-4238130>!3B13!3B0!&G(!1=-40!712!A41H=0!3-!
:8-;.>0! H03308! /=122.6./13.-4! :086-8914/05! B-70;08! 1//A81/N!
712! .9:8-;0>!7B04!&G(! 6013A802!7080!A20>! .4! /-9H.413.-4!
7.3B!91D4.3A>0<-8.0430>!6013A802$!e.9.=18=N5!91D4.3A>0<H120>!
6013A802!7080!A20>! .4!/-9H.413.-4!-6!:B120<H120>!6013A802! 3-!
381.4!3B0!Cbb!6-8!80:=1N!2:--6!>030/3.-4!IJ"L$!!

9/! C"":'D"1&#$#?8913"6'.::&%1;<"3'
'0/043=N5! >00:! =0184.4D! 1::8-1/B02! B1;0! 1=2-! H004!

.4;023.D130>! 6-8! ;-./0! 143.<2:--6.4D! 2N23092$! #4! I"JL5! >131!
1AD904313.-4!712!:086-890>!3-! .==A238130! 3B13! .3! .9:8-;02!3B0!
:086-8914/0! -6! Ee,2:--6! H120=.40! 9->0=! IJL$!(8.D.41=!
2:0/38-D819! 712! 09:=-N0>! 3-! >00:! 802.>A1=! 4037-8M! 6-8!
6013A802!0V381/3.-4$!&B.2!7-8M!B12!6-==-7.4D!=.9.313.-42j!6.823=N5!
914A1=! >131! 1AD904313.-4! .2! 80RA.80>5! 7B./B! .2! 1! =1H-8.-A2!
1/3.;.3N5!14>!20/-4>=N5!A2.4D!-4=N!3B0!e&Q&!H120>!2:0/38-D819!
91M02!.3!A41H=0!3-!1/B.0;0!H03308!802A=32$!!#4!I"SL5!bQ++!14>!
+i++! 7080! A20>! 3-! 381.4! 3B0! Cbb5! '02%03! 14>! )%%2! 6-8!
80:=1N!1331/M!>030/3.-4$!E6308!141=NF.4D!>.6608043!/-9H.413.-425!
.3!712!/-4/=A>0>!3B13!3B0!/-9H.413.-4!-6!+i++<Cbb5!bQ++<
'02%035!14>!+i++<'02%03!1/B.0;02!3B0!=-7023!0RA1=!088-8!8130!
?GG'@$!E=3B-ADB!3B.2!1::8-1/B!.2!0660/3.;0!B-70;085!3B0!6A2.-4!
-6! 37-!>00:! =0184.4D!9->0=2! 1=-4D<7.3B!Cbb!91M02! .3! =022!
6012.H=0! 6-8! ,+)2$! #4! I"KL5! 1! B.DB<:122! 6.=308! 712! 09:=-N0>!
6-==-70>!HN!/-9:A3.4D!3B0!>.2/8030!/-2.40!381426-89!?)+&@!3-!
-H31.4!3B0!B.DB<680RA04/N!/0:2381=!/-066./.0432!?WQ++@$!WQ++!
712! A20>! .4! /-9H.413.-4! 7.3B! +i++! 3-! D0408130! 3B0!
09H0>>.4D2! 3B8-ADB! 1! >00:! 40A81=! 4037-8M! ?)%%@$! &B020!
09H0>>.4D2!80:802043!3B0!0V381/30>!6013A802!3B13!7080!A20>!3-!
381.4! 3B0! e,b! 3-! /=122.6N! 3B0! 1A>.-! 219:=02! 12! H-416.>0! -8!

2:--6$! e.9.=18=N5! )%%! 712! 1=2-! 381.40>! A2.4D! 3B0! =-4D<3089!
1;081D0! 2:0/38A9! ?Z&Ee@! 14>! bQ++! 6013A802! 6-8! 80:=1N!
2:--6.4D!>030/3.-4!IJJL$!

