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Improving airport collaborative decision making is at the heart of airport operations centers (APOCs),

recently established in several major European airports. In this paper, we describe a project commissioned

by Eurocontrol, the organization in charge of the safety and seamless flow of European air tra�c. The

project’s goal was to examine the opportunities o↵ered by the colocation and real-time data sharing in the

APOC at London’s Heathrow airport, arguably the most advanced of its type in Europe. We developed and

implemented a pilot study of a real-time data sharing and collaborative decision-making process, selected to

improve the e�ciency of Heathrow’s operations. In Guo et al. (2019), we describe the system that we devel-

oped for Heathrow to better estimate passenger connection times, which takes advantage of the integration

and data sharing that Heathrow’s APOC o↵ers. In this paper, we describe the process of how we chose the

subject of the pilot, namely the improvement of transfer-passenger flows through the airport, and how we

helped Heathrow move from its existing legacy system for managing passenger flows to an advanced machine

learning-based approach using real-time inputs. The system, which is now in operation at Heathrow, can

predict which passengers are likely to miss their connecting flights, reducing the likelihood that departures

will incur delays while waiting for delayed passengers. This can be done by o✏oading passengers in advance,

by expediting passengers through the airport, or by modifying the departure times of aircraft in advance.

By aggregating estimated passenger arrival time at various points throughout the airport, the system also

improves passenger experiences at immigration and security desks, by enabling modifications to sta�ng

levels in advance of expected surges in arrivals. The nine-stage framework we present here can support the

development and implementation of other real-time data-driven systems. To the best of our knowledge, the

proposed system is the first to use machine learning to model passenger flows in an airport.
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k �`iB+H2 bm#KBii2/ iQ AMi2`7�+2bc K�Mmb+`BTi MQX USH2�b2- T`QpB/2 i?2 K�Mmb+`BTi MmK#2`5V

>2�i?`Qr �B`TQ`i- i?2 #mbB2bi �B`TQ`i BM 1m`QT2- +�``B2b KQ`2 i?�M 3y KBHHBQM T�bb2M@

;2`b 2�+? v2�` iQ kyj /2biBM�iBQMb BM 39 +QmMi`B2b U>2�i?`Qr �B`TQ`i kyR3VX h?2 �B`TQ`i

2KTHQvb Qp2` e-8yy T2QTH2 �M/ QT2`�i2b +QHH�#Q`�iBp2Hv rBi? Qp2` kyy bi�F2?QH/2` Q`;�MBx�@

iBQMbX >2�i?`QrǶb �B`TQ`i PT2`�iBQMb *2Mi2` U�SP*V- 2bi�#HBb?2/ BM kyR9 �M/ i?2 }`bi Q7

Bib FBM/ BM 1m`QT2- #`BM;b iQ;2i?2` �HH �B`TQ`i bi�F2?QH/2`b BM � bBM;H2 `QQK Ub22 6B;m`2 RV

rBi? � ;Q�H Q7 2M�#HBM; +QHH�#Q`�iBp2 /2+BbBQM K�FBM;X 6Bp2 v2�`b QM- >2�i?`QrǶb �SP* ?�b

#2+QK2 i?2 M2`p2 +2Mi2` Q7 �HH QT2`�iBQM�H /2+BbBQM@K�FBM; T`Q+2bb2b �KQM; bi�F2?QH/2`b-

+�Tim`BM; i?2 #2M2}ib Q7 T`QtBKBiv pB� BKT`Qp2/ +QHH�#Q`�iBQMb- TH�MMBM;- `2�H@iBK2 KQMBiQ`@
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aBM;H2 1m`QT2�M aFv Ua1aV BMBiB�iBp2- r?B+? b22Fb iQ `27Q`K i?2 7`�;K2Mi2/ 1m`QT2�M �B`

i`�{+ K�M�;2K2Mi rBi? i?2 �BK Q7 b�iBb7vBM; 7mim`2 M22/b Q7 i?2 1m`QT2�M �B`bT�+2 BM i2`Kb
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�+?B2pBM; i?2 +QHH�#Q`�iBp2 /2+BbBQM K�FBM; 2MpBbBQM2/ #v i?2 a1a BMBiB�iBp2- T`Q;`2bb biBHH

M22/b iQ #2 K�/2 BM i2`Kb Q7 /�i� b?�`BM;- i?2 mb2 Q7 �M�HviB+b- �M/ ;2MmBM2 +QHH�#Q`�iBp2
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`2�H@iBK2 /�i� b?�`BM; �M/ �/p�M+2/ �M�HviB+bX

.2p2HQTBM; �M/ AKTH2K2MiBM; � _2�H@hBK2 .�i�@.`Bp2M avbi2K

q2 `2pB2r2/ i?2 p�`BQmb �SP* `QH2b �M/ `2bTQMbB#BHBiB2b �M/ B/2MiB}2/ i?2 F2v �SP*

T`Q+2bb2b i?�i +QmH/ #2 2M?�M+2/ #v /�i�@/`Bp2M T`2/B+iBQMb �M/ �/p�M+2/ �M�HviB+b- BM+Hm/@

BM; K�+?BM2 H2�`MBM;X q2 /2p2HQT2/ � +�b2 bim/v i?�i /2KQMbi`�i2b ?Qr b?�`2/ /�i� �M/

�/p�M+2/ �M�HviB+b +�M BKT`Qp2 T�bb2M;2` 2tT2`B2M+2 �M/ ~Qr i?`Qm;? i?2 �B`TQ`iX AM T�`@

iB+mH�`- Qm` rQ`F 7Q+mb2/ QM BKT`QpBM; i?2 ?�M/HBM; Q7 i`�Mb72` T�bb2M;2`b- r?Q K�F2 mT �

H�`;2 T`QTQ`iBQM Q7 >2�i?`QrǶb T�bb2M;2`bX Pm` ;Q�H r�b iQ B/2MiB7v r�vb iQ `2/m+2 r�BiBM;

iBK2b BM b2+m`Biv �M/ BKKB;`�iBQM �`2�b- �M/ KBMBKBx2 i?2 MmK#2` Q7 T�bb2M;2`b KBbbBM;

i?2B` +QMM2+iBQMb Q` ?QH/BM; mT �B`+`�7i /2T�`im`2bX h?`Qm;?Qmi i?2 T`QD2+i- r2 7QHHQr2/ i?2

