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Bi Bb TQbbB#H2 iQ `2i`B2p2 i?2 /BK2MbBQMb Q7 i?2 +QKKmMB+�iBQM Q` +QHH�#Q`�iBQM .2@
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rQ`FBM; iBK2- 7`QK N�K iQ 8TK UHQ+�H iBK2V �M/ 7`QK JQM/�vb iQ 6`B/�vbX AM i?2B`
`2b2�`+? _B2?H2 2i �HX i`B2/ /Bz2`2Mi i?`2b?QH/ +QK#BM�iBQMb BM Q`/2` iQ KQ/2H /Bz2`@
2Mi rQ`FBM; ?�#Bib T`2b2Mi rQ`H/@rB/2 �M/ +QM+Hm/2/ i?�i i?2 +QMbB/2`2/ /2}MBiBQM
Q7 rQ`FBM; iBK2 T`QpB/2/ �M �++m`�i2 �TT`QtBK�iBQM Q7 i?2 +QM+2Ti QM � ;HQ#�H rQ`F@

Ry9



dX9X aQ+BQ@i2+?MB+�H Zm�HBiv 6`�K2rQ`F BKTH2K2Mi�iBQM

BM; b+�H2X h?2 +QKTmi2/ HBbi Q7 bTQMbQ`2/ /2p2HQT2`b Bb mb2/ iQ +QKTmi2 i?2 iQi�H
MmK#2` Q7 bTQMbQ`2/ /2p2HQT2`b rBi?BM i?2 rBM/Qr Q7 �M�HvbBb UbTQMbQ`2/X/2pbV
�M/ Bib `2H�i2/ `�iBQ rBi? `2bT2+i iQ i?2 iQi�H MmK#2` Q7 /2p2HQT2`b r?QK +QMi`B#mi2
iQ � T`QD2+iǶb bQm`+2 +Q/2 U`�iBQXbTQMbQ`2/X/2pbVX