#42301>!-6! 0V381/3.4D! /0831.4! 6013A802! ?.$0$!bQ++5!+i++5!
03/$@! 7B./B! 180! 3B04! 60>! 3-! >00:! =0184.4D! 9->0=2! 6-8!
/=122.6./13.-45! 607! 7-8M2! I"d<"`L! B1;0! 1=2-! A20>! 91/B.40<
=01840>!6013A802$! #4! I"dL5!1A3B-82!A20>!H-3B! 3B0!0V381/30>!14>!
91/B.40<=01840>! 6013A802! 3-! 381.4! 3B0! Cbb<*4.;0821=!
k1/MD8-A4>!b->0=!?*kb@!6-8!80:=1N!1331/M2!>030/3.-4$!b-80!
2:0/.6./1==N5!""!/0:2381=!6013A802<2032!7080!A20>!3-!381.4!14!1A3-<
04/->08!3-!-H31.4!1!>0420!:8-U0/3.-4!-6!3B020!6013A802$!Q.41==N5!
H-3B!3B0!0V381/30>!6013A802<203!14>!3B0.8!=01840>!80:80204313.-42!
7080! 60>! 3-!Cbb<*kb!6-8! /=122.6./13.-4$!&B.2!903B->! I"dL!
1/B.0;02! H03308! 802A=32! 13! 3B0! 0V:0420! -6! .4/80120>! 6013A802!
/-9:A313.-4! /-23$! &B0! :8-H=09! -6! 91/B.40<=01840>! 6013A802!
80:80204313.-4! 3B8-ADB! 3B0! 1A3-04/->08! .2! 3B0! 1H.=.3N! 3-! =0184!
91V.9A9! .46-8913.-4! 813B08! 3B14! 3B0! 80=0;143!
.46-8913.-4$!W04/05!3B0!1A3-04/->08!/14!/1A20!.46-8913.-4!=-22!
-6!80=0;143!/-43043$!!

Q07!903B->2!B1;0!1=2-!1>-:30>!=.DB3<70.DB3!>00:!=0184.4D!
681907-8M2!6-8!80:=1N!2:--6.4D!>030/3.-4$!#4!I"TL5!=.DB3<70.DB3!
+%%!I"OL!H120>!-4!91V.9A9!6013A80<91:!?bQb@!1/3.;13.-4!
712!A20>!3-!>030/3!3B0!80:=1N!1331/M2$!bQb!712!1H=0!3-!80>A/0!
3B0!>.9042.-4!HN!20=0/3.4D!3B0!9-23!80=0;143!6013A802!3-!:086-89!
3B0! /=122.6./13.-4$! &B.2! 903B->! I"TL! 712! 0V304>0>! .4! I"PL! 3-!
.4;023.D130! 3B0! 066./.04/N! -6! 14DA=18! 918D.4<H120>! 2-6391V!
1/3.;13.-4!6A4/3.-4!3-!381.4!3B0!=.DB3!+%%!6-8!/=-4.4D!14>!80:=1N!
2:--6.4D!>030/3.-4$!Z+%%!18/B.30/3A80!712!1=2-!09:=-N0>! .4!
IJSL!6-8!80:=1N!1331/M2!>030/3.-4$!!

###$! E%EZle#e!(Q!b*Z&#<(')G'!,(#+G!'GhZEle!
&B0! 9./8-:B-405! 14! .430D81=! /-9:-4043! .4! 3B0! :8-/022.4D!

/B1.4! -6! 3B0! 80:=1N! 1331/M5! .2! 1! /-9:=0V! 0=0/38-90/B14./1=!
>0;./0$! &B0! .43081/3.-42! 19-4D! .32! 90/B14./1=5! 0=0/38-<
90/B14./1=5! 14>! 0=0/38./1=! 0=090432! 381426-89! 2-A4>! 0408DN!
.43-! 0=0/38./1=! 2.D41=2$! E4N! 4-4=.4018.3N! .4! 3B020! 0=090432!
802A=32!.4!1!>.23-830>!-A3:A3$!&B0!238A/3A802!-6!/-99-4=N!A20>!
9./8-:B-4025!0$D$5!/18H-45!0=0/38./5!03/$!180!M4-74!3-!H0B1;0!.4!
1!4-4=.4018!914408!IKPL$!#4!D04081=5!23.664022!-6!3B0!90/B14./1=!
2A2:042.-4!14>!1/-A23./1=!>19:.4D!180!3B0!>-9.4143!/1A202!-6!
4-4=.4018! >.23-83.-4! .4! 9-23! 9./8-:B-402$! b./8-:B-40!
>.23-83.-42! /14! H0! /=122.m0>! .43-! B189-4./5! .43089->A=13.-45!
14>!>.660804/0<680RA04/N!>.23-83.-42!IKdL$!W189-4./!>.23-83.-4!
.2!3B0!0660/3!-6!4-4=.4018.3N!-4!1!:A80!3-40!0V/.313.-45!/1A2.4D!
B189-4./!/-9:-40432!.4!3B0!-A3:A3$!#43089->A=13.-4!>.23-83.-4!
.2! 3B0! 0660/3! -6! 4-4=.4018.3N! :8->A/0>! 13! 3B0! -A3:A3! 68-9! 14!
0V/.313.-4!3B13!.2!2A9!-6!1!238-4D08!B.DB!680RA04/N!14>!1!701M08!
=-7! 680RA04/N! /-9:-4043$!).660804/0<680RA04/N!>.23-83.-4! .2!
3B0! 0660/3! -6! 1! 4-4=.4018.3N! :8->A/0>! 13! 3B0! -A3:A3! 68-9! 14!
0V/.313.-4!-6!2.4A2-.>2!-6!3B0!2190!19:=.3A>0$!Q-8!D-->!RA1=.3N!
9./8-:B-4025! 9012A8.4D! 9./8-:B-40! .4>A/0>! >.23-83.-42! 13!
4-891=! 2-A4>! =0;0=2! .2! 1! >.66./A=3! 312M$! #43089->A=13.-4!
>.23-83.-4!9012A8090432!180!/-42.>081H=N!9-80!/-9:=0V! 3B14!
9012A8090432!-6!B189-4./!>.23-83.-4$!&B.2!.2!-40!-6!3B0!61/3-82!
H0B.4>! A2.4D! B189-4./! >.23-83.-4! 12! 1! H04/B918M! 6-8!
9./8-:B-40!RA1=.3N!/B181/308.F13.-4$!e:0/.6./1==N5!20/-4>!14>!
3B.8>! B189-4./2! 180! 3N:./1==N! A20>! 3-! RA1=.6N! 9./8-:B-40!
RA1=.3N$!&B0!20/-4>!B189-4./!.2!3B0!9-23!>-9.4143!>.23-83.-4!
/-9:-4043!19-4D!1==!B189-4./!>.23-83.-4!/-9:-40432!IK`L$!#3!