MBM2@bi�;2 �TT`Q�+? /2TB+i2/ BM 6B;m`2 jX

S`Q#H2K 6`�KBM;, ai2Tb R@j

q2 #2;�M #v `2pB2rBM; i?2 p�`BQmb �SP* /2+BbBQM@K�FBM; T`Q+2bb2b iQ B/2MiB7v TQi2MiB�H

T`Q+2bb2b i?�i rQmH/ #2 +�M/B/�i2b 7Q` Qm` bim/v �M/ rQmH/ #2M2}i 7`QK � /2+BbBQM bmTTQ`i

6B;m`2 j q2 lb2/ � LBM2@bi�;2 �TT`Q�+? iQ .2p2HQT �M/ AKTH2K2Mi � _2�H@iBK2 .�i�@/`Bp2M *QHH�#Q`�iBp2
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i?2 MmK#2` Q7 KBb+QMM2+iBM; #�;b- UkV �B`+`�7i bi�M/ �HHQ+�iBQM- i?2 �HHQ+�iBQM Q7 � TH�+2

r?2`2 �M �B`+`�7i +�M #2 T�`F2/- iQ `2/m+2 #QiiH2M2+Fb- �M/ UjV T�bb2M;2` ~Qr K�M�;2K2Mi

iQ T`2/B+i T�bb2M;2`bǶ r?2`2�#Qmib i?`Qm;?Qmi i?2B` iBK2 �i >2�i?`Qr �M/ i?mb BKT`Qp2

i?2 T�bb2M;2` 2tT2`B2M+2 �M/ �B`HBM2 /2T�`im`2 TmM+im�HBivX �7i2` T`2b2MiBM; i?2b2 QTiBQMb
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S�bb2M;2`b M�pB;�iBM; �M �B`TQ`i Q7i2M 2M+QmMi2` /2H�vb- 2bT2+B�HHv �i BKKB;`�iBQM �M/

b2+m`BivX �Hi?Qm;? T�bb2M;2` �``Bp�Hb �i �M �B`TQ`i +�M #2 T`2/B+i2/ iQ bQK2 2ti2Mi- i?2`2 Bb

bB;MB}+�Mi mM+2`i�BMiv `2H�i2/ iQ 7�+iQ`b bm+? �b ;`QmM/ i`�{+ /2H�vb- �B`+`�7i �``Bp�H /2H�vb-

�M/ pQH�iBHBiv BM i?2 iBK2 T�bb2M;2`b i�F2 iQ M�pB;�i2 i?`Qm;? i?2 �B`TQ`iX PM i?2 H�ii2`- r2

MQi2/ i?�i QM+2 � T�bb2M;2` ?�b �``Bp2/ �i i?2 �B`TQ`i- r?2i?2` �b � /2T�`iBM;- �``BpBM;- Q`

+QMM2+iBM; T�bb2M;2`- �B`TQ`ib ?�p2 HBiiH2 FMQrH2/;2 Q7 i?�i T�bb2M;2`Ƕb r?2`2�#Qmib BM i?2

�B`TQ`iX AKT`Qp2/ T�bb2M;2` i`�+FBM; BM `2�H iBK2 rQmH/ 2M�#H2 �B`TQ`ib iQ #2ii2` b2`p2 i?2B`

T�bb2M;2`b- bi�#BHBx2 �M/ T`2/B+i /2T�`im`2 iBK2b 7Q` Qmi#QmM/ ~B;?ib- �M/ BKT`Qp2 TH�MMBM;

Q7 `2bQm`+BM; M22/bX
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i?2 T�bb2M;2`bǶ i`�Mb72` DQm`M2vb �`2 QTiBKBx2/ iQ 2Mbm`2 i?2 �B`TQ`i +�M 7mH}H Bib KBbbBQM

iQ ǳ;Bp2 T�bb2M;2`b i?2 #2bi �B`TQ`i b2`pB+2 BM i?2 rQ`H/Ǵ U62``QpB�H kyReVX �//BiBQM�HHv-

+QKT�`2/ iQ /2T�`iBM; Q` �``BpBM; T�bb2M;2`b- +QMM2+iBM; T�bb2M;2`b ?�p2 � KQ`2 +QKTH2t
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Qmi#QmM/ ~B;?ib +�M #2 #Qi? /QK2biB+ �M/ BMi2`M�iBQM�HX 6B;m`2 9 Qz2`b �M Qp2`pB2r Q7 i?Bb

DQm`M2vX �b T�`i Q7 i?2 T`Q#H2K@7`�KBM; T`Q+2bb- i?2 T`QD2+i i2�K T�`iB+BT�i2/ BM � T?vbB+�H

r�HF i?`Qm;? Q7 i?Bb DQm`M2v i?`Qm;? >2�i?`Qr- 2tT2`B2M+BM; i?2 p�`BQmb TQbbB#H2 `Qmi2b

i?�i � +QMM2+iBM; T�bb2M;2` +�M 2M+QmMi2`X

>2�i?`QrǶb �SP* +QMbBbib Q7 � p�`B2iv Q7 �B`TQ`i i2�Kb- rBi? i?2 +QKKQM ;Q�H Q7 2Mbm`BM;

i?�i T�bb2M;2`b �`2 ?�TTv �M/ i`�p2H QM iBK2 rBi? i?2B` #�;b U.2 _2v+F 2i �HX kyReVX h?2
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KBx2 i?2 T�bb2M;2` 2tT2`B2M+2- rBi? � K�BM Q#D2+iBp2 Q7 `2/m+BM; i?2 MmK#2` Q7 T�bb2M;2`
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LQi2bX h?2 p�`B�#H2b HBbi2/ BM i?2 }`bi 7Qm` `Qrb �`2 7Q` #Qi? BM#QmM/ �M/ Qmi#QmM/ ~B;?ibX q2 b2H2+i2/ i?2K #�b2/

QM `2�H@iBK2 �p�BH�#BHBiv �M/ i?2B` T`2/B+iBp2 TQr2`X
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h�#H2 k q2 lb2/ 1B;?i 1M;BM22`2/ o�`B�#H2b BM Pm` S`2/B+iBp2 JQ/2H iQ >2HT 1tTH�BM i?2 o�`B�#BHBiv BM