*Q`2 +QKKmMBiv K2K#2`bX h?2 B/2MiB}+�iBQM Q7 +Q`2 +QKKmMBiv K2K#2`b Q7
i?2 ;HQ#�H- +QKKmMB+�iBQM �M/ +QHH�#Q`�iBQM .2p2HQT2` aQ+B�H L2irQ`Fb Bb 7QmM/2/
QM � K2i?Q/QHQ;B+�H �TT`Q�+? T`QTQb2/ BM kyRe #v CQ#HBM 2i �HX (ey)X am+? B/2M@
iB}+�iBQM K2i?Q/QHQ;v +QMbB/2`b i?2 /2;`22 +2Mi`�HBiv K2�bm`2 Q7 2p2`v /2p2HQT2`
bBM+2- BM i?2B` `2b2�`+?- Bi r�b /2KQMbi`�i2/ i?�i +Q`2 /2p2HQT2`b 2t?B#Bi � ?B;?2`
;HQ#�H +2Mi`�HBiv BM i?2 /2p2HQT2` M2irQ`F �M/ i?�i i?2v �`2 HBF2Hv iQ +QQ`/BM�i2 rBi?
Qi?2` +Q`2 /2p2HQT2`b- r?BH2 T2`BT?2`�H /2p2HQT2`b �`2 HBF2Hv iQ +QQ`/BM�i2 rBi? +Q`2
/2p2HQT2`bX h?2 K2i?Q/ T`QTQb2/ #v CQ#HBM 2i �HX mb2b bQ+B�H M2irQ`F �M�HvbBb
K2i?Q/QHQ;B2b �M/ Bi r�b T`Qp2M iQ T`QpB/2 � #2ii2` `2~2+iBQM Q7 /2p2HQT2` T2`+2T@
iBQM `�i?2` i?�M +QmMi@#�b2/ �TT`Q�+?2b U2X;X +QKKBi +QmMi- GP* +QmMi �M/ K�BH
+QmMiV (ey)X *Q/27�+2 r�b �H`2�/v �#H2 iQ +H�bbB7v �b +Q`2 Q` T2`BT?2`�H � /2p2HQT2`
#2HQM;BM; iQ i?2 +QHH�#Q`�iBQM .2p2HQT2` aQ+B�H L2irQ`F- #mi i?Bb 7mM+iBQM�HBiv r�b
�TTHB2/ QMHv rBi?BM i?2 +QHH�#Q`�iBQM �M�HvbBb iQ /2p2HQT2`b r?QK +QMi`B#mi2/ iQ �
T`QD2+iǶb bQm`+2 +Q/2 �M/ Bi bmTTQ`i2/ QMHv /B`2+i2/ ;`�T?bX aBM+2 i?2 K2i?Q/QHQ;B2b
r2 T`QTQb2/ �`2 #�b2/ QM mM/B`2+i2/ ;`�T? iQTQHQ;B2b- i?2 T`22tBbi2Mi bQHmiBQM iQ
B/2MiB7v +Q`2 �M/ T2`BT?2`�H +QKKmMBiv K2K#2`b BMpQHp2/ BM � T`QD2+i r�b 2ti2M/2/
iQ bmTTQ`i mM/B`2+i2/ ;`�T?b �M/ i?2 �#BHBiv iQ �TTHv bm+? +H�bbB}+�iBQM 7mM+iBQM�HBiv
iQ +QKKmMB+�iBQM- +QHH�#Q`�iBQM �M/ ;HQ#�H .2p2HQT2` aQ+B�H L2irQ`FbX PM+2 i?�i
+Q`2 +QKKmMBiv K2K#2`b Q7 i?2 +QHH�#Q`�iBQM- +QKKmMB+�iBQM �M/ ;HQ#�H .2p2HQT2`
aQ+B�H L2irQ`Fb �`2 B/2MiB}2/- Bi Bb TQbbB#H2 iQ +QmMi i?2 MmK#2` Q7 +Q`2 K2K#2`b
T`2b2Mi BM � +QKKmMBiv 7Q` 2�+? ivTQHQ;v Q7 �M�Hvb2/ M2irQ`F U+Q`2X;HQ#�HX/2pb-
K�BHX;HQ#�HX/2pb- +Q`2X+Q/2X/2pbVX aBM+2 i?2 HBbi Q7 /2p2HQT2`b bTQMbQ`2/ #v +QK@
K2`+B�H +QKT�MB2b Q` b2H7@2KTHQv2/ Bb `2i`B2p2/ 7`QK i?2 +QHH�#Q`�iBQM .aL- Bi Bb
TQbbB#H2 iQ +QKTmi2 i?2 MmK#2` Q7 bTQMbQ`2/ /2p2HQT2`b r?QK �`2 +H�bbB}2/ �b +Q`2
/2p2HQT2`b rBi?BM i?2 +QHH�#Q`�iBQM .aL UbTQMbQ`2/X+Q`2X/2pbV- BMi2`b2+iBM; i?2
irQ `2H�iBp2 BM7Q`K�iBQM �M/ +QKTmiBM; Bib `2H�i2/ `�iBQ U`�iBQXbTQMbQ`2/X+Q`2V
rBi? `2bT2+i iQ i?2 iQi�H MmK#2` Q7 +Q`2 /2p2HQT2`b T`2b2Mi BM i?2 +QHH�#Q`�iBQM
.2p2HQT2` aQ+B�H L2irQ`FX � /22T2` mM/2`bi�M/BM; Q7 ?Qr +Q`2 K2K#2`b #2?�p2
rBi?BM /Bz2`2Mi +QKKmMBiv �+iBpBiB2b +�M #2 �+?B2p2/ +QmMiBM; ?Qr K�Mv +QKKm@
MBiv K2K#2`b �`2 +?�`�+i2`Bb2/ #v +Q`2 bi�imb #Qi? BM i?2 +QHH�#Q`�iBQM �M/ BM i?2
+QKKmMB+�iBQM .2p2HQT2` aQ+B�H L2irQ`Fb UKHX+Q/2X+Q`2X/2pbV- ?Qr K�Mv +Q`2
K2K#2`b Q7 i?2 +QKKmMB+�iBQM .aL �`2 MQi +Q`2 /2p2HQT2`b BM i?2 +QHH�#Q`�iBQM
.aL UK�BHXQMHvX+Q`2X/2pbV �M/ ?Qr K�Mv +Q`2 /2p2HQT2`b Q7 i?2 +QHH�#Q`�iBQM
.aL �`2 MQi +Q`2 K2K#2`b BM i?2 +QKKmMB+�iBQM .aL U+Q`2XQMHvX+Q`2X/2pbVX
h?2b2 i?`22 /BK2MbBQM�H K2i`B+b `2H�i2/ iQ +Q`2 K2K#2`b /Bbi`B#miBQMb rBi?BM +QM@
bB/2`2/ .2p2HQT2` aQ+B�H L2irQ`Fb �`2 i?2M mb2/ iQ +QKTmi2 i?2 `2H�i2/ `�iBQ rBi?
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`2bT2+i iQ i?2 iQi�H MmK#2` Q7 mMB[m2 +Q`2 K2K#2`b T`2b2Mib BM i?2 +QKKmMB+�iBQM
�M/ BM i?2 +QHH�#Q`�iBQM .2p2HQT2` aQ+B�H L2irQ`Fb �M/ BM i?2 irQ /Bz2`2Mi ;2M2`@
�i2/ .2p2HQT2` aQ+B�H L2irQ`Fb �HQM2 U`�iBQXKHX+Q/2X+Q`2- `�iBQXK�BHXQMHvX+Q`2-
`�iBQX+Q`2XQMHvX+Q`2VX