Authorized licensed use limited to: Auckland University of Technology. Downloaded on June 05,2020 at 06:30:22 UTC from IEEE Xplore.  Restrictions apply. 



1932-4553 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTSP.2020.2999828, IEEE Journal
of Selected Topics in Signal Processing

! K!

.2! 3B0806-80! 8012-41H=0! 3-! 9->0=! 1! 9./8-:B-40! 12! 1! 20/-4><
-8>08!4-4=.4018!>0;./0!IT_L$!&B0!:=1NH1/M!2:01M08!1=2-!H0B1;02!
.4!1!4-4=.4018!9144085!7B./B!/14!1=2-!H0!9->0=0>!12!1!J4><-8>08!
>0;./0$!!

&B0!"23<-8>08!;-./0!80:=1N!1331/M!2B-74!.4!Q.DA80!J!?H-33-9@!
/14! H0! 9->0=0>! 12! :8-/022.4D! /B1.4! -6! 9./8-:B-40<2:01M08<
9./8-:B-40!?beb@!7B./B!.2!0RA.;1=043!3-!1!/12/1>0!-6!3B800!
J4><-8>08!4-4=.4018!2N23092$!&B.2!.2!H0/1A20!3B0!9./8-:B-40!12!
70==!12!2:01M08!180!4-4=.4018!>0;./02!14>!.3!.2!3N:./1==N!9->0=0>!
A2.4D!J4><-8>08!4-4=.4018!2N2309$!&B0!9./8-:B-40!802:-420!/14!
H0!9->0==0>!3B8-ADB!3B0!6-==-7.4D!4-4=.4018!6A4/3.-4Y!

!"#$ % &!"#$ ' ()*"#$+,! ! ! ! ! ! ! ! ! ! ! ! ?"@!
]B080!&!.2!3B0!=.4018!D1.4!14>!(!.2!3B0!4-4=.4018!/-066./.043!

-6!3B0!9./8-:B-40$!eB-74!.4!Q.D$!S!.2!1!/-9:18.2-4!H037004!1!
H-416.>0!?S$1@!14>!1!2:--60>!80/-8>.4D!?S$H@$!
!

!
Q.D$!J$!Q.823<(8>08!'0:=1N!E331/M!e/0418.-$!!

!

!
Q.D$!S$!h8-/022!/B1.4!/-9:18.2-4!H037004!k-416.>0!14>!'0:=1N!1331/M$!

!