S�bb2M;2` *QMM2+iBQM hBK2b h?`Qm;? i?2 �B`TQ`i

62�im`2 AMbB;?i

AM#QmM/ �M/ Qmi#QmM/ ~B;?i `2;BQM U1m`QT2- 1�bi

�bB�- LQ`i? �K2`B+�- �M/ `2bi Q7 i?2 rQ`H/V

6HB;?i `2;BQM K�v #2 �M BM/B+�iQ` Q7 � T�bb2M;2`Ƕb 7�KBHB�`Biv rBi? +QM@

M2+iBQMb i?`Qm;? i?2 �B`TQ`iX

SmM+im�HBiv Q7 BM#QmM/ ~B;?i UiBK2 /Bz2`2M+2

#2ir22M QM@+?Q+F iBK2 �M/ b+?2/mH2/ �``Bp�H

iBK2V

S�bb2M;2`b �``BpBM; 7`QK H�i2 ~B;?ib KB;?i #2 +QHH2+iBp2Hv �z2+i2/ #v

i?2 H�+F Q7 ;�i2 �p�BH�#BHBivX

>Qm` Q7 i?2 /�v i?2 �``BpBM; ~B;?i H�M/b �i i?2

�B`TQ`i

S�bb2M;2`b r?Q �``Bp2 /m`BM; T2�F ?Qm`b K�v M22/ KQ`2 iBK2 iQ K�F2

i?2B` +QMM2+iBQMb #2+�mb2 i?2 �B`TQ`i Bb #mbvX

S2`+2Bp2/ +QMM2+iBQM iBK2 UiBK2 /Bz2`2M+2

#2ir22M i?2 �``BpBM; ~B;?iǶb QM@+?Q+F iBK2 �M/

i?2 +QMM2+iBM; ~B;?iǶb b+?2/mH2/ /2T�`im`2 iBK2V

S2`+2Bp2/ +QMM2+iBQM iBK2 K�v #2 �M BM/B+�iQ` Q7 i?2 bi`2bb H2p2H Q7 �

T�bb2M;2` i`vBM; iQ K�F2 i?2 +QMM2+iBQM- i?2`2#v BKT�+iBM; i?2 bT22/

rBi? r?B+? i?�i T�bb2M;2` KQp2 i?`Qm;? i?2 �B`TQ`iX

LQi2bX q2 +`2�i2/ �M/ 2tT2`BK2Mi2/ rBi? � H�`;2 MmK#2` Q7 2M;BM22`2/ 72�im`2b Up�`B�#H2bV i?�i KB;?i ?2HT 2tTH�BM

i?2 p�`B�#BHBiv BM T�bb2M;2`bǶ +QMM2+iBQM iBK2b i?`Qm;? i?2 �B`TQ`iX PMHv � bm#b2i Q7 p�`B�#H2b r2`2 `2i�BM2/ 7Q` mb2

BM i?2 KQ/2H- #�b2/ QM i?2 `2�H@iBK2 �p�BH�#BHBiv Q7 /�i� �M/ T`2/B+iBp2 TQr2`X

ai2T e, JQ/2H h`�BMBM; �M/ o�HB/�iBQM

L2ti- r2 T`Q+22/2/ iQ #mBH/ � KQ/2H i?�i rQmH/ bQHp2 i?2 irQ B/2MiB}2/ T`2/B+iBQM T`Q#H2Kb,

URV T`2/B+i i?2 /Bbi`B#miBQM Q7 T�bb2M;2`bǶ +QMM2+iBQM iBK2b ∆t iQ B/2MiB7v TQi2MiB�HHv H�i2

T�bb2M;2`b- �M/ UkV T`2/B+i i?2 /Bbi`B#miBQM Q7 T�bb2M;2` ~Qrb- Q` MmK#2` Q7 T�bb2M;2` �``Bp�Hb

�i i?2 +QM7Q`K�M+2 /2bF- rBi?BM bT2+B}+ iBK2 BMi2`p�HbX AM S`2/B+iBQM h�bF R- r2 �HbQ ;`QmT2/

H�i2 T�bb2M;2`b #�b2/ QM i?2B` Qmi#QmM/ ~B;?i- �M/ T`2/B+i2/ i?2 MmK#2` Q7 T�bb2M;2`b i?�i

rBHH #2 H�i2 7Q` 2�+? /2T�`iBM; ~B;?i 7`QK i?2 �B`TQ`iX 6B;m`2 e ;Bp2b �M Qp2`pB2r Q7 i?2

T`2/B+iBp2 bvbi2KX

AM i?2 HBi2`�im`2- i?2b2 irQ T`2/B+iBQM i�bFb �`2 ivTB+�HHv pB2r2/ �b BM/2T2M/2Mi T`Q#H2Kbc

+H�bbB}+�iBQM KQ/2Hb �`2 mb2/ iQ B/2MiB7v H�i2 T�bb2M;2`b UBX2X- �Mbr2` i?2 [m2biBQM Q7 r?2i?2`

� T�bb2M;2` rBHH #2 H�i2V- �M/ iBK2 b2`B2b KQ/2Hb �`2 mb2/ iQ T`2/B+i T�bb2M;2` ~Qrb Uq2B �M/

*?2M kyRk- JBH2MFQpBÉ 2i �HX kyR3VX AM Qm` T`QTQb2/ bvbi2K- ?Qr2p2`- r2 mb2/ i?2 T`2/B+iBQMb
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6B;m`2 e h?2 S`2/B+iBp2 avbi2K *QMbBbib Q7 h?`22 S�`ib, .�i� *QHH2+iBQM- h`�BMBM; i?2 JQ/2H- �M/ :2M2`�iBM;

S`2/B+iBQMb

LQi2bX h?2 A.�>P bvbi2K T`QpB/2b #Qi? ~B;?i@H2p2H �M/ T�bb2M;2`@H2p2H BM7Q`K�iBQM BM `2�H@iBK2X 6HB;?i@H2p2H BM7Q`@

