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LQr�/�vb- i?2 /�i� pQHmK2 BM i?2 #B; /�i� BM/mbi`v
;`2r `�TB/HvX Ai #2+QK2b KQ`2 �M/ KQ`2 +`BiB+�H iQ 2{@
+B2MiHv `2/m+2 i?2 K�F2bT�M Q7 /�i� �M�HvbBb DQ#bX Pp2`
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k CX *QKTmiX a+BX � h2+?MQHX

�b �M 2t�KTH2X G2i qi �M/ q
0
i

/2MQi2 i?2 /�i� 72i+?@
BM; �M/ /�i� T`Q+2bbBM; T?�b2 Q7 bi�;2 i- `2bT2+iBp2HvX
h?2 iBK2 Q7 `2bmHi r`BiBM; Bb M2;HB;B#H2 bBM+2 i?2 bBx2b
Q7 `2bmHib �`2 bK�HH �M/ �`2 r`Bii2M iQ i?2 HQ+�H /BbFX A7
i?2 b+?2/mH2` bi�`ib q1 �M/ q2 bBKmHi�M2QmbHv �b b?QrM
BM 6B;X kU�V- #Qi? q1 �M/ q2 i�F2 HQM;2` iBK2 iQ }MBb?
+QKT�`2/ rBi? 2t2+miBM; i?2K BM/BpB/m�HHvX h?2 HQM;2`
2t2+miBQM iBK2 Q7 q1 �M/ q2 7m`i?2` /2H�vb i?2 bi�`iBM;
Q7 q01 �M/ q

0
2- r?B+? 2p2Mim�HHv H2�/b iQ � H�`;2` iBK2 +Qbi

Q7 }MBb?BM; bi�;2b R �M/ kX AMi2`H2�pBM; i?2 `2bQm`+2b
BM � TBT2HBM2/ K�MM2` +QmH/ `2/m+2 i?2 K�F2bT�MX
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6B;XRX AHHmbi`�iBQMb Q7 .�:b- bi�;2b �M/ T?�b2bX

"2bB/2b i?2 `2bQm`+2 +QMi2MiBQM- i?2 2t2+miBQM Q`/2`
Q7 bi�;2b �HbQ BKT�+ib i?2 K�F2bT�M Q7 � DQ#X Ai +�M #2
b?QrM QM i?2 b�K2 2t�KTH2X �b b?QrM BM 6B;X kU#V-
B7 i?2 b+?2/mH2` bi�`ib q2 #27Q`2 q1 �M/ �pQB/b i?2 `2@
bQm`+2 +QMi2MiBQM- i?2 K�F2bT�M Q7 2t2+miBM; bi�;2b R
�M/ k Bb HQM;2` +QKT�`2/ rBi? i?�i Q7 bi�`iBM; q1 }`biX
h?2 HQM;2` 2t2+miBQM iBK2 M22/2/ #v q2 `2/m+2b i?2
miBHBx�iBQM Q7 i?2 +QKTmi�iBQM�H `2bQm`+2X

h?2 KQiBp�iBQM 2t�KTH2 b?Qrb i?2 #2M2}ib #`Qm;?i
#v i?2 `2bQm`+2 TBT2HBM2X >Qr2p2`- 2tBbiBM; `2b2�`+?2b-
bm+? �b (R- k- j- 9- 8- e)- T�v HBiiH2 �ii2MiBQM iQ i?Bb
�bT2+iX AM i?Bb T�T2`- r2 BMp2biB;�i2 i?2 bi�;2 b+?2/mH@
BM; T`Q#H2K 7Q` � .�:@bivH2 DQ# iQ KBMBKBx2 i?2 DQ#
K�F2bT�MX q2 7Q+mb QM `2/m+BM; `2bQm`+2 +QMi2MiBQM
BM i?2 bi�;2 2t2+miBQMX q2 i?2Q`2iB+�HHv �M�Hvx2 i?2
b+?2/mHBM; 7Q` T2`72+iHv T�`�HH2H bi�;2b r?Qb2 bT22/mTb
�`2 T`QTQ`iBQM�H iQ i?2 MmK#2` Q7 `2bQm`+2b �HHQ+�i2/

iQ i?2KX q2 b?Qr i?�i i?2 QTiBK�H b+?2/mH2 7Q` i?Qb2
bi�;2b Bb +QMi2MiBQM@7`22- �M/ +QMp2`i i?2 b+?2/mHBM;
T`Q#H2K BMiQ � .�: b?QT T`Q#H2K r?B+? Bb LS@?�`/X
� +QMi2MiBQM@7`22 b+?2/mH2` Bb T`QTQb2/ �M/ Bib �TT`Qt@
BK�iBQM T`QT2`iB2b �`2 �M�Hvx2/X
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U#V � ;QQ/ 2t2+miBQM Q`/2`
rQmH/ `2/m+2 i?2 K�F2bT�M

6B;XkX h?2 +?�HH2M;2b BM b+?2/mHBM; .�: DQ#bX

q2 �HbQ MQiB+2 i?�i bi�;2b �`2 mbm�HHv MQi T2`72+iHv
T�`�HH2H BM `2�H@rQ`H/ rQ`FHQ�/bX h?2 +QMi2MiBQM@7`22
b+?2/mH2 Bb MQ HQM;2` bmBi�#H2 7Q` ;2M2`�H bi�;2bX �HHQ@
+�iBM; �HH `2bQm`+2b iQ � bi�;2 Bb � r�bi2 bBM+2 i?2 bi�;2
+�MMQi K�F2 7mHH mb2 Q7 bQ K�Mv `2bQm`+2bX � `2�bQM@
�#H2 H2p2H Q7 `2bQm`+2 +QMi2MiBQM Bb M22/2/X q2 T`QTQb2
� `2BM7Q`+2K2Mi H2�`MBM; U_GV #�b2/ b+?2/mH2` iQ �/�T@
iBp2Hv �/Dmbi i?2 bi�`iBM; iBK2 Q7 2�+? bi�;2 �M/ i?2
T2`+2Mi�;2 Q7 `2bQm`+2b �HHQ+�i2/ iQ Bi iQ +QMi`QH i?2
+QMi2MiBQM H2p2HX h?2 _G@#�b2/ b+?2/mH2` 7`2[m2MiHv
i�F2b i?2 �p�BH�#H2 `2bQm`+2b �M/ mMT`Q+2bb2/ bi�;2b �b
i?2 BMTmi bi�i2 �M/ �/�TiBp2Hv mT/�i2b i?2 b+?2/mH2 7Q`
i?2 `2K�BMBM; bi�;2bX

h?Bb T�T2` Bb �M 2ti2M/2/ p2`bBQM Q7 i?2 +QM72`2M+2
T�T2`(d) Tm#HBb?2/ BM A111 J�aa kykyX *QKT�`2/
rBi? i?2 +QM72`2M+2 p2`bBQM- r2 �// i?2 /Bb+mbbBQM 7Q`
b+?2/mHBM; i?`22@T?�b2 bi�;2bX aT2+B}+�HHv- i?2 +QKTm@
i�iBQM T?�b2b Q7 bQK2 bi�;2b +QMi�BM KmHiBTH2 QT2`�@
iBQMb- r?B+? K2�Mb r2 +�M 7m`i?2` /BpB/2 i?2 +QKTm@
i�iBQM T?�b2 BMiQ irQ T�`ibX .BpB/BM; i?2 +QKTmi�iBQM
T?�b2 BMiQ bK�HH2` T�`ib +�M ?2HT Qm` b+?2/mH2` BKT`Qp2
`2bQm`+2 miBHBx�iBQMX h?2 /BpB/2/ T?�b2b ?�p2 b?Q`i2`
H2M;i?bX Ai Bb KQ`2 HBF2Hv iQ 2tTHQBi i?Qb2 T�`ib iQ 7mH@



�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM j

}HH i?2 B/H2 iBK2 #HQ+FbX AM i?2 2ti`2K2 +�b2- B7 r2 +�M
/BpB/2 i?2 +QKTmi�iBQM T?�b2 BMiQ BM}MBi2 T�`ib- Qm`
MQM@T`22KTiBp2 b+?2/mHBM; T`Q#H2K #2+QK2b � T`22KT@
iBp2 b+?2/mHBM; i�bFX _2bQm`+2 B/H2 #HQ+Fb +�M #2 2�b@
BHv }HH2/ BM i?2 T`22KTiBp2 b+?2/mHBM;- r?BH2 BM2pBi�#H2
Qp2`?2�/ rQmH/ #2 BMi`Q/m+2/ 7Q` biQ`BM; �M/ `2+Qp@
2`BM; +QKTmi�iBQM bi�imbX h?2`27Q`2- r2 biBHH +QMbB/2`
i?2 MQM@T`22KTiBp2 b+?2/mHBM; T`Q#H2K �M/ i`v iQ 7m`@
i?2` BKT`Qp2 i?2 `2bQm`+2 miBHBx�iBQM #v /BpB/BM; i?2
+QKTmi�iBQM T?�b2 BMiQ KmHiBTH2 T�`ibX JQ`2Qp2`- r2
MQiB+2 i?�i i?2 MmK#2` Q7 QT2`�iBQMb BM i?2 +QKTmi�@
iBQM T?�b2 Q7 � aT�`F bi�;2 `�`2Hv 2t+22/b irQX h?2`2@
7Q`2- r2 BMp2biB;�i2 i?2 b+?2/mHBM; T`Q#H2K BM r?B+? i?2
+QKTmi�iBQM T?�b2 Bb /BpB/2/ BMiQ irQ T�`ibX *QmMiBM;
i?2 +QKKmMB+�iBQM T?�b2- r2 2ti2M/ Qm` +QMi2MiBQM@
7`22 b+?2/mH2` 7Q` i?`22@T?�b2 bi�;2bX

q2 2p�Hm�i2 Qm` b+?2/mH2`b QM � aT�`F +Hmbi2` /2@
THQv2/ QM i?2 �K�xQM 1H�biB+ *QKTmi2 *HQm/X Pm`
2p�Hm�iBQM mb2b #Qi? � `2�H@rQ`H/ /�i�b2i 7`QK �HB#�#�
�M/ � bvMi?2iB+ /�i�b2iX

h?2 +QMi`B#miBQMb Q7 i?2 T�T2` �`2 bmKK�`Bx2/ �b
7QHHQrb,

Ç q2 BMp2biB;�i2 i?2 bi�;2 b+?2/mHBM; T`Q#H2K 7Q`
DQ#b rBi? .�: bi`m+im`2bX 1bT2+B�HHv- r2 T`Q@
TQb2 iQ KBMBKBx2 i?2 DQ# K�F2bT�M #v `2/m+BM;
`2bQm`+2 +QMi2MiBQMbX

Ç q2 i?2Q`2iB+�HHv �M�Hvx2 i?2 b+?2/mHBM; 7Q` T2`@
72+iHv T�`�HH2H bi�;2b r?B+? +QMp2`ib Qm` T`Q#H2K
BMiQ � .�: b?QT T`Q#H2KX � +QMi2MiBQM@7`22
b+?2/mH2` Bb T`QTQb2/X Aib �TT`QtBK�iBQM T`QT@
2`iB2b �`2 �M�Hvx2/X

Ç q2 MQiB+2 i?�i i?2 +QKTmi�iBQM T?�b2 Q7 bQK2
bi�;2b +QMi�BMb irQ QT2`�iBQMb �M/ +�M #2 T�`@
iBiBQM2/ �++Q`/BM;HvX q2 7m`i?2` 2ti2M/ Qm`
+QMi2MiBQM@7`22 b+?2/mH2` 7Q` i?Qb2 i?`22@T?�b2
bi�;2bX

Ç q2 �HbQ +QMbB/2` i?2 b+?2/mHBM; 7Q` ;2M2`�H bi�;2b-
r?B+? K�F2b i?2 T`Q#H2K KQ`2 T`�+iB+�HX q2 BM@
p2biB;�i2 � _G@#�b2/ b+?2/mH2` r?B+? +�M �/�T@
iBp2Hv �/Dmbi i?2 b+?2/mHBM; TQHB+v 7`QK 2tT2`B@
2M+2bX

Ç 1tT2`BK2Mib QM #Qi? bvMi?2iB+ �M/ `2�H@rQ`H/
/�i�b2ib b?Qr Qm` b+?2/mH2` +QmH/ 2{+B2MiHv BK@
T`Qp2 i?2 `2bQm`+2 miBHBx�iBQM �M/ `2/m+2 i?2 DQ#
K�F2bT�MX

h?2 `2K�BM/2` Q7 i?2 T�T2` Bb Q`;�MBx2/ �b 7QHHQrbX
a2+iBQM k BMi`Q/m+2b i?2 KQ/2H Q7 .�:@bivH2 DQ#b �M/
7Q`KmH�i2 Qm` bi�;2 b+?2/mHBM; T`Q#H2KX a2+iBQM j /Bb@
+mbb2b i?2 T2`72+iHv T�`�HH2H bi�;2 b+?2/mHBM; BM r?B+?
i?2 bT22/mT Q7 � bi�;2 Bb T`QTQ`iBQM�H iQ i?2 T2`+2Mi�;2
Q7 `2bQm`+2b �HHQ+�i2/ iQ BiX � +QMi2MiBQM@7`22 b+?2/mH2`
Bb T`QTQb2/ iQ b+?2/mH2 i?Qb2 bi�;2bX a2+iBQM 9 2ti2M/b
i?2 +QMi2MiBQM@7`22 b+?2/mH2` 7Q` i?`22@T?�b2 bi�;2b-
+QMbB/2`BM; i?2 +QKTmi�iBQM T?�b2 Q7 bQK2 bi�;2b +�M
#2 7m`i?2` bTBii2/X a2+iBQM 8 BMp2biB;�i2b � KQ`2 T`�+iB@
+�H +�b2 BM r?B+? bi�;2b ?�p2 MQM@HBM2�` bT22/mTb r?2M
`mMMBM; BM T�`�HH2H �M/ BMi`Q/m+2 � _G@#�b2/ b+?2/mH2`X
a2+iBQM e 2tTH�BMb Qm` 2tT2`BK2Mi b2iiBM;b �M/ `2bmHibX
a2+iBQM d `2pB2rb `2H�i2/ rQ`FbX 6BM�HHv- a2+iBQM 3 +QM@
+Hm/2b i?2 T�T2`X

k JQ/2Hb

kXR Pp2`pB2r Q7 i?2 aT�`F CQ# �M/ ai�;2

AM i?2 �T�+?2 aT�`F 7`�K2rQ`F- � DQ# mbm�HHv +QM@
bBbib Q7 � b2i Q7 bi�;2b rBi? /2T2M/2M+B2bX h?2 2t2+miBQM
Q7 i?2 DQ# Bb bHB+2/ BMiQ i?2 T`Q+2bbBM; Q7 bi�;2bX "2+�mb2
Q7 i?2 /�i� ~Qr BM 2�+? DQ#- bQK2 bi�;2b +�MMQi #2 T`Q@
+2bb2/ mMiBH BMi2`K2/B�i2 `2bmHib �`2 ;2M2`�i2/ #v bQK2
Qi?2` bi�;2bX h?2 BMi2`@/2T2M/2M+B2b �KQM; bi�;2b BM �
DQ# �`2 mbm�HHv `2T`2b2Mi2/ #v � .B`2+i2/ �+v+HB+ :`�T?
U.�:VX
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Distributed 
Memory

Distributed 
Memory

Distributed 
Memory

Thread

Thread

Thread

Disk

Data Processing

Data Fetching
Network-Intense

CPU-Intense

6B;XjX S`Q+2/m`2b Q7 2t2+miBM; � bi�;2 QM � aT�`F +Hmbi2`X

� bi�;2 Bb � T?vbB+�H mMBi Q7 2t2+miBQM �M/ +QMi�BMb �
b2i Q7 T�`�HH2H i�bFbX h?2 aT�`F b+?2/mH2` +QmH/ �HHQ+�i2
KmHiBTH2 2t2+miQ`b iQ � bi�;2 �M/ T`Q+2bb Bi BM T�`�HH2HX
h?2 T`Q+2/m`2 Q7 � bi�;2 2t2+miBQM Bb BHHmbi`�i2/ BM 6B;X
jX h?2 T`Q+2/m`2 +�M #2 /BpB/2/ BMiQ irQ T?�b2b, i?2
/�i� 72i+?BM; T?�b2 �M/ i?2 /�i� T`Q+2bbBM; T?�b2X AM
i?2 /�i� 72i+?BM; T?�b2- rQ`F2` K�+?BM2b b?m|2 `2�/
i?2 /�i� T�`iBiBQMb r?B+? �`2 /Bbi`B#mi2/ �KQM; /Bz2`@
2Mi MQ/2b Q7 i?2 +Hmbi2`X h?2 /�i� 72i+?BM; T?�b2 Bb
M2irQ`F AfP BMi2MbBp2X AM i?2 /�i� T`Q+2bbBM; T?�b2-
2t2+miQ`b BM rQ`F2` K�+?BM2b `mM i?2 i�bF 7mM+iBQMb QM
i?2 /�i� T�`iBiBQMb i?2v 72i+?2/- �M/ r`Bi2 i?2 `2bmHi
QM i?2B` HQ+�H /BbFbX h?2 /�i� T`Q+2bbBM; T?�b2 Bb +QK@
Tmi�iBQM BMi2Mb2X

h?2 aT�`F b+?2/mH2` +QMi`QHb r?2M � bi�;2 bi�`ib
�M/ ?Qr K�Mv 2t2+miQ`b iQ mb2X q2 7Q+mb QM /2bB;MBM;
� b+?2/mH2` r?B+? +QmH/ `2/m+2 i?2 DQ# K�F2bT�MX

kXk LQi�iBQMb

"27Q`2 r2 7Q`KmH�i2 Qm` bi�;2 b+?2/mHBM; T`Q#H2K-
r2 }`bi BMi`Q/m+2 i?2 MQi�iBQMb r2 mb2/X G2i G =

(S,E) /2MQi2 i?2 .�:X qXHXQX;X- r2 �bbmK2 i?2`2 Bb
QMHv QM2 DQ# BM Qm` KQ/2HX aBM+2 r2 +QMbB/2` i?2 bi�;2@
H2p2H b+?2/mHBM;- i?2`2 Bb MQ M22/ iQ /BbiBM;mBb? /Bz2`@
2Mi DQ#bX a+?2/mHBM; � #�i+? Q7 .�:@bivH2 DQ#b +QmH/
#2 i`2�i2/ �b b+?2/mHBM; � bT2+B�H .�:@bivH2 DQ# r?B+?
+QMbBbib Q7 KmHiBTH2 b2T�`�i2 .�:bX h?2 p2`i2t b2i S