Q.DA802!J!n!S!2B-7!1!"23<-8>08!80:=1N!1331/M!.2!0RA.;1=043!3-!
beb5! 7B./B! .2! 9->0=0>! 12! O3B<-8>08! 4-4=.4018! :8-/022$! &B0!
:8-/022.4D! /B1.4! 80:802043.4D! 1! "23<-8>08! 80:=1N! 1331/M! .2!
3B0806-80! 0V:0/30>! 3-! .438->A/0! B.DB08<-8>08! 4-4=.4018.3N!
?H0N-4>!P3B<-8>08@!>A0! 3-! /12/1>0!-6!beb!:8-/022.4D!/B1.4$!
&B0! B.DB08<-8>08! 4-4=.4018.3N! .438->A/02! B.DB08<-8>08!
/-880=13.-42!.4!3B0!680RA04/N!>-91.4$!#4!-3B08!7-8>25!4-4=.4018!
2N23092! .438->A/0! B.DB08<-8>08! /-880=13.-42! 7B./B! /-438.HA30!
>.23-83.-42!.4!3B0!6-89!-6!407!680RA04/.02$!!&BA25!3B0!B.DB08<
-8>08! ;-./0! 80:=1N! 1331/M2! 180! 0V:0/30>! 3-! .438->A/0! 238-4D08!
B.DB08<-8>08!>.23-83.-42!.4!3B0!802A=3.4D!2.D41=2$!#3!.2!.9:-83143!
3-! B.DB=.DB3! 3B13! 9./8-:B-40^2:01M08! 4-4=.4018! 9->0=.4D!
122A90>! B080! .2! 4-3! -:3.91=$! &B0806-805! 3B0! P3B<-8>08!
:-=N4-9.1=!9->0=!.2!4-3!-:3.91=$!!(4!3B0!-8>08!B14>5!3B0!>.80/3!
2:00/B! 2.D41=! ?H-416.>0! 1A>.-@! =1/M2! 9./8-:B-40<2:01M08!
:8-/022.4D!/B1.4!3B0806-80!.2!0V:0/30>!3-!0VB.H.3!80=13.;0=N!=-7<!
-8! B.DB08<-8>08! B189-4./! >.23-83.-42$! &B0! B.DB08<-8>08!
B189-4./! >.23-83.-42! 3B0806-80! /14! H0! A20>! 3-! >.6608043.130!
H037004!1!>.80/3!14>!2:--60>!1A>.-$!e:0/381=!6013A802!2A/B!12!
B.DB08<-8>08! 2:0/381=! 141=N2.2! ?W(eE@5! bQ++5! C&++5! 03/$5!
/14!1=2-!H0!A20>!3-!/1:3A80!3B0!381/02!-6!80:=1N!1331/M!.4>A/0>!
>.23-83.-42$!!

#4!-A8!:80=.9.418N!7-8M!I"5!T"L5!70!:8-:-20>!W(eE<H120>!
681907-8M! 3-! /1:3A80! 3B0! B189-4./! >.23-83.-42! >A0! 3-! 80:=1N!
1331/M2$!]0!B1;0!1=2-!>09-4238130>! .4! I"L! 3B13! 80:=1N!1331/M2!
.438->A/0! B.DB08<-8>08! >.23-83.-425! 14>! 20/-4><-8>08! 2:0/381=!
141=N2.25! 0$D$5! H./-B0804/0! /14! H0! A20>! 3-! /1:3A80! 381/02! -6!
B189-4./! >.23-83.-42! >A0! 3-! 80:=1N! 1331/M2$! W.DB08!
/-9:A313.-41=!/-23!-6!W(eE!91M02! 3B020!6013A802!A42A.31H=0!
6-8!,+)2$!&-!D03!18-A4>!3B.2!.22A05!/-9:A313.-41==N!066./.043!
6013A802! /-42.23.4D! -6! "S<>.9042.-41=! C&++! 14>! J_<
>.9042.-41=!E&h!180!A20>!3-!/1:3A80!3B0!>.23-83.-42!.4!80:=1N0>!
1A>.-2$! E2! 14! 0V19:=05! Q.DA80! K! 2B-72! :=-32! -6! 68190<=0;0=!
C&++!6013A802!6-8!>.80/3!?=063@5!"23<-8>08!?/04308@5!14>5!J4>!<-8>08!
?8.DB3@! 1A>.-! 80/-8>.4D2$!&B020! :=-32! >09-4238130! 3B13! 80:=1N!
1331/M2! .438->A/0! >.23-83.-42! ?B.DB=.DB30>! 7.3B! >-30>! N0==-7!
0==.:202@! .4! 3B0! 802A=3.4D! 80:=1N0>! 80/-8>.4D2j! 14>! 20=0/30>!
C&++!6013A802!180!1H=0!3-!/1:3A80!3B020!>.23-83.-42$!#3!/14!1=2-!
H0!-H208;0>!68-9!Q.DA80!K!3B13!B189-4./!>.23-83.-42!180!9-80!
:8-4-A4/0>!6-8!3B0!J4><-8>08!80:=1N!1A>.-!80/-8>.4D!3B14!3B0!"23<!!

!

!
Q.D$!K$!C&++!Q013A802!6-8!k-416.>05!"23<(8>08!'0:=1N5!14>!J4><(8>08!'0:=1N$!
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! T!