K�iBQM BM+Hm/2b � ~B;?iǶb �+im�H �M/ b+?2/mH2/ �``Bp�H iBK2- �B`+`�7i #Q/v ivT2- 2i+X S�bb2M;2`@H2p2H BM7Q`K�iBQM Bb

2ti`�+i2/ 7`QK i?2 S�bb2M;2` h`�Mb72` J2bb�;2 UShJV }H2b b2Mi #v i?2 �B`HBM2X h?2 ShJ }H2b HBbi T�bb2M;2`b r?Q

�`2 FMQrM iQ #2 i`�Mb72``BM; iQ �MQi?2` ~B;?iX



:mQ- :`mb?F�@*Q+F�vM2- �M/ .2 _2v+F, >2�i?`Qr �B`TQ`i lb2b _2�H@hBK2 �M�HviB+b 7Q` AKT`QpBM; PT2`�iBQMb
R9 �`iB+H2 bm#KBii2/ iQ AMi2`7�+2bc K�Mmb+`BTi MQX USH2�b2- T`QpB/2 i?2 K�Mmb+`BTi MmK#2`5V

;2M2`�i2/ 7Q` S`2/B+iBQM h�bF R iQ +�H+mH�i2 i?2 MmK#2` Q7 �``BpBM; T�bb2M;2`b US`2/B+iBQM

h�bF kV- �M �TT`Q�+? i?�i vB2H/2/ bmT2`BQ` T`2/B+iBQMb i?�M i?Qb2 ;2M2`�i2/ mbBM; i`�/BiBQM�H

#2M+?K�`FbX

AM Q`/2` iQ �pQB/ Qp2`}iiBM;- r2 bTHBi i?2 /�i� +QMbQHB/�i2/ BM ai2Tb 9 �M/ 8 BMiQ �M 3yW

i`�BMBM; b2i �M/ � kyW i2bi b2iX q2 7m`i?2` bTHBi 3yW Q7 i?2 i`�BMBM; b2i BMiQ � bK�HH2` i`�BMBM;

b2i �M/ kyW BMiQ � p�HB/�iBQM b2iX h?2 bK�HH2` i`�BMBM; b2i r�b mb2/ iQ i`�BM �M/ imM2 i?2

T`2/B+iBp2 KQ/2H- rBi? i?2 p�HB/�iBQM b2i mb2/ H�i2` iQ Q#i�BM QTiBK�H /Bbi`B#miBQM�H 7Q`2+�bib

Q7 i?2 �;;`2;�i2 H2p2H T`2/B+iBQMb UBX2X- i?2 MmK#2` Q7 T�bb2M;2`b �``BpBM; �i i?2 +QM7Q`K�M+2

/2bFVX

_2;`2bbBQM i`22 KQ/2Hb �`2 rB/2Hv mb2/ 7Q` ;2M2`�iBM; TQBMi 7Q`2+�bib U"`2BK�M 2i �HX

RN39- C�K2b 2i �HX kyRjVX 62r bim/B2b- ?Qr2p2`- ?�p2 �TTHB2/ i?2b2 i`22 K2i?Q/b iQ T`Q/m+2

/Bbi`B#miBQM�H 7Q`2+�bibX q2 ;2M2`�HBx2/ i?2 i`22 KQ/2H iQ T`Q/m+2 i?2 2MiB`2 /Bbi`B#miBQM Q7

i?2 i�`;2i p�`B�#H2X h?2 `2;`2bbBQM i`22 T�`iBiBQMb T�bb2M;2`b BMiQ b2p2`�H H2�p2b- Q` +�i2;Q`B2b-

�M/ 2�+? +�i2;Q`v i?2`27Q`2 +QMi�BMb � bT2+B}+ MmK#2` Q7 T�bb2M;2`bǶ +QMM2+iBQM iBK2bX q2

�TT`QtBK�i2/ i?2 /Bbi`B#miBQM Q7 i?2 +QMM2+iBQM iBK2b rBi?BM 2�+? H2�7 #v �TTHvBM; F2`M2H

/2MbBiv 2biBK�iBQM Uq�M/ �M/ CQM2b RNN9VX :Bp2M � M2r �``BpBM; T�bb2M;2`Ƕb BM7Q`K�iBQM-

i?2 i`22 rBHH }`bi /2i2`KBM2 i?2 H2�7 iQ r?B+? i?2 T�bb2M;2` #2HQM;b UBX2X- i?2 +mbiQK2`

b2;K2Mi- Q` +�i2;Q`vV- �M/ i?2M miBHBx2 i?2 /Bbi`B#miBQM �bbQ+B�i2/ rBi? i?Bb H2�7 iQ T`2/B+i

i?Bb T�bb2M;2`Ƕb +QMM2+iBQM iBK2X

�7i2` 2tT2`BK2Mi�iBQM- r2 /2+B/2/ iQ imM2 i?2 i`22 iQ � K�tBKmK /2Ti? Q7 R8 �M/ i?2

KBMBKmK H2�7 bBx2 Q7 dyy mbBM; � 8@7QH/ p�HB/�iBQM �TT`Q�+?X h?2 imMBM; T�`�K2i2`b r2`2

b2H2+i2/ #v KBMBKBxBM; i?2 TBM#�HH HQbb �p2`�;2/ Qp2` b2p2`�H [m�MiBH2b �M/ Qp2` }p2 7QH/bX q2

+?Qb2 i?2 TBM#�HH HQbb �b � T2`7Q`K�M+2 K2�bm`2 #2+�mb2 Bi Bb � bi�M/�`/ K2�bm`2 iQ i2bi i?2

�++m`�+v Q7 /Bbi`B#miBQM�H 7Q`2+�bib UCQb2 �M/ qBMFH2` kyyN- :`mb?F�@*Q+F�vM2 2i �HX kyRdVX
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h?2 7Q`KmH�iBQM Q7 � TBM#�HH HQbb 7mM+iBQM +�M #2 7QmM/ BM i?2 �TT2M/BtX AM i?Bb T`QD2+i-

r2 K2�bm`2/ i?2 yXy8- yXk8- yX8- yXd8- �M/ yXN8 [m�MiBH2b i?�i iQ;2i?2` `Qm;?Hv /2b+`B#2 i?2

2MiB`2 /Bbi`B#miBQMX 6Q` KQ`2 /2i�BH2/ /Bb+mbbBQM QM i?2 [m�MiBH2 7Q`2+�bib T`Q/m+2/- b22 :mQ

