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Figure 1: VCD architecture
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• Thorough evaluation through simulation, emulation, and
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2. OPTIMIZING REPLICATION
>& '75% %":'5-&+ 9" 2 $%' #$"%"&' ,& -."$.5"9 -2 -;$ %0%'"1+

,&8 '7"& 8"."/-# 95$"/5&"+ 1"%7+ ,&8 ."75:;/,$ $"#/5:,'5-&=
2.1 Overview
@' '7" 4"65&&5&6 -2 "."$0 5&'"$.,/+ '7" :-&'$-//"$ ?%7-9&

5& T56;$" KB :-//":'% '7" 5&#;'% $"^;5$"8 2-$ :-1#;'5&6 $"#/53
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;%"$ %,'5%2,:'5-& 5& '7" &"F' 5&'"$.,/ ,% '7" -4D":'5." %5&:"
$"#/5:,'5-& 5& '7" :;$$"&' 5&'"$.,/ 5% -2'"& '-- /,'" '- %,'5%20
'7" '$,22 : 8"1,&8% 5& '7" %,1" 5&'"$.,/= C7" :-&'$-//"$ '7"&
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• V'"# KG C7" ."75:/" 8-9&/-,8% '7" :-&'"&' ,::-$85&6 '-
'7" -#'515X,'5-& $"%;/'% 2$-1 '75% %":'5-&=

• V'"# JG @2'"$ %'"# K+ '7" ."75:/" 1,0 %'5// 7,." ;&%,'5%2 "8
8"1,&8 ?"=6=+ 8;" '- 5&,::;$,'" #$"85:'5-& -$ 5&%;22 :5"&'
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• V'"# OG A,$,//"/ '- '7" >&'"$&"' 8-9&/-,8+ '7" ."75:/" :,&
',<" ,8.,&',6" -2 95$"/"%% :,#,:5'0 40 -##-$';&5%'5:,//0
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2.2 Optimized Wireline Replication

Problem formulation: h;$ 6-,/ 5% '- 2 &8 , $"#/5:,'5-& %'$,'3
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'7,' 4-'7 7,." '7" 2 $%' 7,/2 -2 '7" 2 /"B=
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! Input G Intv,WCap, InCap,OutCap,CT,AP,size,has,Q
! Out put G x( f , i,a) and D(v, f ,a)
Maximize:∑

v
∑
f

∑
a∈AP(v)

Q(v, f )D(v, f ,a)− γ∑
i∈I

∑
a∈A

∑
f
x( f , i,a)

Subject to:
L)KP ∑

f
D(v, f ,a) ≤WCap(a)×CT (a,v) ∀v,a ∈ AP(v)

L)JP ∑
a∈AP(v)

D(v, f ,a) ≤ size( f )−has(v, f ) ∀v, f

L)RP D(v, f ,a) ≤ has(a, f )+∑s∈I x( f , i,a) ∀v, f ,a ∈ AP(v)
L)OP ∑i∈I x( f , i,a) ≤ size( f )−has(a, f ) ∀ f ,a ∈ A
L)SP ∑i∈I ∑ f x( f , i,a) ≤ InCap(a)× Intv ∀a ∈ A
L)MP ∑a∈A∑ f x( f , i,a) ≤ OutCap(i)× Intv ∀i ∈ I

Figure 2: Optimizing wireline replication, where v is a vehicle, f is
a le, a is an AP, i is a node with wireline connectivity (which may or
may not be an AP, e.g., a Web server), Intv is an interval duration, A
is the set of all the APs, I is the set of all the nodes with wireline con-
nectivity, AP(v) is the set of APs that vehicle v will visit, Q(v, f ) is the
probability that v is interested in le f , D(v, f ,a) is the amount of trafc
in le f vehicle v should download from AP a during a contact in the
next interval, x( f ,nK,nJ) is the amount of trafc in le f to replicate
from node nK to node nJ during the current interval,CT (a,v) is average
contact time of vehicle v at AP a, WCap is wireless capacity, InCap is
incoming wireline access link capacity, OutCap is outgoing wireline ac-
cess link capacity, has(n, f ) is amount of le f a node n has, and size( f )
is the size of le f .

