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Besoin de l’utilisateur

Modélisation de la
demande (requête)

Rappel de docu-
ments (mémoire)

Choix d’une personne
tierce (sélection)

Consultation de
moteur de recherche

Recherche dans la
base de documentation

Demande de ren-
seignements

Tri parmi l’ensemble des réponses

Besoin
satisfait ?

Besoin de l’utilisateur

OUI

NON

Choix de
l’utilisateur

Activité de
l’utilisateur
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GESTION DU CONTENU

•Classification des éléments du
site
•Gestion des éléments du site
Web

Données utilisées : éléments de
contenu, taxonomie, thésaurus

FOUILLE DU WEB

•Analyse des documents consultés
(“web usage mining”)
•Analyse du contenu du site (“web
content mining”)

Données utilisées : base de connais-
sances, historique, profil d’utilisateur

Journal d’accès
aux pages (“Logs”)

Serveur Web

Module de
publication du site

Module de
recommandations

interface
utilisateur

Partie de l’application “en ligne” Partie de l’application “hors ligne”
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γw
v =

1

kv(kv − 1)

∑

w∈Γ(v)

sim(v, w)|{u ∈ Γ(v) : (w, v) ∈ E}|
1 �59��*3
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V = {v1, v2, v3, v4} E =

{

(v1, v2), (v2, v3), (v2, v4), (v3, v5), (v4, v1)
(v4, v2), (v4, v3), (v4, v5), (v5, v3), (v5, v4)

}
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kv4
= |Γ(v4)| = 4
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γv4
=

1

4(4− 1)

∑

w∈{v1,v2,v3,v5}

|{u ∈ {v1, v2, v3, v5} : (w, u) ∈ E}|

=
1

12
(|{(v1, v2)}| + |{(v2, v3)}|+ |{(v3, v5)}|+ |{(v5, v3)}|)

=
1

3
= 0.33

γw
v4

=
1

4(4− 1)

∑

w∈{v1,v2,v3,v5}

sim(v, w)|{u ∈ {v1, v2, v3, v5} : (w, u) ∈ E}|

=
1

12
(0.9× |{(v1, v2)}|+ 0.3× |{(v2, v3)}|+ 0.3× |{(v3, v5)}| + 0.8× |{(v5, v3)}|)

=
2.3

12
= 0.19
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Sdrop
i→j (t) = − log

(

Ui→j(t) + ε

1 + ε

)

, ∀nj ∈ Vi(t)
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ε
U��E[J�
W��%��U��j��T
���*U�Y�Z��%T*W#b��,��� �6��	j�#��� �"��T
����] � U��

Sdrop ∈ [0,− log
(

ε
ε+1

)

]

�W.�4Z����#��\�i����%�

ε
��]Gj������5Y'�9X$��Y
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T
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ε = 0.01
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��U��%	AT
� �;\�T
� ���%] � U���Y�� ��� ��U�����W.������W.��Z����#��\�i����%������]��#�����

�*U��9���%i.	�Y���\>���%].���
Z+� ��U����%�BZ����#��\�i����%�

β
Z:����\����8���nj \����FY
������X0����U �
� U�����Y����%]�\>������\;U�\ �
� U����cW.T
�����G\��
T
��� K<���

�G\���\>Z�Y
��
&����j \���� �
β = 0.1
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�����G\3�
T
��	��%��Y�Y
�.	 �*U��
Sdrop

i→j (t) ≤ 0.1
	#���%T
� �E	�U�	%W.��Z�������Y
�.	

�
�A�����%��	%U�Z�Z�����\�].�.	@�mi*��Y���T
�V��� �%����Z��%���%�1W.�����%��X$��Y
��U��@
@W.��Y'�8�%��X��
��� � � �3���%� �*U�� U�����W.T
�����G\��
T
�e���7� ? ���*�
Z��
	��%�EL�U2Z�Y�U�	,����� ��� �
��]�X$��Y�U������
T
��	,Z:T$	�������X0�.	,�.	��,W.T
��	%�
�����%].�AW.T
\>\��)]��#���*�+��� U�����Y
���
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U���W#b���� U��9W.T
�����G\3�
T
�
i, j

�3U1X0T
�
	�������h0��
�U����+Z��%T���������Y����%]�������].W.T
�����G\3�
T
�
P drop

i→j (t)
�.	��"W���Y
W�U�Y
].�

���8[?T
��W����
T
�2�3U2	%W.T
�%�����-���9Y�� U�����Y����%];������������U�].�A��U X0T
�
	%��� �

P drop
i→j (t) =



















S
drop
i→j (t)

∑

nk∈V
′

i (t)

Sdrop
i→k (t)

� [
Ui→j(t) ≤ β

0
� [

Ui→j(t) > β
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′

i (t) = {nj ∈ Vi(t) | Ui→j(t) ≤ β}
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��T
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��	@
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U��+���%�R[Q�#��Z�Z:��Y
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T
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➠
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T����.	+�
�7�
W�����X����%].	
�

Tmode

� 	!W%b���Y�Y
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�

γ
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T
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�

�
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�
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T
���������%�A���)W.T
�����G\3�
T
��	

➠ � �.	����
T
���������%�)���)W.T
�����G\3�
T
��	
�

Vmin
���l����Y�Y
�A\>������\AU�\ �3U X0T
�
	�������h0�

�
Vmax

���C����Y�Y
��\��:\���\;U�\ �3U X0T
�
	%������h0�
�

ε
���+]�h$U�Y'�����
T
�B�3U W���Y
W�U�Y&���.	,	%W.T
�%�.	

�
β

� Z+����Y����%])\>������\AU�\ �
� U����AW.T
�����G\��
T
�
�
|E|

���l����Y�Y
�A����Y'��\�]�\�T
���%�)Z:T
U���Y
�.	,]�X$��Y�U������
T
��	

➠
l9]�Z��
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\�T
���.	
�

α
���-]�h$Y'��h0�)����Y'���#��Z��
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�
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�

➠
��T
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��Y�Y
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� �@����T
\����%�;���9[?T
U���\>�
	
�

η
� ["T�� ��W��
��� ������Y������%�A���N�������%�

�
smin

�(�k� �%]������,\>������\;U�\ �
� U����AW.T
�����G\3�
T
�
�

n+ ���l����������W.�;W��
	=�����
i��%�

➠
�4T
�
� �-T
\����%�A����W.T
Z��
�.	+W��%].�.	+Z6T
U��,W#b���� U��)���3[gT
��\������
T
�

➠
�k�3[?T
��\������
T
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� �l����Y�Y
�A���)Y'��\�]�\�T
���%�A���.	�Z������%	�X��
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["��Y'�,�%��Z��%].	#��� �%�4U����%T
�#��Y3���hd 6+Z����#��\�i����%�.	@�4["�����#������	<�
����� ���%����U6\

m�%��Y
	 �*U��!Y
�
ε

�T
� �<U����"��� ��U�����W.�

��]�h$Y���h0������Y
��� l �7��U����%�8	%T
� �E��\>Z:T$	%].	AZ����E���.	EW.T
� ���#�����*�%�.	��G\��%]����
��U��%�.	>�������FZ6��U�X0���*�E��T
��W1Z��
	 �����%�
�:g U�	��%].�.	@� � j��e�����%].�3U����%��Y
����T
\����%�8����Z����#��\�i����%�.	��%�.	��#���*�%	 � �%]�h$Y
���@
&��T
U�	;Z��%T
Z:T$	%T
��	;��T
��W�U����
]���U����>Z:T
���#��� ��	�U���Y�������W��
�3�%��\���� �>�
� U��VW.�����#�����V��T
\����%�1���>X
�����'����Y
�.	���Y
]����%T
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]�X��
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T
��	-��� ���%�)Y
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W�U�Y
	 �*U��@	�U���X0���*�@
����+�:j�� ���-���9Z��
	4��T
U�	,Z�Y'�
W.���,������	4U�� W��
	4Z��������
W�U�Y��
���@