h`m+F MmK#2`X h?2 i`m+F MmK#2` `2T`2b2Mib i?2 `�iBQ Q7 T2QTH2 i?�i �M
�+iBpBiv +�M HQb2 rBi?Qmi 2Mi2`BM; BMiQ � bi�;M�iBQM T?�b2X Ai /Q2b MQi 2tBbi �
7Q`K�H /2}MBiBQM iQ +�H+mH�i2 i`m+F MmK#2` Ui`m+F 7�+iQ`V (8d) #mi rBi?BM � 6GPaa
/2p2HQTK2Mi +QKKmMBiv r2 +�M /2}M2 �b pBi�H K2K#2`b �bbQ+B�i2/ rBi? � +Q`2 bi�imb
rBi? `2bT2+i iQ 2�+? ;2M2`�i2/ M2irQ`F ivTQHQ;vX h?2 MmK#2` Q7 +Q`2 K2K#2`b
T`2b2Mi BM i?2 +QKKmMB+�iBQM- +QHH�#Q`�iBQM �M/ ;HQ#�H /2p2HQT2` .2p2HQT2` aQ+B�H
L2irQ`Fb T`2pBQmbHv Q#i�BM2/ �`2 i?2M mb2/ iQ +�H+mH�i2 i?2 i`m+F MmK#2` `2H�iBp2
iQ 2�+? M2irQ`F ivTQHQ;v UK�BHXi`m+F- +Q/2Xi`m+F �M/ ;HQ#�HXi`m+FV- mbBM; i?2
7QHHQrBM; 7Q`KmH�,

h`m+F MmK#2` 4 Operipheralmembers
Omembers 4 (Omembers − Ocoremembers)

Omembers

hm`MQp2`X .Bz2`2Mi ivTQHQ;B2b Q7 im`MQp2` �`2 +�H+mH�i2/ mbBM; i?2 MmK#2` Q7
+QKKmMBiv K2K#2`b Q7 i?2 +m``2Mi �M/ Q7 i?2 T`2pBQmbHv �M�Hvb2/ `�M;2bX h?2`27Q`2-
i?2 im`MQp2` Q7 i?2 }`bi `�M;2 Q7 �M �M�HvbBb rBHH �Hr�vb #2 x2`QX h?2 7QHHQrBM;
7Q`KmH� Bb �TTHB2/ iQ +QKTmi2 im`MQp2`,

hm`MQp2` 4 NEEDLY
(NEBY +NEEY ) / 2 ∗ 100W

q?2`2,

Ç L1G.u Bb i?2 MmK#2` Q7 K2K#2`b r?Q H27i i?2 T`QD2+i BM i?2 �M�Hvb2/ `�M;2X
Ai Bb Q#i�BM2/ +QmMiBM; i?2 MmK#2` Q7 K2K#2`b `2bmHiBM; 7`QK i?2 BMi2`b2+iBQM
Q7 K2K#2`b Q7 T`2pBQmbHv �M�Hvb2/ `�M;2 �M/ K2K#2`b Q7 i?2 �+im�H `�M;2 BM
�M�HvbBbc