8"%:$54" &"'9-$< :-85&6 :-%' ,&8 -#'515X,'5-&=
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-2 2 /" '7" ."75:/" :,& 8-9&/-,8 2$-1 ,& @A :,&&-' "F3
:""8 97,' @A ,/$",80 7,% #/;% 97,' 95// 4" $"#/5:,'"8 '- '7"
@A% '7$-;67 '7" 95$"/5&" &"'9-$< 8;$5&6 '7" :;$$"&' 5&'"$3
.,/= )-&%'$,5&' )O 5&85:,'"% '7,' '7" '-',/ $"#/5:,'5-& '$,22 :

5& 2 /" f '-9,$8% ,& @A 5% 4-;&8"8 40 '7" 2 /" %5X" 15&;% '7"
,1-;&' '7,' '7" @A ,/$",80 7,%= )-&%'$,5&'% )S ,&8 )M $"3
2 ":' '7" '-',/ $"#/5:,'5-& '$,22 : '7$-;67 '7" 95$"/5&" &"'9-$<
8-"% &-' "F:""8 '7" ,::"%% /5&< :,#,:5'0= C7" 2-$1;/,'5-&
:,& %;##-$' @A% 95'7 ,&8 95'7-;' 95$"/5&" ,::"%% 40 %"''5&6
95$"/5&" :,#,:5'0 '- X"$-% 2-$ @A% 95'7-;' 95$"/5&" ,::"%%=
Obtaining input: @% %7-9& 5& T56;$" J+ 9" &""8 Intv+WCap+
InCap+ OutCap+ CT + AP+ size+ has+ ,&8 Q= C7" Intv 5% ,
:-&'$-/ #,$,1"'"$ '7,' 8"'"$15&"% 7-9 2$"^;"&'/0 '7" -#'53
15X,'5-& 5% #"$2-$1"8= >& -;$ ".,/;,'5-&+ 9" %"' Intv '- 4"
R 15&;'"%+ 975:7 65."% , 6--8 4,/,&:" 4"'9""& ?5B ,:75".3
5&6 ,::;$,'" 1-45/5'0 #$"85:'5-& ,&8 ?55B /515'5&6 '7" -#'53
15X,'5-& -."$7",8+ %5&:" 4-'7 ?5B ,&8 ?55B 8":$",%" ,% Intv
5&:$",%"%= C7" &"F' '7$"" 5&#;'% -& /5&< :,#,:5'0mWCap+
InCap+ ,&8 OutCapm,$" <&-9& 5& ,8.,&:" ,&8 :7,&6" 5&3
2$"^;"&'/0= CT 5% "%'51,'"8 ;%5&6 75%'-$5:,/ 8,', ,&8 -&/0
&""8% '- 4" ;#8,'"8 5&2$"^;"&'/0= T-$ ",%" -2 "%'51,'5-&+ 5&
-;$ ".,/;,'5-& 9" %"' CT (a,v) '- 4" '7" ,."$,6" 8;$,'5-& -2
,// :-&',:'% 2$-1 '7" '$,:"= AP :,& 4" -4',5&"8 40 "5'7"$ /"'3
'5&6 , ."75:/" $;& , 1-45/5'0 #$"85:'5-& ,/6-$5'71 /-:,//0 -$
7,." 5' %"&8 %"."$,/ -2 5'% $":"&' ZAV :--$85&,'"% '- '7" :-&3
'$-//"$+ 975:7 95// #"$2-$1 1-45/5'0 #$"85:'5-&= size+ has+
,&8 Q ,$" $"#-$'"8 40 '7" ."75:/"% "5'7"$ '7$-;67 , !53T5
/5&< 8;$5&6 , :-&',:' 95'7 ,& @A -$ .5, , :"//;/,$ /5&< 8;$5&6
-'7"$ '51"= @ ."75:/" #$"85:'% 97,' 2;';$" :-&'"&' '- $"^;"%'
4,%"8 -& '7" #$".5-;% ,&8 :;$$"&' $"^;"%'%= T-$ %'$",15&6
:-&'"&'+ 5' 5% $"/,'5."/0 ",%0 '- #$"85:' ,% 1-%' ;%"$% 95// $"3
^;"%' '7" %;4%"^;"&' 2$,1"%= *"1,&8 #$"85:'5-& 5& 6"&"$,/
7,% 4""& , 9"//3$"%",$:7"8 #$-4/"1 5& 1,&0 8-1,5&% LRN+
MP ,&8 9" :,& /"."$,6" "F5%'5&6 %-/;'5-&%= _-'" '7,' ,// '7"
:-&'$-/ 5&2-$1,'5-& 5% %1,// ,&8 :,& 4" ",%5/0 :-1#$"%%"8
40 %"&85&6 8"/', 2$-1 '7" #$".5-;% ;#8,'"=
Using optimization results: To enhance robustness against
errors in estimating the inputs, we use x( f , i,a) and D(v, f ,a)
to control the relative replication and download rates across
different les using the weighted round robin scheduling. T-$
"F,1#/"+ 52 x( fK, i,a) = J ∗ x( fJ, i,a)+ 2 /" K 5% 8-9&/-,8"8
'95:" ,% 2,%' ,% 2 /" J= >& '75% 9,0+ 9" :,& %'5// 2;//0 ;'5/5X"
&"'9-$< $"%-;$:"% "."& 52 :-&',:' '51" -$ &"'9-$< :,#,:5'0
7,." "%'51,'5-& "$$-$%=
2.3 Optimized Mesh Replication
>2 %-1" @A% ,/-&6 '7" $-,8 ,$" :/-%" '-6"'7"$+ '7"0 :,&