��T
U�	,W.T
��	%�
��]��%���%T
��	��*U��

{

|V good
i (I, t)| > 0
|V bad

i (I, t)| > 0

	j�#��� �8��T
����] �*U��
Vmin ≤ |V

good
i (I, t)| + |V bad

i (I, t)| ≤ Vmax

j��Y-�.	��FZ6T$	#	�����Y
� ���2��].�3U����%��U��

����W��
�3�%��\����*�-���
|V bad

i (I, t)|
���
|V good

i (I, t)|
�

{

1 ≤ |V good
i (I, t)| ≤ Vmax − 1

1 ≤ |V bad
i (I, t)| ≤ Vmax − 1
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["�.	,] �*U������
T
��	,��\>Z:T$	%��� �,Y
T
h$���*U���\���� � � U��
Vmin ≥ 2

�
�&�EZ��%T���������Y����%];Z6T
U��-U����9[?T
U���\>�

f
���A��].W��
�����������%�.	��%���-	%U��,Z�Y'�
W.�

k
[?T
�
	+W.T
��	#].W�U�����X0�.	-	%�A��]Gj������

W.T
\>\��;Y
�.	�Z��%T*�3U����9���.	+Z��%T���������Y����%].	����A[J�����%�;W.��W%b�T
�b\ �FW%b��
W�U����E���.	
k
�
W����
T
��	@� �@��\�T
\���� ��T�]BY'�

[?T
U���\>�
f
�Ga �.W���U��-	=��Z��%��\>�
i��%�9�
W����
T
�1�.	��5��T
�%]

t0(f)
� �@�.	4��U����%�.	!����	%�#��� �%	4T�]�Y'�)[gT
U���\>�:��h$���5Z:��U�X0��� �

�����%�-W���Y
W�U�Y
].	5���8�:g T
U��#���*� �AW.�,�%��\>Z�	5���������'��YQY
�-��]�Y'���Q��� ���%������U6\F�
W����
T
��	
T (f, n)

� Y'�9[?T
U���\>��[?���#�)	%T
�
	%�.W.T
����W%b�T
�b\B��U��%��\>Z�	

t0(f) + T (f, 1)

�Z�U��
	-Y
�)���%T
�
	%�
i�\�� �

t0(f) + T (f, 1) + T (f, 2)
����������	�� � U��

	�U����%� g U�	 � U��7��UDW#b�T
�b\
n∗

��U1�%��\>Z�	
t0(f) +

∑n∗(f)
n=1 T (f, n)

�R	j�D	�U�Z�Z:T$	#��� � �*U��9W.�.W��:	#�+Z��%T��3U����,��� ���%�
Y
�.	+�
W����
T
��	

a
���

b
^
b− a + 1 = k

`G
�T
�2T������
��� �
ξk

ξk =

b
∏

n=a

(1− ηδ(|V good
i (I, t)| > 0))

1 + n+

|V bad
i (I, t0(f) +

∑n
l=1 T (f, l))|+ 1 + n+

^.c6��d@e2`

[5b���� U���Z�������\������*���
��� �AY
����T
\����%�����E	%�.	9X0T
�
	�����	���� ���%������U6\�X$��Y
��U��%	
Vmin
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�>����X
��Y
��U��%	�Z:T
U���Y�������	#��\���Y
�>���.	�X0T
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T
����� �:T
U�W�Y'��h0� �

1 ≤ |V bad
i (I, t0(f) +

n
∑

l=1

T (f, l))| ≤ Vmax − 1
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2 + n+ ≤ |V bad
i (I, t0(f) +

n
∑

l=1

T (f, l))|+ 1 + n+ ≤ Vmax + n+

���,��T
��W

1 + n+

Vmax + n+
≤

1 + n+

|V bad
i (I, t0(f) +

∑n
l=1 T (f, l))|+ 1 + n+

≤
1 + n+

2 + n+

���@
�]��#���*����T
����] � U��
1 − ηδ(|V good

i (I, t)| > 0) ∈ {1− η, 1}

Q��T
U�	-T����%����T
��	 j�����Y
��\���� ��Y�� ����]�h ��Y����%]

	�U���X$��� �%� �
(

(1− η)(1 + n+)

Vmax + n+

)k

≤ ξk ≤

(

1 + n+

2 + n+
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T
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P send
i→j (I, t)
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η
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] �*U������
T
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�
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P send
i→j (I, t)

�

•
i*�

nj ∈ V good
i (I, t)
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U�	+��X0T
��	

P send
i→j (I, t)

∣

∣

∣

nj∈V
good
i (I,t)

= η
s(τi←j(t), τ(I))
∑

z∈V
good
i (I,t)

s(τi←z(t), τ(I))

T
�@
3]��#��� ����T
����] �*U��
nj ∈ V good

i (I, t)

���T
U�	"	=�.X0T
��	 �*U��

smin ≤ s(τi←j(t), τ(I)) ≤ 1
��l9T
��WN�

η
smin

|V good
i (I, t)|

≤ P send
i→j (I, t)

∣

∣

∣

nj∈V
good
i (I,t)

≤ η
1

|V good
i (I, t)|smin

���6j���
.Z�U��
	 � U��
2 ≤ |V good

i (I, t)|+|V bad
i (I, t)| ≤ Vmax

��T
U�	&��].�3U��
	%T
��	 � U��
1 ≤ |V good

i (I, t)| ≤
Vmax − 1

���+���6T
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η
smin

Vmax − 1
≤ P send

i→j (I, t)
∣

∣

∣

nj∈V
good
i (I,t)

≤ η
1

smin
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i (I, t)

��T
U�	-�.X0T
��	

P send
i→j (I, t)

∣

∣

∣

nj∈V bad
i (I,t)

= (1− η)
1

|V bad
i (I, t)|+ 1 + n+
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(1− η)
1
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∣

∣

∣
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i (I,t)
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1

2 + n+
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(1− η)
1 + n+

Vmax + n+
≤ P send

i→i (I, t) ≤ (1− η)
1 + n+

2 + n+
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AP6CBUs;>@wEs;>?:[pH<@pCB\vCwEDFvC6H>?D98LDR<ZuN8�B@:=tA:=uN8L>?:=<@p`6HDR<?>@6Mu[6CBZIe:��]pH>@6HDV<@6CB/:=De��wE>?tK8L<?:[wEDFBZB@wEDV</s;>@pCB@6HDR<@pC6CB\IF8LDFB

uN8
<G8L�;u[6 %e� %e�9vC6CBU>@pCB?r;u=<G8L<@BZBGwEDR</wE�;<@6HDRrFB�6HD~8Ls;s;u=:[�Vr98LDR</uN8���wE>?tmr;u[6 %e�zyx�

Sim(Dx, Dy) =
1

|Dx|

∑

I∈Dx

(
∑

I
′∈Dy\{I}

s(τ(I), τ(I
′

))

|Dy \ {I}|

)

\ %e�zyH`

)¢wEr;>�v@{98E�VrF6�vX8EB@6x�Su[6CB }E8Lu[6Hr;>@B�:=DFIe:[�RrF6HDV<�uN8`B?:=tA:=uN8L>?:=<@p\tOwtES6HD;DF6�6HDR<?>@6\r;DKtO6Htm�;>@6�I;6ZuN8`vHuN8EB@BG6Z6HD
8L�FB@vH:[BGB@6!6H<P<@wErFBPu[6CB 8Lr;<?>@6CBPtO6Htm�;>@6CB I;6�uN8UvHuN8EB@B@6�6HDmwE>@I;wED;DFpC6CBX�HAP6�^�6Hr�I;6 I;wED;DFpC6CB¢6CB?<�}SwEu[wEDV<G8L:=>@6HtO6HDR<
B?:=tAs;u=:[B@<@6�8fXFD~I;6�sJwEr;}SwE:=>\s;u=rFBU��8EvH:=u[6HtO6HDR<TpH<?rFIe:[6H>Zu[6�vCwEtAs]wE>?<@6HtO6HDR<TI;6`u���8Lu=�SwE>?:=<?{;tO6
6H<\pH<G8L�;u=:=>�I;6CB
vCwEDFvHu=rFB?:[wEDFB\B?r;>Uu[6CBU>@pCB?r;u=<G8L<@B\wE�;<@6HDRrFBX�
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D1 D2 D3 D4