Q7 i?2 ;`�T? G `2T`2b2Mib i?2 b2i Q7 bi�;2b Q7 i?2 DQ#X
aT2+B}+�HHv- S = {s1, s2, . . . , sn}- r?2`2 n Bb i?2 MmK@
#2` Q7 bi�;2b BM i?2 DQ#X h?2 /B`2+i2/ 2/;2 b2i E Q7 i?2
;`�T? `2T`2b2Mib i?2 /2T2M/2M+v `2H�iBQMb Q7 bi�;2b BM

SX �M 2/;2 7`QK si iQ sj Bb /2MQi2/ #v �M Q`/2`2/ T�B`
(si, sj) 2 EX Ai K2�Mb i?�i i?2 bi�;2 sj +�MMQi bi�`i
mMiBH i?2 bi�;2 si Bb }MBb?2/X q2 /BpB/2 i?2 2t2+miBQM Q7
� bi�;2 BMiQ � /�i� 72i+?BM; T?�b2 �M/ � /�i� T`Q+2bbBM;
T?�b2X G2i qi �M/ q

0
i

/2MQi2 i?2 /�i� 72i+?BM; T?�b2 �M/
/�i� T`Q+2bbBM; T?�b2 Q7 � bi�;2 si 2 S- `2bT2+iBp2HvX q

0
i

+�MMQi bi�`i mMiBH qi Bb }MBb?2/X
h?2 iBK2 +QMbmKTiBQM Q7 2t2+miBM; � bi�;2 Bb �7@

72+i2/ #v i?2 bi�;2 bBx2 �M/ i?2 �KQmMi Q7 `2bQm`+2b �H@
HQ+�i2/ iQ BiX h?2 bi�;2 bBx2 Bb [m�MiB}2/ #v i?2 Qp2`�HH
bBx2 Q7 /�i� T�`iBiBQMb i?�i �`2 T`Q+2bb2/ BM i?2 bi�;2X
q2 mb2 di iQ /2MQi2 i?2 Qp2`�HH /�i� bBx2 Q7 bi�;2 siX
ai�;2b +�M #2 T`Q+2bb2/ BM KmHiBTH2 rQ`F2` K�+?BM2b
BM T�`�HH2HX A7 KmHiBTH2 bi�;2b �`2 `mMMBM;- r2 �bbmK2
#Qi? Q7 i?2 2t2+miQ` `2bQm`+2 �M/ i?2 #�M/rB/i? `2@
bQm`+2 �`2 2[m�HHv �HHQ+�i2/ iQ i?Qb2 bi�;2bX q2 mb2
pi iQ /2MQi2 i?2 T�`�HH2HBbK H2p2H Q7 2�+? bi�;2 si- BX2X-
i?2 MmK#2` Q7 2t2+miQ`b �bbB;M2/ iQ i?2 bi�;2X h?2
#�M/rB/i? �HHQ+�i2/ iQ i?2 bi�;2 si Bb /2MQi2/ �b biX
G2i li �M/ l

0
i

/2MQi2 i?2 H2M;i? Q` /m`�iBQM Q7 T?�b2b qi

�M/ q
0
i
- `2bT2+iBp2HvX h?2M- li �M/ l

0
i

+�M #2 7Q`KmH�i2/
�b � 7mM+iBQM Q7 i?2 /�i� bBx2 di- i?2 T�`�HH2HBbK H2p2H
pi �M/ i?2 #�M/rB/i? biX 6Q`K�HHv- li = fi(di, bi) �M/
l
0
i
= f

0
i
(di, pi)X h?2 2tTHB+Bi 2tT`2bbBQM Q7 f �M/ f

0 /2@
T2M/b QM /Bz2`2Mi ivT2b Q7 .�: bi�;2bX 6Q` T2`72+iHv
T�`�HH2H bi�;2b- fi �M/ f

0
i

�`2 HBM2�` 7mM+iBQMbX aT2+B}@
+�HHv- fi(di, bi) / di/bi �M/ f

0
i
(di, pi) / di/piX 6Q` ;2M@

2`�H .�: bi�;2b- i?2v �`2 MQM@HBM2�` 7mM+iBQMbX q2 mb2
ti �M/ t

0
i

iQ /2MQi2 i?2 bi�`i iBK2 �M/ +QKTH2iBQM iBK2 Q7
i?2 bi�;2 siX q2 +QMbB/2` i?2 MQM@T`22KTiBp2 b+?2/mH@
BM;X >2M+2- t0

i
= ti + li + l

0
i
= ti + fi(di, bi) + f

0
i
(di, pi)-

BX2X- i?2 +QKTH2iBQM iBK2 Q7 � bi�;2 Bb /2i2`KBM2/ #v
i?2 bi�`i iBK2 ti- /�i� T�`iBiBQM bBx2 di- i?2 T�`�HH2HBbK
H2p2H pi- �M/ i?2 #�M/rB/i? biX

6Q` 2�+? bi�;2- Bib T�`�HH2HBbK H2p2H �M/ #�M/rB/i?
�`2 +Q``2H�i2/ rBi? i?2 bi�`iBM; iBK2 Q7 Bib2H7 �M/ �HH
Qi?2` bi�;2bX AMbi2�/ Q7 bBKmHi�M2QmbHv �/DmbiBM; �HH



�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM 8

i?`22 7�+iQ`b- i?2 b+?2/mH2` +�M +QMi`QH i?2 p�Hm2b Q7 pi
�M/ bi #v b2iiBM; i?2 bi�`i iBK2 7Q` �HH bi�;2b- bBM+2 r2
�bbmK2 i?2 �p�BH�#H2 `2bQm`+2b �`2 2[m�HHv �HHQ+�i2/ iQ
bi�;2b `mMMBM; BM T�`�HH2HX h?Bb �bbmKTiBQM Bb T`�+iB+�H
�M/ `2/m+2b i?2 bQHmiBQM bT�+2 7Q` Qm` T`Q#H2KX 6Q`@
K�HHv- H2i O(t) /2MQi2 i?2 b2i Q7 bi�;2b i?�i �`2 `mMMBM;
BM T�`�HH2H �i iBK2 tX h?2M- O(t) +�M #2 +�H+mH�i2/ #v
+QmMiBM; bi�;2b r?Qb2 T`Q+2bbBM; BMi2`p�Hb [ti, t0i] +QM@
i�BM tX 6Q`K�HHv- O(t) = {si 2 S|t 2 [ti, t0i]}X q2 mb2 P

�M/ B iQ /2MQi2 i?2 iQi�H MmK#2` Q7 2t2+miQ`b �M/ i?2
Qp2`�HH #�M/rB/i? BM i?2 +Hmbi2`- `2bT2+iBp2HvX h?2M-
i?2 +QKTmi�iBQM �M/ M2irQ`F `2bQm`+2b �HHQ+�i2/ iQ
2�+? bi�;2 si 2 S �`2 pi = P/|O(ti)| �M/ bi = B/|O(ti)|-
r?2`2 |O(ti)| Bb i?2 b2i +�`/BM�HBivX

q2 �HbQ MQiB+2 i?�i Bi Bb MQi M2+2bb�`v iQ �HHQ+�i2 iQQ
K�Mv 2t2+miQ`b iQ � bi�;2X 6Q` ;2M2`�H .�: bi�;2b- i?2
H2M;i? Q7 i?2 /�i� T`Q+2bbBM; T?�b2b l

0
i
= f

0
i
(di, pi) +�M

?�`/Hv #2 7m`i?2` `2/m+2/ r?2M Bib T�`�HH2HBbK H2p2H pi
2t+22/b � +2`i�BM i?`2b?QH/X .2i�BHb �`2 2tTH�BM2/ BM
a2+iBQM 8X

h?2 K�F2bT�M Q7 2t2+miBM; � bi�;2 Bb /2MQi2/ �b ⌧ X
6Q`K�HHv- ⌧ = maxsi2S(t0i) � minsi2S(ti)X Aib p�Hm2 Bb
/2i2`KBM2/ #v i?2 b+?2/mHBM; TQHB+vX aT2+B}+�HHv- G2i
P /2MQi2 i?2 b+?2/mHBM; TQHB+vX Ai +QMbBbib Q7 � p2+@
iQ` Q7 bi�`i iBK2b �M/ � p2+iQ` Q7 T�`�HH2HBbK H2p2Hb 7Q`
�HH bi�;2bX h?2 K�F2bT�M ⌧ +�M #2 `2/m+2/ #v rBb2Hv
�/Dmbi i?2 TQHB+v PX

kXj S`Q#H2K 6Q`KmH�iBQM

AM i?Bb T�T2`- r2 �BK iQ /2bB;M � b+?2/mH2` r?B+?
+QmH/ BMi2`H2�p2 i?2 mb�;2 Q7 /Bz2`2Mi ivT2b Q7 `2bQm`+2b
bm+? i?�i i?2 K�F2bT�M Q7 2t2+miBM; � DQ# Bb KBMBKBx2/X
aT2+B}+�HHv- i?2 `2bQm`+2 +QMi2MiBQM +�M #2 `2/m+2/ #v
rBb2Hv �/DmbiBM; i?2 bi�`i iBK2 ti �M/ i?2 T�`�HH2HBbK
H2p2H pi 7Q` 2�+? bi�;2 si 2 SX q2 7Q`KmH�i2 Qm` b+?2/mH@
BM; T`Q#H2K �b 7QHHQrb,

min ⌧, URV

s.t. t
0
i
 tj , 8(si, sj) 2 E, UkV

X
si2O(t)

pi  P, 8t > 0, UjV
X

si2O(t)
bi  B, 8t > 0, U9V

ti � 0, 8si 2 S. U8V

1[X URV b?Qrb Qm` Q#D2+iBp2 Q7 KBMBKBxBM; i?2

K�F2bT�M Q7 i?2 DQ# 2t2+miBQMX 1[X UkV Bb i?2 T`2+2@

/2M+2 +QMbi`�BMiX A7 i?2`2 Bb �M 2/;2 (si, sj) 2 E- i?2M

i?2 bi�`i iBK2 Q7 i?2 bi�;2 sj +�MMQi #2 2�`HB2` i?�M

i?2 +QKTH2iBQM iBK2 Q7 i?2 bi�;2 siX 1[X UjV Bb i?2

+QKTmi�iBQM `2bQm`+2 +QMbi`�BMi- r?2`2 O(t) = {si 2

S|t 2 [ti, t0i]} Bb i?2 b2i Q7 bi�;2b T`Q+2bbBM; BM T�`�HH2H

�i iBK2 tX 1[X U9V Bb i?2 #�M/rB/i? +QMbi`�BMiX 1[X U8V

Bb i?2 b+?2/mH2 +QMbi`�BMiX 1�+? bi�;2 si 2 S b?QmH/ #2

b+?2/mH2/ �M/ T`Q+2bb2/ #v bQK2 2t2+miQ`bX

kX9 S`Q#H2K >�`/M2bb

6BM/BM; i?2 QTiBK�H bQHmiBQM 7Q` Qm` bi�;2 b+?2/mH@

BM; T`Q#H2K Bb ?�`/X h?2 .�: bi`m+im`2 Q7 i?2 DQ# �b

r2HH �b i?2 +QKTH2t `2H�iBQM #2ir22M bi�;2 H2M;i?b �M/

i?2 +QMi2MiBQM H2p2H #`BM; +?�HH2M;2b iQ Qm` QTiBKBx�@

iBQM T`Q#H2KX q2 }M/ i?�i Qm` T`Q#H2K Bb LS@?�`/

2p2M BM �M B/2�H +�b2 r?2`2 i?2 .�: +QMbBbib Q7 �HH T2`@

72+iHv T�`�HH2H bi�;2b r?Qb2 iBK2 +QMbmKTiBQM 7mM+iBQMb

fi(di, bi) �M/ f
0
i
(di, pi) �`2 HBM2�` �M/ ?�p2 +HQb2/@7Q`K

2tT`2bbBQMb X h?2 T`QQ7 Bb b?QrM BM a2+iBQM jX 6Q` KQ`2

;2M2`�H +�b2b r?2`2 fi �M/ f
0
i

�`2 MQM@HBM2�` rX`XiX bi

�M/ pi- i?2 T`Q#H2K #2+QK2b 2p2M ?�`/2`X
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U#V *QMi2MiBQM@
7`22

6B;X 9X � KQiBp�iBQM Q7 b+?2/mHBM; B/2�H bi�;2b BM � TBT2HBM2/
K�MM2`X

j a+?2/mHBM; 7Q` S2`72+iHv S�`�HH2H ai�;2b

AM i?Bb b2+iBQM- r2 BMp2biB;�i2 �M B/2�H +�b2 r?2`2
i?2 bT22/mT Q7 T�`�HH2H 2t2+miBQM Bb HBM2�` iQ i?2 MmK@
#2` Q7 rQ`FBM; K�+?BM2bX � +QMi2MiBQM@7`22 b+?2/mH2` Bb
T`QTQb2/ �M/ Bib �TT`QtBK�i2 `�iBQ Bb /Bb+mbb2/ i?2Q`2i@
B+�HHvX h?2 +QMi2MiBQM@7`22 b+?2/mH2` T`QpB/2b mb mb27mH
BMbB;?ib �M/ BMbTB`�iBQMb 7Q` Qm` 2ti2M/2/ b+?2/mH2` BM@
i`Q/m+2/ BM a2+iBQM 9X

jXR *QMi2MiBQM Q7 S2`72+iHv S�`�HH2H ai�;2b

q2 }`bi BMp2biB;�i2 i?2 b+?2/mHBM; 7Q` T2`72+iHv T�`@
�HH2H bi�;2bX h?Qb2 bi�;2b ?�p2 bQK2 mb27mH T`QT@
2`iB2b r?B+? +QmH/ ?2HT iQ `2/m+2 i?2 +QKTH2tBiv Q7
i?2 b+?2/mHBM; T`Q#H2KX aT2+B}+�HHv- i?2`2 Bb MQ M22/
iQ b2i � T�`�HH2HBbK HBKBi�iBQM 7Q` � T2`72+iHv T�`�HH2H
bi�;2X h?2 7Q`KmH�iBQMb Q7 li = fi(di, bi) / di/bi �M/
l
0
i
= f

0
i
(di, pi) / di/pi b?Qr i?�i i?2 bT22/mT Q7 i?Qb2

T?�b2b �`2 T`QTQ`iBQM�H iQ i?2 mMBib Q7 `2bQm`+2b �HHQ@
+�i2/ iQ i?2KX h?2`27Q`2- r2 +QmH/ bBKTHv �bbB;M �HH
+QKTmi�iBQM�H `2bQm`+2b iQ � bi�;2X h?2M- i?2 b+?2/mH@
BM; T`Q#H2K #2+QK2b iQ /2i2`KBM2 i?2 bi�`i iBK2 7Q` �HH
bi�;2bX

AM �//BiBQM- bBKmHi�M2QmbHv `mMMBM; KmHiBTH2 T2`@
72+iHv T�`�HH2H bi�;2b #`BM; MQ #2M2}ibX Ai KB;?i 2p2M
2MH�`;2 i?2 DQ# K�F2bT�MX aT2+B}+�HHv- i?2 2t2+miBQM
iBK2 Q7 T2`72+iHv T�`�HH2H bi�;2b K2`2Hv /2T2M/b QM
`2bQm`+2 miBHBx�iBQMX aBKmHi�M2QmbHv `mMMBM; KmHiBTH2
bi�;2b +�MMQi 7m`i?2` BKT`Qp2 i?2 miBHBx�iBQM bBM+2 `mM@

MBM; QM2 bi�;2 �H`2�/v +�M K�F2 7mHH mb2 Q7 �HH `2bQm`+2bX
aTHBiiBM; `2bQm`+2b iQ KmHiBTH2 bi�;2b K�v 2MH�`;2 i?2
+QKTH2iBQM iBK2 Q7 bQK2 T?�b2b- �M/ Bi /2H�vb i?2 bi�`i
Q7 i?2 7QHHQrBM; T?�b2bX 6B;X 9 b?Qrb � bi`�B;?i7Q`r�`/
2t�KTH2X A7 r2 bTHBi i?2 M2irQ`F `2bQm`+2 iQ bBKmHi�@
M2QmbHv 2t2+mi2 q1, q2- �M/ q3 �b b?QrM BM 6B;X 9U�V-
i?2 bi�`i Q7 T?�b2b q

0
1, q

0
2- �M/ q

0
3 rQmH/ #2 /2H�v2/X Ai

`2/m+2b i?2 miBHBx�iBQM Q7 +QKTmi�iBQM `2bQm`+2bX A7 r2
�bbB;M �HH `2bQm`+2b iQ QM2 bi�;2 �i � iBK2 �b b?QrM
BM 6B;X 9U#V- i?2 K�F2bT�M Q7 2t2+miBM; bi�;2b s1, s2-
�M/ s3 +�M #2 `2/m+2/X h?2`27Q`2- r2 +�M b+?2/mH2
T2`72+iHv T�`�HH2H bi�;2b BM � TBT2HBM2/ K�MM2`X Ai `2@
/m+2b i?2 b2�`+?BM; bT�+2 Q7 }M/BM; i?2 QTiBK�H tiX q2
QMHv M22/ iQ /2i2`KBM2 �M 2t2+miBQM b2[m2M+2 7Q` i?Qb2
bi�;2bX "�b2/ QM i?2 b2[m2M+2- i?2 b+?2/mH2` bi�`ib �
bi�;2 `B;?i �7i2` Bib T`2pBQmb bi�;2 Bb }MBb?2/X

�Hi?Qm;? i?2 mb27mH T`QT2`iB2b Q7 T2`72+iHv T�`�HH2H
bi�;2b `2/m+2 i?2 bQHmiBQM bT�+2- Qm` b+?2/mHBM; T`Q#@
H2K Bb biBHH LS@?�`/X h?2 LS@?�`/M2bb Bb b?QrM BM h?2@
Q`2K RX

h?2Q`2K RX Pm` b+?2/mHBM; T`Q#H2K 7Q` T2`72+iHv
T�`�HH2H bi�;2b Bb LS@?�`/X

S`QQ7X �Mv BMbi�M+2 J 0 Q7 i?2 DQ# b?QT T`Q#H2K (3)
rBi? irQ K�+?BM2b +�M #2 +QMp2`i2/ BMiQ �M BMbi�M+2 J

Q7 Qm` bi�;2 b+?2/mHBM; T`Q#H2K rBi? �HH T2`72+iHv T�`@
�HH2H bi�;2b BM TQHvMQKB�H iBK2X h?2 bQHmiBQM Q7 J �HbQ
+QmH/ #2 i`�Mb7Q`K2/ BMiQ i?2 bQHmiBQM Q7 J 0 BM TQHv@
MQKB�H iBK2X aT2+B}+�HHv- �M BMbi�M+2 J 0 +�M #2 bi�i2/
�b 7QHHQrb, q2 �`2 ;Bp2M n DQ#bX CQ# i ?�b � b2[m2M+2
Q7 ki QT2`�iBQMb r?B+? Kmbi #2 T`Q+2bb2/ BM i?Bb Q`/2`X
PT2`�iBQMb +�M #2 /BpB/2/ BMiQ irQ ivT2bX 1�+? ivT2 Q7
QT2`�iBQM Kmbi #2 T`Q+2bb2/ QM � bT2+B}+ K�+?BM2- �M/
2�+? K�+?BM2 +�M T`Q+2bb QM2 QT2`�iBQM �i QM2 iBK2X
h?2 Q#D2+iBp2 Bb iQ KBMBKBx2 i?2 K�F2bT�M Q7 n DQ#bX �
DQ# BM DQ# b?QT T`Q#H2K Bb b?QrM BM 6B;X 8X s