!
Q.D$!T$!E8/B.30/3A80!-6!3B0!h8-:-20>!Q81907-8M$!

!
-8>08! 80:=1N! 80/-8>.4D$! &B.2! /-46.892! -A8! /=1.9! 3B13! B.DB08<!
-8>08! ;-./0! 80:=1N! 1331/M2! 180! 0V:0/30>! 3-! .438->A/0! 238-4D08!
B.DB08<-8>08!>.23-83.-42! .4! 3B0! 802A=3.4D! 2.D41=2$!&B0! 238-4D08!
>.23-83.-42! 6-8! J4><-8>08! 80:=1N! 1331/M2! 180! 0V:0/30>! 3-!
/-438.HA30!3-!H03308!>030/3.-4!:086-8914/0!3B14!"23<-8>08!80:=1N!
1331/M2$!!!

#,$! h'(h(eG)!Q'EbG]('a!!
&B.2! 20/3.-4! :8-;.>02! 3B0! >02/8.:3.-4! -6! 3B0! :8-:-20>! 80:=1N!
143.<2:--6.4D!681907-8M$!&B0!.4:A3!1A>.-!2.D41=! .2!:8-/0220>!
3-!0V381/3!3B0!J_<)!E&h!14>!"S<)!C&++!6013A802!3B13!180!3B04!
6A20>! 3-! /80130! 1! SS<)! E&h<C&++! 6013A802<203$! Q-8!
/=122.6./13.-45! 70! 1::=.0>! 3B0! 088-8! /-880/3.4D! -A3:A3! /->02!
?G+(+@!9->0=!3-!>02.D4!1!9A=3.</=122!2A::-83!;0/3-8!91/B.40!
?e,b@!/=122.6.08$!]0!A20>! 3B0!:8-:-20>! 6013A802! 3-! 381.4! 3B0!!!
e,b! 14>! /=122.6N! 3B0! 1A>.-! 219:=0! 12! H-416.>05! 6.823<-8>08!
80:=1N!-8!20/-4><-8>08!80:=1N$!&B0!:8-/022!6=-7!-6!3B0!:8-:-20>!
681907-8M!.2!:8-;.>0>!.4!Q.DA80!T!14>!3B0!>031.=2!180!12!6-==-72$!

./! @"152&"3'-45&1;5$%#'
G660/3.;0!1/-A23./!6013A802!0V381/3.-4!.2!80RA.80>!3-!141=NF0!

3B0!/-9:=0V!413A80!-6!1A>.-! 2.D41=2$!&B0!>031.=2!-6!:8-:-20>!
E&h!14>!C&++!6013A802!0V381/3.-4!.2!0V:=1.40>!H0=-7$!!
=>! .;%235$;'E"&#1&F'B155"&#3'G.EB>'

#42:.80>! HN! 3B0! 1::=./13.-4! -6! J)<=-/1=! 308418N! :1330842! .4!
.91D0! :8-/022.4D! IJd<J`L5! 70! 1::=.0>! 3B.2! /-4/0:3! 6-8! "<)!
1A>.-! 2.D41=2! 3-! 0660/3.;0=N! 80:802043! 3B0! 1/-A23./! 2.D41=! 14>!
>030/3!3B0!80:=1N!1331/M2!ITJ<TSL$!!

Q-8!1!D.;04! .4:A3!1A>.-!2.D41=!H"#$!B1;.4D!I! 219:=025!70!
:183.3.-4!3B0!.4:A3!1A>.-!2.D41=!.43-!@?.>!4-4<-;08=1::.4D!681902!
7.3B!=04D3B!75!7B080!$op"5!J5!q5!)r!80:8020432!3B0!3-31=!4A9H08!
-6!681902!.4!HI4L!14>!7!o!`!.4!-A8!/120$!E2!3B0!E&h!6013A802!180!
.42:.80>!HN!.91D0!:8-/022.4D!802018/B!IJ`L! 3B13!/-42.>082! 3B0!
/=-2023!d!40.DBH-82!2A88-A4>.4D!1!D.;04!:.V0=!.4!1!SVS!7.4>-7$!
]0!09:=-N!1!2.9.=18!/-4/0:3!HN!/-42.>08.4D!d!40.DBH-82!-6!1!
/04381=!219:=0!-6!3B0!1A>.-!2.D41=$!&BA25!-40!/04381=!219:=0!14>!
d!40.DBH-82!H0/-90!1!68190$!#4!01/B!68190!@?.>5!;'80:8020432!3B0!
/04381=!219:=0!.4!1!68190!7.3B!-.40.DBH-825!7B080!J!80:8020432!
3B0! 40.DBH-8! .4>0V! 1D1.423! 3B0! 219:=0! ;' ?Q.DA80! O?1@@$! &-!
/-9:A30! 3B0! =-/1=!E&h! 802:-4205!70!/1=/A=130! 3B0!>.660804/0!
H037004! 3B0! 91D4.3A>0! -6! /04381=! 219:=0!;! 14>! 40.DBH-8.4D!
1A>.-! 219:=02! -./HN! 1::=N.4D! 3B0! :18190308! 5<' 18-A4>! 3B0!
219:=0! ;$! ]0! .4.3.1=.F0! 3B0! 5<! 12! F08-! 14>! -:3.9.F0! .3! HN!
:086-89.4D! 1! =.4018! 2018/B! 3-! 6.4>! 3B0! /-4;08D04/0! :-.43!
H037004!_!14>!"$!#4!-A8!/1205!5<!o_$___"T!:8-;.>0!A2!3B0!9-23!
:80/.20! 802A=32$!]0!RA143.F0! 3B0! 219:=0!;1=A02! .4!@?.@! 3-!F08-!