2i �HX UkyRNVX Pm` KQ/2H mb2b i?2 H2�7 /Bbi`B#miBQMb ;Bp2M #v i?2 `2;`2bbBQM i`22 iQ ;2M2`�i2

i?`22 b2ib Q7 T`2/B+iBQMb �b 7QHHQrb,

Ç Zm�MiBH2b Q7 2�+? T�bb2M;2`Ƕb +QMM2+iBQM iBK2 �M/ i?2 HBF2HB?QQ/ Q7 #2BM; H�i2X PM+2

i?2 bvbi2K `2+2Bp2b � T�bb2M;2`Ƕb `2�H@iBK2 BM7Q`K�iBQM- i?2 `2;`2bbBQM i`22 KQ/2H T`2/B+ib

i?2 +�i2;Q`v iQ r?B+? i?Bb T�bb2M;2` #2HQM;bX h?2 [m�MiBH2b Q7 i?2 /Bbi`B#miBQM �bbQ+B�i2/

rBi? i?Bb +�i2;Q`v �`2 i?2 T`2/B+i2/ [m�MiBH2b Q7 i?Bb T�bb2M;2`Ƕb +QMM2+iBQM iBK2X AM Qm`

T`2/B+iBp2 bvbi2K- T�bb2M;2`b �`2 +QMbB/2`2/ iQ #2 H�i2 B7 i?2v �``Bp2 �i i?2 +QM7Q`K�M+2 /2bF

rBi? H2bb i?�M jy KBMmi2b #27Q`2 i?2B` +QMM2+iBM; ~B;?ibǶ b+?2/mH2/ /2T�`im`2 iBK2X h?2 jy

KBMmi2b Bb Q7i2M �TTHB2/ #v �B`HBM2b iQ B/2MiB7v H�i2 T�bb2M;2`b �i i?2 +QM7Q`K�M+2 /2bF U.2

_2v+F 2i �HX kyReVX h?2`27Q`2- r2 i?2M +�H+mH�i2 � T�bb2M;2`Ƕb i?`2b?QH/ +QMM2+iBQM iBK2 �b

?Bbf?2` b+?2/mH2/ /2T�`im`2 iBK2- KBMmb jy KBMmi2b- �M/ KBMmb i?2 T�bb2M;2`Ƕb �``Bp�H iBK2

�i i?2 �B`TQ`iX 6BM�HHv- QM2 KBMmb i?2 +mKmH�iBp2 /Bbi`B#miBQM 7mM+iBQM Q7 i?Bb T�bb2M;2`Ƕb

+QMM2+iBQM iBK2 2p�Hm�i2/ �i i?Bb i?`2b?QH/ Bb mb2/ �b i?2 T`Q#�#BHBiv Q7 i?2 T�bb2M;2` #2BM;

H�i2X

Ç Zm�MiBH2b Q7 i?2 i`�Mb72`@T�bb2M;2` ~QrX h?2 T�bb2M;2` ~Qr- Q` i?2 MmK#2` Q7 T�bb2M;2`b

�``BpBM; �i i?2 +QM7Q`K�M+2 /2bF /m`BM; � bT2+B}+ iBK2 BMi2`p�H i- Bb Q#i�BM2/ #v `mMMBM;

bBKmH�iBQMb mbBM; i?2 /Bbi`B#miBQM Q7 T�bb2M;2`bǶ +QMM2+iBQM iBK2bX aT2+B}+�HHv- r2 bBKmH�i2

r?2i?2` 2�+? T�bb2M;2` rBHH �``Bp2 /m`BM; iBK2 BMi2`p�H iX AM i?2 bBKmH�iBQM- r2 �bbmK2 i?2

�``Bp�Hb Q7 T�bb2M;2`b QM i?2 b�K2 BM#QmM/ ~B;?i �`2 +Q``2H�i2/X hQ `2/m+2 i?2 +QKTH2tBiv

Q7 i?2 T`2/B+iBp2 bvbi2K- r2 �HbQ �bbmK2 i?�i 2�+? T�B` Q7 i?2 +Q``2H�i2/ T�bb2M;2`b ?�b i?2

b�K2 +Q``2H�iBQM +Q2{+B2Mi ρX h?Bb ρ #2+QK2b � ?vT2` T�`�K2i2` BM i?2 bvbi2K �M/ Bb b2H2+i2/



:mQ- :`mb?F�@*Q+F�vM2- �M/ .2 _2v+F, >2�i?`Qr �B`TQ`i lb2b _2�H@hBK2 �M�HviB+b 7Q` AKT`QpBM; PT2`�iBQMb
Re �`iB+H2 bm#KBii2/ iQ AMi2`7�+2bc K�Mmb+`BTi MQX USH2�b2- T`QpB/2 i?2 K�Mmb+`BTi MmK#2`5V

mbBM; i?2 8@7QH/ +`Qbb@p�HB/�iBQM �TT`Q�+?X L2ti- r2 +QmMi i?2 MmK#2` Q7 T�bb2M;2`b n1 i?�i

�`2 T`2/B+i2/ iQ �``Bp2 /m`BM; iX q2 `2T2�i i?Bb T`Q+2bb m iBK2b �M/ i?2 2KTB`B+�H /Bbi`B#miBQM

Q7 i?2 T�bb2M;2` ~Qr Bb +`2�i2/ mbBM; n1-n2-Ę nmX 6BM�HHv- i?2 [m�MiBH2b Q7 i?2 MmK#2` Q7

T�bb2M;2`b �``BpBM; �i i?2 +QM7Q`K�M+2 /2bF /m`BM; iBK2 BMi2`p�H i +�M #2 +�H+mH�i2/ mbBM;

i?2 2KTB`B+�H /Bbi`B#miBQMX

Ç LmK#2` Q7 H�i2 T�bb2M;2`b 7Q` 2�+? Qmi#QmM/ ~B;?iX q2 ;`QmT i?2 T�bb2M;2`b #v i?2B`

Qmi#QmM/ ~B;?ib- �M/ +�H+mH�i2 ?Qr K�Mv Q7 i?2K �`2 HBF2Hv iQ #2 H�i2 UBX2X- i?2B` T`Q#�#BHBiv