0
ij

/2MQi2b
i?2 j@i? QT2`�iBQM QM DQ# iX LQi2 i?�i B7 irQ �/D�+2Mi
QT2`�iBQMb #2HQM; iQ i?2 b�K2 ivT2- i?Qb2 QT2`�iBQMb



�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM d

+QmH/ #2 K2`;2/X h?2`27Q`2- r2 +�M �bbmK2 �/D�+2Mi
QT2`�iBQMb �`2 /Bz2`2Mi BM Qm` T`QQ7X �b b?QrM BM 6B;X
8- r2 +QmH/ +QMp2`i i?2 DQ# BMiQ � T�i? BM .�: #v BM@
b2`iBM; /mKKv QT2`�iBQMb �M/ i`2�iBM; QT2`�iBQMb BM
DQ#b �b T?�b2b BM bi�;2bX 6Q` 2t�KTH2- �7i2` BMb2`iBM;
�M ✏@H2M;i? QT2`�iBQM #27Q`2 s

0
i1- r2 +�M i`2�i i?Qb2 irQ

QT2`�iBQMb �b irQ T?�b2b BM � bi�;2X �M DQ# b?QT BM@
bi�M+2 J 0 +�M +QMi�BM KmHiBTH2 DQ#bX 1�+? DQ# +QmH/ #2
+QMp2`i2/ BMiQ � .�: T�i? BM TQHvMQKB�H iBK2X h?2M- �
+QKKQM �M+2biQ` rBi? irQ ✏@H2M;i? QT2`�iBQMb Bb �//2/
#27Q`2 T�i?bX A7 r2 i`2�i ✏ = 0- i?2 BMbi�M+2 J 0 Bb
+QMp2`i2/ BMiQ �M BMbi�M+2 J Q7 Qm` bi�;2 b+?2/mHBM;
T`Q#H2K rBi? T2`72+iHv T�`�HH2H bi�;2bX
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�����
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s′i1 s′i2

s′i1 s′i2

s′i3

s′i3

s′ik

s′ikε

6B;X 8X *QMp2`iBM; QT2`�iBQMb BM i?2 DQ# b?QT iQ bi�;2b BM i?2
.�: b?QTX

ai�;2b BM J �`2 T2`72+iHv T�`�HH2H- r?B+? K�F2b �M
QTiBK�H bQHmiBQM Q7 J QTiBK�H 7Q` J 0X h?2 bQHmiBQM iQ J

+QMi�BMb bi�`i iBK2 ti �M/ T�`�HH2HBbK H2p2H pi 7Q` 2�+?
bi�;2X 6Q` T2`72+iHv T�`�HH2H bi�;2b- pi = P �M/ Bi Bb
/2i2`KBM2/X h?2 bi�`i iBK2 ti +QmH/ #2 +QMp2`i2/ BMiQ
i?2 T`Q+2bbBM; b2[m2M+2 #v bQ`iBM;X h?2`2 K�v 2tBbi
`2bQm`+2 +QMi2MiBQMb BM i?2 QTiBK�H b+?2/mH2 Q7 J X "mi
r2 +�M �Hr�vb }M/ �M 2[mBp�H2Mi b+?2/mH2 i?�i ?�b i?2
b�K2 K�F2bT�M �M/ MQ `2bQm`+2 +QMi2MiBQMX aT2+B}@
+�HHv- 7Q` �Mv irQ bi�;2b si �M/ sj `mMMBM; BM T�`�HH2H
�M/ +QKT2iBM; 7Q` � `2bQm`+2- r2 +QmH/ �Hr�vb /2H�v
i?2 bi�;2 rBi? i?2 H�`;2` bi�`i iBK2 rBi?Qmi �z2+iBM;
i?2 K�F2bT�M- bBM+2 i?2B` Qp2`�HH rQ`FHQ�/ Bb +2`i�BMX
qXHXQX;X- r2 �bbmK2 tj > ti �M/ i?2 T`Q+2bbBM; Q7 qi

�M/ qj �`2 Qp2`H�TT2/X h?2M- r2 +QmH/ /2H�v i?2 bi�`i
Q7 qj bm+? Bi bi�`ib �7i2` i?2 +QKTH2iBQM Q7 qiX "2+�mb2
i?2 Qp2`H�TT2/ bBx2b Q7 qi �M/ qj �b r2HH �b i?2 �KQmMi

Q7 `2bQm`+2 B �`2 }t2/- i?2 iBK2 M22/2/ iQ }MBb? i?Qb2
T?�b2b rQmH/ MQi +?�M;2- MQ K�ii2` i?2v �`2 T`Q+2bb2b
bBKmHi�M2QmbHv Q` b2T�`�i2HvX >2M+2- i?2 p�Hm2 Q7 t0

j
`2@

K�BMb �M/ i?2 2t2+miBQM Q7 i?2 7QHHQrBM; bi�;2b rQmH/
MQi #2 �z2+i2/X

�#Qp2 �HH- i?2 BMbi�M+2 J �M/ J 0 �`2 2[mBp�H2MiX
*QMbB/2`BM; i?2 DQ# b?QT T`Q#H2K rBi? irQ K�+?BM2b Bb
LS@?�`/ (3)- Qm` T`Q#H2K Bb �HbQ LS@?�`/X ⌅

jXk *QMi2MiBQM@7`22 a+?2/mHBM;

AMbTB`2/ #v i?2 HBbi b+?2/mHBM; �TT`Q�+?(N)- r2 T`Q@
TQb2 � +QMi2MiBQM@7`22 b+?2/mHBM; �H;Q`Bi?K 7Q` T2`@
72+iHv T�`�HH2H bi�;2bX AM i?2 HBbi b+?2/mHBM;- QM2 i�bF Bb
T`Q+2bb2/ �i � iBK2 �M/ 2�+? i�bF �+[mB`2b �HH `2bQm`+2b
/m`BM; Bib 2t2+miBQMX h?2 b+?2/mH2` �bbB;M2/ T`BQ`BiB2b
iQ i�bFb iQ /2i2`KBM2 i?2 2t2+miBQM b2[m2M+2X AM Qm`
T�T2`- i?2 +QMi2MiBQM@7`22 b+?2/mHBM; K2�Mb #Qi? /�i�
72i+?BM; �M/ T`Q+2bbBM; T?�b2b Q7 2�+? bi�;2 si 2 S +�M
�+[mB`2 �HH +Hmbi2` `2bQm`+2b- BX2X- bi = B �M/ pi = P X
h?2 KQiBp�iBQM Q7 mbBM; � +QMi2MiBQM@7`22 b+?2/mH2` Bb
i?�i bTHBiiBM; `2bQm`+2b iQ `mM KmHiBTH2 bi�;2b +QM+m`@
`2MiHv +�MMQi `2/m+2 i?2 K�F2bT�M- #mi K�v 2p2M BM@
+`2�b2 BiX "2bB/2b- �b b?QrM BM i?2 T`QQ7 Q7 h?2Q`2K R-
�Mv QTiBK�H b+?2/mH2 +QmH/ #2 +QMp2`i2/ BMiQ �M 2[mBp@
�H2Mi +QMi2MiBQM@7`22 b+?2/mH2X AM Qm` +QMi2MiBQM@7`22
b+?2/mH2`- bi�;2b �`2 2t2+mi2/ BM � TBT2HBM2/ K�MM2` iQ
BMi2`H2�p2 i?2 `2bQm`+2 mb�;2X

hQ ;2M2`�i2 i?2 +QMi2MiBQM@7`22 b+?2/mHBM;- r2 M22/
iQ /2i2`KBM2 i?2 T`Q+2bbBM; b2[m2M+2 Q7 bi�;2bX h?2
.�: bi`m+im`2 UT`2+2/2M+2 +QMbi`�BMib Q7 bi�;2bV �M/
irQ /Bz2`2Mi ivT2b Q7 T?�b2b K�F2 Bi +?�HH2M;BM; iQ }M/
i?2 QTiBK�H b2[m2M+2X h?2 .�: bi`m+im`2 ;Bp2b T�`iB�H
Q`/2` `2H�iBQMb �KQM; �HH bi�;2bX q2 M22/ iQ 2ti`�+i �
72�bB#H2 iQi�H Q`/2` `2H�iBQM r?2M #mBH/BM; i?2 b2[m2M+2X
"2bB/2b- i?2 H2M;i?b Q7 T?�b2b p�`v rBi? bi�;2bX aQK2
bi�;2b �`2 b?m|2@?2�pv �M/ ?�p2 HQM;2` /�i� 72i+?BM;
T?�b2b i?�M i?2 T`Q+2bbBM; T?�b2b- r?BH2 bQK2 Qi?2`
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3 CX *QKTmiX a+BX � h2+?MQHX

bi�;2b �`2 +QKTmi�iBQM@?2�pvX a+?2/mHBM; i?Qb2 bi�;2b

rBi?Qmi T`2+2/2M+2 +QMbi`�BMib Bb MQi i`BpB�HX .2�HBM;

rBi? i?Qb2 7�+iQ`b �i i?2 b�K2 iBK2 Bb LS@?�`/ �M/ r2

i`2�i i?2K b2T�`�i2HvX

q2 #Q``Qr B/2�b 7`QK i?2 iQTQHQ;B+�H bQ`i �M/ CQ?M@

bQMǶb `mH2 (Ry) iQ /2bB;M Qm` b+?2/mHBM; �H;Q`Bi?KX h?2

iQTQHQ;B+�H bQ`i +�M }M/ 72�bB#H2 2t2+miBQM b2[m2M+2b

Q7 bi�;2b BM i?2 .�:bX >Qr2p2`- i?2 MmK#2` Q7 72�@

bB#H2 b2[m2M+2b Bb 2tTQM2MiB�HX *�H+mH�iBM; K�F2bT�Mb

Q7 �HH 72�bB#H2 b2[m2M+2b �M/ +QKT�`BM; i?2K +�MMQi

#2 /QM2 BM HBM2�` iBK2X CQ?MbQMǶb `mH2 Bb � K2i?Q/ Q7

b+?2/mHBM; ~Qr b?QT T`Q#H2KbX qBi?Qmi i?2 T`2+2/2M+2

+QMbi`�BMib- Bi +�M QTiBK�HHv bQHp2 Qm` bi�;2 b+?2/mHBM;

T`Q#H2KX

Stage 2

Stage 1

Stage 3

Stage 4

Stage 5
Stage 6

Ready-to-go

6B;XeX h?2 BHHmbi`�iBQM Q7 i?2 `2�/v@iQ@;Q bi�;2bX

AMimBiBp2Hv- Qm` +QMi2MiBQM@7`22 b+?2/mHBM; �H;Q`Bi?K

Bi2`�iBp2Hv mb2b CQ?MbQMǶb `mH2 QM � b2i Q7 `2�/v@iQ@;Q

bi�;2b mMiBH �HH bi�;2b �`2 b+?2/mH2/X � `2�/v@iQ@;Q

bi�;2 Bb � bi�;2 r?Qb2 T`2/2+2bbQ`b �`2 b+?2/mH2/X lb2

i?2 .�: BM 6B;X e �b �M 2t�KTH2- i?2 BMBiB�H b2i `2�/v@

iQ@;Q bi�;2b +QMi�BMb s1- s2- �M/ s3X �7i2` bi�;2b s1- s2-

�M/ s3 �`2 T`Q+2bb2/- s4 �M/ s5 #2+QK2b `2�/v@iQ@;QX AM

2�+? Bi2`�iBQM- Qm` �H;Q`Bi?K b+?2/mH2b �HH `2�/v@iQ@;Q

bi�;2b BM i?2 b2i- `2KQp2b i?Qb2 bi�;2b 7Q`K i?2 .�:-

�M/ /2i2`KBM2b i?2 M2ti b2i Q7 `2�/v@iQ@;Q bi�;2bX Ai

biQTb r?2M �HH bi�;2b �`2 T`Q+2bb2/ �M/ `2KQp2/ 7`QK

i?2 .�:X

�H;Q`Bi?K R *QMi2MiBQM@7`22 a+?2/mHBM; �H;Q`Bi?K
AMTmi, h?2 .�: G = (S,E)- �p�BH�#H2 `2bQm`+2b

(B,P )
PmiTmi, h?2 b+?2/mHBM; 7Q` .�: bi�;2b BM S

R, 1p�Hm�i2 T?�b2 H2M;i?b li = fi(di,B), l0
i

=
f
0
i
(di,P ), 8si2S

k, AMBiB�HBx2 i?2 b+?2/mH2 HBbi L ;
j, r?BH2 S Bb MQi 2KTiv /Q
9, _2�/v@iQ@;Q bi�;2 b2i S0 {si2S|(sj ,si) /2E,8sj 2

S}
8, a?m|2@?2�pv bi�;2 b2i S1  {si 2 S

0|li > l
0
i
}X

*QKTmi�iBQM@?2�pv bi�;2 b2i S2 S
0\S1

e, L2  aQ`i si 2 S2 7Q` �b+2M/BM; Q`/2` Q7 liX
L1  aQ`i si 2 S1 7Q` /2b+2M/BM; Q`/2` Q7 l

0
i
X

L L||L2||L1

d, lT/�i2 S S \S0X _2KQp2 +Q``2bTQM/BM; 2/;2b
BM E

3, `2im`M L �b i?2 b+?2/mH2 HBbi

h?2 /2i�BH2/ T`Q+2/m`2b Q7 Qm` �H;Q`Bi?K �`2 BH@
Hmbi`�i2/ BM �H;X RX GBM2b R@k +�H+mH�i2 i?2 T?�b2
H2M;i?b 7Q` �HH bi�;2b �M/ BMBiB�HBx2 i?2 b+?2/mH2 HBbiX
AM HBM2b j@d- r2 Bi2`�iBp2Hv b+?2/mH2 � b2i Q7 `2�/v@iQ@
;Q bi�;2bX GBM2 9 }M/b i?2 `2�/v@iQ@;Q bi�;2b i?�i
?�p2 MQ BM+QK2 2/;2b BM GX GBM2b 8@e �TTHv CQ?MbQMǶb
`mH2X h?2 bi�;2b �`2 /BpB/2/ BMiQ � b?m|2@?2�pv ;`QmT
S1 �M/ � +QKTmi�iBQM@?2�pv ;`QmT S2X ai�;2b BM i?2
+QKTmi�iBQM@?2�pv ;`QmT S2 ?�p2 b?Q`i2` /�i� 72i+?BM;
T?�b2bX 6Q` si 2 S2- r2 T`272` iQ T`Q+2bb i?2 bi�;2 rBi?
i?2 b?Q`i2bi /�i� 72i+?BM; T?�b2 li }`biX 6Q` b?m|2@
?2�pv bi�;2b- r2 T`Q+2bb i?2 bi�;2 rBi? i?2 b?Q`i2bi
/�i� T`Q+2bbBM; T?�b2 l

0
i

H�biX h?2M- r2 +QM+�i2M�i2
i?2 bQ`i2/ bi�;2b BM S2 �M/ S1 iQ i?2 HBbi- �M/ i?2
+QKTmi�iBQM@?2�pv bi�;2b BM S2 �`2 +QM+�i2M�i2 #27Q`2
S1X h?2 +QM+�i2M�iBQM Bb `2T`2b2Mi2/ #v ||X GBM2 d mT@
/�i2b i?2 ;`�T? 7Q` i?2 M2ti Bi2`�iBQMX GBM2 3 `2im`Mb
i?2 `2bmHiX

q2 mb2 i?2 .�: b?QrM BM 6B;X e �b � ;Q@i?`Qm;? 2t@
�KTH2X h?2 H2M;i? Q7 2�+? T?�b2 mb2/ BM Qm` 2t�KTH2 Bb
b?QrM BM h�#H2 RX h?2 /2i�BH2/ bi2Tb Q7 Qm` b+?2/mHBM;
�H;Q`Bi?K �`2 b?QrM �b 7QHHQrbX AM i?2 }`bi Bi2`�iBQM-
s1- s2- �M/ s3 �`2 `2�/v@iQ@;Q bi�;2bX �++Q`/BM; iQ i?2



�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM N

/2}MBiBQM- s1 �M/ s2 Bb +QKTmi�iBQM@?2�pv �M/ s3 i?�i

Bb b?m|2@?2�pvX 6Q` s1 �M/ s2- r2 bQ`i i?2K #�b2/

QM i?2B` +QKKmMB+�iBQM T?�b2 H2M;i?X AM Qm` 2t�KTH2-

l1 < l2- �M/ s1 Bb TH�+2/ #27Q`2 s2X s3 Bb TH�+2/ �7i2`

s1 �M/ s2 bBM+2 Bi Bb b?m|2@?2�pvX h?2M- i?2v �`2 `2@

KQp2/ 7`QK i?2 .�: �M/ s4, s5 #2+QK2b `2�/v@iQ@;QX

s4 ?�b � HQM;2` /�i� T`Q+2bbBM; T?�b2 �M/ b?QmH/ #2

T`Q+2bb2/ #27Q`2 s5X �7i2` s4 �M/ s5 �`2 b+?2/mH2/- s6

?�b MQ T`2/2+2bbQ`b �M/ Bb +QM+�i2M�i2/ iQ i?2 b+?2/@

mH2 HBbiX "�b2/ QM i?2 b2[m2M+2 Q7 bi�;2b BM i?2 HBbi

�M/ i?2 T`BM+BTH2 Q7 +QMi2MiBQM@7`22- i?2 bi�`i iBK2 Q7

2�+? bi�;2 +�M #2 2�bBHv /2`Bp2/X Pm` b+?2/mH2 Q7 i?2

}`bi 7Qm` bi�;2b Bb BHHmbi`�i2/ BM 6B;X dU�VX qBi? Qm`

b+?2/mHBM;- i?2 K�F2bT�M Q7 i?2 BMTmi .�: Bb RdX

h�#H2 RX G2M;i?b Q7 +QKTmi�iBQM �M/ +QKKmMB+�iBQM T?�b2b

s1 s2 s3 s4 s5 s6

li R k 8 j k R
l
0
i

k j R 9 R R

�Hi?Qm;? `2�/v@iQ@;Q bi�;2b �`2 QTiBK�HHv b+?2/@

mH2/ BM 2�+? Bi2`�iBQM- i?2 }M�H b+?2/mH2 7Q` �HH bi�;2b

KB;?i #2 bm#QTiBK�HX h?Bb Bb #2+�mb2 r2 K�Mm�HHv

b2i T`2+2/2M+2 `2bi`B+iBQMb 7Q` bi�;2b �KQM; /Bz2`2Mi

`2�/v@iQ@;Q ;`QmTbX 6Q` 2t�KTH2- r2 b+?2/mH2 s1- s2-

�M/ s3 #27Q`2 s4 �M/ s5 i?2 Q7 i?2 .�: BM 6B;X eX Ai

BMi`Q/m+2b � T`2+2/2M+2 `2bi`B+iBQMb s3 ! s4- r?B+? Bb

MQi M2+2bb�`vX �//BM; i?Qb2 `2bi`B+iBQMb +QmH/ H2i i?2

b+?2/mH2` KBbb i?2 QTiBK�H bQHmiBQMX �b b?QrM BM 6B;X

dU#V- i?2 QTiBK�H b+?2/mH2 Bb (s1, s2, s4, s3, s5, s6)X LQ@

i�#Hv- i?2 bi�;2 s4 Bb T`Q+2bb2/ #27Q`2 s3X

!! !" !# !$ !%
!!& !"& !#& !$& !%&

1 3 8 11 13 17

!'&
!'
14

TimeNetwork
CPU
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U#V h?2 QTiBK�H b+?2/mH2 (s1,s2,s4,s3,s5,s6)