2-$1 , 1"%7 &"'9-$<= C7" 1"%7 :-&&":'5.5'0 5&85:,'"% '7,'
?5B 9" :,& &-9 $"#/5:,'" :-&'"&' '- '7" @A% ;%5&6 1"%7 :-&3
&":'5.5'0 5& ,885'5-& '- 95$"/5&" :-&&":'5.5'0+ ,&8 ?55B 52 ,
."75:/" 1""'5&6 @AK $"^;"%'% , 2 /" '7,' @AK 8-"% &-' 7,."+
5' 5% 1-$" "22 :5"&' '- 2"':7 2$-1 5'% 1"%7 &"'9-$< ?52 '7"$"
5% ,& @A 7,.5&6 '7" 2 /"B '7,& 2"':75&6 .5, '7" %/-9 95$"/5&"
,::"%% /5&<= @ &"5674-$5&6 @A 5& '7" 1"%7 &"'9-$< :,& 7,."
'7" 2 /" "5'7"$ 8;" '- "F#/5:5' $"#/5:,'5-& -$ -##-$';&5%'5:,//0
:,:75&6 2$-1 ",$/5"$ 5&'"$,:'5-&%=
C- %;##-$' ?5B+ 9" 1,<" '7" 2-//-95&6 1-852 :,'5-&% '- '7"

$"#/5:,'5-& 2-$1;/,'5-& 5& T56;$" J= i"' MCap(a′,a) 8"&-'"
'7" :,#,:5'0 -2 , 95$"/"%% /5&< 2$-1 @A a′ '- a 5& '7" 1"%7
&"'9-$<+ 975:7 :,& 4" 8522"$"&' 2$-1 '7" :,#,:5'0 -2 95$"3
/"%% /5&<% 4"'9""& ."75:/"% ,&8 @A% ?WCapB= i"' z( f ,a′,a)
8"&-'" '7" ,1-;&' -2 :-&'"&' '- $"#/5:,'" 2$-1 @A a′ '- a
2-$ 2 /" f '7$-;67 '7" 1"%7 &"'9-$<= i"' ETX(a′,a) 8"3
&-'" '7" ,."$,6" &;14"$ -2 '$,&%15%%5-&% $"^;5$"8 '- %"&8
, #,:<"' 2$-1 a′ '- a '7$-;67 '7" 1"%7 ,&8 :,& 4" ",%3



5/0 "%'51,'"8 40 1",%;$5&6 /5&< /-%% $,'" ;%5&6 4$-,8:,%'
#$-4"% ,% 5& LKMP= h;$ 1-852 :,'5-&% 5&:/;8" ?KB ,885&6
−γ∑ f ∑(a′,a)∈mesh z( f ,a′,a) '- '7" -4D":'5." 2;&:'5-& '- #$"3
2"$ '7" $"#/5:,'5-& '7,' ;%"% /"%% 95$"/5&" ,&8 1"%7 $"#/5:,3
'5-& '$,22 : ,1-&6 '7" -&"% '7,' %;##-$' '7" %,1" '$,22 : 8"3
1,&8%+ ?JB ,885&6+∑(a′,a)∈ mesh z( f ,a′,a) '- '7" $567' 7,&83
%58" -2 L)RP '- 5&85:,'" , &-8" :,& 8-9&/-,8 2$-1 @A a
,&0 :-&'"&' '7,' 5% ,/$",80 ,.,5/,4/" ,' a -$ $"#/5:,'"8 '- a
'7$-;67 "5'7"$ '7" 95$"/5&" -$ 1"%7 &"'9-$<+ ?RB ,885&6 '7"
2-//-95&6 '9- &"9 :-&%'$,5&'%G z( f ,a′,a) ≤ has(a′, f ) ,&8
∑ f ,(a′,a)∈ mesh