Q7 #2BM; H�i2 Bb ;`2�i2` i?�M yX8VX q2 �HbQ +�H+mH�i2 i?2 MmK#2` Q7 T�bb2M;2`b i?�i rQmH/

#2 biBHH �i `BbF Q7 #2BM; H�i2 B7 i?2 �B`HBM2 /2H�v2/ i?2 /2T�`im`2 iBK2 #v 8- Ry- R8- �M/ jy

KBMmi2bX

h?2 Tb2m/Q +Q/2 Q7 i?2 KQ/2H Bb b?QrM BM �H;Q`Bi?K R �M/ �H;Q`Bi?K kX AM i?2 M2ti

b2+iBQM- r2 `2TQ`i �++m`�+v `2bmHib Q7 Qm` T`2/B+iBp2 bvbi2K +QKT�`2/ iQ b2p2`�H H2�/BM;

#2M+?K�`F K�+?BM2 H2�`MBM; K2i?Q/bX

ai2T d, E2v _2bmHib

q2 T`2b2Mi2/ i?2 KQbi BKTQ`i�Mi 72�im`2b Q7 i?2 `2;`2bbBQM i`22 KQ/2H iQ 7Qm` ;`QmTb Q7

>2�i?`Qr bi�F2?QH/2`b �M/ `2+2Bp2/ BMimBiBp2 +QM}`K�iBQM 7`QK i?2b2 bi�F2?QH/2`bX h?2b2

72�im`2b Qz2` bQK2 BMbB;?i BMiQ i?2 +QMM2+iBQM iBK2b Q7 T�bb2M;2`b �i i?2 �B`TQ`iX "2HQr

r2 /Bb+mbb i?2 iQT }p2 KQbi BKTQ`i�Mi 72�im`2b �M/ 2tT�M/ QM r?v i?2v �`2 BKTQ`i�Mi BM

T`2/B+iBM; T�bb2M;2`bǶ +QMM2+iBQM iBK2bX

Ç q?2i?2` � T�bb2M;2` �``Bp2b �i h2`KBM�H 8X S�bb2M;2`b �``BpBM; �i h2`KBM�H k- j- Q` 9

M22/ iQ i�F2 � b?miiH2 #mb iQ i`�Mb72` iQ h2`KBM�H 8- �M/ i?2`27Q`2 i?2v K�v M22/ KQ`2 iBK2

iQ K�F2 i?2B` +QMM2+iBQMbX

Ç q?2i?2` i?2 T�bb2M;2` �``Bp2b 7`QK �M 1l +QmMi`vX S�bb2M;2`b i`�p2HHBM; 7`QK 1m`QT2�M

+QmMi`B2b KB;?i #2 KQ`2 7�KBHB�` rBi? i?2 +QMM2+iBQMb i?`Qm;? i?2 �B`TQ`i- �M/ i?2 /2;`22

Q7 7�KBHB�`Biv K�v BM~m2M+2 +QMM2+iBQM iBK2bX
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�b � `2bmHi- i?2v /Bb2K#�`F 7�bi2` �M/ KQp2 KQ`2 [mB+FHv i?`Qm;? i?2 �B`TQ`iX

Ç AM#QmM/ ?Qm`X A7 � T�bb2M;2` �``Bp2b /m`BM; � #mbv ?Qm`- i?2 �B`TQ`i KB;?i #2 +`Qr/2/-

�M/ i?2`27Q`2 i?�i T�bb2M;2` K�v KQp2 KQ`2 bHQrHv i?`Qm;? i?2 �B`TQ`iX

hQ ;�m;2 i?2 T2`7Q`K�M+2 Q7 i?2 KQ/2H- r2 +QKT�`2/ i?2 �++m`�+v Q7 Qm` KQ/2H rBi?

b2p2`�H H2�/BM; #2M+?K�`Fb QM i?2 kyW i2bi b2iX h�#H2 j b?Qrb i?2 �++m`�+v +QKT�`BbQM

#2ir22M Qm` �TT`Q�+? �M/ 2�+? Q7 b2p2`�H #2M+?K�`F KQ/2Hb 7Q` S`2/B+iBQM h�bF R UT`2/B+i@
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�``Bp�HbVX AM i?2 i�#H2- ǳYǴ BM/B+�i2b i?2 T`2/B+iBQM ;2M2`�i2/ 7`QK Qm` �TT`Q�+? Bb KQ`2
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�M/ /2b+`BTiBQMb Q7 i?2 #2M+?K�`F KQ/2HbX

6B;m`2 d b?Qrb i?2 R8@KBMmi2 BMi2`p�H T`2/B+iBQMb Q7 T�bb2M;2` ~Qrb QM � `�M/QKHv b2H2+i2/

/�v 7`QK i?2 i2bi b2iX Ai Bb 2�bv iQ Q#b2`p2 i?2 �++m`�+v Q7 i?2 T`2/B+iBQMb ;2M2`�i2/ #v Qm`

�TT`Q�+? +QKT�`2/ iQ i?2 #2bi iBK2 b2`B2b KQ/2H- i?2 1tTQM2MiB�H aKQQi?BM; ai�i2 aT�+2
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JQ/2Hb 7Q` �HKQbi �HH �++m`�+v J2�bm`2b

S`2/B+iBQM h�bF R S`2/B+iBQM h�bF k

*QMM2+iBQM iBK2b LmK#2` Q7 T�bb2M;2` �``Bp�Hb

GBM2�`

`2;`2bbBQM

G�aaP

[m�MiBH2

`2;`2bbBQM

Zm�MiBH2

`2;`2bbBQM

7Q`2bi�

:`�/B2Mi

#QQbiBM;

K�+?BM2� h"�ha

a�_AJ�

rBi?