6B;XdX �M 2t�KTH2 Q7 Qm` b+?2/mHBM; �H;Q`Bi?KX

Pm` +QMi2MiBQM@7`22 b+?2/mH2` Bb k@�TT`QtBK�i2
7Q` T2`72+iHv T�`�HH2H bi�;2 b+?2/mHBM;X Ai Bb 3/2@
�TT`QtBK�i2 B7 /�i� 72i+?BM; �M/ /�i� T`Q+2bbBM; T?�b2b
Q7 �HH bi�;2b ?�p2 � mMBi H2M;i?X h?2 k@�TT`QtBK�iBQM
`�iBQ Bb i`BpB�HX h?2 BMbB;?i Bb i?�i Qm` b+?2/mH2` rQmH/
MQi H2�p2 #Qi? `2bQm`+2b B/H2X 6Q`K�HHv- H2i ⌧

⇤ /2@
MQi2 i?2 QTiBK�H K�F2bT�MX h?2M- r2 ?�p2 ⌧

⇤ �

max{
P

si
li,

P
si
l
0
i
} bBM+2 2p2M B7 i?2 QTiBK�H b+?2/mH2`

+QmH/ T2`72+iHv TBT2HBM2 �HH T?�b2b- Bi +�MMQi +QKT`2bb
i?2 2bb2MiB�H +QKTmi�iBQM Q` +QKKmMB+�iBQM iBK2 +QM@
bmKTiBQMX Pm` +QMi2MiBQM@7`22 b+?2/mH2` rQmH/ MQi
H2�p2 #Qi? `2bQm`+2b B/H2X h?2`27Q`2- Qm` K�F2bT�M
⌧  (

P
si
li +

P
si
l
0
i
)  2max{

P
si
li,

P
si
l
0
i
}  2⌧⇤X

h?2Q`2K k b?Qrb i?2 3/2@�TT`QtBK�iBQM `�iBQ 7Q` i?2
mMBi@H2M;i? +�b2X

h?2Q`2K kX Pm` +QMi2MiBQM@7`22 b+?2/mH2` Bb 3/2@
�TT`QtBK�i2 B7 li = l

0
i
= c, 8si 2 S- r?2`2 c Bb � +QM@

bi�MiX
S`QQ7X h?2 F2v T`QT2`iv mb2/ BM i?2 T`QQ7 Bb i?�i

i?2 iQi�H `2bQm`+2 B/H2 iBK2 Q7 Qm` b+?2/mH2 rQmH/
MQi 2t+22/ i?2 QTiBK�H K�F2bT�M ⌧

⇤X G2i � =

{'1, . . . ,'k, . . . } /2MQi2 i?2 b2i Q7 B/H2 bHQib BM i?2
b+?2/mHBM;X 6Q` 2t�KTH2- BM 6B;X dU#V- '1 `2T`2b2Mib
i?2 *Sl B/H2 iBK2 #27Q`2 T`Q+2bbBM; q

0
1X 6Q` 2�+?

'k 2 �- r2 +�M }M/ � +Q``2bTQM/BM; bi�;2 T?�b2 ⌫k

r?B+? Bb BM 2t2+miBQM /m`BM; 'k- bBM+2 irQ ivT2b Q7 `2@
bQm`+2 rQmH/ MQi #2 B/H2 bBKmHi�M2QmbHvX AM 6B;X dU#V-
⌫1 = q1X q2 rBHH b?Qr i?�i 7Q` 'k 2 � Uk 6= 1, k 6=
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Q`/2` `2H�iBQM #2ir22M ⌫k �M/ ⌫k+1X A7 Bi Bb MQi i?2
+�b2- ⌫k �M/ ⌫k+1 b?QmH/ `mM bBKmHi�M2QmbHv #v b?B7i@
BM; ⌫k+1 �?2�/ iQ Q++mTv 'kX h?2`27Q`2- i?2`2 Bb �
+?�BM ⌫2 � ⌫3 � · · · � ⌫|�|�1X aBKBH�` iQ i?2 +QM+2Ti Q7
i?2 +`BiB+�H T�i?- i?2 K�F2bT�M Q7 i?Bb +?�BM +�MMQi #2
`2/m+2/- 2p2M BM i?2 QTiBK�H b+?2/mH2X Ai K2�Mb i?�i
i?2 B/H2b Q7 'k 7Q` 2  k  |�| � 1 +�MMQi #2 �pQB/2/
2p2M BM i?2 QTiBK�H b+?2/mH2X h?2 ?2�/ '1 �M/ i�BH
'|�| +�MMQi #2 �pQB/2/ 2Bi?2`X h?2`27Q`2- BM i?2 QT@
iBK�H b+?2/mH2- Bib iQi�H B/H2 iBK2 Bb ;`2�i2` Q` 2[m�H
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⇤ �

P|�|
k=1 'kX
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P

si
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P
si
l
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i
+

P|�|
k=1 'k)X q2 ?�p2 b?QrM i?�i (

P
si
li +

P
si
l
0
i
) 

2max{
P

si
li,

P
si
l
0
i
}  2⌧⇤ �M/

P|�|
k=1 'k  ⌧

⇤X >2M+2-
⌧  1

2 (2⌧
⇤ + ⌧

⇤) = 3
2⌧

⇤X h?2 3/2@�TT`QtBK�iBQM `�iBQ
?QH/bX ⌅

9 a+?2/mHBM; 7Q` h?`22@T?�b2 ai�;2b

"2bB/2b b+?2/mHBM; 7Q` bi�;2b rBi? irQ T?�b2b- r2
7m`i?2` BMp2biB;�i2 � +QMi2MiBQM@7`22 b+?2/mH2` 7Q` i?`22@
T?�b2 bi�;2bX aT2+B}+�HHv- r2 MQiB+2 i?�i bQK2 bi�;2b
BM � aT�`F DQ# K�v +QMi�BM KQ`2 i?�M QM2 QT2`�iBQMX
6Q` 2t�KTH2- i?2 a?m|2J�Tai�;2 +QMi�BMb irQ QT2`@
�iBQMb ě K�T �M/ }Hi2`X AM i?2Q`v- r2 +�M bTHBi i?2
+QKTmi�iBQM T?�b2 BMiQ KmHiBTH2 T�`ib �M/ 2ti2M/ Qm`
TBT2HBM2 b+?2K2 �++Q`/BM;HvX �b b?QrM BM i?2 T`2pB@
Qmb bm#b2+iBQM- i?2 +QKTmi�iBQM T?�b2 Q7 � bi�;2 K�v
#2 #HQ+F2/ mMiBH Bib T`2+2/2Mi +QKKmMB+�iBQM T?�b2 Bb
}MBb?2/X h?2 bBx2 Q7 i?2 B/H2 #HQ+F K�v MQi #2 H�`;2
2MQm;? iQ BMb2`i � +QKTmi�iBQM T?�b2 7`QK �MQi?2`
bi�;2X Ai +�mb2b �M BM2pBi�#H2 B/H2 iBK2 Q7 +QKTmi�iBQM
`2bQm`+2b i�#�M/ `2/m+2b i?2 Qp2`�HH `2bQm`+2 miBHBx�@

iBQMX A7 r2 +�M #`2�F i?2 +QKTmi�iBQM T?�b2 BMiQ KmH@
iBTH2 b2;K2Mib- i?2 bK�HH2` T�`ib �`2 KQ`2 HBF2Hv iQ #2
�HHQ+�i2/ iQ i?Qb2 B/H2 #HQ+FbX A/2�HHv- B7 r2 +�M /BpB/2
i?2 +QKTmi�iBQM T?�b2 BMiQ BM}MBi2 b2;K2Mib HBF2 T`2@
2KTiBp2 b+?2/mHBM;- i?2 B/H2 bHQib rBi? �`#Bi`�`v H2M;i?b
+�M #2 2�bBHv 7mH}HH2/X >Qr2p2`- T`22KTiBp2 b+?2/mHBM;
rQmH/ BMi`Q/m+2 �//BiBQM�H Qp2`?2�/ 7Q` biQ`BM; �M/ `2@
+Qp2`BM; i?2 +QKTmi�iBQM bi�imbX h?2`27Q`2- r2 +QM@
bB/2` /BpB/BM; i?2 +QKTmi�iBQM T?�b2 BMbi2�/ Q7 7QHHQr@
BM; i?2 T`22KTiBp2 b+?2/mHBM; �TT`Q�+?X JQ`2Qp2`- /B7@
72`2Mi ivT2b Q7 +QKTmi�iBQM T�`ib mbm�HHv ?�p2 /Bz2`2Mi
bT22/mT `�iBQb r?2M 2t2+miBM; BM T�`�HH2H- r?B+? T`Q@
pB/2b �//BiBQM�H b+?2/mHBM; QTTQ`imMBiB2bX JQiBp�i2/
#v i?2 Q#b2`p�iBQMb- r2 BMp2biB;�i2 i?2 b+?2/mHBM; T`Q#@
H2K 7Q` bi�;2b rBi? i?`22 T?�b2b- BX2X- i?2 +QKTmi�iBQM
T?�b2 Bb /BpB/2/ BMiQ irQ T�`ibX q2 +�M ?�`/Hv }M/
� `2�HBbiB+ �TTHB+�iBQM BM r?B+? � bi�;2 +QMi�BMb KQ`2
i?�M irQ ivT2b Q7 QT2`�iBQMbX h?2`27Q`2- i?2 KQ`2 ;2M@
2`�H +�b2 r?2`2 i?2 +QKTmi�iBQM T?�b2 Bb /BpB/2/ BMiQ
KQ`2 i?�M irQ T�`ib Bb MQi /Bb+mbb2/X

Comm1
Map1

Filter1

Comm2
Map2

Filter2

Comm1
Map1

Filter1

Comm2
Map2

Filter2

Time

Time

6B;X3X a+?2/mHBM; 7Q` i?`22 T?�b2 i�bFbX

�M BHHmbi`�iBQM Q7 i?`22@T?�b2 bi�;2b Bb b?QrM BM 6B;X
3X h?2 };m`2 +QKT�`2b i?2 K�F2bT�M Q7 irQ /Bz2`2Mi
b+?2/mHBM; b2[m2M+2bX AM i?2 2t�KTH2- i?2`2 �`2 irQ
bi�;2b s1 �M/ s2 rBi? MQ T`2+2/2M+2 `2bi`B+iBQMbX 1�+?
bi�;2 ?�b i?`22 T?�b2b, +QKKmMB+�iBQM- K�T- �M/ }H@
i2`X h?Qb2 T?�b2b ?�p2 iQ #2 2t2+mi2/ BM b2[m2M+2X
h?2 MmK#2` i H�#2H2/ �7i2` 2�+? T?�b2 BM/B+�i2b i?�i
i?2 T?�b2 #2HQM;b iQ bi�;2 siX A7 r2 2t2+mi2 s2 }`bi �M/
i?2M s1- i?2 iQi�H K�F2bT�M Bb bm#QTiBK�H �b b?QrM BM
6B;X 3X hQ BKT`Qp2 i?2 `2bQm`+2 miBHBx�iBQM �M/ `2/m+2
i?2 K�F2bT�M- i?2 QTiBK�H b+?2/mH2 7Q` i?Bb 2t�KTH2 Bb
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�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM RR

iQ T`Q+2bb s1 �M/ i?2M s2X Ai Bb M2+2bb�`v iQ +�`27mHHv
/2+B/2 i?2 T`Q+2bbBM; b+?2/mH2 Q7 i?`22@T?�b2 bi�;2b B7
r2 ?QT2 iQ KBMBKBx2 i?2 K�F2bT�MX 6B;X 3 b?Qrb i?�i
i?2 2t2+miBQM Q7 +QKKmMB+�iBQM- K�T@- �M/ }Hi2`@T?�b2
BM i?2 b�K2 bi�;2 Bb MQi Qp2`H�TT2/X Ai Bb rQ`i? MQiBM;
i?�i 2p2M 2�+? bi�;2 ?�b i?`22 T?�b2b �b b?QrM BM 6B;X
3- i?2`2 �`2 biBHH irQ ivT2b Q7 `2bQm`+2bX J�T �M/ }Hi2`
QT2`�iBQMb �`2 2t2+mi2/ mbBM; +QKTmi�iBQM `2bQm`+2bX

h?2 2ti2M/2/ b+?2/mHBM; T`Q#H2K 7Q` i?`22@T?�b2
bi�;2b Bb LS@?�`/X aBKBH�` iQ i?2 T`QQ7 Q7 h?2Q`2K R-
r2 +�M b?Qr i?2 LS@?�`/M2bb Q7 i?2 2ti2M/2/ T`Q#H2K
#v � `2/m+iBQM 7`QK i?2 DQ# b?QT T`Q#H2K rBi? i?`22
K�+?BM2b- r?B+? Bb LS@?�`/X h?2 QMHv /Bz2`2M+2 BM i?2
T`QQ7 Bb i?�i r2 M22/ iQ ;`QmT i?`22 QT2`�iBQMb BM � DQ#
b?QT b+?2/mHBM; BMiQ � bi�;2X h?2 i?`22@T?�b2 bi�;2
T`QpB/2b KQ`2 b+?2/mHBM; QTTQ`imMBiB2bX 1tTHB+BiHv 2t@
THQ`BM; �HH TQbbB#H2 QT2`�iBQM b2[m2M+2b +�MMQi #2 +QK@
TH2i2/ BM TQHvMQKB�H iBK2X h?2`27Q`2- r2 BMp2biB;�i2
�MQi?2` ?2m`BbiB+ 7Q` i?2 i?`22@T?�b2 bi�;2 b+?2/mHBM;
T`Q#H2K �b �M 2ti2MbBQM Q7 Qm` +QMi2MiBQM@7`22 b+?2/@
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`2T`2b2Mib i?2 +QKKmMB+�iBQM
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iBK2 H2M;i? #2ir22M i?2 bi�`i Q7 i?2 }`bi bi�;2 �M/ i?2
+QKTH2iBQM Q7 i?2 H�bi bi�;2X 6Q` i?2 2ti2M/2/ T`Q#H2K-
Qm` Q#D2+iBp2 Bb biBHH iQ KBMBKBx2 i?2 K�F2bT�M ⌧ Q7 i?2
r?QH2 .�:@bivH2 DQ#X

q2 +�MMQi /B`2+iHv �TTHv CQ?MbQMǶb `mH2 iQ bQHp2
i?2 i?`22@T?�b2 bi�;2 b+?2/mHBM; T`Q#H2KX h?2 K�DQ`
+?�HH2M;2 Bb i?�i r2 +�M MQ HQM;2` +Hmbi2` +QKTmi�@
iBQM Q` +QKKmMB+�iBQM bi�;2b #�b2/ QM `2H�iBp2 H2M;i?b
Q7 +QKTmi�iBQM �M/ +QKKmMB+�iBQM T?�b2bX 6QHHQrBM;
i?2 B/2� Q7 CQ?MbQMǶb `mH2- r2 BMp2biB;�i2 �M �TT`Q�+?
i?�i �/�TiBp2Hv K2`;2b i?2 KB//H2 T?�b2 q
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q
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iQ ;`22/BHv KBMBKBx2 i?2 `2bQm`+2 B/H2 iBK2X AM irQ@
T?�b2 bi�;2 b+?2/mHBM;- i?2 +QKTmi�iBQM `2bQm`+2b �`2
#HQ+F2/ #v +QKKmMB+�iBQMX >2M+2- 7Q` +QKKmMB+�iBQM@
?2�pv bi�;2b- CQ?MbQMǶb `mH2 �bbB;Mb ?B;?2` T`BQ`Biv iQ
i?2 bi�;2b rBi? b?Q`i2` +QKTmi�iBQM T?�b2b- r?B+? �BKb
iQ bi�`i +QKKmMB+�iBQM T?�b2b �b bQQM �b TQbbB#H2X 6Q`
+QKTmi�iBQM@?2�pv bi�;2b- CQ?MbQMǶb `mH2 +?QQb2b iQ
2t2+mi2 bi�;2b rBi? HQM;2` +QKKmMB+�iBQM T?�b2b iQ
K�tBKBx2 i?2 Qp2`H�T #2ir22M mb�;2b Q7 *Sl �M/ M2i@
rQ`F `2bQm`+2bX 6QHHQrBM; bBKBH�` /2bB;M T`BM+BTH2b- r2
7Q+mb QM `2H�iBp2 H2M;i?b Q7 i?2 }`bi �M/ H�bi T?�b2b BM �
bi�;2X A7 i?2 H2M;i? Q7 i?2 }`bi T?�b2 qi Bb b?Q`i2` i?�M
i?2 H2M;i? Q7 i?2 H�bi T?�b2 q
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i
- i?2M r2 K2`;2 i?2 KB/@

/H2 T?�b2 q
0
i

rBi? qiX 6Q` � b2i Q7 bm+? bi�;2b- r2 bQ`i
i?2K 7Q` �b+2M/BM; Q`/2` Q7 li + l

0
i
X h?2 `2�bQM Bb i?�i

i?2 #QiiH2M2+F T?�b2 b?QmH/ bi�`i �b 2�`Hv �b TQbbB#H2X
6Q` Qi?2` bi�;2b r?2`2 li >= l
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rBi? q
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r2 �/�TiBp2Hv K2`;2 i?2 KB//H2 T?�b2b 7Q` i?`22@T?�b2
bi�;2bX Pm` +QMi2MiBQM@7`22 b+?2/mH2` Bb 2ti2M/2/ �+@
+Q`/BM;HvX LQi2 i?�i K2`;BM; KB//H2 T?�b2 Bb QMHv mb2/
iQ /2i2`KBM2 i?2 b+?2/mHBM; Q7 T?�b2bX Ai Bb � bvK#QHB+
bi2TX AM `2�H 2t2+miBQM- i?2`2 Bb MQ T?�b2 K2`;BM; �M/
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Rk CX *QKTmiX a+BX � h2+?MQHX
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R, AMBiB�HBx2 i?2 b+?2/mH2 HBbi L ;
k, r?BH2 S Bb MQi 2KTiv /Q
j, _2�/v@iQ@;Q bi�;2 b2i S0 {si2S|(sj ,si) /2E,8sj 2