ETX(a′,a)z( f ,a′,a)
MCap(a′,a) ≤ K= C7" 2-$1"$ :-&%'$,5&' "&3

%;$"% @A a′ :,&&-' $"#/5:,'" 1-$" :-&'"&' '7,& 5' 7,%= C7"
/,''"$ 5% 5&'"$2"$"&:" :-&%'$,5&'+ 975:7 "&2-$:"% '7,' '-',/ ,:3
'5." '51" -2 ,// 1"%7 &-8"% :,&&-' "F:""8 KIId ,%%;15&6 ,//
&-8"% 5& '7" 1"%7 &"'9-$< 5&'"$2"$" 95'7 ",:7 -'7"$= _-'"
'7,' 5'% /"2'37,&8 %58" :-1#;'"% ,:'5.5'0 '51" 40 1;/'5#/05&6
'7" $"#/5:,'"8 :-&'"&' 40 '7" "F#":'"8 &;14"$ -2 '$,&%15%3
%5-&% &-$1,/5X"8 40 '7" 95$"/"%% :,#,:5'0=
C- %;##-$' ?55B+ 97"& @A a $":"5.5&6 , $"^;"%' 2-$ , 2 /"

'7,' 5' 8-"% &-' 7,." /-:,//0+ 5' 2 $%' '$5"% '- 6"' 2$-1 @A a′ 5&
'7" %,1" 1"%7 52 '7" "&83'-3"&8 '7$-;67#;' ?,##$-F51,'"8
,% MCap(a′,a)/ETX(a′,a)B 5% 7567"$ '7,& '7" 95$"/5&" ,:3
:"%% /5&<k -&/0 97"& &- %;:7 @A 5% 2-;&8+ 8-"% 5' 2"':7 ;%5&6
'7" 95$"/5&" ,::"%% /5&<=
2.4 Opportunistic Vehicular Replication
>& ,885'5-& '- 95$"/5&" ,&8 1"%7 $"#/5:,'5-&+ :-&'"&' :,&

,/%- 4" $"#/5:,'"8 ;%5&6 ."75:/"% a , ."75:/" :,& :,$$0 :-&3
'"&' 2$-1 -&" @A '- ,&-'7"$ ,% 5' 1-."%= C75% &"9 2-$1
-2 $"#/5:,'5-& 5% 1-$" "22":'5." '7,& '$,85'5-&,/ ."75:/"3'-3
."75:/" ?(J(B $"#/5:,'5-&+ 4":,;%" (J( &""8% , ."$0 /,$6"
&;14"$ -2 ."75:/"% '- 4" "22":'5." 97"$",% "."& , %1,// &;13
4"$ -2 @A% :,& %56&52 :,&'/0 "&7,&:" '7" #"$2-$1,&:" 40
/"."$,65&6 '7" >&'"$&"' ,&8 1"%7 :-&&":'5.5'0 ,1-&6 '7"1 LHP=
h&" 9,0 '- %;##-$' '75% &"9 ."75:;/,$ $"#/5:,'5-& 5% '-

,;61"&' '7" iA 2-$1;/,'5-& 5& T56;$" J 95'7 ."75:;/,$ $"#/53
:,'5-& '"$1%+ 975:7 :,& #$-8;:" 95$"/5&"+ 1"%7 ,&8 ."75:3
;/,$ $"#/5:,'5-& ,% '7" 2 &,/ -;'#;'= e-9"."$+ 8;" '- ;&#$"3
85:',45/5'0 5& ."75:;/,$ $"/,0 -##-$';&5'0+ 9" 2 &8 '7" "22":3
'5."&"%% -2 %;:7 -#'515X,'5-& 5% $,'7"$ /515'"8= >&'"$"%'5&6/0+
9" 2 &8 '7" 2-//-95&6 %51#/" -##-$';&5%'5: ."75:;/,$ $"#/53
:,'5-& %:7"1" 5% "22":'5."=
V5&:" '7" 95$"/5&" 2"':7 5% 4-''/"&":<"8 40 '7" %/-9 ,:3