Ç L1"u Bb i?2 iQi�H MmK#2` Q7 K2K#2`b r?Q +QMbiBimi2/ i?2 +QKKmMBiv BM i?2
T`2pBQmbHv +QMbB/2`2/ `�M;2c

Ç L11u Bb i?2 iQi�H MmK#2` Q7 K2K#2`b r?Q +QMbiBimi2 i?2 �+im�H `�M;2 BM
�M�HvbBbX

hm`MQp2` K2i`B+b �`2 +?�`�+i2`Bb2/ #v � i2KTQ`�H M�im`2 #2+�mb2 BM Q`/2` iQ #2 +QK@
Tmi2/ i?2v M22/ iQ ?�p2 �++2bb iQ ?BbiQ`B+�H /2p2HQTK2Mi �M�HvbBb BM7Q`K�iBQMX h?2
7QHHQrBM; ivTQHQ;B2b Q7 im`MQp2` �`2 +�H+mH�i2/ mbBM; T`2pBQmbHv 2tTH�BM2/ 7Q`KmH�,

RX im`MQp2` Q7 ;HQ#�H K2K#2`b U;HQ#�HXim`MQp2`Vc

kX im`MQp2` Q7 +QHH�#Q`�iBQM K2K#2`b U+Q/2Xim`MQp2`Vc

Rye
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jX im`MQp2` Q7 ;HQ#�H +Q`2 K2K#2`b U+Q`2X;HQ#�HXim`MQp2`Vc

9X im`MQp2` Q7 +QKKmMB+�iBQM +Q`2 K2K#2`b U+Q`2XK�BHXim`MQp2`Vc

8X im`MQp2` Q7 +QHH�#Q`�iBQM +Q`2 K2K#2`b U+Q`2X+Q/2Xim`MQp2`VX

h2KTQ`�H �M/ ;2Q;`�T?B+ /BbT2`bBQMX h?2 i2KTQ`�H �M/ ;2Q;`�T?B+ /BbT2`bBQM
Q7 � bQ7ir�`2 T`QD2+i Bb +�H+mH�i2/ �b i?2 MmK#2` Q7 /Bz2`2Mi �M/ mMB[m2 iBK2@xQM2b
BMpQHp2/ BM 2p2`v bQm`+2 +Q/2 +QMi`B#miBQM iQ i?2 bQm`+2 +Q/2 rBi?BM i?2 `�M;2 BM
�M�HvbBb UMmKXixVX *Q/27�+2Ƕb +QHH�#Q`�iBQM �M�HvbBb TQTmH�i2b � /�i�#�b2 i�#H2
rBi? �HH `2i`B2p�#H2 /2i�BHb Q7 +QKKBib �M/ i?2B` `2H�iBp2 �mi?Q`- ?Qm`- /�i2 �M/ iBK2@
xQM2X *Q/27�+29aK2HHb +QK2b rBi? � 7mM+iBQM�HBiv +�T�#H2 iQ [m2`v bm+? /�i�#�b2
i�#H2 BM Q`/2` iQ `2i`B2p2 �HH i?2 +QKKBib BM7Q`K�iBQM `2H�i2/ iQ i?2 `�M;2 BM �M�HvbBb-
2ti`�+i i?2B` �bbQ+B�i2/ iBK2@xQM2b �M/ `2im`M i?2 MmK#2` Q7 mMB[m2 /Bz2`2Mi iBK2@
xQM2b i?�i r2`2 BMpQHp2/ rBi?BM i?2 T`QD2+i /2p2HQTK2Mi BM i?2 +QMbB/2`2/ `�M;2X