S}
9, S1  {si 2 S

0|li > l
00
i
}- S2  {si 2 S

0|li  l
00
i
}

8, L1  aQ`i si 2 S1 7Q` /2b+2M/BM; Q`/2` Q7 l0
i
+ l

00
i

e, L2  aQ`i si 2 S2 7Q` �b+2M/BM; Q`/2` Q7 li + l
0
i

d, L L||L2||L1

3, S  S \ S0

N, `2im`M L

h?2 T`Q+2/m`2b Q7 i?2 2ti2M/2/ �H;Q`Bi?K �`2 b?QrM
BM �H;X kX q2 }`bi BMBiB�HBx2 i?2 b+?2/mHBM; HBbi L �b
�M 2KTiv b2i BM HBM2 RX h?2M- r2 Bi2`�iBp2Hv b+?2/mH2
`2�/v@iQ@;Q bi�;2b BM i?2 7QHHQrBM; HQQTX h?2 b2i S

0

i?�i +QMi�BMb +m``2Mi `2�/v@iQ@;Q bi�;2b Bb mT/�i2/ BM
HBM2 jX GBM2 9 bTHBib b2i S

0 �++Q`/BM; iQ i?2 `2H�iBp2
H2M;i?b Q7 i?2 }`bi �M/ H�bi T?�b2b Q7 bi�;2b BM i?2 b2iX
GBM2b 8 �M/ e �/�TiBp2Hv K2`;2 i?2 KB//H2 T?�b2b �M/
bQ`i i?2 K2`;2/ bi�;2b #�b2/ QM CQ?MbQMǶb `mH2X 6Q`
bi�;2b BM S1 r?2`2 li > l

00
i
- i?2v �`2 bQ`i /2+`2�bBM;Hv

#�b2/ QM i?2 p�Hm2 l
0
i
+ l

00
i

BM HBM2 8X 6Q` bi�;2b BM S2

r?2`2 li  l
00
i
- HBM2 e bQ`ib i?2K BM+`2�bBM;Hv #�b2/ QM

i?2 p�Hm2 Q7 li + l
0
i
X GBM2 d mT/�i2b i?2 b+?2/mH2 L #v

�TT2M/BM; HBbib L2 �M/ L1 �7i2` BiX L1 Bb +QM+�i2M�i2/
�7i2` L2X GBM2 3 mT/�i2b i?2 .�: #v `2KQpBM; i?2
bi�;2b i?�i ?�p2 #22M b+?2/mH2/X 6BM�HHv- L Bb `2im`M2/
�b i?2 }M�H b+?2/mH2 7Q` i?2 i?`22@T?�b2 bi�;2bX

h?2 K�DQ` Q#b2`p�iBQMb r2 mb2/ r?2M /2bB;MBM; i?2
+QMi2MiBQM@7`22 b+?2/mH2` +�M #2 bmKK�`Bx2/ �b 7QHHQrbX
6B`biHv- r2 MQiB+2 i?�i i?2`2 �`2 MQ #2M2}ib iQ bBKmHi�@
M2QmbHv `mM KmHiBTH2 T2`72+iHv T�`�HH2H bi�;2bX h?2`2@
7Q`2- r2 T`QTQb2 iQ �HHQ+�i2 �HH `2bQm`+2b iQ QM2 bi�;2
�i � iBK2X h?2M- 7QHHQrBM; i?2 HBbi b+?2/mHBM; �TT`Q�+?-
Qm` +QMi2MiBQM@7`22 b+?2/mH2` /2i2`KBM2b i?2 T`Q+2bbBM;
T`BQ`Biv Q7 2�+? bi�;2 #27Q`2 2t2+miBM; i?2 .�:@bivH2

DQ#X hQ b2i T`Q+2bbBM; T`BQ`BiB2b- r2 �TTHv CQ?MbQMǶb
`mH2 QM irQ@T?�b2 bi�;2bX hQ /2�H rBi? i?2 T`2+2/2M+2
+QMbi`�BMib BM i?2 .�:- r2 /2}M2 i?2 `2�/v@iQ@;Q bi�;2
b2i BMbTB`2/ #v i?2 iQTQHQ;B+�H bQ`iX *QK#BMBM; i?Qb2
B/2�b- Qm` +QMi2MiBQM@7`22 b+?2/mH2` Bb jfk@�TT`QtBK�i2
7Q` bi�;2b rBi? 2[m�H@H2M;i? T?�b2bX

8 a+?2/mHBM; 7Q` :2M2`�H ai�;2b

6`QK i?2 �M�HvbBb BM T`2pBQmb b2+iBQMb- r2 MQiB+2
i?�i i?2 T�`�HH2HBbK H2p2H Bb +`BiB+�H BM b+?2/mHBM;X AM
B/2�H +�b2b- i?2 T�`�HH2HBbK H2p2H b?QmH/ #2 b2i �b H�`;2
�b TQbbB#H2X >Qr2p2`- BM `2�H@rQ`H/ �TTHB+�iBQMb- �HHQ@
+�iBM; KQ`2 +QKTmi�iBQM `2bQm`+2b /Q2b MQi H2�/ iQ �
HBM2�` BM+`2�b2 BM i?2 bT22/mT `�iBQX Ai K2�Mb i?�i r2
M22/ iQ �/�TiBp2Hv �/Dmbi i?2 T�`�HH2HBbK H2p2H Q7 2�+?
bi�;2 7Q` ;2M2`�H .�:bX

q?2M b+?2/mHBM; ;2M2`�H bi�;2b- +QMi2MiBQM@7`22
b+?2/mHBM; Bb MQ HQM;2` QTiBK�HX 6Q` ;2M2`�H .�:
bi�;2b- i?2B` bT22/mTb �`2 MQ HQM;2` T`QTQ`iBQM�H iQ i?2
mMBib Q7 `2bQm`+2b �HHQ+�i2/ iQ i?2K- 2bT2+B�HHv 7Q` i?2
/�i� T`Q+2bbBM; T?�b2X q?2M i?2 MmK#2` Q7 2t2+miQ`b
�HHQ+�i2/ iQ � bi�;2 2t+22/b � i?`2b?QH/- �//BM; KQ`2
2t2+miQ`b iQ i?2 bi�;2 rQmH/ #�`2Hv `2/m+2 Bib 2t2+miBQM
iBK2 �Mv 7m`i?2`X 6Q` i?Qb2 bi�;2b- �HHQ+�iBM; �HH 2t2+m@
iQ`b iQ � `2�/v@iQ@;Q bi�;2 �b i?2 +QMi2MiBQM@7`22 b+?2/@
mH2` Bb � r�bi2X h?2 b+?2/mH2` b?QmH/ �/�TiBp2Hv �/Dmbi
i?2 T�`�HH2HBbK H2p2H Q7 2�+? bi�;2X h?2 T�`�HH2HBbK H2p2H
+�M #2 +QMi`QHH2/ #v b2iiBM; �M mTT2` #QmM/ QM i?2
T�`�HH2HBbK H2p2H Q7 2�+? bi�;2X A7 i?2 HBKBi�iBQMb �`2
T`QT2`Hv b2i- bBKmHi�M2QmbHv 2t2+miBM; KmHiBTH2 bi�;2b
�M/ +QMi`QHHBM; i?2B` +QKT2iBiBQM rBi?BM � `2�bQM�#H2
H2p2H +QmH/ BKT`Qp2 `2bQm`+2 miBHBx�iBQM �M/ `2/m+2 i?2
K�F2bT�MX _2BM7Q`+2K2Mi H2�`MBM; U_GV Bb � mb27mH iQQH
iQ �/�TiBp2Hv �/Dmbi i?2 b+?2/mHBM; TQHB+v QM i?2 ~vX
AM i?Bb b2+iBQM- r2 }`bi b?Qr i?2 MQM@HBM2�` bT22/mT Q7
;2M2`�H .�: bi�;2bX h?2M- r2 BMi`Q/m+2 � _G@#�b2/
b+?2/mH2` 7Q` ;2M2`�H bi�;2 b+?2/mHBM;X 6BM�HHv- r2 /Bb@
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�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM Rj

+mbb i?2 i`�BMBM; /2i�BHb Q7 i?2 _G �;2MiX

8XR aT22/mT Q7 :2M2`�H CQ#b

q2 }`bi i2bi i?2 bT22/mT Q7 ;2M2`�H .�: bi�;2b QM
i?2 aT�`F b2`p2`X 6B;X N b?Qrb i?2 bT22/mT Q7 irQ /B7@
72`2Mi DQ#b 7`QK i?2 hS*@> /�i�b2iRX 6`QK i?2 };m`2-
r2 +�M Q#b2`p2 i?2 MQM@HBM2�` bT22/mT �M/ i?2 T�`�H@
H2HBbK H2p2H i?`2b?QH/X 6Q` 2t�KTH2- 7Q` i?2 Zk DQ#-
�HHQ+�iBM; KQ`2 i?�M jk 2t2+miQ`b rQmH/ #�`2Hv 7m`i?2`
BKT`Qp2 i?2 bT22/mT Q` 2p2M KB;?i `2/m+2 BiX h?2`2@
7Q`2- Bi Bb � r�bi2 i?�i �HHQ+�iBM; KQ`2 i?�M jk 2t2+miQ`b
�M/ i?2 b+?2/mH2` b?QmH/ b2i � T�`�HH2HBbK HBKBi�iBQM
miX q?2M i?2 �p�BH�#H2 2t2+miQ`b �`2 KQ`2 i?�M i?2
HBKBi�iBQM- i?2 b+?2/mH2` b?QmH/ �HHQ+�i2 i?2 2ti`� 2t@
2+miQ`b iQ Qi?2` bi�;2bX h?2 +QMi2MiBQM@7`22 b+?2/mH2`
Bb MQ HQM;2` QTiBK�HX

2 4 8 16 32 64
Number of executors

0

10

20

30

Sp
ee

du
p Q2 queries

Q9 queries

6B;XNX aT22/mTb Q7 irQ /Bz2`2Mi DQ#b QM i?2 aT�`F +Hmbi2`X

Ai Bb /B{+mHi iQ i?2Q`2iB+�HHv KQ/2H i?2 bT22/mT
BM T`�+iB+2X �Hi?Qm;? i?2 �K/�?HǶb H�r (RR) b?Qrb �
bT22/mT KQ/2H- i?2 T2`+2Mi�;2b Q7 b2[m2MiB�H T�`ib BM
2�+? .�: bi�;2 Bb MQi +H2�`X �++Q`/BM; iQ i?2 �K/�?HǶb
H�r- i?2 2t2+miBQM iBK2 Q7 b2[m2MiB�H T�`ib Bb }t2/- �M/
i?2 bT22/mT Q7 i?2 T�`�HH2H T�`i Bb T`QTQ`iBQM�H iQ i?2
MmK#2` Q7 2t2+miQ`bX >Qr2p2`- /2i2`KBMBM; i?2 T2`@
+2Mi�;2 Q7 b2[m2MiB�H T�`ib Bb ?�`/ iQ BKTH2K2Mi BM T`�+@
iB+2X h?2`27Q`2- Bi Bb MQi `2�bQM�#H2 iQ /2i2`KBM2 � }t2/
T�`�HH2HBbK H2p2H 7Q` �HH .�: bi�;2bX AM +QMi`�bi- r2
�/�Ti � _G@#�b2/ b+?2/mH2` iQ �/�TiBp2Hv �/Dmbi i?2
T�`�HH2HBbK H2p2H 7Q` /Bz2`2Mi .�: bi�;2b �M/ K�BMi�BM
i?2 `2bQm`+2 +QMi2MiBQM �i � `2�bQM�#H2 H2p2HX

8Xk � _G@#�b2/ a+?2/mH2` 7Q` :2M2`�H ai�;2
a+?2/mHBM;

q2 �/�Ti i?2 _G 7`�K2rQ`F BM (Rk) iQ ;2M2`�i2
b+?2/mH2b 7Q` ;2M2`�H bi�;2bX .Bz2`2Mi 7`QK i?2 _G
�;2Mi BM (Rk)- r2 +QMbB/2` iQ +QMi`QH i?2 `2bQm`+2 +QM@
i2MiBQM #v �/DmbiBM; i?2 bi�`i iBK2 ti Q7 2�+? bi�;2 siX
h?2 _G 7`�K2rQ`F Bb b?QrM BM 6B;X RyX Ai +QMbBbib Q7
� _G �;2Mi �M/ i?2 2MpB`QMK2MiX h?2 �;2Mi Q#b2`p2b
i?2 bi�i2 7`QK i?2 2MpB`QMK2Mi �M/ ;2M2`�i2 i?2 b+?2/@
mH2 �b �M �+iBQMX h?2 2MpB`QMK2Mi Bb i?2 aT�`F 2M;BM2
`mMMBM; QM i?2 /�i� +2Mi2` +Hmbi2`X

RL agent Environment

7/11/2019 ³PQJWUHH³VHUYHU_37640.VYJ
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Spark
Cluster

Reward 
(!!"# − !!)

Action 
(#$ , %$ , &$)

State 
(DAG, Available Resources)

   DAG

Graph 
Neural 

Network

Policy 
Network

!!

"!

#!

6B;XRyX h?2 `2BM7Q`+2K2Mi H2�`MBM; 7`�K2rQ`F 7Q` ;2M2`�H bi�;2
b+?2/mHBM;X

h?2 _G@#�b2/ b+?2/mH2` K�BMHv +QMbB/2` i?`22 �b@
T2+ib iQ BKT`Qp2 i?2 `2bQm`+2 miBHBx�iBQM �M/ QTiBKBx2
i?2 K�F2bT�MX aT2+B}+�HHv- i?2 �+iBQM bT�+2 Q7 i?2
_G �;2Mi +QMi�BMb i?`22 /BK2MbBQMX "2+�mb2 Q7 i?2
MQM@HBM2�` bT22/mT `�iBQb Q7 ;2M2`�H bi�;2b- r2 M22/ iQ
�/�TiBp2Hv �/Dmbi i?2 T�`�HH2HBbK H2p2H 7Q` ;2M2`�H .�:
bi�;2bX q2 mb2 T�`�K2i2` mi iQ /2MQi2 i?2 T�`�HH2HBbK
H2p2H HBKBi�iBQM 7Q` bi�;2 siX Pm` _G@#�b2/ b+?2/mH2`
�HbQ 7QHHQrb i?2 HBbi b+?2/mHBM; �TT`Q�+?X q2 mb2 T�@
`�K2i2` ⇢i iQ /2MQi2 i?2 T`BQ`Biv Q7 siX h?2 T`BQ`Biv Bb
mb2/ iQ �/Dmbi i?2 b+?2/mHBM; b2[m2M+2 Q7 .�: bi�;2bX
JQ`2Qp2`- r2 M22/ iQ `2/m+2 i?2 +QKKmMB+�iBQM +QM@
i2MiBQM iQ KBMBKBx2 i?2 K�F2bT�MX �b b?QrM BM (Rj)-
/2H�v b+?2/mHBM; +�M `2/m+2 i?2 +QKKmMB+�iBQM +QM@
i2MiBQM H2p2H #v BMi2`H2�pBM; i?2 mb�;2 Q7 M2irQ`F `2@

R�p�BH�#H2 QMHBM2, ?iiT,ffrrrXiT+XQ`;fiT+?f
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R9 CX *QKTmiX a+BX � h2+?MQHX

bQm`+2bX h?2`27Q`2- r2 T`QTQb2 iQ BMb2`i /2H�v iBK2
#27Q`2 2�+? bi�;2X h?2 _G �;2Mi mb2b T�`�K2i2` �i iQ
�/Dmbi i?2 /2H�v iBK2 Q7 2�+? bi�;2 siX

h?2 b+?2/mH2` M22/b iQ /2i2`KBM2 i?2 T�`�HH2HBbK
H2p2H HBKBi�iBQM mi �M/ i?2 bi�`iBM; iBK2 ti 7Q` 2�+?
bi�;2 si 2 SX h?2 TQbbB#H2 p�Hm2b Q7 mi �`2 /Bb+`2i2 �M/
#QmM/2/ #v i?2 iQi�H MmK#2` Q7 2t2+miQ`b P X 6Q`K�HHv-
mi 2 {1, 2, . . . , P}X q2 +�M mb2 � M2m`�H M2irQ`F rBi?
bQ7iK�t H�v2`b iQ +�H+mH�i2 i?2 T`Q#�#BHBiv Q7 +?QQbBM;
2�+? TQi2MiB�H p�Hm2 BM {1, 2, . . . , P}X .2i2`KBMBM; i?2
p�Hm2 Q7 ti Bb KQ`2 +?�HH2M;BM; bBM+2 Bib p�Hm2 Bb +QMiBM@
mQmb �M/ i?2`2 Bb MQ }t2/ mTT2` #QmM/ Q7 Bib TQbbB#H2
p�Hm2X a2�`+?BM; i?2 QTiBK�H p�Hm2 7Q` ti 2 R+ rBi?Qmi
+HQb2/@7Q`K 7Q`KmH�iBQMb Bb BMi`�+i�#H2X h?2`27Q`2- r2
/Bb+`2iBx2 ti #v 2tTHQBiBM; B/2�b Q7 HBbi b+?2/mHBM; �M/
/2H�v b+?2/mHBM;(Rj)X