:"%% /5&<+ '7" 95$"/"%% /5&< 5% &-' 2;//0 ;'5/5X"8= C7"$"2-$"+
,% 1"&'5-&"8 5& V":'5-& J=K+ #,$,//"/ '- '7" 95$"/5&" 2"':7+
, ."75:/" :,& ',<" ,8.,&',6" -2 /-:,/ 95$"/"%% :-&&":'5.5'0
'- "F:7,&6" :-&'"&' 95'7 '7" @A= V;:7 "F:7,&6" 7,% '9-
4"&"2 '%G ?5B '7" ."75:/" :,& ;#/-,8 :-&'"&' '- '7" @A+ 975:7
:,& %"$." -'7"$ ."75:/"% /,'"$+ ,&8 ?55B '7" ."75:/" :,& 8-9&3
/-,8 2 /"%+ 975:7 1,0 %"$." 5'% -9& 8"1,&8 5& '7" 2;';$"
-$ '7" ."75:/" :,& $"/,0 '7" :-&'"&' '- -'7"$ @A% 2-$ 2;';$"
%"$.5:"= C- "&7,&:" "22":'5."&"%%+ 9" -$8"$ '7" 2 /"% '- ;#3
/-,8 4,%"8 -& '7" "F#":'"8 2;';$" 8"1,&8 2-$ '7" 2 /" ,' '7"
@A+ 975:7 5% "%'51,'"8 ,% ∑vG v .5%5'% aQ(v, f )demand(v, f )+
97"$" demand(v, f ) 5% '7" "F#":'"8 %5X" -2 2 /" f ."75:/" v 5%
5&'"$"%'"8 5&= !75/" '75% ."75:;/,$ $"#/5:,'5-& 5% %51#/"+ -;$
".,/;,'5-& %7-9% '7,' 5' 5% 7567/0 "22":'5."=

3. PREDICTING MOBILITY
>2 9" :,& #$"85:' '7" @A '7,' , ."75:/" 95// .5%5'+ 9" :,&

%',$' $"#/5:,'5&6 '7" $"^;5$"8 :-&'"&' '- '7" @A 9"// 4"2-$"

'7" ."75:/" ,$$5."% %- '7,' '7" ."75:/" :,& "&D-0 7567 95$"/"%%
4,&8958'7 8;$5&6 5'% 8-9&/-,8= A$"85:'5&6 1-45/5'0 2-$ ."3
75:/"% 5% :7,//"&65&6 4":,;%" ?5B ."75:/"% -2'"& 1-." ,' 7567
%#""8+ 975:7 51#/5"% '7,' '7"$" :,& 4" 1,&0 #-%%54/" &"F'
%','"% ,&8 5' 5% 8522 :;/' '- ,::;$,'"/0 #$"85:' '$,&%5'5-&% '- ,
/,$6" &;14"$ -2 &"F' %','"%+ ?55B '7" ZAV ;#8,'"% -2'"& 7,."
$"/,'5."/0 /-9 2$"^;"&:0 ?"=6=+ -&:" #"$ 15&;'"B ,&8 '"&8 '-
,$$5." ,' 5$$"6;/,$ 5&'"$.,/%+ ,&8 ?555B '7" $-,8 ,&8 '$,22 : :-&3
85'5-&% ,$" 7567/0 80&,15: ,&8 8522 :;/' '- #$"85:'=
C- ,88$"%% '7" :7,//"&6"+ 9" 8"."/-# , &-."/ 1-45/5'0 #$"3