D1
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�e� ¢�6 �e� ��� �e� ��� �e� ��%

D2
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D3
�e� ��� �e� �Y¡ �e� ¢ � �e� ���

D4
�e� ��% �e� ��% �e� ��� �e� ¢�6
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β
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p
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^`_�� �£fhk
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	 f9g�����j���
�����
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�

)>=vTE?¥vCwEtAsJwE>?<@6
r;DW�JwED£DFwEt��;>@6AI;6ms98L>G8LtOzH<?>@6CBX��u\DWvC6H>?<G8L:=D£DFwEtm�;>@6AI��q6HDR<?>@6A6Hr_e~wEDV<`pH<@p X e;pCB
8L>?�;:=<?>G8L:=>@6HtO6HDV<�k�DFwErFB�8C}SwEDFBQX e;p

ρmin = 0.05
�
ρmax = 0.8

sJwEr;>O>@6CB@sJ6CvH<?:=}S6HtO6HDV<QBX��8EBGB?r;>@6H>K�VrF6
vG{98E�RrF6�:=De��wE>?tK8L<?:[wED�uN8L:[B@B@6\r;DF6T<?>G8EvC6�tA:=D;:=tK8Lu[6�8Ls;>@zCB/8C}SwE:=>/pH<@p�<?>G8LDFB���6H>@pC6T6H<UsJwEr;>UpH}	:=<@6H>�I;6�>?:[B@�VrF6H>
I;6!s]6H>@Ie>@6!u[6CBPI;wED;DFpC6CB)8EvCvHr;t�r;u[pC6CB)8EB@B@w	vH:[pC6 8Lr_eMvCwED;DF6{e	:[wEDFB ����wErFBn8C}SwEDFB pH�R8Lu[6HtO6HDR<"X eep

TTL(I) = 5vC6\�Rr;:JvCwE>?>@6CB?sJwEDFIQ¡MuN8mIer;>@pC6ZI;6\}V:[6ZtA:=D;:=t�r;t+s]wEr;>��VrP� r;DF6/:=De��wE>?tK8L<?:[wEDYBGwE:=<�vCwEDFB?r;u=<@pC6\s98L> <@wErFB�u[6CB
s98L:=>@B I�� r;D��x>@wEr;s]6HtO6HDR<!6H<

seen(I, t) = 1
I;6�B@wE>?<@6 �VrF6�B@6Hr;uVu[6�>@6H<@wEr;> }S6H>@BPu��q6HDV}SwtES6Hr;>�B@wE:=<¢:=DR<@6H>@Ie:=< u[wE>@B

IerQv@{FwE:ceQI;6CB7I;6CB?<?:=D98L<?:[wEDFBUI��q6HDV}SwE:�� j�{98E�VrF6�B@pH>?:[6\I;6Z>@pCB?r;u=<G8L<@BU8�pH<@p\tOwtES6HD;DFpC6TB?r;>  ��`6{e;pCvHr;<?:[wEDFBUI;6
u���8Lu=�SwE>?:=<?{;tO6�8fXFD�I;6T>@pCIer;:=>@6`u�� :=D��FrF6HDFvC6�I;6CB�s98L>G8LtOzH<?>@6CB\8Lu[pX8L<@wE:=>@6CB\B?r;>�u[6CBUs]6H>���wE>?tK8LDFvC6CB/wE�FBG6H>?}SpC6CBX�
�\wErFB�8C}SwEDFB�}	r~�VrP� r;DF6M��wE:[B

Vmax
X eepx�9u[6CB�8Lr;<?>@6CB\u=:=tA:=<@6CB\sJwEr;>�u[6CB/s98L>G8LtOzH<?>@6CBTB@wEDV<�I;p{XFD;:[6CB�s98L>

u�� r;D¤I;6CBOvCwEr;s;u[6CB
{η, n+}

6H<
{η, smin}

��= uU6CB?<As]wxB@B?:=�;u[6YI;6Yv@{F6H>@v@{F6H>QI;6CB�}E8Lu[6Hr;>@BAwEs;<?:=tK8Lu[6CB�I;6YvC6CB
s98L>G8LtOzH<?>@6CBO6HD¤B?r;:=}x8LDR<Ar;DF6Ys;>@w	vCpCIer;>@6Ys;>@wE�x>@6CB@B?:=}S64w��

η
6CB@<�vC6Hu=r;:/�Vr;:UB@6H>G88X eepY6HD¦I;6H>?D;:[6H>OpH<G8LDV<

I;wED;DFp`Bb8
s;>@pCB@6HDFvC6`IF8LDFBUu[6CB/I;6Hr_e4s98L:=>@6CB/vCwEDFB@:[I;6H>@pC6CB~k
yx�/s98L>?<G8LDR<\I�� r;DF6`}E8Lu[6Hr;> X e;6Ts]wEr;>

η
6H<

n+ �;vG{F6H>@v@{F6H>�r;DF6M}E8Lu[6Hr;>/wEs;<?:=tK8Lu[6�sJwEr;>
smin � e�/s98L>?<G8LDR<\I�� r;DF6`}E8Lu[6Hr;> X e;6Ts]wEr;>

η
6H<

smin
�Fv@{F6H>@vG{F6H>Zr;DF6M}x8Lu[6Hr;>ZwEs;<?:=tK8Lu[6Ms]wEr;>

n+ �
�e�/s98L>?<G8LDR<\I�� r;DF6`}E8Lu[6Hr;> X e;6Ts]wEr;>

n+ 6H<
smin

�;v@{F6H>@vG{F6H>Zr;DF6M}x8Lu[6Hr;>ZwEs;<?:=tK8Lu[6Ms]wEr;>
η
�

AP6�vH>?:=<@zH>@6~pH<?rFIe:[py6CB?<OvC6Hu=r;:�I;6CBO}x8Lu[6Hr;>@B�8L<?<@6H:=DR<@6CB�s98L>Ou[6CB�6CB?<?:=tK8L<@6Hr;>@B��Vr98LDFI¤s;u=rFBQ8LrFvHr;DF6�:=D_b
��wE>?tK8L<?:[wED¦DF6Ys]6Hr;<QhH<?>@64pCv@{98LD;�SpC6W6HDR<?>@64u[6CBOs98L:=>@BX��j��q6CB?<K¡|Ie:=>@64I;zCBK�RrF64u[6CB��������ywEDR<Q8L>?>FhH<@p4u[6Hr;>
s;>@w	IerFvH<?:[wEDQ6H<��VrF6Zu[6CB7B?<@w	v-�eB�I�� :=De��wE>?tK8L<?:[wEDFB/¡`Ie:��]rFB@6H>�B@wEDR<7}V:[I;6CB �_j76CB�}E8Lu[6Hr;>@B�B@wEDV<�>@6Hs]wE>?<@pC6CB�IF8LDFB
Ie:=}S6H>@B�<G8L�;u[6X8Lr_e�w��Yr;D�vCwVI;6MvCwEr;u[6Hr;>Us]6H>?tO6H</I�� :[I;6HDR<?:cX96H>��RrF6Hu�u[6�tO6H:=u=u[6Hr;>/>@pCB@r;u=<G8L</wE�;<@6HDRr~8L:=DFB?:P�VrF6
vC6Hu=r;:n6CB@<ZB@wED�s;>@6HtA:[6H>�B?r;:=}E8LDV<X�Gj76CB/<G8L�;u[6X8Lr_e�:=DFIe:[�VrF6HDR<�pH�R8Lu[6HtO6HDR<T�RrF6Hu¢6CB?</u[6Ms98L>G8LtOzH<?>@6mvCwEDFB?:[I;6H>@p
8L:=DFB?:P�VrF6TuN8�}x8Lu[6Hr;>/I���8Lr;<?>@6CB/s98L>G8LtOzH<?>@6CB�B?:�:=u�E48�u=:[6HrP� An8�XF�xr;>@6 %e� DOvCwEDR<?:[6HDR<�r;D4�xr;:[I;6`I;6Mu[6CvH<?r;>@6x�

� ����� %e� D6�7= DFIe:[vX8L<?:[wEDFB\I;6Tu[6CvH<?r;>@6`s]wEr;>Uu[6CBU<G8L�;u[6X8Lr_e�I;6M>@pCB?r;u=<G8L<@B

( )! &)-, " �!����7$# ����� :�
�2�

smin

T5XFD�I��qpH<G8L�;u=:=>!r;DF6�}x8Lu[6Hr;>)wEs;<?:=tK8Lu[6UI;6
smin

�LvC6H<?<@6�s;>@6HtA:[zH>@6UB@pH>?:[6�I;6�<@6CB?<@B)s;>@6HDFI�6HD�vCwEDFB@:[I;pH>G8L<?:[wED
η = 0.8

6H<Mr;D&6HDFB@6Ht��;u[6�I;6A}E8Lu[6Hr;>@B�sJwEr;>
n+ ��AP6As;>@6HtA:[6H>
I;6OvC6CBMs98L>G8LtOzH<?>@6�I;p{XFD;:=<�uN8Ys;>@p���pH>@6HDFvC6�VrP��¡Mr;DF6Z��wEr;>?tA:�¡mv@{FwE:[B?:=>U6HDR<?>@6�s98L>?<?:=>�6HDQIe:=>@6CvH<?:[wED4I�� r;DQs98L:=>�s]wE<@6HDR<?:[6Hu=u[6HtO6HDV</:=DR<@pH>@6CBGB@p\wErQDFwEDP�JAP6

B@6CvCwEDFIQs]6H>?tO6H</I���8Lr;�xtO6HDR<@6H>\u[6CBUv@{98LDFvC6CBZI��qwEs;<@6H>Us]wEr;>�uN8�B@wEu=r;<?:[wED4>@6H}S6HD98LDR<�¡�DF6Ts98EBU�Vr;:=<?<@6H>Uu[6TD;:[I
IF8LDFBUu[6MvX8EBZw��4u[6Mv@{FwE:ce�8�pH<@pT��8L:=</I;6MBG6\>@6HDFIe>@6m¡
r;D4D;:[I4DFwED4:=DR<@pH>@6CB@BGpx�iAn8�s]wxB@B?:=�;:=u=:=<@pMI;6MvG{FwE:[B?:=>ZI;6
>@6CB?<@6H>�IF8LDFBZu[6�D;:[IypH<G8LDV<�I;pHs]6HDFIF8LDR<@6�I;6�vC6Hu=u[6
Ier~vG{FwE:ce~Iery�x>@wEr;s]6
I;6`s98L:=>@BT¡OvCwEDFB?:[I;6H>@6H>X�JvC6CB\I;6Hr_e
s98L>G8LtOzH<?>@6CB/BGwEDR<Uu=:[pCBX� T¢}S6Cv�r;D

n+ X e;6x�;Ie:=tA:=DRrF6H>
η
sJ6H>?tO6H</I���8Lr;�xtO6HDV<@6H>ZuN8ms;>@wE�98L�;:=u=:=<@p`I;6���8L:=>@6Tr;D
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<@6Hu7v@{FwE:ce&6H<
:=DR}S6H>@B@6HtO6HDV<X�&j��q6CB?<ms]wEr;>@�VrFwE:�DFwErFB�8C}SwEDFB�wEs;<@p�sJwEr;> X ee6H>
u�� r;D�6H<
63�]6CvH<?rF6H>�I;6CBm<@6CB?<@B
I�� :=D��FrF6HDFvC6�sJwEr;>/�VrF6Hu[�RrF6CB/}E8Lu[6Hr;>@B\I;6Tu���8Lr;<?>@6x�
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<G8Lr_e�I;6T�x>@wEr;sJ6HtO6HDV<~k

η ∈ {0.7, 0.9}

•
<G8Lr_eQI;6T>G8Ls;s]6Hu�k

η ∈ {0.7, 0.8, 0.9}
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s]wEr;>/u[6CBU<@6CB?<@BZ63�]6CvH<?rFpCBX�
•
<G8Lr_e�I;6�s;>@pCvH:[B?:[wED@k

η ∈ {0.7, 0.8, 0.9}
8C}S6CvYI;6CBm>@pCB?r;u=<G8L<@BmDRr;tOpH>?:[�VrF6CBAB@6HDFB?:=�;u[6HtO6HDR<
:[I;6HD_b

<?:[�VrF6CBUs]wEr;>/u[6CBU<@6CB?<@B/63��6CvH<?rFpCBX�
AP6�v@{FwE:ceQBG6/��8L:=<76HDV<?>@6

η = 0.9
6H<

η = 0.7
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η = 0.7
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<?>@wEr;}S6H>/r;Dy6HDFBG6Ht��;u[6`I;6T}x8Lu[6Hr;>@B �\:[I;pX8Lu[6CB 
�s]wEr;>Uu[6CBUs98L>G8fb
tOzH<?>@6CB

smin, n+, η
�
[!DA��8L:[BG8LDV<�}E8L>?:[6H>!uN8M<G8L:=u=u[6/IerA>@pCB@6X8LrP�xu[6UvCwEDV<@6HDRrYI;6�u��q6HDFB@6Ht��;u[6\I;6CB!:=De��wE>?tK8L<?:[wEDFB

r;<?:=u=:[B@pC6CB�6H<�u[6TvCwEDR<@6HDVr4:=D;:=<?:N8Lu]Ier4vX8L>?DF6H</I���8EIe>@6CB@BG6CB�DFwErFB/8X}SwEDFB�s;r4vCwEDFvHu=r;>@6�B@r;>7u[6\>@pH�xuN8L�S6MB?r;:=}x8LDR< k
smin = 0.7

�
n+ = 5

6H<
η = 0.7

�
dT6Hr_e4vH>?:=<?:[�VrF6CB\sJ6Hr;}S6HDV<WhH<?>@6`��wE>?tmr;u[pC6CBT8Lr~>@6H�R8L>@I~I;6mvC6H<?<@6�pH<?rFI;6
I;6CB/s98L>G8LtOzH<?>@6CB kFuN8Os;>@6HtA:[zH>@6

vCwEDFvC6H>?D98LDV<�u[6\v@{FwE:ceKI;6CB�s98L>G8LtOzH<?>@6CB�pH<?rFIe:[pC6CB76H< uN8MBG6CvCwEDFI;6/u[6ZvG{FwE:ce�8L>?�;:=<?>G8L:=>@6\I�� r;DQvC6H>?<G8L:=DKDFwEtm�;>@6
I;6T}x8Lu[6Hr;>@BUs]wEr;>ZI���8Lr;<?>@6CB/s98L>G8LtOzH<?>@6CBX�


Vr;>\u[6CB y F�s98L>G8LtOzH<?>@6CBM�VrF6mvCwEtAs]wE>?<@6
u[6
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d�rAsJwE:=DV< I;6�}VrF6�I;6�u�� r;<?:=u=:[BG8L<@6Hr;>X�Ru�� :=tAs98EvH<
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¡4u�� r;<?:=u=:[BG8L<@6Hr;>
r;DF6�}	:[B?:[wED�I;6AB@wED|>@pCB@6X8Lr�BGwVvH:N8Lu���j��q6CB?<Ms]wEr;>@�VrFwE:��Pvx�q6CB?<Mu���8Lu=�SwE>?:=<?{;tO6KI;6AIe:��]rFB?:[wED��Vr;: 8YpH<@pApH<?rFIe:[p
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smin, n+, η
�

AP6CB!}x8Lu[6Hr;>@B�s;>@p{X e;pC6CB�u��qwEDV<�pH<@p/6HDKvG{F6H>@v@{98LDV<U¡TpH<G8L�;u=:=>7I;6CB!u=:[6HDFB 6HDV<?>@6Z6Hu=u[6CBX�#) 8L>76{ee6HtAs;u[6x�
Vmax =