AM i?2 HBbi b+?2/mHBM;- bi�;2b �`2 Q`/2`2/ #v �b@
bB;MBM; rBi? T`BQ`BiB2bX .m`BM; 2t2+miBQM- `2�/v@iQ@;Q
bi�;2b �`2 `2T2�i2/Hv b2H2+i2/ #�b2/ QM i?2B` T`BQ`BiB2b
r?2M i?2`2 �`2 �p�BH�#H2 `2bQm`+2bX "�b2/ QM i?Bb B/2�-
r2 H2i i?2 _G �;2Mi b2i /Bb+`2i2 T`BQ`BiB2b iQ bi�;2b BM@
bi2�/ Q7 /B`2+iHv H2�`MBM; i?2B` bi�`i iBK2X q2 mb2 ⇢i iQ
/2MQi2 i?2 T`BQ`Biv Q7 siX >Qr2p2`- bBKTHv b2iiBM; T`BQ`@
BiB2b Bb MQi bm{+B2Mi iQ +QMi`QH i?2 `2bQm`+2 +QMi2MiBQMX
q?2M i?2 �p�BH�#H2 2t2+miQ`b �`2 bm{+B2Mi iQ 2t2+mi2
KmHiBTH2 bi�;2b- i?Qb2 bi�;2b b?QmH/ MQi bi�`i bBKmHi�@
M2QmbHvX Pi?2`rBb2- bBKBH�` iQ i?2 KQiBp�iBQM 2t�KTH2
b?QrM BM 6B;X kU�V- Bi rQmH/ +�mb2 i?2 M2irQ`F `2bQm`+2
+QMi2MiBQM �M/ 2MH�`;2 i?2 }MBb? iBK2 Q7 i?Qb2 bi�;2bX

lMHBF2 +QKTmi�iBQM�H `2bQm`+2b- Bi Bb MQi +QMp2MB2Mi
iQ b2i #�M/rB/i? HBKBi�iBQMbX AMbTB`2/ #v i?2 /2H�v
b+?2/mHBM; (Rj)- r2 BMi2`H2�p2 i?2 mb�;2 Q7 M2irQ`F `2@
bQm`+2b #v /2H�vBM; i?2 bi�`i Q7 bQK2 bi�;2bX h?2 _G
�;2Mi M22/b iQ H2�`M i?2 H2M;i? Q7 /2H�v iBK2 �i 7Q` 2�+?
bi�;2 siX �7i2` � bi�;2 si Bb b2H2+i2/ #v i?2 b+?2/mH2`
#�b2/ QM Bib T`BQ`Biv- � iBK2` rBi? H2M;i? �i Bb �bbQ+B@
�i2/ rBi? i?2 bi�;2X h?2 bi�;2 si rQmH/ MQi bi�`i mMiBH

Bib iBK2` Bb QmiX hQ `2/m+2 i?2 �+iBQM bT�+2- r2 b2i �M
mTT2` #QmM/ 7Q` 2�+? �i �M/ /Bb+`2iBx2 Bib p�Hm2X h?2
/2H�v H2M;i? b?QmH/ MQi 2t+22/ i?2 HQM;2bi bi�;2 H2M;i?
lmax i?�i i?2 b+?2/mH2` ?�b b22M bQ 7�`X h?2 lmax Bb
bHB+2/ BMiQ � TB2+2b- r?2`2 � Bb � ?vT2`T�`�K2i2`X 6Q`@
K�HHv- �i 2 {0, lmax/�, 2 · lmax/�, . . . , lmax}X h?2M- iQ
/2i2`KBM2 i?2 /2H�v H2M;i?- i?2 _G �;2Mi QMHv M22/b
iQ +?QQb2 � p�Hm2 7`QK {0, 1, 2, . . . ,�} #v mbBM; M2m`�H
M2irQ`Fb rBi? bQ7iK�t H�v2`bX

hQ �/�TiBp2Hv �/Dmbi i?2 b+?2/mH2- r2 7`2[m2MiHv BM@
pQF2 i?2 _G �;2Mi r?2M i?2`2 �`2 �p�BH�#H2 `2bQm`+2b
�M/ mMT`Q+2bb2/ bi�;2bX aT2+B}+�HHv- r2 +�HH i?2 _G
�;2Mi �i 7QHHQrBM; i`B;;2` 2p2Mib, � bi�;2 bi�`ib �M/
i?2`2 �`2 mMmb2/ `2bQm`+2bc � bi�;2 +QKTH2i2b �M/ `2@
H2�b2b Bib `2bQm`+2X �i 2�+? i`B;;2` 2p2Mi- i?2 _G �;2Mi
rQmH/ mT/�i2 i?2 (mi, ⇢i, �i) 7Q` 2�+? mMT`Q+2bb2/ bi�;2
siX h?2M- 7`QK �HH `2�/v@iQ@;Q bi�;2b- QM2 Bb b2H2+i2/
#�b2/ QM i?2B` T`BQ`BiB2bX �7i2` Bib iBK2` 2tTB`2b- i?2
b2H2+i2/ bi�;2 Bb �HHQ+�i2/ rBi? 2t2+miQ`b r?Qb2 MmK@
#2` rQmH/ MQi 2t+22/ Bib T�`�HH2HBbK HBKBi�iBQMX h?2
`2K�BMBM; +?�HH2M;2 Bb ?Qr iQ 2M+Q/2 i?2 .�: �M/ i?2
/2T2M/2Mi `2H�iBQMb?BTb BM/B+�i2/ #v i?2 .�:X

hQ +�Tim`2 /2T2M/2Mi `2H�iBQMb?BTb- i?2 :`�T? L2m@
`�H L2irQ`F U:LLV (R9) Bb mb2/ iQ 2M+Q/2 i?2 .�:X
:LL 2M+Q/2b i?2 /2T2M/2M+B2b #v �;;`2;�iBM; .�: BM@
7Q`K�iBQM 7`QK +?BH/`2M iQ T�`2Mi MQ/2b �HQM; i?2 .�:
2/;2bX "v �;;`2;�iBM; bi�;2 BM7Q`K�iBQM �HQM; T�i?b BM
.�:- :LL +QmH/ +QMp2`i i?2 .�: BMiQ � }t2/@H2M;i?
72�im`2 p2+iQ`X �HQM; rBi? i?2 72�im`2b /2b+`B#BM; i?2
bvbi2K rQ`FHQ�/- BX2X- i?2 `2bQm`+2 miBHBx�iBQM BM7Q`K�@
iBQM- i?2 bi�i2 mb2/ #v Qm` _G �;2Mi Bb 7Q`K2/X

:Bp2M � bi�i2- i?2 ;Q�H Q7 i?2 _G �;2Mi Bb iQ ;2M2`�i2
�M �+iBQM i?�i +QmH/ K�tBKBx2 i?2 2tT2+i2/ 7mim`2 `2@
r�`/ UQ` KBMBKBx2 i?2 2tT2+i2/ 7mim`2 T2M�HivVX q2 mb2
rk iQ /2MQi2 i?2 `2r�`/ Q7 Bib k@i? �+iBQMX rk Bb [m�MiB@
}2/ #v i?2 M2;�iBQM Q7 i?2 iBK2 BMi2`p�H H2M;i? #2ir22M
i?2 k�1@i? �M/ i?2 k@i? �+iBQMX G2i tk /2MQi2 i?2 r�HH@
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�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM R8

+HQ+F iBK2 �i i?2 k@i? �+iBQMX h?2M- rk = �(tk� tk�1)X
h?2 M2;�iBQM Bb mb2/ iQ b?Qr i?�i i?2 i2`K (tk � tk�1)

Bb �+im�HHv � T2M�HivX qBi? i?Bb 7Q`KmH�iBQM- i?2 2t@
T2+i2/ 7mim`2 T2M�Hiv Bb E[

P
k
(tk�tk�1)] = E[tT�tk�1]-

r?2`2 tT Bi i?2 iBK2 Q7 i?2 H�bi �+iBQMX h?2 E[tT �tk�1]

b?Qrb i?2 2tT2+i2/ iBK2 +QMbmKTiBQM 7Q` 2t2+miBM; i?2
`2K�BMBM; bi�;2bX h?2`27Q`2- KBMBKBxBM; i?Bb T2M�Hiv
7mM+iBQM +QmH/ ?2HT iQ `2/m+2 i?2 K�F2bT�MX

h?2 K�DQ` Q#b2`p�iBQMb r2 mb2/ iQ b+?2/mH2 ;2M2`�H
bi�;2b �`2 bmKK�`Bx2/ �b 7QHHQrbX 6B`biHv- r2 MQiB+2
i?�i r2 b?QmH/ b2i � T�`�HH2HBbK HBKBi�iBQM 7Q` ;2M2`�H
bi�;2b bBM+2 i?2v ?�p2 MQM@HBM2�` bT22/mT `�iBQbX �HbQ-
r2 M22/ iQ �/�TiBp2Hv �/Dmbi i?2 T�`�HH2HBbK H2p2H Q7
2�+? bi�;2 QM i?2 ~vX hQ �+?B2p2 i?Qb2- r2 �/�Ti �
_G@#�b2/ b+?2/mH2` iQ b+?2/mH2 ;2M2`�H .�: bi�;2bX

e 1tT2`BK2Mi

eXR .�i�b2i

AM i?2 2tT2`BK2Mi- r2 mb2 i?2 �HB#�#� i`�+2 /�i�
pkyR3k iQ 2p�Hm�i2 Qm` +QMi2MiBQM@7`22 b+?2/mH2` �M/
i?2 _G@#�b2/ b+?2/mH2`X h?2 �HB#�#� /�i�b2i +QMi�BMb
DQ# i`�+2b b�KTH2/ 7`QK i?2B` T`Q/m+iBQM +Hmbi2`X JQbi
Q7 i?2 DQ#b BM i?2 /�i�b2i ?�p2 .�: bi`m+im`2bX "2bB/2b-
r2 �HbQ +QMbi`m+i � bvMi?2iB+ /�i�b2iX q2 +?QQb2 i?2
*QbBM2aBKBH�`Biv DQ# r?B+? Bb �p�BH�#H2 BM aT�`F JGHB#
�M/ ?�b 8 bi�;2bX

"27Q`2 i?2 2tT2`BK2Mi- r2 }`bi BHHmbi`�i2 i?2 T2`@
+2Mi�;2 Q7 T�`�HH2H bi�;2b BM i?2 �HB#�#� /�i�b2iX 6B;X
RR b?Qrb i?2 +mKmH�iBp2 /Bbi`B#miBQM 7mM+iBQM U*.6V
Q7 i?2 �HB#�#� /�i�b2iX 6B;X RRU�V b?Qrb i?2 /Bbi`B@
#miBQM Q7 i?2 MmK#2` Q7 bi�;2b BM � DQ#X AM iQi�H- i?2
/�i�b2i +QMi�BMb k-dd8-yk8 DQ#bX 6`QK i?2 };m`2- r2
+�M }M/ i?�i KQbi Q7 i?Qb2 DQ#b ?�p2 KQ`2 KmHiBTH2
bi�;2bX JQ`2 i?�M 3yW Q7 i?Qb2 DQ#b ?�p2 KQ`2 i?�M
QM2 bi�;2bX "2bB/2b- r2 mb2 iQTQHQ;B+�H bQ`i i?2 �M�HvbBb
i?2 MmK#2` Q7 T�`�HH2H bi�;2b BM 2�+? DQ#- �M/ }M/ i?�i

KQ`2 i?�M e3W Q7 DQ#b ?�p2 T�`�HH2H bi�;2bX Ai b?Qrb
i?2 BKTQ`i�M+2 Q7 2{+B2MiHv b+?2/mHBM; T�`�HH2H bi�;2bX
6B;X RRU#V b?Qrb i?2 /Bbi`B#miBQM Q7 bi�;2 /m`�iBQM i?�i
2t2+miBM; BM i?2B` +Hmbi2`X Ai b?Qrb i?2 /Bbi`B#miBQM Q7
bi�;2 bBx2b iQ bQK2 2ti2MiX

100 101 102

Stage Number

0
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0.4

0.6

0.8

1

C
D

F

Number of stages
Number of parallelizable stages

U�V h?2 bi�;2 MmK#2` /Bbi`B#m@
iBQM

100 101 102 103 104

Duration

0

0.2

0.4

0.6

0.8

1

C
D
F

U#V h?2 bi�;2 /m`�iBQM /Bbi`B@
#miBQM

6B;XRRX *mKmH�iBp2 /Bbi`B#miBQM 7mM+iBQM Q7 i?2 �HB#�#� /�i�b2iX

eXk 1tT2`BK2Mi a2iiBM;

q2 2p�Hm�i2 Qm` +QMi2MiBQM@7`22 b+?2/mH2` �M/ i?2
_G@#�b2/ b+?2/mH2` QM � `2�H aT�`F +Hmbi2` �M/ BM bBK@
mH�iBQMbX h?2 aT�`F +Hmbi2` Bb b2i mT QM i?2 �K�xQM
1H�biB+ *QKTmi2 *HQm/ U1*kVX q2 mb2 Ry K9XtH�`;2

BMbi�M+2bX 1�+? BMbi�M+2 ?�b 9 AMi2H s2QM 18@kede
p*Sl +Q`2b- jk:" _�J- d8yJ" K�tBKmK #�M/@
rB/i?X q?2M b2iiBM; mT i?2 aT�`F +Hbmi2`- i?2 /27�mHi
T�`�K2i2` +QM};m`�iBQM Bb F2Ti 7Q` bBKTHB+BivX

"2bB/2b mbBM; i?2 1*k +Hmbi2`- r2 mb2 � HQ+�H S*
iQ i`�BM Qm` _G@�;2MiX h?2 HQ+�H S* ?�b �M AMi2H Bd@
3dyy *Sl- � jk:" _�J- �M/ � bBM;H2 LpB/B� :hs
Ry3y :SlX q2 mb2 i?2 _1AL6P_*1 TQHB+v ;`�/B2Mi
�H;Q`Bi?K (R8) iQ i`�BM i?2 _G �;2Mi- �M/ r2 bm#i`�+i
i?2 #�b2HBM2 T2`7Q`K�M+2 7`QK i?2 `2r�`/ 7mM+iBQM BM
2�+? Bi2`�iBQM Q7 i?2 T�`�K2i2` mT/�iBM;X aT2+B}+�HHv-
i?2 #�b2HBM2 Bb mb2/ iQ `2/m+2 i?2 p�`B�M+2 Q7 i?2 TQH@
B+v ;`�/B2MiX .2i�BHb Q7 i?2 2tTH�M�iBQM QM bm#i`�+iBM;
#�b2HBM2b +�M #2 7QmM/ �i (Re)X PM Qm` HQ+�H S*- 2�+?
i`�BMBM; Bi2`�iBQM i�F2b �#Qmi 8 b2+QM/b QM �p2`�;2X
*QMbB/2`BM; i?2 BMBiB�H TQHB+v Q7 i?2 _G �;2Mi Bb `�M@
/QKHv ;2M2`�i2/- Bib T2`7Q`K�M+2 Bb MQi ;QQ/ 2MQm;? iQ

k�p�B�#H2 QMHBM2, ?iiTb,ff;Bi?m#X+QKf�HB#�#�f+Hmbi2`/�i�f#HQ#fK�bi2`f+Hmbi2`@i`�+2@pkyR3fi`�+2nkyR3XK/
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Re CX *QKTmiX a+BX � h2+?MQHX

?�M/H2 � ?2�pv rQ`FHQ�/X h?2`27Q`2- r2 }`bi mb2 bK�HH
DQ# #�i+?2b iQ i`�BM i?2 _G �;2Mi �M/ i?2M ;`�/m�HHv
2MH�`;2 i?2 DQ# #�i+? bBx2X � r2HH@i`�BM2/ _G �;2Mi Bb
/2THQv2/ QM i?2 1*k +Hmbi2`X

eXj 1tT2`BK2Mi _2bmHi

100 101 102 103

Duration (s)
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0.8

1
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F

DelayStage
Contention-free
RL-based

U�V h?2 bi�;2 /m`�iBQM /Bbi`B#m@
iBQM

20 40 60 80 100
Job Batch Size
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0.4

0.5

0.6

Sc
he

du
lin

g 
O

ve
rh

ea
d 

(s
)

DelayStage
Contention-free

U#V *QKT�`BbQM QM i?2 Qp2`@
?2�/

6B;XRkX S2`7Q`K�M+2 2p�Hm�iBQM QM i?2 �HB#�#� /�i�b2iX

q2 }`bi +QKT�`2 i?2 bi�;2 2t2+miBQM iBK2 Q#i�BM2/
#v /Bz2`2Mi b+?2/mH2`bX q2 +QKT�`2 Qm` +QMi2MiBQM@7`22
bi`�i2;v �M/ _G@#�b2/ b+?2/mH2` rBi? i?2 .2H�vai�;2
b+?2/mH2` BM (Rd)X q2 2t2+mi2 i?2 b�K2 DQ# #�i+? rBi?
/Bz2`2Mi b+?2/mH2`b QM i?2 aT�`F +Hmbi2` �M/ `2+Q`/ i?2
/m`�iBQM Q7 2�+? bi�;2X h?2 /Bbi`B#miBQM Q7 i?2 bi�;2 /m@
`�iBQM Bb b?QrM BM 6B;X RkU�VX GBM2b QM i?2 H27i ?�p2 #2i@
i2` T2`7Q`K�M+2X 6`QK i?2 };m`2- r2 +�M }M/ i?�i i?2
bi�;2 /m`�iBQM /Bbi`B#miBQMb �+?B2p2/ #v i?2 +QMi2MiBQM@
7`22 b+?2/mH2` �M/ i?2 .2H�vai�;2 b+?2/mH2` �`2 bBK@
BH�`X h?2 .2H�vai�;2 b+?2/mH2` bHB;?iHv QmiT2`7Q`Kb
i?2M +QMi2MiBQM@7`22 b+?2/mH2`X Ai Bb #2+�mb2 i?�i T2`@
72+iHv T�`�HH2H �bbmKTiBQM Q7 i?2 +QMi2MiBQM@7`22 b+?2/@
mH2` Bb bi`QM; �M/ +�M ?�`/Hv #2 b�iBb}2/ BM `2�H@rQ`H/
rQ`FHQ�/bX >Qr2p2`- i?2 Qp2`?2�/ Q7 i?2 +QMi2MiBQM@
7`22 b+?2/mH2` Bb bK�HH2`X h?2 _G@#�b2/ b+?2/mH2` bB;@
MB}+�MiHv QmiT2`7Q`Kb Qi?2` b+?2/mH2`bX Ai +QmH/ 2{@
+B2MiHv `2/m+2 i?2 /m`�iBQM Q7 HQM; bi�;2bX h?2 K�BM
`2�bQM Bb i?�i i?2 _G@#�b2/ b+?2/mH2` +QmH/ b2i T�`�H@
H2HBbK HBKBi�iBQMb 7Q` bi�;2b- r?B+? 7m`i?2` �pQB/b i?2
r�bi2 Q7 i?2 +QKTmi�iBQM�H `2bQm`+2bX

6B;X RkU#V b?Qrb i?2 +QKT�`BbQM Q7 i?2 b+?2/mH@
BM; Qp2`?2�/X AM i?Bb b2i Q7 2tT2`BK2Mib- r2 p�`v i?2