+Qp�`B�i2b#

GJ �M/

bBKmH�iBQMb+

_Ja1 Y Y Y Y Y Y Y

Q05 Y Y Y Y Y Y Y

Q25 Y Y Y Y Y Y Y

SBM#�HH HQbb Q50 Y Y Y Y Y Y Y

Q75 Y Y Y Y Y Y Y

Q95 Y Y Y − Y Y Y

�p;X Y Y Y Y Y Y Y

>Bi `�i2 U8yWV Y Y Y Y Y Y Y

>Bi `�i2 UNyWV Y Y Y Y Y Y −

�X h?2b2 irQ KQ/2Hb �`2 }i iQ � 7`�+iBQM Q7 i?2 /�i� #2+�mb2 i?2v �`2 2ti`2K2Hv bHQrX

#X h?2 +Qp�`B�i2b BM i?2 a�_AJ� KQ/2H BM+Hm/2 i?2 MmK#2` Q7 T�bb2M;2`b �``BpBM; �i i?2 �B`TQ`i BM i?2 T�bi R8 KBMmi2b- jy

KBMmi2b- �M/ 98 KBMmi2bX
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a2�bQM�H *QKTQM2Mib Uh"�haVX

hQ i2bi i?2 BKT�+i Q7 i?2 M2r T`2/B+iBp2 bvbi2K- r2 `�M � bBKmH�iBQM bim/v iQ 2p�Hm�i2 i?2

QTiBK�H `2bQm`+BM; /2+BbBQMb K�/2 mbBM; i?2 [m�MiBH2 7Q`2+�bib Q7 T�bb2M;2` ~Qrb ;2M2`�i2/

7`QK Qm` T`2/B+iBp2 bvbi2K +QKT�`2/ iQ >2�i?`QrǶb H2;�+v bvbi2KX h?2 `2bQm`+2 TH�MMBM;

T`Q#H2K +�M #2 b22M �b � M2rbp2M/Q` T`Q#H2K- #2+�mb2 #Qi? bi�{M; �M/ mM/2`bi�{M; +�``v



:mQ- :`mb?F�@*Q+F�vM2- �M/ .2 _2v+F, >2�i?`Qr �B`TQ`i lb2b _2�H@hBK2 �M�HviB+b 7Q` AKT`QpBM; PT2`�iBQMb
�`iB+H2 bm#KBii2/ iQ AMi2`7�+2bc K�Mmb+`BTi MQX USH2�b2- T`QpB/2 i?2 K�Mmb+`BTi MmK#2`5V RN

6B;m`2 d 6B7i22M@JBMmi2 AMi2`p�H S`2/B+iBQMb Q7 S�bb2M;2` 6HQrb QM � _�M/QKHv a2H2+i2/ .�v 6`QK i?2 h2bi

a2i a?Qr i?2 AKT`Qp2/ �++m`�+v Q7 i?2 S`2/B+iBQMb :2M2`�i2/ #v Pm` �TT`Q�+? *QKT�`2/ iQ i?2 "2bi

"2M+?K�`F JQ/2H

0
1

0
0

2
0

0
3

0
0

4
0

0

Time

N
u

m
b

e
r 

o
f 

C
o

n
n

e
ct

in
g

 P
a

ss
e

n
g

e
rs

0
1

0
0

2
0

0
3

0
0

4
0

0

Time

N
u

m
b

e
r 

o
f 

C
o

n
n

e
ct

in
g

 P
a

ss
e

n
g

e
rs

0
1

0
0

2
0

0
3

0
0

4
0

0

Actual flow
Predicted mean
Predicted 5th quantile
Predicted 95th quantile

4:30 7:30 10:30 13:30 16:30 19:30 22:30

U�V .2p2HQT2/ KQ/2H

0
1

0
0

2
0

0
3

0
0

4
0

0

Time

N
u

m
b

e
r 

o
f 

C
o

n
n

e
ct

in
g

 P
a

ss
e

n
g

e
rs

0
1

0
0

2
0

0
3

0
0

4
0

0

Time

N
u

m
b

e
r 

o
f 

C
o

n
n

e
ct

in
g

 P
a

ss
e

n
g

e
rs

0
1

0
0

2
0

0
3

0
0

4
0

0

4:30 7:30 10:30 13:30 16:30 19:30 22:30

U#V h"�ha

+Qbib �i >2�i?`QrX h?2 QTiBK�H bQHmiBQM Q7 i?2 M2rbp2M/Q`@#�b2/ bi�{M; TH�M Bb � 7mM+iBQM

Q7 i?2 [m�MiBH2 7Q`2+�bi Q7 i?2 MmK#2` Q7 T�bb2M;2` �``Bp�Hb �i i?2 +QM7Q`K�M+2 /2bFX q?B+?

[m�MiBH2 iQ mb2 /2T2M/b QM i?2 `�iBQ Q7 bi�{M; iQ mM/2`bi�{M; +QbiX a22 :mQ 2i �HX UkyRNV 7Q`

� KQ`2 /2i�BH2/ /Bb+mbbBQM QM i?2 7Q`KmH�iBQMX "�b2/ QM i?2 `2bmHib Q7 Qm` #�+Fi2biBM; bim/v

BM r?B+? r2 2p�Hm�i2/ Qm` KQ/2H �+`Qbb /Bz2`2Mi [m�MiBH2b- �M/ +QKT�`2/ Bi rBi? >2�i?`QrǶb

H2;�+v bvbi2K- Qm` KQ/2H b?Qr2/ � RkW iQ 89W `2/m+iBQM BM +Qbib �i i?2 BKKB;`�iBQM �M/

b2+m`Biv �`2�bX

ai2T 3 @ N, AKTH2K2Mi�iBQM

6QHHQrBM; b2p2`�H Bi2`�iBQMb Q7 2M;BM22`BM; �//BiBQM�H 72�im`2b �M/ i`�BMBM; �M/ i2biBM; i?2

KQ/2H- r2 +QM/m+i2/ i?2 }`bi HBp2 i`B�H Q7 Qm` KQ/2H �i >2�i?`Qr QM CmHv RN- kyReX .m`BM;

i?2 i`B�H- Qm` KQ/2H `�M BM T�`�HH2H rBi? 2tBbiBM; bvbi2Kb 7Q` �M 2MiB`2 /�vX lbBM; `2�H@

iBK2 BM7Q`K�iBQM i?�i r�b b2Mi 7`QK �M �B`+`�7i ~vBM; BMiQ >2�i?`Qr- i?2 KQ/2H ;2M2`�i2/