TTL
8fXFD¦�VrF6YuN8£Ier;>@pC64I;6Y}V:[6QtK8fee:=tK8Lu[6�I�� r;DF6Y:=De��wE>?tK8L<?:[wED B@wE:=<ApH�R8Lu[6y¡~uN8W<G8L:=u=u[6YtK8fe	:=tK8Lu[6yIer
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s]6H>?tO6H<?<?>G8L:=<ZI���8Ls;s]wE>?<@6H>/r;DF6T:[I;pC6Ts;u=rFBUs;>@pCvH:[B@6`I;6Tu�� :=tAs98EvH<\I;6MvC6CBUs98L>G8LtOzH<?>@6CBZB?r;>Uu[6CB�s]6H>���wE>?tK8LDFvC6CB
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pH<?rFI;6CB�B@r;>�u[6CB�BFE	B?<@zHtO6CB )� �) �nDFwErFB�8C}SwEDFB
wEs;<@p
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vX8EBmI;6K>@pCB@6X8Lr_e�wEr

I;6QI;wED;DFpC6CB�6HD&u[6CBmu=:N8LDR<O¡~I���8Lr;<?>@6CB�}E8L>?:N8L�;u[6CB�wEr�6HD&u[6CB
B?r;s;s]wxBG8LDR<
��8EvH:=u[6HtO6HDR<�s98L>G8LtOpH<?>G8L�;u[6CBAs98L>
u�� r;<?:=u=:[BG8L<@6Hr;>X�0T\:=DFB?:��

smin = 0.7
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u[6CB�:=De��wE>?tK8L<?:[wEDFB
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s98L>�u[6CBmr;<?:=u=:[BG8L<@6Hr;>@Ba`�tK8L:[B
BG84}x8Lu[6Hr;>mB@r;s;sJwxB@pC6�s98L>
u�� r;<?:=u=:[BG8L<@6Hr;>
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η
k�s;u=rFB�u�� r;<?:=u=:[Bb8L<@6Hr;>
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n+ s]6Hr;<��Vr98LDR</¡mu=r;:�hH<?>@6WX eep�pH�R8Lun¡
uN8
<G8L:=u=u[6MtK8fee:=t�r;t(Ier4}SwE:[B?:=D98L�S6
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�
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XF�xr;>@6 %e�zy'�e��= uP6CB@</:=tAsJwE>?<G8LDV<\I;6MDFwE<@6H>Z:[vH:¢�VrP� :=u�DP�q6CB?</<@wEr¤^?wEr;>@B/s98EBZ�VrF6CB?<?:[wED�s]wEr;>/u�� r;<?:=u=:[BG8L<@6Hr;>�I�� :=D_b
Ie:[�VrF6H>\B@6CB�vC6HDR<?>@6CBMI�� :=DV<@pH>FhH<`8fXFDWI;6mvCwEDFB?<?:=<?rF6H>Tr;Dys;>@wYXFu)tK8L:[B\I;6
B?s]pCvH:cX96H>\I;6CB�u=:=tA:=<@6CB\sJwEr;>�u��qwEr;<?:=u
I;6MvH:=>@vHr;uN8L<?:[wEDWI;6Mu�� :=De��wE>?tK8L<?:[wEDP�

^`_�� � iZ� ���Ug]�/o��9iZd � � �!l kmd��+jmo���k��9o@i/d�� 
@�!��fJi/o?g��

A���8Lu=�SwE>?:=<?{;tO6OI;6�vH:=>@vHr;uN8L<?:[wED�I�� :=De��wE>?tK8L<?:[wEDFB`s;>@wEs]wxB@p�IF8LDFB )>=vTE?�8�sJwEr;>`wE�_^?6CvH<?:���r;DF6AIe:��]rFB?:[wED
8Lr;<@wEDFwEtO6W6H<�B@pHu[6CvH<?:=}S6~I�� :=De��wE>?tK8L<?:[wEDFB4IF8LDFBKr;D >@pCB@6X8Lr )� �)�s;r;>�DFwED B?<?>?rFvH<?r;>@px�%d
��8Ls;>@zCBQvC6y�VrF6
DFwErFBT8C}SwEDFB�}	rW8Lr|8Lrys]wE:=DR< �e� �e�zyx�� �IerWv@{98Ls;:=<?>@6
s;>@pCvCpCI;6HDR<X�]uN8KvH:=>@vHr;uN8L<?:[wED|I�� :=De��wE>?tK8L<?:[wEDFBMIF8LDFB�vC6CB
>@pCB@6X8Lr_e|6CB?<M�SpHDFpH>G8Lu[6HtO6HDV<�8EB@B@r;>@pC6AB@6Hu[wED�r;D�8Lu=�SwE>?:=<?{;tO6�8Lu[pX8L<@wE:=>@6�I;6�tK8L>@v@{F6�wEr�I;6AIe:��JrFB@:[wEDP�"j76CB
8Lu=�SwE>?:=<?{;tO6CBTs]6Hr;}S6HDR<MIF8LDFBMvC6H>?<G8L:=DFBMvX8EBTB@6m�98EB@6H>�B@r;>�I;6CBTI;wED;DFpC6CBTu[w	vX8Lu[6CBX��) wEr;> )>=vTE?��JvC6mBGwEDR<Tu[6CB

y�¡#D65�yH¢¤£



��������������	�

��	�������	�	�������������	���������	���	������������ 	"!$#%�&�'	����	��!

������� %e�zy'���*?96HDihH<?>@6�I;6T>@pH�xuN8L�S6�I;6 ) =UT@? \�6CB@�Rr;:[BGB@6H`

<?>G8EvC6CB\uN8L:[B@B@pC6CB\s98L>\u[6CB�<?>G8LDFB���6H>?<@B\s;>@pCvCpCI;6HDR<@BM�Vr;: B@wEDV<\r;<?:=u=:[BGpC6CBZs]wEr;>\�xr;:[I;6H>�u[6CB\��wEr;>?tA:[B�IF8LDFB�u[6Hr;>@B
vG{FwE:ce]�
�\wErFBZs;>@wEsJwxBGwEDFB\vH:cb 8Ls;>@zCB\r;DF6�vCwEtAs98L>G8L:[B@wED|8C}S6Cvmr;DF6�Ie:��]rFB?:[wED£8Lu[pX8L<@wE:=>@6x�0j76Hu=u[6{b vH: :=u=u=rFB?<?>@6`u[6mvX8EB

w���u[6CB���wEr;>?tA:[B7DP��8Lr;>G8L:[6HDR<Us98EB�¡`Ie:[B?s]wxB?:=<?:[wEDYvC6CB <?>G8EvC6CB7u[6Hr;>7sJ6H>?tO6H<?<G8LDV<�I��qwEs;<?:=tA:[BG6H>7u[6Hr;>7<?>G8LDFB���6H>?<@BX�
dM8LDFBOvC64vX8EBAs98L>?<?:[vHr;u=:[6H>X� <@wErFBAu[6CBAs98L:=>@BOIer }SwE:[B?:=D98L�S64s]wEr;>?>@wEDR<KpC�Vr;:=s98L�;>@wE�98L�;u[6HtO6HDR< hH<?>@64v@{FwE:[B@:[B
vCwEtAtO6QI;6CB?<?:=D98L<?:[wEDP� An8~s;>@wE�98L�;:=u=:=<@pYI;6K<?>G8LDFB?tA:[BGB?:[wED

P rand
i→j (I, t)

vCwE>?>@6CB?sJwEDFIF8LDV<@6Yr;<?:=u=:[B@6�uN8�t�hHtO6
��wE>?t�r;uN8L<?:[wED��RrF6

P send
i→j (I, t)

\�6C�Vr98L<?:[wED�£e��£
`�tK8L:[B�6HD&vCwEDFB?:[I;pH>G8LDR<
�RrF6A<@wErFB�u[6CBMs98L:=>@B�wEDV<`>@6��Hr�r;DF6
tK8Lr;}x8L:[B@6MpH}x8Lu=r98L<?:[wED~I;6TuN8�s98L>?<ZI;6TuN8���wEr;>?tA:�\

Vi(t) = V bad
i (I, t)

`��

P send
i→j (I, t)

∣

∣

∣

V bad
i (I,t)=Vi(t)