85:'5-& ,/6-$5'71 2-$ ."75:;/,$ &"'9-$<%G K Nearest Trajec-
tories (KNT)= !" ,/%- 51#/"1"&' '9- "F5%'5&6 ,/6-$5'71%
4,%"8 -& ],$<-. 1-45/5'0 1-8"/% LOR+ RMP= >& V":'5-& S+ 9"
%7-9 '7,' KNT ,:75"."% 4"''"$ ,::;$,:0 -& -;$ 8,',%"'=
Algorithm: !" -4%"$." '7,' '7" 1-45/5'0 -2 ."75:/"% "F3
7545'% ;&5^;" %'$;:';$" a , ."75:/" 2-//-9% '7" $-,8% ,&8 -&/0
1,<"% ';$&% ,' '7" %'$""' :-$&"$% -$ 75679,0 "F5'%= C75% %;63
6"%'% '7,' , 6--8 #$"85:'-$ %7-;/8 ',<" 5&'- ,::-;&' '7" %#""8
,&8 85$":'5-& 5& '7" #$".5-;% 5&'"$.,/ ,% 9"// ,% '7" ;&8"$/03
5&6 $-,8 %'$;:';$"= h;$ KNT ,/6-$5'71 5% ,4/" '- ,::-;&'
2-$ %;:7 5&2-$1,'5-& 95'7-;' $"^;5$5&6 "F#/5:5' <&-9/"86"
,4-;' '7" 8"',5/"8 $-,8 1,#= Z5."& , ."75:/" vI ,&8 :;$$"&'
'51" tI+ '7" ,/6-$5'71 #$"85:'% '7" %"' -2 @A% .5%5'"8 40 vI 5&
, 2;';$" 5&'"$.,/ [tI+∆K, tI+∆J] ?∆J ≥ ∆K ≥ IB 5& '9- %'"#%G
K= Finding K nearest trajectories. h;$ ,/6-$5'71 2 $%' 2 &8%
K "F5%'5&6 1-45/5'0 '$,D":'-$5"% 5& , ZAV /-:,'5-& 8,',4,%"
'7,' 4"%' 1,':7 '7" $":"&' 1-45/5'0 75%'-$0 -2 '7" 65."&
."75:/"= V#":52 :,//0+ 9" 1,5&',5& , 8,',4,%" -2 #,%' ZAV
:--$85&,'" ;#8,'"%G D = {(v, t,c)}+ 97"$" v 5% , ."75:/"+
t 5% '7" '51" 2-$ '7" ;#8,'"+ ,&8 c 5% '7" ZAV :--$85&,'"=
T-$ ,&0 ."75:/" v ,&8 :;$$"&' '51" t+ 9" 8"2 &" 5'% 1-45/3
5'0 75%'-$0MH ,% '7" %"' -2 ZAV :--$85&,'"% $"#-$'"8 40
v 5& '7" #,%' δ %":-&8%G MHt

v = {c|(v,s,c) ∈ D ∧ s ∈ [t−
δ, t]}= !" ,/%- 8"2 &" , 85%',&:" 2;&:'5-& 4"'9""& '9-
'$,D":'-$5"%G f (MHtI

vI ,MHt
v) = ∑c∈MHtIvI

15&d∈MHtv ‖c−d‖J+
97"$" ‖c− d‖J 5% '7" E;:/58",& 85%',&:" 4"'9""& '7"
'9- /-:,'5-&% %#":52 "8 40 ZAV :--$85&,'"% c ,&8 d= E%3
%"&'5,//0+ '75% 85%',&:" 2;&:'5-& $"2 ":'% '7" '-',/ 85%',&:"
2$-1 ",:7 #-5&' -& MHtI

vI '- '7" :/-%"%' #-5&' -& MHt
v=

!" '7"& 2 &8K #,5$% -2 (v, t) '7,' 15&515X"% f (MHtI
vI ,MHt

v)+
5="=+ '7" K &",$"%' &"5674-$% -2 (vI, tI)=

J= Voting. T-$ ",:7 -2 K &",$"%' '$,D":'-$5"% (v, t)+ 9" ;%"
/5&",$ 5&'"$#-/,'5-& ?5="=+ ;%5&6 , /5&" '- :-&&":' '9- ,8D,3
:"&' #-5&'%B '- -4',5& 5'% 1-45/5'0 '$,D":'-$0 5& '7" 2;';$"
5&'"$.,/ [t+ ∆K, t+ ∆J]= [,%"8 -& '75%+ 9" -4',5& '7" %"'
-2 @A% .5%5'"8 40 v 8;$5&6 '7,' 5&'"$.,/= !" '7"& $"#-$'
,// '7" @A% '7,' ,$" .5%5'"8 40 ,' /",%' T -;' -2 K &",$"%'
'$,D":'-$5"% ,% '7" #$"85:'"8 %"' -2 @A% '7,' 95// 4" .5%5'"8
40 vI 8;$5&6 2;';$" 5&'"$.,/ [tI+∆K, tI+∆J]=
>& %'"# K ,4-."+ '- ,.-58 :-1#;'5&6 f (MHtI

vI ,MHt
v) 2-$

,// #,5$% -2 '$,D":'-$5"% ?975:7 5% "F#"&%5."B+ 9" -&/0 :-13
#;'" 2-$ '7" '$,D":'-$0 #,5$% '7,' ,$" &",$40= C- ^;5:</0 58"&3
'520 '7" '$,D":'-$5"% '7,' ,$" :/-%" '- '7" :;$$"&' -&"+ 9" :$"3
,'" ,& "22 :5"&' 5&8"F %'$;:';$" 40 ?5B 85%:$"'5X5&6 '7" ZAV
/,'5';8"3/-&65';8" :--$85&,'" %#,:" 5&'- I.IIIK◦ × I.IIIK◦
6$58 %^;,$"%+ ,&8 ?55B %'-$5&6 ,// '7" (v, t) 5&%58" ",:7 6$58
%^;,$"= Z5."& (vI, tI)+ 9" %',$' 2$-1 5'% 6$58 %^;,$" ,&8 ;%"
"F#,&8"8 $5&6 %",$:7 '- 2 &8 C :,&858,'" #-5&'% (v, t) $"%583
5&6 5& '7" %,1" -$ &",$40 6$58 %^;,$"%= !" '7"& 2 &8 K &",$3
"%' &"5674-$% ,1-&6 '7"%" C :,&858,'" #-5&'%=