DQ# #�i+? bBx2 Ui?2`27Q`2 p�`v i?2 MmK#2` Q7 bi�;2bV-
�M/ `2+Q`/ i?2 iBK2 +QMbmKTiBQM Q7 i?2 +QMi2MiBQM@7`22
�M/ i?2 .2H�vai�;2 b+?2/mH2`X h?2 Qp2`?2�/ Q7 i?2
_G@#�b2/ b+?2/mH2` Bb MQi b?QrM bBM+2 Bi 7`2[m2MiHv mT@
/�i2b Bib b+?2/mH2 /m`BM; i?2 DQ# 2t2+miBQMX 6`QK i?2
};m`2- r2 +�M }M/ i?�i i?2 +QMi2MiBQM@7`22 b+?2/mH2`
?�b bK�HH2` Qp2`?2�/b �M/ Bi Bb KQ`2 2{+B2MiX h?2 `2�@
bQM Bb i?�i i?2 +QMi2MiBQM@7`22 b+?2/mH2` T�`iBiBQMb i?2
.�: BMiQ KmHiBTH2 bm#b2ib Q7 `2�/v@iQ@;Q bi�;2b �M/
QMHv M22/ iQ bQ`i bi�;2b BM 2�+? bm#b2iX h?Bb T�`iBiBQM@
BM; �TT`Q�+? `2/m+2b i?2 �p2`�;2 iBK2 +QKTH2tBiv Q7
i?2 +QMi2MiBQM@7`22 b+?2/mH2`X

0 100 200 300 400 500 600
Time (s)

0

50

100

C
PU

 U
til

iz
at

io
n 

(%
)

RL-based
Default

6B;XRjX h?2 *Sl miBHBx�iBQM Q7 � rQ`F2` MQ/2X

q2 i?2M BMp2biB;�i2 r?2i?2` Qm` _G@#�b2/ b+?2/@
mH2` +QmH/ BKT`Qp2 `2bQm`+2 miBHBx�iBQMX q2 mb2 i?2 bvM@
i?2iB+ /�i�b2i 7Q` i?Bb 2tT2`BK2Mi bBM+2 i?2 DQ#b 7`QK
i?2 bvMi?2iB+ /�i�b2i ?�p2 `2H�iBp2Hv bBKTH2 .�: bi`m+@
im`2bX q2 +QKT�`2 Qm` _G@#�b2/ b+?2/mH2` rBi? i?2
/27�mHi aT�`F b+?2/mH2`X 6`QK i?Bb 2tT2`BK2Mi- r2 +�M
?�p2 � +HQb2` HQQF �i i?2 `2bQm`+2 miBHBx�iBQM �M/ ?�p2
� #2ii2` mM/2`bi�M/BM; Q7 i?2 _G@#�b2/ b+?2/mH2`X h?2
2tT2`BK2Mi `2bmHi Bb b?QrM BM 6B;X RjX 6`QK i?2 };m`2-
r2 +�M }M/ i?�i i?2 _G@#�b2/ b+?2/mH2` +QmH/ bi�`i
mbBM; i?2 *Sl 2�`HB2` i?�M i?2 /27�mHi aT�`F b+?2/@
mH2`X h?2 `2�bQM Bb i?�i i?2 /27�mHi b+?2/mH2` bi�`ib �HH
`2�/v@iQ@;Q bi�;2b bBKmHi�M2QmbHv �M/ +�mb2b M2irQ`F
+QM;2biBQMX h?2 _G@#�b2/ b+?2/mH2` +QmH/ BMi2`H2�p2
i?2 M2irQ`F `2bQm`+2bX Ai /2H�vb i?2 bi�`i Q7 bQK2 T�`@
�HH2H bi�;2b �M/ i?2 bi�;2 BM 2t2+miBQM +QmH/ #2 �HHQ+�i2/
rBi? � H�`;2` #�M/rB/i?X AM �//BiBQM- r2 �HbQ }M/ i?�i
i?2 _G@#�b2/ b+?2/mH2` +QmH/ �+?B2p2 � ?B;?2` *Sl miB@
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�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM Rd

HBx�iBQMX aT2+B}+�HHv- i?2 /27�mHi b+?2/mH2` ?�b b2p2`�H
iBK2 BMi2`p�Hb /m`BM; r?B+? i?2 *Sl miBHBx�iBQM Bb HQr-
#mi i?2 _G@#�b2/ b+?2/mH2` +QmH/ F22T � ?B;? `2bQm`+2
miBHBx�iBQMX h?Qb2 7�+iQ`b K�F2 i?2 _G@#�b2/ b+?2/mH2`
}MBb? i?2 DQ# #�i+? BM jeRbX Ai Bb Km+? 7�bi2` i?�M i?2
/27�mHi aT�`F b+?2/mH2` r?B+? M22/b 8eyb }MBb? i?2 DQ#
#�i+?X

h?2 `2bQm`+2 miBHBx�iBQM �+?B2p2/ #v /Bz2`2Mi b+?2/@
mH2`b Bb +QKT�`2/ BM h�#H2 kX AM i?2 +QKT�`BbQM- r2 mb2
� DQ# #�i+? 7`QK i?2 �HB#�#� /�i�b2i �M/ `2+Q`/ i?2 �p@
2`�;2 *Sl �M/ M2irQ`F `2bQm`+2 miBHBx�iBQM Q7 � rQ`F2`
MQ/2X *QKT�`BM; rBi? i?2 T`2pBQmb 2tT2`BK2Mi- i?2
rQ`FHQ�/ Bb BM+`2�b2/ �M/ i?2 /2T2M/2M+v `2H�iBQMb?BTb
�KQM; bi�;2b #2+QK2 KQ`2 +QKTH2tX h?2 miBHBx�iBQM Bb
b?QrM BM h�#H2 kX 6`QK i?2 i�#H2- r2 +�M }M/ i?�i
i?2 _G@#�b2/ b+?2/mH2` +QmH/ BKT`Qp2 #Qi? *Sl �M/
M2irQ`F miBHBx�iBQMX *QKT�`2/ rBi? i?2 /27�mHi 6mtB
b+?2/mH2` mb2/ BM �HB#�#� i`�+2- i?2 _G@#�b2/ b+?2/@
mH2` +�M BKT`Qp2 i?2 *Sl miBHBx�iBQM #v jjXyW �M/
BKT`Qp2 i?2 M2irQ`F miBHBx�iBQM #v kNXdW- `2bT2+iBp2HvX
Ai �HbQ QmiT2`7Q`Kb i?2 .2H�vai�;2 b+?2/mH2`X

h�#H2 kX h?2 �p2`�;2 `2bQm`+2 miBHBx�iBQM

.27�mHi .2H�vai�;2 _G@#�b2/
*Sl jdXNW 9eXRW 8yX9W
L2irQ`F 9jX8W 89X8W 8eX9W

d _2H�i2/ qQ`F

"�b2/ QM /Bz2`2Mi b+?2/mH2 ;`�MmH�`Biv- 2tBbiBM;
.�: b+?2/mH2`b +QmH/ #2 /BpB/2/ BMiQ i?`22 K�DQ`
;`QmTb, DQ#@H2p2H b+?2/mH2`b- bi�;2@H2p2H b+?2/mH2`b- �M/
i�bF@H2p2H b+?2/mH2`bX h?2 DQ#@H2p2H b+?2/mH2`b �``�M;2
i?2 b2[m2M+2 Q7 DQ# 2t2+miBQM �M/ i?2 ivTB+�H Q#D2+@
iBp2 Bb iQ `2/m+2 i?2 DQ# `2bTQMb2 iBK2X "2bB/2b i?2
+H�bbB+�H 6A6P Q` 6�B` b+?2/mHBM;- >m 2iX �HX(R3) T`Q@
TQb2 iQ mb2 KmHiBTH2 H2p2H T`BQ`Biv [m2m2b iQ b+?2/mH2
i?2 DQ#b rBi?Qmi FMQrBM; i?2B` bBx2b BM �/p�M+2X h?2

bi�;2@H2p2H b+?2/mH2`b +QMbB/2` i?2 2t2+miBQM Q7 bi�;2b-
BM+Hm/BM; i?2 T�`�HH2HBbK H2p2H- `2bQm`+2 �HHQ+�iBQM- �M/
/2T2M/2M+2 `2H�iBQMb Q7 bi�;2bX J�Q 2iX �HX(Rk) 7QHHQr �
`2BM7Q`+2K2Mi H2�`MBM; �TT`Q�+? iQ /2i2`KBM2 i?2 T�`@
�HH2HBbK H2p2H �M/ T`BQ`Biv Q7 2�+? bi�;2X 6Q` `2bQm`+2
�HHQ+�iBQM- :`�M/H 2iX �HX(k) T`QTQb2 iQ ;`22/BHv K�i+?
i?2 bi�;2 `2bQm`+2 /2K�M/b rBi? �p�BH�#H2 `2bQm`+2bX
h?2v 7m`i?2` /2}M2 i?2 +QM+2Ti Q7 i`Qm#H2bQK2 bi�;2b
BM (8)X h`Qm#H2bQK2 bi�;2b rQmH/ #2 +QMbB/2`2/ }`bi
QM i?2 `2bQm`+2 TH�M2X Pm` T�T2` 7Q+mb QM bi�;2@H2p2H
b+?2/mHBM;X .Bz2`2Mi 7`QK 2tBbiBM; b+?2/mH2`b- r2 MQ@
iB+2 i?�i i?2 BMi2`H2�p2 mb�;2 Q7 `2bQm`+2b +QmH/ ?2HT
`2/m+2 DQ# K�F2bT�M �M/ BKT`Qp2 `2bQm`+2 miBHBx�iBQMX
(RN) �M/ (Rd) �HbQ T`QTQb2 iQ BMi2`H2�p2 `2bQm`+2bX hQ BK@
T`Qp2 `2bQm`+2 miBHBx�iBQM- (ky- kR- kk) /Bb+mbb bQHmiBQMb
7Q` T`Bp�i2 /�i�+2Mi2`bX (kj) 7m`i?2` +QMbB/2`b i?2 Tm#@
HB+ /�i�b2iX .Bz2`2Mi 7`QK i?2K- r2 /2p2HQT � b+?2/@
mH2` #�b2/ QM `2BM7Q`+2K2Mi H2�`MBM; iQ �/�TiBp2Hv BM@
i2`H2�p2 `2bQm`+2b 7Q` ;2M2`�H .�: bi�;2bX 1�+? bi�;2
BM � .�: +QMbBbib Q7 � b2i Q7 T�`�HH2H i�bFbX � i�bF
b+?2/mH2` bm+? �b JQMQi�bFb(k9) +QMbB/2`b }M2@;`�BM2/
T�`�HH2HBx�iBQM Q7 i�bFbX >Qr2p2`- Bi M22/b iQ KQ/B7v
i?2 aT�`F �SA r?BH2 Qm` b+?2/mH2` +QmH/ #2 2�bBHv BK@
TH2K2Mi2/ QM aT�`FX

h?2 +Q`2 +?�HH2M;2 Q7 /2bB;MBM; � bi�;2@H2p2H b+?2/@
mH2` Bb #`Qm;?i #v i?2 T`2+2/2M+2 +QMbi`�BMib BM .�:bX
1tBbiBM; i?2Q`2iB+�H �M�Hvb2b (k8- ke) mbm�HHv 7Q+mb QM
bBKTH2 +�b2bX h?2 bi�i2@Q7@i?2@�`i i?2Q`2iB+�H `2bmHi Bb
;Bp2M BM (k8)X >Qr2p2`- r2 +�MMQi /B`2+iHv �TTHv i?Qb2
i?2Q`2iB+�H `2bmHib iQ Qm` T`Q#H2K bBM+2 r2 �HbQ +QM@
bB/2` i?2 T`2+2/2M+2 `2H�iBQM #2ir22M irQ T?�b2b BM
2�+? bi�;2X a+?2/mHBM; i?Qb2 T?�b2b Bb �HbQ MQ i`BpB�H-
�M/ Bi +�M #2 pB2r2/ �b � b?QT b+?2/mHBM; T`Q#H2K (3)X
Ai ?�b #22M T`Qp2M i?�i i?2 DQ# b?QT T`Q#H2K Bb ?�`/
iQ �TT`QtBK�i2 (kd)X a?KQvb 2iX �HX(k3- kN) b?Qr b2p@
2`�H _L*@�TT`QtBK�iBQM �H;Q`Bi?Kb 7Q` b?QT b+?2/mH@
BM;X �Hi?Qm;? i?2B` �H;Q`Bi?Kb �`2 TQHvMQKB�H@iBK2 BM
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R3 CX *QKTmiX a+BX � h2+?MQHX

i?2Q`v- i?2v �`2 BM2{+B2MiX w?2M; 2iX �HX(jy) +QMbB/2`
i?2 b?QT b+?2/mHBM; T`Q#H2K BM i?2 J�T_2/m+2 7`�K2@
rQ`FX h?2`2 Bb MQ .�: bi`m+im`2 BM i?2B` T`Q#H2K 7Q`@
KmH�iBQMX q2 DQBMiHv +QMbB/2` i?2 .�: b+?2/mHBM; �M/
i?2 b?QT b+?2/mHBM; T`Q#H2KbX

h?2`2 �`2 K�Mv Qi?2` BKTQ`i�Mi rQ`Fb (jR- jk- jj-
j9- j8- je) i?�i BKT`Qp2b i?2 b+?2/mHBM; �H;Q`Bi?Kb BM
/Bz2`2Mi 2p�Hm�iBQM K2i`B+bX b+?2/mHBM; �H;Q`Bi?KX (jR)
7Q+mb2b QM i?2 7�B`M2bb Bbbm2b BM b+?2/mHBM; �M/ /Bb@
+mbb2b i?2 i`�/2@Qz #2ir22M 7�B`M2bb �M/ DQ# +QKTH2iBQM
iBK2X h?2B` b+?2/mHBM; +�M K�BMi�BM HQM;@i2`K 7�B`M2bb
�M/ BKT`Qp2 i?2 DQ# +QKTH2iBQM iBK2 #v b�+`B}+BM; i?2
b?Q`i@iBK2 7�B`M2bbX (jk) /Bb+mbb2b i?2 DQ# KBbb `�iBQbX
h?2B` b+?2/mH2` +�M `2/m+2 i?2 /2�/HBM2 KBbb `�i2 #v
T`QpB/BM; ;m�`�Mi22b QM DQ# H�i2M+vX (jj) b?Qrb i?2
�TT`QtBK�iBQM #QmM/b Q7 b+?2/mHBM; �H;Q`Bi?Kb 7Q` QM@
HBM2 �``Bp�H DQ#bX (j9) T`2b2Mib � b+?2/mH2` i?�i KBMB@
KBx2b i?2 iQi�H r2B;?i2/ `2bTQMb2 iBK2 7Q` QMHBM2 DQ#b
BM 2/;2@+HQm/ +QKTmiBM; b+2M�`BQbX (j8) �M�Hvx2b i?2
rQ`bi@+�b2 K�F2bT�M Q7 � +QM/BiBQM�H .�: i�bF mM/2`
HBbi b+?2/mHBM;X (je) BHHmbi`�i2b � H2�`MBM; �H;Q`Bi?K 7Q`
i?2 /Bbi`B#mi2/ .�: b+?2/mHBM; T`Q#H2KX

3 *QM+HmbBQM

AM i?Bb T�T2`- r2 +QMbB/2` i?2 bi�;2 b+?2/mHBM; T`Q#@
H2K 7Q` .�:@bivH2 DQ#bX q2 MQiB+2 i?�i BMi2`H2�pBM; `2@
bQm`+2 mb�;2 +QmH/ `2/m+2 i?2 K�F2bT�M �M/ BKT`Qp2
+Hmbi2` `2bQm`+2 miBHBx�iBQMX q2 i?2Q`2iB+�HHv �M�Hvx2
i?2 b+?2/mHBM; 7Q` T2`72+iHv T�`�HH2H bi�;2b �M/ +QMp2`i
Qm` T`Q#H2K BMiQ � .�: b?QT b+?2/mHBM; T`Q#H2KX 6Q`
T2`72+iHv T�`�HH2H bi�;2b- r2 T`QTQb2 � +QMi2MiBQM@7`22
b+?2/mH2`X q2 �HbQ MQiB+2 i?�i i?2 T`�+iB+�H DQ#b mbm@
�HHv ?�p2 p2`v 72r T2`72+iHv T�`�HH2H bi�;2b- �M/ i?2
+QMi2MiBQM@7`22 b+?2/mHBM; KB;?i r�bi2 +QKTmi�iBQM�H
`2bQm`+2bX 6Q` ;2M2`�H bi�;2 b+?2/mHBM;- r2 +QMi`QH i?2
`2bQm`+2 +QMi2MiBQM H2p2H #v b2iiBM; T�`�HH2HBbK HBKB@
i�iBQMb �M/ /2H�vBM; i?2 bi�`i Q7 bQK2 bi�;2bX q2

mb2 � `2BM7Q`+2K2Mi H2�`MBM; U_GV #�b2/ b+?2/mH2` iQ
�/�TiBp2Hv �/Dmbi T�`�HH2HBbK HBKBi�iBQMb �M/ i?2 bi�`i
iBK2X q2 mb2 i?2 `2�H@rQ`H/ �HB#�#� i`�+2 /�i� iQ
2p�Hm�i2 Qm` +QMi2MiBQM@7`22 �M/ _G@#�b2/ b+?2/mH2`X
h?2 +QMi2Mi@7`22 b+?2/mH2` +�M �+?B2p2 � 3/2 �TT`QtB@
K�i2 `�iBQ rBi? `2H�iBp2Hv bK�HH iBK2 +QKTH2tBivX qBi?
T`QT2` i`�BMBM;- i?2 _G@#�b2/ b+?2/mH2` +�M �+?B2p2
?B;?2` `2bQm`+2 miBHBx�iBQM +QKT�`2/ rBi? /27�mHi �M/
+QMi2MiBQM@7`22 b+?2/mH2`bX

_272`2M+2b

(R) Ab�`/ J- S`�#?�F�`�M o- *m``2v C- qB2/2` l- h�Hr�` E-
:QH/#2`; �X ZmBM+v, 7�B` b+?2/mHBM; 7Q` /Bbi`B#mi2/ +QK@
TmiBM; +Hmbi2`bX AM S`Q+X i?2 �*J aPaS- P+iQ#2` kyyN-
TTXkeRĜkdeX

(k) :`�M/H _- �M�Mi?�M�`�v�M�M :- E�M/mH� a- _�Q a- �F2HH�
�X JmHiB@`2bQm`+2 T�+FBM; 7Q` +Hmbi2` b+?2/mH2`bX �*J aA:@
*PJJ *QKTmi2` *QKKmMB+�iBQM _2pB2r- kyR9- 99U9V,
988Ĝ9eeX

(j) w?�M; w- GB *- h�Q u- u�M; _- h�M; >- sm CX 6mtB, � 7�mHi@
iQH2`�Mi `2bQm`+2 K�M�;2K2Mi �M/ DQ# b+?2/mHBM; bvbi2K �i
BMi2`M2i b+�H2X AM S`Q+X i?2 oG." 1M/QrK2Mi- a2Ti2K#2`
kyR9- TTXRjNjĜR9y9X