aQ+BQ@i2+?MB+�H +QM;`m2M+2X aQ+BQ@i2+?MB+�H +QM;`m2M+2 UbiX+QM;`m2M+2V
Bb K2�bm`2/ �b i?2 MmK#2` Q7 /2p2HQTK2Mi +QHH�#Q`�iBQMb i?�i /Q ?�p2 � +QKKm@
MB+�iBQM +QmMi2`T�`i Qp2` i?2 iQi�H MmK#2` Q7 +QHH�#Q`�iBQM HBMFb T`2b2Mi BM i?2
+QHH�#Q`�iBQM .2p2HQT2` aQ+B�H L2irQ`FX .2p2HQTK2Mi +QHH�#Q`�iBQMb i?�i /Q ?�p2
� +QKKmMB+�iBQM +QmMi2`T�`i �`2 B/2MiB}2/ �M�HvbBM; QM2 #v QM2 i?2 +QHH�#Q`�iBQM
HBMFb i?�i +QMM2+i /Bz2`2Mi /2p2HQT2`b T`2b2Mi BM i?2 +QHH�#Q`�iBQM .2p2HQT2` aQ@
+B�H L2irQ`F �M/ +?2+F rBi?BM i?2 +QKKmMB+�iBQM .2p2HQT2` aQ+B�H L2irQ`F B7 bm+?
/2p2HQT2`b �`2 T`2b2Mi �M/ +QMM2+i2/ i?`Qm;? � +QKKmMB+�iBQM HBMFX h?2`27Q`2-
bQ+BQ@i2+?MB+�H +QM;`m2M+2 +�M #2 +QKTmi2/ mbBM; JBbbBM; GBMFb *QKKmMBiv aK2HH
K2i`B+ �b 7QHHQrb,

aQ+BQ@i2+?MB+�H +QM;`m2M+2 4 Ocollaborations−OmissingLinks
Ocollaborations

*QKKmMB+�#BHBivX 1�+? +QHH�#Q`�iBQM #2ir22M irQ /2p2HQT2`b U� �M/ "V BM i?2
bQ7ir�`2 /2p2HQTK2Mi M2irQ`F Bb +QMbB/2`2/ �b � TQbbB#H2 bQm`+2 Q7 �`+?Bi2+im`�H �M/
/2bB;M /2+BbBQM- i?2`27Q`2 � /2p2HQT2` Bb +QMbB/2`2/ �r�`2 Q7 � /2+BbBQM B7 ?2 Q` b?2 Bb
bi`QM;Hv +QMM2+i2/ iQ �i H2�bi QM2 Q7 i?2 irQ /2p2HQT2`b r?QK ;2M2`�i2/ i?2 /2+BbBQMX
AM@+QKKmMB+�#BHBiv Bb `2H�i2/ iQ 2p2`v +QHH�#Q`�iBQM rBi?BM i?2 +QHH�#Q`�iBQM .aL
�M/ Bi Bb #�b2/ QM h�K#m``B 2i �HXǶb 7Q`KmH�iBQM (.1"h@k),

J�A 4 DEM −DAM

.1J 4 Ocollaborators of the two developers
Odevelopers

.�J 4 Ocollaborators of the two developerswhomcommunicatewith them
Odevelopers

h?2`27Q`2- ;HQ#�H BM@+QKKmMB+�#BHBiv +�M #2 /2}M2/ �b i?2 K2�M J�A Qp2` i?2
2MiB`2 +QHH�#Q`�iBQM M2irQ`FX *QKKmMB+�#BHBiv Bb � ;HQ#�H BM/B+�iQ` r?B+? +QMbBbib
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BM i?2 K2�M Q7 �HH HQ+�H +QKKmMB+�#BHBiv K2�bm`2b- +�H+mH�i2/ 7Q` 2p2`v +QHH�#Q`�iBQM
#2ir22M irQ /2p2HQT2`b rBi?BM i?2 +QHH�#Q`�iBQM .2p2HQT2` aQ+B�H L2irQ`F BM i?2
`�M;2 BM �M�HvbBbX *QKKmMB+�#BHBiv r�b T`272``2/ iQ BM@+QKKmMB+�#BHBiv BM Q`/2`
iQ bBKTHB7v K2�bm`2K2Mi +QKT`2?2MbBQM- #2+�mb2 BM@+QKKmMB+�#BHBiv i2M/ iQ #2
+?�`�+i2`Bb2/ #v K2�bm`2K2Mib i?�i i2M/ iQ x2`QX *QKKmMB+�#BHBiv Bb +QKTmi2/ �b,

