
Abstract

CQBM Bb QM2 Q7 i?2 +2Mi`�H T`Q#H2Kb BM /�i�#�b2 i?2Q`v- r?B+? ?�b #22M 2ti2MbBp2Hv
bim/B2/ BM #Qi? i?2Q`v �M/ T`�+iB+2X AM i?Bb i?2bBb- r2 7Q+mb QM 2biBK�iBM; DQBM bBx2 �M/
b�KTHBM; 7`QK DQBMbX

q2 T`2b2Mi i?`22 `2bmHib BM i?Bb �`2�X h?2 }`bi `2bmHi Bb � M2r �H;Q`Bi?K 7Q` 2biBK�iBM;
i?2 bBx2 Q7 +v+H2 DQBM Q7 k #BM�`v `2H�iBQMb BM i?2 T`QT2`iv@i2biBM; KQ/2HX h?2 �H;Q`Bi?K

;Bp2b �M mM#B�b2/ 2biBK�iQ` 7Q` i?2 DQBM bBx2 �M/ Bi �+?B2p2b `mMMBM; iBK2 Q7 O
(

INk/2

OUT

)
BM

2tT2+i�iBQM iQ Q#i�BM � +QMbi�Mi@7�+iQ` �TT`QtBK�iBQM rBi? +QMbi�Mi T`Q#�#BHBiv- r?2`2
IN Bb iQi�H MmK#2` Q7 imTH2b BM i?2 BMTmi- �M/ OUT Bb i?2 DQBM bBx2X JQ`2Qp2`- 7Q` +v+H2
DQBM Q7 k #BM�`v `2H�iBQMb- INk/2 Bb � iB;?i mTT2` #QmM/ 7Q` OUTX

h?2 b2+QM/ `2bmHi Bb �M �H;Q`Bi?K 7Q` ;2M2`�iBM; mMB7Q`K b�KTH2b 7`QK i?2 DQBM `2bmHib
rBi?Qmi +QKTmiBM; i?2 7mHH DQBM BM � KQ/2H i?�i �HHQrb � HBM2�`@iBK2 T`2T`Q+2bbBM; bi2TX
6Q` i?2 +H�bb Q7 b2[m2M+2�#H2 [m2`B2b- � b�KTH2 +�M #2 /`�rM mMB7Q`KHv �i `�M/QK 7`QK i?2
DQBM `2bmHib BM O(INρ/OUT) iBK2 BM 2tT2+i�iBQM r?2`2 ρ Bb 7`�+iBQM�H 2/;2 +Qp2` MmK#2`
Q7 i?2 ?vT2`;`�T?X 6Q` MQM@b2[m2M+2�#H2 [m2`B2b- i?2 `mMMBM; iBK2 7Q` /`�rBM; � b�KTH2
Bb O(INρ+1/OUT)X h?2b2 `2bmHib ?QH/ 7Q` #Qi? 7mHH DQBM [m2`B2b �M/ DQBM@T`QD2+i [m2`B2bX
S`BQ` iQ i?Bb rQ`F- i?2 QMHv bQHmiBQM iQ i?Bb T`Q#H2K rBi? 7Q`K�H ;m�`�Mi22b Bb iQ 2Bi?2`
T`2+QKTmi2 i?2 7mHH DQBM `2bmHib- r?B+? ?�b O(INw) T`2T`Q+2bbBM; �M/ biQ`�;2 +Qbi r?2`2
w Bb i?2 7`�+iBQM�H ?vT2`i`22 rB/i? Q7 i?2 [m2`v �M/ O(1) b�KTHBM; +Qbi- Q` +QKTmi2 i?2
7mHH DQBM �i b�KTHBM; iBK2- r?B+? ?�b MQ T`2T`Q+2bbBM; +Qbi #mi O(INw) b�KTHBM; +QbiX q2
�HbQ �/�Ti Qm` �H;Q`Bi?K iQ bQHp2 i?2 DQBM bBx2 2biBK�iBQM T`Q#H2KX q2 b?Qr i?�i �7i2`
/`�rBM; � +QMbi�Mi MmK#2` Q7 b�KTH2b- � +QMbi�Mi@7�+iQ` �TT`QtBK�iBQM iQ i?2 DQBM bBx2
+�M #2 Q#i�BM2/ rBi? +QMbi�Mi T`Q#�#BHBivX

h?2 T`2pBQmb irQ `2bmHib 7Q` DQBM bBx2 2biBK�iBQM �HH +QHH2+i b�KTH2b �7i2` i?2 [m2`v Bb
;Bp2MX AM i?2 i?B`/ rQ`F- r2 T`2b2Mi �M �H;Q`Bi?K 7Q` DQBM bBx2 2biBK�iBQM mbBM; bvMQTb2b
+QHH2+i2/ b2T�`�i2Hv 7Q` 2�+? `2H�iBQM #27Q`2 i?2 [m2`v Bb ;Bp2MX � K�DQ` +?�HH2M;2 ?2`2
Bb i?�i DQBM [m2`B2b Q7i2M +QK2 rBi? �/ ?Q+ b2H2+iBQM T`2/B+�i2b i?�i �`2 QMHv FMQrM �i
[m2`v iBK2- i?mb i?2`2 Bb MQ r�v iQ i�F2 i?2 T`2/B+�i2b BMiQ �++QmMi r?2M i?2 bi�iBbiB+b �`2
+QHH2+i2/X Pm` M2r b�KTHBM; K2i?Q/- +�HH2/ irQ@H2p2H b�KTHBM;- +QK#BM2b i?2 �/p�Mi�;2b
Q7 "2`MQmHHB b�KTHBM;- *Q``2H�i2/ b�KTHBM; �M/ 1M/@#B�b2/ b�KTHBM; r?BH2 K�FBM; 7m`i?2`

ix



BKT`Qp2K2MibX hrQ@H2p2H b�KTHBM; ;Bp2b mM#B�b2/ 2biBK�iQ` 7Q` DQBM bBx2 �M/ T`QpB/2b
2``Q` ;m�`�Mi22b QM Bib 2biBK�i2bX Ai Bb �HbQ p2`v 2�bv iQ BKTH2K2Mi- `2[mB`BM; Dmbi QM2
T�bb Qp2` i?2 /�i�X Ai QMHv `2HB2b QM bQK2 #�bB+ bi�iBbiB+�H BM7Q`K�iBQM �#Qmi i?2 /�i�- bm+?
�b i?2 ℓk@MQ`Kb �M/ i?2 ?2�pv ?Bii2`bX h?2 �H;Q`Bi?K +�M �HbQ #2 2ti2M/2/ iQ bmTTQ`i
2biBK�iBM; Qi?2` �;;`2;�i2b HBF2 SUM �M/ AVGX "Qi? �M�HviB+�H �M/ 2KTB`B+�H +QKT�`BbQMb
b?Qr i?�i i?2 M2r �H;Q`Bi?K QmiT2`7Q`Kb �HH i?2 T`2pBQmb �H;Q`Bi?Kb QM � p�`B2iv Q7 DQBMb-
BM+Hm/BM; T`BK�`v F2v@7Q`2B;M F2v DQBMb- K�Mv@iQ@K�Mv DQBMb- �M/ KmHiB@i�#H2 DQBMbX
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