3B13!=.0!.4!3B0!814D0!-6!7.>3B!±5<!18-A4>!3B0!;5!7B08012!;1=A02!
1H-;0!14>!H0=-7!;'±!5<!180!RA143.F0>!3-!"!14>!s"!802:0/3.;0=N!
?Q.DA80!O?H@@$!&BA25!70!-H31.4!1!3B800<;1=A0>!6A4/3.-4!12Y!

0)-.1 21 34+ % 5
671////////////////////////-. 6 )2 6 34+ 8 9

////91////////////////)2 ' 34+ : -. : )2 6 34+
'71//////////////////////-. 6 )2 ' 34+ ; 9

<! ?J@!

]B080!!0)-=1 21 34+/>04-302!3B0!1/-A23./!2.D41=!A2.4D!1!3B800<
;1=A0>!308418N!:133084!=-/1==N$!%0V35!70!2:=.3!3B0!:1330842!.43-!
37-!/=12202!.$0$!A::08!:133084!B2:!?$@!14>!=-708!:133084!B7K!?$@$!E==!
;1=A02!RA143.F0>!3-!t"!180!8031.40>!.4!B2:!?$@5!7B.=0!80:=1/.4D!1==!
-3B08!;1=A02!7.3B!F08-2!12!6-==-72Y!

0>?)-.1 21 34+ % @71////////////////AB///0)-.1 21 34+ % '7
91//////////////////////////////////C3DEFGAHE

I! ! ! ?S@!

e.9.=18=N5!70!8031.40>!1==!;1=A02!RA143.F0>!3-!<"!.4!B7K!?$@!14>!
80:=1/0>!1==!3B0!-3B08!;1=A02!7.3B!F08-2!12!6-==-72Y!

0JK)-.1 21 34+ % @71/////////////////////AB////0)-.1 21 34+ % 67
91//////////////////////////////////C3DEFGAHE

I! ! ?K@!

e.9.=18! 3-! 3B0! /-4/0:3! -6! A4.6-89! :1330842! .4! .91D0!
:8-/022.4D!IJ`L5!70!09:=-N0>!3B.2!/-4/0:3!6-8!1A>.-!2.D41=2!12!
3B020!:1330842!/14!0660/3.;0=N!/1:3A80!3B0!91V.9A9!381.32!-6!3B0!
1A>.-!2.D41=$!*4.6-89!:1330842!:-22022!2.D4.6./143!>031.=2!-6!3B0!
2.D41=! 12! /-9:180>! 3-! 4-4<A4.6-89! :1330842! 3B13! .4/=A>0!
80>A4>143!14>!=022!.9:-83143!/-43043!-6!3B0!.4:A3!2.D41=$!#3! .2!
1=2-!.9:-83143!3-!9043.-4!3B13!3B080!0V.23!9-80!A4.6-89!:1330842!
.4!/-9:18.2-4!3-!4-4<A4.6-89!:1330842$!]0!/-9:A30>!3B0!A::08!
A4.6-89!LM0>

>??$@!14>!=-708!A4.6-89!LM0>
JK?$@!:1330842!68-9!3B0!

B2:!?$@!14>!B7K!?$@!12!2B-74!.4!Q.DA80!O?/@5!14>!80:8020430>!3B020!
:1330842!.4!>0/.91=!;1=A02!12!6-==-72Y!

LM0>
>?)-.1 21 34+ % N 0>

>?)-.1 21 34+ O P..QR
.QS ! ! ! ! ! ?T@!

LM0>
JK)-.1 21 34+ % N 0>

JK)-.1 21 34+ O P..QR
.QS ! ! ! ! ! ?O@!