T`2/B+iBQMb �M/ /BbTH�v2/ i?2 BM7Q`K�iBQM iQ F2v /2+BbBQM K�F2`b BM i?2 �SP*X h?2 `2�H@iBK2
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T�bb2M;2` BM7Q`K�iBQM r�b b2Mi pB� S�bb2M;2` h`�Mb72` J2bb�;2b UShJbV 7`QK i?2 A.�>P

/�i� bvbi2KX h?2b2 }H2b �`2 ivTB+�HHv b2Mi r?2M � ~B;?i i�F2b Qz 7`QK Bib Q`B;BM- Q` bQK2iBK2b

r?2M Bi Bb 2M `Qmi2X h?2 ShJ �HbQ HBbib T�bb2M;2`b r?Q �`2 FMQrM iQ #2 i`�Mb72``BM; iQ

�MQi?2` ~B;?iX

q2 pBbm�HHv �bb2bb2/ Qm` T`2/B+iBQMb #v HQQFBM; �i i?2 ~B;?i +QMM2+iBQMb �`2� QM i?2 b+`22M

BM h2`KBM�H 8X h?2`2 r2`2 MQ Q#pBQmbHv H�`;2 /Bb+`2T�M+B2b #2ir22M i?2 T`2/B+iBQMb �M/ i?2

`2�HBx�iBQMb �bb2bb2/ /m`BM; i?2 i`B�H- �M/ i?2 i`B�H r�b +QMbB/2`2/ bm++2bb7mHX h?2 HBp2 i`B�H

r�b �HbQ mb27mH 7Q` i2biBM; QT2`�iBQM�H Bbbm2b- bm+? �b r?2i?2` i?2 T`2/B+iBp2 �H;Q`Bi?K r�b

`mMMBM; 7�bi 2MQm;? �M/ r?2i?2` i?2 /�i� `2[mB`2/ #v i?2 KQ/2H r2`2 `2�/BHv �p�BH�#H2 BM `2�H

iBK2 r?2M M22/2/X q2 mT/�i2/ i?2 T`2/B+iBQMb 2p2`v }p2 KBMmi2b �M/ T`Q/m+2/ 7Q`2+�bib

7Q` i?2 mT+QKBM; irQ ?Qm`bX S`2/B+iBQMb r2`2 ;2M2`�i2/ QM � `QHHBM; #�bBbX 6B;m`2 3 b?Qrb

i?2 BMi2`7�+2 Q7 i?2 �TTHB+�iBQM r2 /2p2HQT2/ 7Q` i?2 HBp2 i`B�HX
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/�i�- r?B+? r2 Q#i�BM2/ 7`QK i?2 ShJb i?�i i?2 �B`HBM2b T`QpB/2/X h?2 iBKBM; Q7 `2+2BpBM;

i?2b2 K2bb�;2b ?�/ � bB;MB}+�Mi BKT�+i QM i?2 �++m`�+v Q7 Qm` T`2/B+iBQMbX 6B;m`2 N b?Qrb
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i?�M ey KBMmi2b �?2�/ Q7 i?2B` �+im�H �``Bp�Hb- r?BH2 QMHv 3kW r2`2 `2+2Bp2/ KQ`2 i?�M Ny

KBMmi2b �?2�/X h?mb- �Hi?Qm;? i?2 7Q`2+�biBM; rBM/Qr r�b b2i iQ irQ ?Qm`b /m`BM; i?2 HBp2

i`B�H- Ny KBMmi2b im`M2/ Qmi iQ #2 � #2ii2` +?QB+2 /m2 iQ i?2 �p�BH�#BHBiv Q7 i?2 /�i�X

6QHHQrBM; i?2 HBp2 i`B�H- i?2 T`2/B+iBp2 bvbi2K r�b �/�Ti2/ 7Q` bi�#BHBiv T`BQ` iQ #2BM;

7mHHv BKTH2K2Mi2/X �M �++m`�+v i2bi Q7 i?2 2tT2+i2/ MmK#2` Q7 T�bb2M;2`b �``BpBM; �i i?2

+QM7Q`K�M+2 /2bF /m`BM; T2�F ?Qm`b U?Qm`Hv T�bb2M;2` �``Bp�Hb > kyyV r�b +QM/m+i2/ /m`BM;

CmHv �M/ �m;mbi kyRdX h?2 _Ja1 Q7 i?2 T`2/B+iBQMb ;2M2`�i2/ #v Qm` T`2/B+iBp2 bvbi2K �M/

#v >2�i?`QrǶb H2;�+v bvbi2K r2`2 jNXk �M/ 9NX8- `2bT2+iBp2HvX

Pm` T`2/B+iBp2 bvbi2K ?�b #22M 7mHHv BKTH2K2Mi2/ �i �SP* bBM+2 kyRdX h?2 T`2/B+iBQMb

;2M2`�i2/ 7`QK i?2 bvbi2K- �b r2 b?Qr BM 6B;m`2 Ry BM i?2 �TT2M/Bt- �`2 +m``2MiHv mb2/ iQ

�bbBbi �SP* K�M�;2`b BM K�FBM; `2�H@iBK2 /2+BbBQMbX h?2 S6J MQr B/2MiB}2b H�i2 T�bb2M;2`b

#v HQQFBM; �i i?2B` T`Q#�#BHBiB2b Q7 #2BM; H�i2- �b r2 b?Qr BM 6B;m`2 RyU�V- �M/ +QMi�+ib

;`QmM/ bi�z iQ T`QpB/2 bmTTQ`i iQ i?2b2 T�bb2M;2`bX h?2 S6J �HbQ +QKKmMB+�i2b rBi?

�B`HBM2b �M/ ?2HTb i?2K �/Dmbi Qmi#QmM/ ~B;?i /2T�`im`2 iBK2b #�b2/ QM i?2 T`2/B+iBQMb i?�i

6B;m`2 N h?2 ShJ hBKBM; �M�HvbBb QM � S�`iB+mH�` .�v a?Qrb N8W Q7 S�bb2M;2`bǶ AM7Q`K�iBQM q�b _2+2Bp2/

JQ`2 h?�M ey JBMmi2b �?2�/ Q7 h?2B` �+im�H �``Bp�Hb- 3kW JQ`2 h?�M Ny JBMmi2b �?2�/- �M/ e3W

JQ`2 h?�M Rky JBMmi2b �?2�/
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