(9) omHBKB`B �- *m`BMQ *- :Q/7`2v S "- CmM;#Hmi h- S�/?v2 C-
o�`;?2b2 :X :HQ#�H �M�HviB+b BM i?2 7�+2 Q7 #�M/rB/i? �M/
`2;mH�iQ`v +QMbi`�BMibX AM S`Q+X i?2 la1LAs La.A- J�v
kyR8- TTXjkjĜjjeX

(8) :`�M/H _- E�M/mH� a- _�Q a- �F2HH� �- EmHF�`MB CX
:_�S>1L1, S�+FBM; �M/ /2T2M/2M+v@�r�`2 b+?2/mHBM;
7Q` /�i�@T�`�HH2H +Hmbi2`bX AM S`Q+X i?2 la1LAs Pa.A-
LQp2K#2` kyRe- TTX3RĜNdX

(e) >m w- GB "- *?2M *- E2 sX 6HQriBK2, .vM�KB+ b+?2/mHBM;
Q7 /2�/HBM2@�r�`2 rQ`F~Qrb �/@?Q+ DQ#bX AM S`Q+X i?2 A111
A*.*a- CmHv kyR3- TTXNkNĜNj3X

(d) .m�M u- q�M; L- CB2 qX _2/m+BM; J�F2bT�Mb Q7 .�:
a+?2/mHBM; i?`Qm;? AMi2`H2�pBM; Pp2`H�TTBM; _2bQm`+2 liB@
HBx�iBQMX AM S`Q+X i?2 A111 J�aa- .2+2K#2` kyky-
TTXjNkĜ9yyX

(3) "`m+F2` SX a+?2/mHBM; �H;Q`Bi?KbX aT`BM;2`- kyydX
(N) q�M; >- aBMM2M PX GBbi@b+?2/mHBM; p2`bmb +Hmbi2`@

b+?2/mHBM;X A111 h`�Mb�+iBQMb QM S�`�HH2H- .Bbi`B#mi2/
avbi2Kb- kyR3- kNU3V, RdjeĜRd9NX

(Ry) CQ?MbQM a JX PTiBK�H irQ@�M/ i?`22@bi�;2 T`Q/m+iBQM
b+?2/mH2b rBi? b2imT iBK2b BM+Hm/2/X L�p�H _2b2�`+? GQ@
;BbiB+b Zm�`i2`Hv- RN89- RURV, eRĜe3X
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�++2H2`�iBM; .�:@bivH2 CQ# 1t2+miBQM RN

(RR) �K/�?H : JX o�HB/Biv Q7 i?2 bBM;H2 T`Q+2bbQ` �TT`Q�+?
iQ �+?B2pBM; H�`;2 b+�H2 +QKTmiBM; +�T�#BHBiB2bX AM S`Q+X
i?2 aT`BM; CQBMi *QKTmi2` *QM72`2M+2- �T`BH RNed-
TTX93jĜ938X

(Rk) J�Q >- a+?r�`xFQT7 J- o2MF�i�F`Bb?M�M a "- J2M; w- �H@
Bx�/2? JX G2�`MBM; b+?2/mHBM; �H;Q`Bi?Kb 7Q` /�i� T`Q+2bb@
BM; +Hmbi2`bX AM S`Q+X i?2 �*J aA:*PJJ- �m;mbi kyRN-
TTXkdyĜk33X

(Rj) w�?�`B� J- "Q`i?�Fm` .- a2M a C- 1HK2H22;v E- a?2MF2` a-
aiQB+� AX .2H�v b+?2/mHBM;, � bBKTH2 i2+?MB[m2 7Q` �+?B2pBM;
HQ+�HBiv- 7�B`M2bb BM +Hmbi2` b+?2/mHBM;X AM S`Q+X i?2 �*J
1m`Qavb- �T`BH kyRy- TTXke8Ĝkd3X

(R9) E?�HBH 1- .�B >- w?�M; u- .BHFBM� "- aQM; GX G2�`MBM; +QK@
#BM�iQ`B�H QTiBKBx�iBQM �H;Q`Bi?Kb Qp2` ;`�T?bX AM S`Q+X i?2
L2m`ASa- .2+2K#2` kyRd- TTXej93Ĝej83X

(R8) qBHHB�Kb _ CX aBKTH2 bi�iBbiB+�H ;`�/B2Mi@7QHHQrBM; �H;Q@
`Bi?Kb 7Q` +QMM2+iBQMBbi `2BM7Q`+2K2Mi H2�`MBM;X J�+?BM2
G2�`MBM;- RNNk- 3Uj@9V, kkNĜk8eX

(Re) q2�p2` G- h�Q LX h?2 QTiBK�H `2r�`/ #�b2HBM2 7Q`
;`�/B2Mi@#�b2/ `2BM7Q`+2K2Mi H2�`MBM;X �`sBp,RjyRXkjR8-
kyRjX ?iiTb,ff�`tBpXQ`;f�#bfRjyRXkjR8- C�M kyRjX

(Rd) a?�Q q- sm 6- *?2M G- w?2M; >- GBm 6X ai�;2 .2H�v
a+?2/mHBM;, aT22/BM; mT .�:@bivH2 .�i� �M�HviB+b CQ#b
rBi? _2bQm`+2 AMi2`H2�pBM;X AM S`Q+X i?2 A111 A*SS- �m@
;mbi kyRN- TTXRĜRRX

(R3) >m w- GB "- ZBM w- :Q? _ a JX CQ# b+?2/mHBM; rBi?Qmi
T`BQ` BM7Q`K�iBQM BM #B; /�i� T`Q+2bbBM; bvbi2KbX AM S`Q+X
i?2 A111 A*.*a- CmM2 kyRd- TTX8dkĜ83kX

(RN) GBm a- q�M; >- GB "X PTiBKBxBM; b?m|2 BM rB/2@�`2�
/�i� �M�HviB+bX AM S`Q+X i?2 A111 A*.*a- CmM2 kyRd-
TTX8eyĜ8dRX

(ky) .2HBKBi`Qm *- EQxv`�FBb *X S�`�;QM, ZQa@�r�`2 b+?2/mH@
BM; 7Q` ?2i2`Q;2M2Qmb /�i�+2Mi2`bX �*J aA:SG�L LQiB+2b-
kyRj- 93U9V, ddĜ33X

(kR) o�pBH�T�HHB o E- 2i �HX �T�+?2 ?�/QQT v�`M, u2i �MQi?2` `2@
bQm`+2 M2;QiB�iQ`X AM S`Q+X i?2 �*J aQ**- P+iQ#2` kyRj-
TTXRĜ8X

(kk) .2HBKBi`Qm *- EQxv`�FBb *X Zm�b�`, `2bQm`+2@2{+B2Mi- ZQa@
�r�`2 +Hmbi2` K�M�;2K2MiX �*J aA:�_*> *QKTmi2` �`@
+?Bi2+im`2 L2rb- kyR9- 9kURV, RkdĜR99X

(kj) w?�M; q- w?2M; L- *?2M Z- u�M; u- aQM; w- J� h- G2M; C-
:mQ JX l_a�, S`2+Bb2 *�T�+Biv SH�MMBM;- 6�B` a+?2/mHBM;
"�b2/ QM GQr@G2p2H ai�iBbiB+b 7Q` Sm#HB+ *HQm/bX AM S`Q+X
i?2 �*J A*SS- �m;mbi kyky- TTXRĜRRX

(k9) Pmbi2`?Qmi E- *�M2H *- _�iM�b�Kv a- a?2MF2` aX JQMQ@
i�bFb, �`+?Bi2+iBM; 7Q` T2`7Q`K�M+2 +H�`Biv BM /�i� �M�Hvi@
B+b 7`�K2rQ`FbX AM S`Q+X i?2 �*J aPaS- P+iQ#2` kyRd-
TTXR39ĜkyyX

(k8) �;`�r�H E- GB C- Gm E- JQb2H2v "X a+?2/mHBM; T�`�HH2H
.�: DQ#b QMHBM2 iQ KBMBKBx2 �p2`�;2 ~Qr iBK2X AM S`Q+X
i?2 �*J@aA�J aP.�- C�Mm�`v kyRe- TTXRdeĜR3NX

(ke) *?2Fm`B *- :Q2H �- E?�MM� a- EmK�` �X JmHiB@T`Q+2bbQ`
b+?2/mHBM; iQ KBMBKBx2 ~Qr iBK2 rBi? " `2bQm`+2 �m;K2M@
i�iBQMX AM S`Q+X i?2 �*J ahP*- CmM2 kyy9- TTXjejĜjdkX

(kd) J�bi`QHBHHB J- ap2MbbQM PX �+v+HB+ DQ# b?QTb �`2 ?�`/ iQ
�TT`QtBK�i2X AM S`Q+X i?2 A111 6P*a- P+iQ#2` kyy3-
TTX83jĜ8NkX

(k3) a?KQvb . "- ai2BM *- q2BM CX AKT`Qp2/ �TT`QtBK�iBQM �H@
;Q`Bi?Kb 7Q` b?QT b+?2/mHBM; T`Q#H2KbX aA�J CQm`M�H QM
*QKTmiBM;- RNN9- kjUjV, eRdĜejkX

(kN) w?2M; >- qm CX CQBMi a+?2/mHBM; Q7 Pp2`H�TTBM; J�T_2@
/m+2 S?�b2b, S�B` CQ#b 7Q` PTiBKBx�iBQMX A111 h`�Mb�+@
iBQMb QM a2`pB+2b *QKTmiBM;- kyR3- , RĜRX

(jy) w?2M; >- q�M w- qm CX PTiBKBxBM; K�T`2/m+2 7`�K2rQ`F
i?`Qm;? DQBMi b+?2/mHBM; Q7 Qp2`H�TTBM; T?�b2bX AM S`Q+X i?2
A111 A***L- �m;mbi kyRe- TTXRĜNX

(jR) :`�M/H _- *?Qr/?m`v J- �F2HH� �- �M�Mi?�M�`�v�M�M :X
�Hi`mBbiB+ b+?2/mHBM; BM KmHiB@`2bQm`+2 +Hmbi2`bX AM S`Q+X i?2
la1LAs Pa.A- LQp2K#2` kyRe- TTXe8Ĝ3yX

(jk) 62`;mbQM _ .- "Q/BF S- E�M/mH� a- "QmiBM 1- 6QMb2+� _X
CQ+F2v, ;m�`�Mi22/ DQ# H�i2M+v BM /�i� T�`�HH2H +Hmbi2`bX AM
S`Q+X i?2 �*J 1m`Qavb- �T`BH kyRk- TTXNNĜRRkX

(jj) AK a- E2HH L- EmHF�`MB C- S�MB;`�?B .X hB;?i #QmM/b 7Q` QM@
HBM2 p2+iQ` b+?2/mHBM;X AM S`Q+X i?2 A111 6P*a- P+iQ#2`
kyR8- TTX8k8Ĝ899X

(j9) h�M >- >�M w- GB s@u- G�m 6 *JX PMHBM2 DQ# /BbT�i+?BM;-
b+?2/mHBM; BM 2/;2@+HQm/bX AM S`Q+X i?2 A111 AL6P*PJ-
J�v kyRd- TTXRĜNX

(j8) J�`+?2iiB@aT�++�K2H� �- J2;Qr L- a+?Hƺi2` C- aFmi2HH� J-
aiQm;B2 GX PM i?2 *QKTH2tBiv Q7 *QM/BiBQM�H .�: a+?2/mH@
BM; BM JmHiBT`Q+2bbQ` avbi2KbX AM S`Q+X i?2 A111 AS.Sa-
J�v kyky- TTXRyeRĜRydyX

(je) CBM?QM; G- sBDmM G- JBM;tm�M u- CB�M;mQ u- CB�
wX G2�`MBM; iQ PTiBKBx2 .�: a+?2/mHBM; BM >2i@
2`Q;2M2Qmb 1MpB`QMK2MiX �`sBp,kRyjXyeN3y- kykRX
?iiTb,ff�`tBpXQ`;f�#bfkRyjXyeN3y- J�`+? kykRX
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um#BM .m�M `2+2Bp2/ ?Bb "XaX /2;`22
BM J�i?2K�iB+b �M/ S?vbB+b 7`QK lMB@
p2`bBiv Q7 1H2+i`QMB+ a+B2M+2 �M/ h2+?@
MQHQ;v Q7 *?BM�- *?2M;/m- *?BM�- BM
kyRdX >2 Bb +m``2MiHv � S?X.X +�M/B/�i2
BM i?2 .2T�`iK2Mi Q7 *QKTmi2` �M/ AM@
7Q`K�iBQM a+B2M+2b- h2KTH2 lMBp2`bBiv-
S?BH�/2HT?B�- S2MMbvHp�MB�- la�X >Bb

+m``2Mi `2b2�`+? 7Q+mb2b QM b+?2/mHBM; �H;Q`Bi?Kb 7Q` /Bb@
i`B#mi2/ bvbi2Kb �M/ T�`�HH2H +QKTmiBM;X

LBM; q�M; Bb +m``2MiHv �M �bbBb@
i�Mi T`Q72bbQ` BM i?2 .2T�`iK2Mi Q7
*QKTmi2` a+B2M+2 �i _Qr�M lMBp2`bBiv-
:H�bb#Q`Q- LCX >2 `2+2Bp2/ ?Bb S?X.X /2@
;`22 BM i?2 .2T�`iK2Mi Q7 *QKTmi2` �M/
AM7Q`K�iBQM a+B2M+2b �i h2KTH2 lMBp2`@
bBiv- S?BH�/2HT?B�- S�- la�- BM kyR3X
>2 Q#i�BM2/ ?Bb "X1X /2;`22 BM a+?QQH
Q7 S?vbB+�H 1H2+i`QMB+b �i lMBp2`bBiv Q7
1H2+i`QMB+ a+B2M+2 �M/ h2+?MQHQ;v Q7
*?BM�- *?2M;/m- aB+?m�M- *?BM�- BM

kyRjX >2 +m``2MiHv 7Q+mb2b QM +QKKmMB+�iBQM �M/ +QKTm@
i�iBQM QTiBKBx�iBQM T`Q#H2Kb BM AMi2`M2i@Q7@h?BM;b bvbi2Kb
�M/ QT2`�iBQM QTiBKBx�iBQM BM aK�`i *BiB2b �TTHB+�iBQMbX >2
?�b Tm#HBb?2/ M2�`Hv i?B`iv T�T2`b BM ?B;?@BKT�+i M2irQ`F@
BM; +QM72`2M+2b �M/ DQm`M�Hb- bm+? �b- A111 A*.*a- A111
AL6P*PJ- A111f�*J AqZQa- A111 h`�Mb�+iBQMb QM "B;
.�i�- CQm`M�H Q7 S�`�HH2H �M/ .Bbi`B#mi2/ *QKTmiBM;- 2i+X
>2 ?�b b2`p2/ �b � T`Q;`�K +QKKBii22 K2K#2` 7Q` iQT BM@
i2`M�iBQM�H +QM72`2M+2b bm+? �b A111 A*.*a- A111 q*L*-
2i+X- �M/ `2pB2r2`b 7Q` T`2KB2` DQm`M�Hb bm+? �b A111 hS.a-
hq*- hJ*X hAha- hPAh- hAha- ha*- 2i+X

CB2 qm Bb i?2 .B`2+iQ` Q7 i?2 *2Mi2`
7Q` L2irQ`F2/ *QKTmiBM; �M/ G�m`� >X
*�`M2HH T`Q72bbQ` �i h2KTH2 lMBp2`bBivX
>2 �HbQ b2`p2b �b i?2 .B`2+iQ` Q7 AMi2`M�@
iBQM�H �z�B`b �i *QHH2;2 Q7 a+B2M+2 �M/
h2+?MQHQ;vX >2 b2`p2/ �b *?�B` Q7 .2@
T�`iK2Mi Q7 *QKTmi2` �M/ AM7Q`K�iBQM
a+B2M+2b 7`QK i?2 bmKK2` Q7 kyyN iQ
i?2 bmKK2` Q7 kyRe �M/ �bbQ+B�i2 oB+2
S`QpQbi 7Q` AMi2`M�iBQM�H �z�B`b 7`QK
i?2 7�HH Q7 kyR8 iQ i?2 bmKK2` Q7 kyRdX

S`BQ` iQ DQBMBM; h2KTH2 lMBp2`bBiv- ?2 r�b � T`Q;`�K /B`2+@
iQ` �i i?2 L�iBQM�H a+B2M+2 6QmM/�iBQM �M/ r�b � /BbiBM@
;mBb?2/ T`Q72bbQ` �i 6HQ`B/� �iH�MiB+ lMBp2`bBivX >Bb +m`@
`2Mi `2b2�`+? BMi2`2bib BM+Hm/2 KQ#BH2 +QKTmiBM; �M/ rB`2@
H2bb M2i@ rQ`Fb- `QmiBM; T`QiQ+QHb- +HQm/ �M/ ;`22M +QK@
TmiBM;- M2irQ`F i`mbi �M/ b2+m`Biv- �M/ bQ+B�H M2irQ`F �T@
THB+�iBQMbX .`X qm `2;mH�`Hv Tm#HBb?2b BM b+?QH�`Hv DQm`@
M�Hb- +QM72`2M+2 T`Q+22/BM;b- �M/ #QQFbX >2 b2`p2b QM b2p@
2`�H 2/BiQ`B�H #Q�`/b- BM+Hm/BM; A111 h`�Mb�+iBQMb QM a2`@
pB+2 *QKTmiBM; �M/ i?2 CQm`M�H Q7 S�`�HH2H �M/ .Bbi`B#mi2/
*QKTmiBM;X .`X qm r�b ;2M2`�H +Q@+?�B` 7Q` A111 J�aa
kyye- A111 AS.Sa kyy3- A111 A*.*a kyRj- �*J JQ#B@
>Q+ kyR9- A*SS kyRe- �M/ A111 *La kyRe- �b r2HH �b T`Q@
;`�K +Q@+?�B` 7Q` A111 AL6P*PJ kyRR �M/ **6 *L**
kyRjX >2 r�b �M A111 *QKTmi2` aQ+B2iv .BbiBM;mBb?2/ oBb@
BiQ`- �*J .BbiBM;mBb?2/ aT2�F2`- �M/ +?�B` 7Q` i?2 A111

h2+?MB+�H *QKKBii22 QM .Bbi`B#mi2/ S`Q+2bbBM; Uh*.SVX
.`X qm Bb � **6 .BbiBM;mBb?2/ aT2�F2` �M/ � 62HHQr Q7 i?2
A111X >2 Bb i?2 `2+BTB2Mi Q7 i?2 kyRR *?BM� *QKTmi2` 62/@
2`�iBQM U**6V Pp2`b2�b Pmibi�M/BM; �+?B2p2K2Mi �r�`/X

Page 20 of 36Journal of Computer Science and Technology       http://jcst.ict.ac.cn

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