C- 4" 6"&"$,/+ -;$ #$"85:'5-& ,/6-$5'71 5&'"&'5-&,//0 8-"%
&-' "F#/-5' "F'"$&,/ <&-9/"86" ?"=6=+ :"$',5& ."75:/"% 7,."
%515/,$ '$,D":'-$0 -& 8522"$"&' 8,0%+ 975:7 1,0 7-/8 2-$ %-1"
#"$%-&,/ ."75:/"%B= !7"& %;:7 5&2-$1,'5-& 5% ,.,5/,4/"+ -;$
#$"85:'5-& ,/6-$5'71 :,& #-'"&'5,//0 5&:-$#-$,'" 5' 97"& 2 &83
5&6 &",$"%' '$,D":'-$5"% '- 2;$'7"$ 51#$-." '7" ,::;$,:0=
Parameter setting: h;$ ,/6-$5'71 7,% 2-;$ :-&'$-/ #,$,13
"'"$%G '7" &;14"$ -2 &",$"%' '$,D":'-$5"% K+ '7" &;14"$ -2
:,&858,'" #-5&'% C+ '7" .-'5&6 '7$"%7-/8 T + ,&8 '7" 1-45/5'0
75%'-$0 8;$,'5-& H= >& -;$ ".,/;,'5-&+ 9" <""# C = RJ+ .,$0
T = K,J+ .,$0K 2$-1 J '- KJ+ ,&8 .,$0H 2$-1 MI '- KHI %":3
-&8%= h;$ $"%;/'% %7-9 '7,' (K = O,T = J,C = RJ,H = MI)
:-&%5%'"&'/0 65." '7" 4"%' #"$2-$1,&:"= !" '7;% -&/0 $"#-$'
'7" $"%;/'% ;&8"$ '75% #,$,1"'"$ %"''5&6=