=























1

|Vi(t)|+ 1 + n+

B?:
nj ∈ Vi(t)

1 + n+

|Vi(t)|+ 1 + n+

B?:
i = j

\ %e�� 
`

T5XFDYI;6\DF6Zs98EB7:=D��FrF6HDFvC6H>Uu[6�v@{FwE:ce�>@6H}S6HD98LDV<Z¡`DF6�s98EB��Vr;:=<?<@6H>�u[6\D;:[I��	DFwErFB7vCwEDFB@:[I;pH>@6H>@wEDFBUsJwEr;>7uN8
Ie:��]rFB?:[wED|8Lu[pX8L<@wE:=>@6
�VrF6

n+ = 0
�0j76
�Vr;:�� XFD98Lu[6HtO6HDR<X�

P rand
i→j (I, t)

vCwEtAtO6�pH<G8LDR<MpH�R8Lu[6
¡Ku�� :=DR}S6H>@BG6
I;6
uN8
<G8L:=u=u[6`Iery}SwE:[B?:=D98L�S6Ms;u=rFB yMs]wEr;>U<@wErFBUu[6CB/vG{FwE:ce�sJwxBGB?:=�;u[6CB \�6C�Rr98L<?:[wED %e� �
`��

∀nj ∈ Vi(t) ∪ {ni} , P rand
i→j (I, t) =

1

|Vi(t)|+ 1

\ %e� �
`

A�� r;<?:=u=:[BG8L<?:[wED�I;6�u���8Lu[pX8L<@wE:=>@6ODF6OvCwEDFvC6H>?DF6��RrF6�uN8Qs98L>?<?:[6�Ie:��JrFB?:[wED�I;6Ou�� :=De��wE>?tK8L<?:[wED�I;6�)>=UT@?��"j76
�Vr;: B?:=�xD;:cX96��RrF6Ku[6CB`��wEr;>?tA:[BmvCwEDV<?:=DRrF6H>@wEDV<OI��qpH}E8Lu=rF6H>
u[6CB`s98L:=>@BmtK8L:[Bm�VrF6KvC6H<�8C}	:[B`DP�q6HDV<?>@6H>G8ys98EB
6HD
vCwEtAs;<@6Ku[wE>@BmIer�vX8Lu[vHr;u�I;6OuN8�s;>@wE�98L�;:=u=:=<@pYI;6Kv@{FwE:ce�I;6KuN8�I;6CB?<?:=D98L<?:[wEDP��j76CBm8X}V:[B
B@6H>@wEDV<mr;<?:=u=:[B@pCBms98L>
u���8Lu=�SwE>?:=<?{;tO6mI;6TtOwVIe:cX9vX8L<?:[wEDWI_EVD98LtA:[�VrF6`Ier�>@pCB@6X8Lr4>@6CB@<@pM:=DFv@{98LD;�Spx�

AP6CB)>@pCB?r;u=<G8L<@B!I;6�vC6H<?<@6�vCwEtAs98L>G8L:[B@wEDOB@wEDV<!>G8Ls;sJwE>?<@pCB!B?r;> u[6CB�XF�xr;>@6CB %e�zy yU6H< %e�zyt e� AP6CB!vCwEDFIe:=<?:[wEDFB�I;6
<@6CB?<@B�B@wEDR<�u[6CB�t�hHtO6CB7�RrF6/sJwEr;>7vC6Hr_eAI;6CB@<?:=DFpCB78Lr_eA>@pH�xuN8L�S6CB7I;6CB s98L>G8LtOzH<?>@6CBWk

Vmax = 4
�
Vmin = 2

6H<
u[6CBU>@pCB@r;u=<G8L<@B/s;>@pCB@6HDV<@pCB\B@wEDV</r;DF6MtOwHES6HD;DF6�wE�;<@6HDRrF6mB?r;>w ��A6{e;pCvHr;<?:[wEDFBZIerys;>@wE�x>G8LtAtO6x��AP6CBZ�x>G8Ls;{F6CB
>@6Hs;>@pCB@6HDV<@6HDR<
v@{98EvHr;D�u��qpH}SwEu=r;<?:[wED�I�� r;D&I;6CBMvH>?:=<@zH>@6CBMsJwEr;>Mu[6CB�I;6Hr_e£B@wEu=r;<?:[wEDFB��$)>=UT@?��
wEr�� 8Lu[pX8L<@wE:=>@6��
8X}S6Cvy6HD�8L�FB@vH:[B@B@6CBKu[6�<@6HtAsFBQpCvCwEr;u[pys]6HDFIF8LDR<QuN8�B?:=tmr;uN8L<?:[wED 6H<Q6HD¥wE>@I;wED;DFpC6~uN8|}x8Lu[6Hr;>QIer vH>?:=<@zH>@6x�

yt£��65�yH¢¤£



��������������	�

��	�������	�	�������������	���������	���	������������ 	"!$#%�&�'	����	��!
An8OvCwEDFIe:=<?:[wED~I���8L>?>FhH<\I;6�uN8AB?:=tmr;uN8L<?:[wED~pH<G8LDR<\u���8L�FB@6HDFvC6�I�� :=De��wE>?tK8L<?:[wEDFBM¡
��8L:=>@6`vH:=>@vHr;u[6H>X�Fu[6CBZtO6CB?r;>@6CB
DF6mB@6`<@6H>?tA:=DF6HDV<Ms98EBZDFpCvC6CB@Bb8L:=>@6HtO6HDR<`8Lr~t�hHtO6mtOwEtO6HDR<X��j��q6CB?<�uN8A>G8L:[BGwED~s]wEr;>\uN8E�VrF6Hu=u[6mu[6CB\vCwEr;>?�]6CB
>@6Hs;>@pCB@6HDV<G8L<?:=}S6CB I;6�u�� r;DF6UwErAu���8Lr;<?>@6/I;6CB!BGwEu=r;<?:[wEDFB!DF6UB@wEDR<!s98L>���wE:[B!s98EB!I;p{XFD;:[6CB�B?r;>)u[6�t�hHtO6�:=DR<@6H>?}x8Lu[6x�

An8 XF�xr;>@6 %e�zy y4vCwEDR<?:[6HDV<Ku[6CBAI;6Hr_e�s;>@6HtA:[zH>@6CBKB@pH>?:[6CBAI;6Y<@6CB?<@BAvCwEDFvC6H>?D98LDV<Ou[6CBA>@pCB@6X8Lr_e � 

� $���� 
��6H< 	 � 
 �	����������$�
��F�"AP6 ^?6Hr&I;6�I;wED;DFpC6CB�r;<?:=u=:[B@pQ6CB?< datasetbruit

� ��wErFB�DFwErFBms;uN8 �CwEDFB�8L:=DFB?:�IF8LDFB
I;6CB
vCwEDFIe:=<?:[wEDFB�s;>@wE�98L�;u[6CBQsJwEr;>Or;D B@vCpHD98L>?:[w�I�� r;<?:=u=:[Bb8L<?:[wED I;6 )>=UT@?��&u\D¦>@pCB@6X8Lr¥I;68¡ �|s]6H>@B@wED;DF6CBK�Vr;:
B@6AvCwED;D98L:[BGB@6HDR<
B@wE:=<`s98L>`u[6��;:N8L:[BmI;6A>@6HuN8L<?:[wEDFBm6HDV<?>@6K6Hr_e \ 	 � 
 �	�����
����$�
��J`TwEr�BG8LDFB�8LrFvHr;DF6K>@6HuN8L<?:[wED:=D;:=<?:N8Lu[6Q\ � 
�� $�� ��
��J`�6H<Z�Vr;:PB@wEDR<T8LtO6HDFpC6CB\¡
��8L:=>@6MvH:=>@vHr;u[6H>\I;6CBZ:=De��wE>?tK8L<?:[wEDFB\I;wEDR<Zu[6CB\B?r¤^?6H<@BUsJ6Hr;}S6HDV<B@6\v@{F6H}x8LrFv@{F6H>~\