*QKKmMB+�#BHBiv 4 1− incommunicability 4 1− 1
n

∑
MAI

aQ+B�H L2irQ`F �M�HvbBb K2i`B+bX q2 mb2/ bQK2 aQ+B�H L2irQ`F �M�HvbBb
K2i?Q/QHQ;B2b �p�BH�#H2 BM _ H�M;m�;2 iQ +�H+mH�i2 i?2 7QHHQrBM; 7�+iQ`b,

Ç +2Mi`�HBiv Q7 i?2 ;HQ#�H .2p2HQT2` aQ+B�H L2irQ`F +QKTmi2/ +QMbB/2`BM; +HQb2@
M2bb U+HQb2M2bbX+2Mi`V- #2ir22MM2bb U#2ir22MM2bbX+2Mi`V �M/ /2;`22 U/2;`22X+2Mi`Vc

Ç /2MbBiv Q7 i?2 ;HQ#�H .2p2HQT2` aQ+B�H L2irQ`F U/2MbBivVc

Ç KQ/mH�`Biv Q7 i?2 ;HQ#�H .2p2HQT2` aQ+B�H L2irQ`F U;HQ#�HXKQ/V- +QKKm@
MB+�iBQM .2p2HQT2` aQ+B�H L2irQ`F UK�BHXKQ/V �M/ +QHH�#Q`�iBQM .2p2HQT2`
aQ+B�H L2irQ`F U+Q/2XKQ/VX

aK2HHv /2p2HQT2`b �M/ bK2HHv [mBii2`bX hrQ bQ+BQ@i2+?MB+�H [m�HBiv K2i`B+b
`2H�i2/ iQ i?2 Qmi+QK2 Q7 *QKKmMBiv aK2HHb B/2MiB}+�iBQM �M�HvbBb- bT2+B}+�HHv
+QKTmi2/ mbBM; i?2 HBbi Q7 mMB[m2 +QKKmMBiv K2K#2`b BMpQHp2/ rBi?BM �i H2�bi QM2
*QKKmMBiv aK2HH- �`2 i?2 `�iBQ Q7 bK2HHv /2p2HQT2`b �M/ i?2 `�iBQ Q7 bK2HHv [mBii2`bX
h?2 `�iBQ Q7 bK2HHv /2p2HQT2`b U`�iBQXbK2HHvX/2pbV Bb i?2 `�iBQ Q7 +QKKmMBiv K2K@
#2`b r?Q �`2 BMpQHp2/ BM �i H2�bi QM2 *QKKmMBiv aK2HH rBi? `2bT2+i iQ i?2 iQi�H
MmK#2` Q7 mMB[m2 K2K#2`b r?Q +QMbiBimi2 i?2 ;HQ#�H .2p2HQT2` aQ+B�H L2irQ`FX
h?2 `�iBQ Q7 bK2HHv [mBii2`b U`�iBQXbK2HHvX[mBii2`bV `2T`2b2Mib i?2 `�iBQ Q7 /2p2H@
QT2`b r?Q r2`2 BMpQHp2/ BM �i H2�bi QM2 *QKKmMBiv aK2HH BM i?2 T`2pBQmbHv �M�Hvb2/
`�M;2 i?�i H27i i?2 bQ7ir�`2 /2p2HQTK2Mi +QKKmMBiv rBi?BM i?2 `�M;2 BM �M�HvbBbX
h?2 `�iBQ Q7 bK2HHv [mBii2`b Bb +?�`�+i2`Bb2/ #v � i2KTQ`�H +?�`�+i2`BbiB+ #2+�mb2
BM Q`/2` iQ #2 +QKTmi2/ Bi M22/b iQ ?�p2 �++2bb iQ ?BbiQ`B+�H /2p2HQTK2Mi �M�HvbBb
BM7Q`K�iBQM- i?2`27Q`2 � HBbi Q7 2p2`v +QKKmMBiv K2K#2` �M/ Q7 bK2HHv /2p2HQT2`b
Q7 i?2 T`2pBQmbHv �M�Hvb2/ `�M;2 Bb F2Ti �M/ T�bb2/ iQ i?2 M2ti `�M;2 �M�HvbBbX
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