#4! 3B0!40V3! 230:5!70!/-9:A30! 3B0!B.23-D819!-6!LM0>
>?! 14>!!

LM0>
JK5!7B080!70!122.D40>!-40!B.23-D819!H.4!6-8!01/B!A4.6-89!

:133084! 14>! .4/=A>0! 1==! 4-4<A4.6-89! :1330842! .4! 1! H.4! 7B.=0!
80>A/.4D!9.4.9A9!.46-8913.-4!?Q.DA80!O?>@@$!W.23-D8192!180!
/1=/A=130>!12Y!

T>?)LM0>?1 U+ % N V)LM0W
>?1 U+X

WQY ! ! ! ! ! ! ! ! ! ?P@!

TJK)LM0JK1 U+ % N V)LM0W
JK1 U+X

WQY ! ! ! ! ! ! ! ! ! ?d@!

W080!*! 80:8020432! 3B0! B.23-D819!H.42! /-8802:-4>.4D! 3-! 3B0!
A4.6-89!E&h!/->025!V)Z +!.2!3B0!a8-40/M08!>0=31!6A4/3.-4$!E6308!
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! O!

!
Q.D$!O$!E&h!Q013A802!+-9:A313.-4!b03B->$!

!
Q.D$!P$!C&++!Q013A802!+-9:A313.-4!b03B->$!

!
/-4>A/3.4D! 0V3042.;0! 0V:08.90432! >A8.4D! 3B0! E&h! /->0!
D040813.-4! :8-/0225! 70! -H208;0>! 3B13! 3B0! 6.823! "_! A4.6-89!
:1330842!H-3B!68-9!3B0!A::08!14>!=-708!:1330842!7080!2A66./.043!
3-!/1:3A80!1==!>.23-83.-42!1;1.=1H=0!.4!3B0!219:=02$!&B0806-805!70!
A20>!3B0!"_<)!E&h!/->0!01/B!6-8!3B0!A::08!14>!=-708!A4.6-89!
:1330842! 14>! /-9H.40>! 3B0! B.23-D8192! 3-! /80130! 1! J_<)!E&h!
6013A80!>02/8.:3-8!12Y!

[M0 % "T>?\\/TJK$!! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?`@!

]B080!\\/>04-302!3B0!/-4/130413.-4!-:0813-85!14>!IL!.2!A20>!
3-!80:802043!3B13!37-!B.23-D8192!7.==!/-4/1304130!3-!:8-;.>0!3B0!
E&h!6013A80!;0/3-8$!

A>! 01))15%#"'L":35&17'L%"MM$;$"#53'G0ELL>'
C19913-40!+0:2381=!+-066./.043!?C&++@!6013A802!ITKL!180!

D1.4.4D!.9:-8314/0!>A0!3-!3B0!.9:8-;0>!/B181/308.23./2!-6!6.=308!
802:-4202!3B13!H03308!80209H=02!3B0!BA914!1A>.3-8N!2N2309$!&-!
/1:3A80! 3B0! >.23-83.-42! .4! 680RA04/N! 2/1=05! 70! /14! A20! 14N!
2:0/381=! 6013A802! .$0$! bQ++5! C&++5! 03/$! &B0! /-9:A313.-41=!
/-23!-6!C&++!.2!0RA.;1=043!3-!bQ++5!B-70;08!C&++!180!9-80!
8-HA23! 3-! 4-.20! IJTL! 14>! :8-;.>02! 2A:08.-8! /=122.6./13.-4!
:086-8914/0! -;08! bQ++$! &B0806-805! 70! 20=0/30>! 3B0! C&++!
6013A802! 3-! H03308! /1:3A80! 3B0! >.23-83.-42! 7.3B! 0V38090=N!
066./.043!E&h! 6013A802! 6-8! 80:80204313.-4! -6! 3B0! 1A>.-! 2.D41=$!
E>>.3.-41==N5!3B0N!180!40;08!09:=-N0>!6-8!1A>.-!80:=1N!1331/M2!!
>030/3.-45! 3B0806-805! 70! 09:=-N0>! C&++! 3-! 0;1=A130! 3B0.8!
0660/3.;04022!.4!30892!-6!80=.1H=0!1A>.-!80:=1N!1331/M2!>030/3.-4$!