datasetbruit

`��J[!D4vCwEtAs98L>G8LDR<Uu[6CB�XF�xr;>@6CB %e�zy y
\�8
`�6H< %e�zy y
\�8
` DFwErFB�>@6HtK8L>@�VrFwEDFBU�RrF6\u[6
vCwEDV<@6HDRrY:=D;:=<?:N8LuhIerQvX8L>?DF6H<7I���8EIe>@6CB@BG6CB DP� :=D��FrF6\s98EB�B@r;>�u[6CB >@pCB@r;u=<G8L<@B�I;6Z>G8Ls;sJ6Hu�� = u]8Ls;s98L>G8��[<7pH�R8Lu[6HtO6HDV<
�VrF6 )>=vTE?#s]6H>?tO6H<�I;6�>@pCvHr;sJpH>@6H>Qs;u=rFBO>G8Ls;:[I;6HtO6HDV<Y6H<Q6HD¦s;u=rFB��x>G8LDFI;6y�Vr98LDR<?:=<@pWI;6CBO:=De��wE>?tK8L<?:[wEDFB
:=DV<@pH>@6CB@BG8LDR<@6CB �GAP6CBBXF�xr;>@6CB %e�zy y
\�vH`U6H< %e�zy y
\�I�`\8L<?<@6CB?<@6HDV<��VrF6`vC6H<?<@6m>@pCvHr;sJpH>G8L<?:[wEDWs;u=rFB/:=tAs]wE>?<G8LDR<@6
DF6
BX�q63��6CvH<?rF6�s98EB 8LrOI;pH<?>?:[6HtO6HDV<7I;6�uN8�s;>@pCvH:[B?:[wEDK�xu[wE�98Lu[6/IerKB?<@w	v-�
>@pCvHr;sJ6H>@px� 
Vr;>�vC6CB!�x>G8Ls;{F6CB pH�R8Lu[6HtO6HDV<X�
:=u)8Ls;s98L>G8��[<��VrF6`u[6CB\>@pCB?r;u=<G8L<@B�DF6�B@wEDV<\s98EB�B@6HDFB?:=�;u[6CBT8Lr~vG{98LD;�S6HtO6HDR<`I;6�>@pCB@6X8Lr~:=D;:=<?:N8Lu)vC6��Vr;:n<@6HDFI£¡
s;>@wEr;}S6H>/u��q63�KvX8EvH:=<@pmI;6Mu���8Lu=�SwE>?:=<?{;tO6�I;6`tOwVIe:cX9vX8L<?:[wEDWIer�>@pCB@6X8LrP�idM8LDFBUu[6CB/I;6Hr_e�vX8EBX�;vC6Hu=r;:cb vH:)8EIF8Ls;<@6
u[6CB�vCwED;DF6{e	:[wEDFB7I;6U��8 �CwEDQ¡�wE�;<@6HD;:=>�u[6CB t�hHtO6CB s]6H>���wE>?tK8LDFvC6CBU8Lr�D;:=}S6X8Lr�IerK>G8Ls;s]6Huh6H<7I;6/uN8`s;>@pCvH:[B?:[wEDP�
An8�vCwEtAs98L>G8L:[B@wED�I;6CBK�x>G8Ls;{F6CB %e�zy y
\�6H`K6H< %e�zy y
\��{`AtOwEDR<?>@6£�RrF6~vC6H<Y8f^�rFB?<@6HtO6HDV<QvCwEDFIer;:=<4¡�uN8�tA:[B@6
6HD s;uN8EvC6£I;6WI;6Hr_e¥<@wEsJwEu[wE�x:[6CB4Ie:���pH>@6HDR<@6CBX� [�D DF6~<@6HD98LDR<4s98EBYvCwEtAs;<@6|I;6~uN8&}E8Lu[6Hr;>YB?:=D;�xr;u=:[zH>@6�8Lr
8Lu[6HDV<@wEr;>@B7IerQ<@6HtAsFB  GF�����B@r;> uN8 XF�xr;>@6 %e�zy y
\�6H`��ewEDK>@6HtK8L>@�VrF6TB?:9uN8�Ie:��JrFB@:[wEDQ6CB?< ��8L:=<@6�6HDKr;<?:=u=:[Bb8LDR<�u[6CB
:=De��wE>?tK8L<?:[wEDFB�uN8L:[B@B@pC6CB\s98L>�u[6CB\s;{FpH>@wEtOwEDF6CBTr;DW<G8Lr_e~I;6��x>@wEr;s]6HtO6HDR<MB?<G8L�;u[6
I;6

35%
6CB?<�>G8Ls;:[I;6HtO6HDR<

8L<?<@6H:=DV<X�GT�u��qwEs;sJwxBGpx�Fu[wE>@B@�VrF6`uN8AIe:��]rFB?:[wEDW6CB?<\8Lu[pX8L<@wE:=>@6`u[6CB�pH}x8Lu=r98L<?:[wEDFB\I;6CB/��wEr;>?tA:[B\B@wEDR<Z��8LrFB@BGpC6CBZ6H<
vCwEDFIer;:[B@6HDV<�¡
uN8�vH>@pX8L<?:[wEDWI;6T<@wEsJwEu[wE�x:[6CB\I;6MtOwE:=DFIe>@6`�Vr98Lu=:=<@px�

j76CBQ<?>G8C}x8Lr_e wEDR<Q��8L:=<Yu��qwE�_^�6H<4I�� r;DF6Ws;r;�;u=:[vX8L<?:[wED IF8LDFB � K~r;u=<?:N8L�S6HDR<y8LDFI � >?:[I 
gEeB?<@6HtOB b T\D
= DR<@6H>?D98L<?:[wED98Lu 6SwEr;>?D98Lu 
 A � rFpH>@6H< �
¢IH � AP6CB�<@6CB@<@B��Rr;: EAB@wEDV<�s;>@pCB@6HDV<@pCB wEDR<�pH<@p/63�]6CvH<?rFpCB78C}S6CvZr;DA>@pCB@6X8Lr
:=D;:=<?:N8Lu;6H<)r;DF67�98EB@6�I;6�I;wED;DFpC6CB!I�� :=De��wE>?tK8L<?:[wEDFB�Ie:���pH>@6HDR<@6CB�I;6�vC6Hr_ems;>@pCBG6HDR<@pCB):[vH:��¤AP67>@pCB@6X8Lr�r;<?:=u=:[B@p�6CB?<
vCwEDFB?<?:=<?rFp7I;6x ��/s98L:=>@B)Ie:=}	:[B@pCB)6HD~¡\�x>@wEr;sJ6�I;6x£\8tER8LDR<)r;Dmt�hHtO6�vC6HDV<?>@67I�� :=DV<@pH>FhH<X� AP6CB)vX8L>G8EvH<@pH>?:[B?<?:[�VrF6CB
I;6CBU:=De��wE>?tK8L<?:[wEDFBZpCvG{98LD;�SpC6CB\BGwEDR</u[6CB/B@r;:=}E8LDV<@6CB k

D1 D2 D3 D4

D1
�e� ¢f¡ �e��  £ �e� �GF �e� �GF

D2
�e��  £ �e� ¢f¡ �e�zy y �e�zyH¢

D3
�e� �GF �e�zy y �e� ¢¤£ �e� �
¢

D4
�e� �GF �e�zyH¢ �e� �
¢ �e� ¢¤£

AP6CBm>@pCB?r;u=<G8L<@BmBGwEDR<�>G8Ls;s]wE>?<@pCB�IF8LDFB�uN8 XF�xr;>@6 %e�zyt e�"AP6CB
vCwEDFvHu=rFB?:[wEDFB��RrF6KDFwErFB�s]wEr;}SwEDFBm6HD&<?:=>@6H>
B@wEDV< u[6CB�t�hHtO6CB��RrF6ZsJwEr;>�u[6CB�I;6Hr_e�vX8EB7�VrF6/DFwErFB�}S6HDFwEDFB7I;6Z}SwE:=>7IF8LDFB�uN8 XF�xr;>@6 %e�zy yT8C}S6Cv�vC6HsJ6HDFIF8LDV<
r;D�pCvX8L>?</s;u=rFB/tK8L>@�RrFp`6HDV<?>@6Mu[6CB/I;6Hr_e�B@wEu=r;<?:[wEDFBU<@6CB@<@pC6CBX��j76CBZIe:���pH>@6HDFvC6CBUs]6Hr;}S6HDR<\B �q6{e	s;u=:[�VrF6H>Us98L>/uN8
Ie:���pH>@6HDFvC6TI;6ZuN8�<G8L:=u=u[6\I;6�>@pCB@6X8Lr48L:=DFB?:]�RrF6\u[6�vCwEDR<@6HDRr�Ier~^?6HrQI;6�I;wED;DFpC6CBX�_[!DYs98L>?<?:[vHr;u=:[6H>X�	u[6ZDFwEtm�;>@6
s;u=rFB���8L:=�;u[6`I;6Ts98L:=>@BZsJ6H>?tO6H</I���8L<?<@6H:=DFIe>@6�r;D�s;u=rFB���wE>?</<G8Lr_eYI;6`�x>@wEr;sJ6HtO6HDV<X�

^`_ ^ �#k`fhg ��� � ��� 
@o@l ��fho@iZd���j��+��ce�-�

�\wErFB`DFwErFB�B@wEtAtO6CBmpH�R8Lu[6HtO6HDR<�:=DV<@6H>@6CB@B@pQ¡4I���8Lr;<?>@6CBm8Ls;s;u=:[vX8L<?:[wEDFBmsJwxBGB?:=�;u[6CB`I;6CBm8Lu=�SwE>?:=<?{;tO6CB
I;6
Ie:��]rFB?:[wED¤I�� :=De��wE>?tK8L<?:[wED¥I;67) =UT@?�� �\wErFB�<@6H>?tA:=DF6H>@wEDFBOvC6YvG{98Ls;:=<?>@64s98L>O�RrF6Hu[�VrF6CB
tOwE<@BOB?r;>�u[6CB
s;>@wYb

yt£_y 5�yH¢¤£



��������������	�

��	�������	�	�������������	���������	���	������������ 	"!$#%�&�'	����	��!

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  500  1000  1500  2000  2500  3000

T
au

x 
de

 r
ap

pe
l

Unités de temps

normal
random

+ �-,�� �}�����-� �'(-1 5t� "��  B�v�
datasetbruit

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  500  1000  1500  2000  2500  3000

T
au

x 
de

 r
ap

pe
l

Unités de temps

normal
random

+ ��,��8�v�����$� 4 " (S�����t�a�t��5��  B�v�
datasetbruit

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  500  1000  1500  2000  2500  3000

T
au

x 
de

 p
ré

ci
si

on

Unités de temps

normal
random

+ �3,��8�v�����$� �'(&1 5t� "��  5�v�
datasetbruit

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  500  1000  1500  2000  2500  3000

T
au

x 
de

 p
ré

ci
si

on

Unités de temps

normal
random

+ ��,��8�v�����$� 4 " (S�����t�a�t��5��  B�v�
datasetbruit

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  500  1000  1500  2000  2500  3000

T
au

x 
de

 g
ro

up
em

en
t

Unités de temps

normal
random

+ �3,��8�v�����$� �'(&1 5t� "��  5�v�
datasetbruit

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  500  1000  1500  2000  2500  3000

T
au

x 
de

 g
ro

up
em

en
t

Unités de temps

normal
random

+�� ,�� �}�����$�
4 " (S�{���H�a�t��5��  w�U�
datasetbruit

� ����� %e�zy y	� j7wEtAs98L>G8L:[B@wEDW8X}S6CvMr;DF6`Ie:��]rFB?:[wED~8Lu[pX8L<@wE:=>@6

yt£  65�yH¢¤£



��������������	�

��	�������	�	�������������	���������	���	������������ 	"!$#%�&�'	����	��!

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  500  1000  1500  2000  2500

T
au

x 
de

 r
ap

pe
l

Unités de temps

normal
random

+ �-,�� �}�����$�E1 &$*�� (�5S� '! �v�
datasetnispade

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  500  1000  1500  2000  2500

T
au

x 
de

 p
ré

ci
si

on

Unités de temps

normal
random

+ �G, �8�}���}�$�@1 &3*�� (&5S�$'! �v�
datasetnispade

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  500  1000  1500  2000  2500

T
au

x 
de

 g
ro

up
em

en
t

Unités de temps

normal
random

+ �3,�� �}�����-�@1 &$*}� (&5S� '  5�U�
datasetnispade

� ����� %e�zyt �� j7wEtAs98L>G8L:[B@wEDW8X}S6CvMr;DF6`Ie:��]rFB?:[wED~8Lu[pX8L<@wE:=>@6

yt£��65�yH¢¤£



��������������	�

��	�������	�	�������������	���������	���	������������ 	"!$#%�&�'	����	��!
�;u[zHtO6CB`I;6�vHuN8EB@B@:cX9vX8L<?:[wED�DFwED�B?r;s]6H>?}V:[B@pC6�6H<`I��qpC�Vr;:=u=:=�;>G8L�S6OI;6Av@{98L>?�S6CB�I;6AvX8Lu[vHr;u�IF8LDFBMr;D|>@pCB@6X8Lr�I;6
tK8EvG{;:=DF6CBX�

( )+( )-, � 9	� ������� � ������1�� ��1�� ���&= 
 � 6�� � #�


An84vH>@pX8L<?:[wED�I;6CB��x>@wEr;sJ6CBmIF8LDFBMu[6A>@pCB@6X8Lr�sJ6Hr;<�B ��8Ls;s98L>@6HDR<@6H>
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)¢wEr;>%hH<?>@6Z6HDY8EI;pC�Rr98L<?:[wEDY8C}S6CvZvC6/��wEDFvH<?:[wED;DF6HtO6HDV<X�	uN8TtO6CB?r;>@6ZI;6\B?:=tA:=uN8L>?:=<@p�^�rFB@�VrP��¡Tu[wE>@B�r;<?:=u=:[BGpC6\8
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6HrFvHu=:[Ie:[zHD;DF6x��j7wEDR<?>G8L:=>@6HtO6HDR<�8LrWvCwxB?:=DRrFB��Vr;:PsJ6H>?tO6H<TI;6
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) wEr;>ZI;6Hr_e4}S6CvH<@6Hr;>@B

A = {ai} ∈ R
n 6H< B = {bi} ∈ R

n �;vC6Hu=u[6{b vH:¢B@6���wE>?t�r;u[6�8L:=DFB@:�k
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√

√

√
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∑
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AP6UvH>?:=<@zH>@6/I;6/I;pCvH:[B@:[wEDOI;6CB)��wEr;>?tA:[B78�u=r;:98LrFB@B?:FI���hH<?>@6Z8EIF8Ls;<@p\8fXFDOI;6UsJwEr;}SwE:=>!s;>@6HDFIe>@6\6HDOvCwEtAs;<@6

uN8YD98L<?r;>@6ODFwED��]wE>?DFpC6OI;6AuN84Ie:[B?<G8LDFvC6x�"[!D�63��6H<X�n8Lu[wE>@B��VrF6
Sim(A,B) ∈ [0, 1]

�
Distance(A,B) ∈

[0, Dmax]
8C}S6Cv

Dmax
uN8
s;u=rFBU�x>G8LDFI;6�Ie:[B@<G8LDFvC6`wE�FB@6H>?}x8L�;u[6`IF8LDFBUu��q6CB?s98EvC6`I;6�I;wED;DFpC6CBX�

Vi(I, t) = {nj ∈ Vi(t) | s(τi←j(t), τ(I)) ≤ (1− smin) ∗Dmax}
\ %e��£
`

Vi(I, t) = {nj ∈ Vi(t) | nj /∈ Vi(I, t)}
\ %e� %
`
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(1− smin) ∗Dmax
vC6HDR<?>@pmB?r;>ZvC6Hu=u[6`I;6Mu�� :=De��wE>?tK8L<?:[wED|¡AI;pHs;uN8EvC6H>

\ }SwE:=>xXF�xr;>@6 %e�zy�¡F� 
V:
smin = 0
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Dmax
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