C&++!6013A802!180!1!H.-=-D./1==N!.42:.80>!9->.6./13.-4!-6!3B0!
bQ++!3B13!A202!D19913-40!6.=3082!7.3B!0RA.;1=043!80/314DA=18!
H14>7.>3B! ?G'k@! H14>2$! E2! 80:-830>! .4! IS_L5! 3B0! 91D4.3A>0!
802:-420!-6!K3B<-8>08!D19913-40!6.=308!?C&@!.2!2.9.=18!3-!1!80-V!
6A4/3.-4!IKKL!3B13!/14!H0!A20>!3-!80:802043!3B0!BA914!1A>.3-8N!
802:-420$!C&!6.=308!:8-;.>02!9-80!680RA04/N!/-9:-40432!.4!3B0!
=-7<680RA04/N!814D0!7.3B!4188-7!H14>7.>3B!14>!=022!680RA04/N!
/-9:-40432!.4!3B0!B.DB<680RA04/N!814D0!7.3B!7.>08!H14>7.>3B!

3B13! 80;01=2! 3B0! 2:0/381=! .46-8913.-4! 0660/3.;0=N$! b-80-;085!
>02.D4.4D!14!066./.043!6013A80!>02/8.:3-8!.2!H03308!1//-9:=.2B0>!
3B8-ADB!C&++5! 12! 3B0!#3B<-8>08!C&! 6.=308! /14! H0! 80:8020430>!
3B8-ADB!1!203!-6!#!"23<-8>08!C&!6.=3082!18814D0>!.4!/12/1>0!6-89$!!

&-!0V381/3! 3B0!C&++! 6013A8025!70!1::=.0>! 3B0! 6123!Q-A8.08!
381426-89!?QQ&@!-4!01/B!1A>.-!68190!3-!141=NF0!3B0!2:0/38A9$!
E!D19913-40! 6.=308!H14M!/-9:8.2.4D!-6!;18.-A2!C&! 6.=3082! .2!
09:=-N0>!3-!3B0!QQ&!-6!3B0!1A>.-!2.D41=!14>!0408DN!-6!01/B!2AH<
H14>!-#!.2!/-9:A30>$!#4!3B0!40V3!230:5!=-D18.3B9!?Z-D@!-6!01/B!
-#! .2! /-9:A30>! 6-==-70>! HN! 1::=N.4D! 3B0! >.2/8030! /-2.40!
381426-89!?)+&@!-4! 3B.2! 2.D41=! 3-!-H31.4! 3B0!C&++!6013A802$!
&B0!C&++!6013A802!180!/-9:A30>!12!6-==-72Y!!

]M^ Ŵ % _,
`

N abc)de+ fgh ijk
`

lm 6 Y
,
no`

kQY /7 8 m 8 pZ//?"_@!

]B080! -#5! N5! 14>! O! 80:8020432! 3B0! 2.D41=! 0408DN! 6-8! #5<'
2:0/381=! H14>5! 4A9H08! -6! D19913-40! 6.=3082! 14>! 4A9H08! -6!
C&++!802:0/3.;0=N$!Z-D!14>!)+&!180!/-9:A30>!3-!9->0=!3B0!
2AHU0/3.;0! :08/0:3.-4! -6! =-A>4022! 14>! 80>A/0! 3B0! 1A3-<
/-880=13.-4! .4! 3B0! =-D</-9:80220>! 6.=308! -A3:A32! 6-8! H03308!
0408DN! /-9:8022.-4$!&B0!:8-/022!-6!C&++!/-9:A313.-4! 3B13!
803A842! 3B0! "S<>.9042.-41=! C&++! /-066./.0432! .2! 2B-74! .4!
Q.DA80! P$! ]0! 09:=-N0>! 3B0! 7.4>-7! =04D3B! -6! S_! 92! 14>!
-;08=1::.4D!61/3-8!-6!J_!92!3-!0V381/3!3B0!C&++!6013A802$!

Q-8! /0:2381=! 6013A8025! _3B<-8>08! /-066./.043! /-431.42! 3B0!
1;081D0!:-708!-6!3B0!.4:A3!1A>.-!2.D41=5!7B080125!3B0!"23<-8>08!
/-066./.043!>04-302!3B0!>.238.HA3.-4!-6!2:0/38A9!0408DN!H037004!
=-7<!14>!B.DB<680RA04/.02$!E=3B-ADB!B.DB08<-8>08!/-066./.0432!
80:802043! .4/8012.4D! =0;0=2! -6! 2:0/381=! >031.=2! H120>! -4! 3B0!
219:=.4D!8130!14>!023.913.-4!903B->5!B-70;085!.3!.2!.9:-83143!
3-! 9043.-4! 3B13! "S! 3-! J_! /0:2381=! /-066./.0432! 180! A2A1==N!
/-42.>080>!-:3.91='6-8!1A>.-!2.D41=!141=N2.2$!e.4/0!70!1.9!3-!
:8-:-20!1!=.DB3<70.DB3!143.<2:--6.4D!681907-8M5'3B0806-80!70'
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