4. VCD IMPLEMENTATION
!" 51#/"1"&' ()* 5& 4-'7 E1;/,4 LJKP ,&8 -;$ $",/

'"%'4"8 95'7 %1,$'#7-&" ,&8 /,#'-# :/5"&'%= ()* :-&%5%'%
-2 , :-&'$-//"$+ @A%+ :-&'"&' %"$."$%+ ,&8 :/5"&'% 5& ."75:/"%=
E1;/,4 ,&8 '"%'4"8 ;%" '7" %,1" :-&'$-//"$+ @A+ ,&8 :-&3
'"&' %"$."$ 51#/"1"&','5-&+ ,// -2 975:7 ,$" 51#/"1"&'"8 ,%
1;/'53'7$",8"8 )nn\i5&;F #$-6$,1%= C7"0 8522"$ 5& :/5"&'
51#/"1"&','5-&= >& E1;/,4+ 9" 51#/"1"&' , .5$';,/ ."753
:/" #$-6$,1+ 975:7 :,& "1;/,'" 1;/'5#/" ."75:/"%+ ,//-95&6
;% '- :-&8;:' , '$,:" 8$5."& "1;/,'5-& -2 ,// '7" ."75:/"%
5& -;$ '$,:" ;%5&6 , 2"9 .5$';,/ ."75:/"%= C7" :/5"&' 5& '7"
$",/ '"%'4"8 5% 51#/"1"&'"8 -& 4-'7 %1,$'#7-&"% ,&8 /,#3
'-#%+ 975:7 5% 8"%:$54"8 5& V":'5-& O=J=
4.1 System Overview
Communication between APs and controller: C7" @A%
,&8 :-&'$-//"$ :-11;&5:,'" 95'7 ",:7 -'7"$ ;%5&6 C)A= @%
&-'"8 5& V":'5-& J=K+ ,' '7" 4"65&&5&6 -2 "."$0 5&'"$.,/ '7"
:-&'$-//"$ :-//":'% 5&#;'%+ :-1#;'"% '7" $"#/5:,'5-& %'$,'"60+
,&8 5&%'$;:'% :-&'"&' %"$."$% -$ @A% '- #"$2-$1 95$"/5&" ,&8
1"%7 $"#/5:,'5-& ,' '7" 8"%5$,4/" $,'"%=
Communication between AP and vehicle: C7" :-11;&53
:,'5-& 4"'9""& @A% ,&8 ."75:/"% ;%"% U*A '7,' %"&8% 8,',
,' :/-%" '- '7" Aef 8,', $,'"= !7"& , ."75:/" :-&',:'% ,&
@A+ 5' %"&8% , eEiih 1"%%,6" '7,' 5&:/;8"% ?5B , /5%' -2 2 /"%
,&8 '7"5$ %5X"% '7,' 5' ,/$",80 7,%+ ?55B '7" 2 /"% 5' 5% 5&'"$"%'"8
5& 8;$5&6 '7" :;$$"&' ,&8 &"F' 5&'"$.,/%= U#-& $":"5.5&6 '7"
2 $%' eEiih 1"%%,6" 2$-1 '7" ."75:/"+ '7" @A 5&5'5,'"% 8,',
8-9&/-,8 '- '7" ."75:/" ,::-$85&6 '- '7" 2-;$ %'"#% 8"%:$54"8
5& V":'5-& J=K= ]",&975/"+ '7" ."75:/" ,/%- %"&8% 4;22"$"8
ZAV ;#8,'"% ?6"&"$,'"8 "."$0 JI %":-&8% 5& '7" '"%'4"8 ,&8
"."$0 K 15&;'" 5& E1;/,4B= >& %'"# O+ '7" @A 8"'"$15&"%
, /5%' -2 2 /"% 2-$ '7" ."75:/" '- ;#/-,8 %-$'"8 5& 5&:$",%5&6
;'5/5'0 ,% 8"%:$54"8 5& V":'5-& J=O= C7" @A %"&8% '75% /5%'
5& , gEo 1"%%,6"= U#-& $":"5.5&6 '7" 2 $%' gEo 1"%%,6"+
'7" ."75:/" 5&5'5,'"% 8,', ;#/-,8 '- '7" @A= [-'7 eEiih ,&8
gEo 1"%%,6"% ;%" %-2' %','" ,&8 ,$" %"&' #"$5-85:,//0 -&:"
"."$0 :-&'$-/ 5&'"$.,/ ?KII1% 5& '"%'4"8 ,&8 K% 5& E1;/,4B=
C7"%" 1"%%,6"% ,/%- %"$." ,% 7",$'4",'% '- '7" -'7"$ #,$'0=
C- ,:75"." "22 :5"&:0 ,&8 $"/5,45/5'0 2-$ 8,', '$,22 :+ ,& @A
,##/5"% &"'9-$< :-85&6 4"2-$" %"&85&6 '7" 8,', 5' $":"5."%=
>& ,885'5-&+ 9" ;%" 1;/'5#/" :-&'"&' %"$."$% ,&8 /"."$,6"
, :"&'$,/ 85%#,':7"$ '- 85%'$54;'" $"^;"%'% '- ,& ,##$-#$5,'"
:-&'"&' %"$."$ 2-$ /-,8 4,/,&:5&6=
4.2 Client Implementation

[,':7 %5X" KKI #,:<"'% NI #,:<"'% RS #,:<"'%
*".5:" A7-&" *"%<'-# A7-&" *"%<'-# A7-&" *"%<'-#
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h;$ :-&&":'5-& %"';# #$-:"8;$" 5% ,% 2-//-9%= C7" %1,$'3

#7-&" %:,&% 2-$ @A% "."$0 KII 1%= !7"& ,& @A 5% 85%:-.3
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5. MOBILITY PREDICTION ACCURACY

?,B C,F5 /-:,'5-&% ?-& 75679,0%B ?4B C,F5 /-:,'5-&% ?5&%58" :5'0B
Figure 3: Illustration of traces for mobility prediction.

Mobility traces: !" -4',5& $",/ ."75:;/,$ 1-45/5'0 '$,:"%
2$-1 ),4%#-''5&6 LKKP ,&8 V",''/" LOKP= C7" 2-$1"$ :-&',5&
-."$ KI 15//5-& ZAV /-&65';8" ,&8 /,'5';8" :--$85&,'"% 2-$
,##$-F51,'"/0 SII ',F5% 5& '7" V,& T$,&:5%:- [,0 @$", -."$
'7" :-;$%" -2 RI 8,0% ?*":"14"$ KR+ JIIH a c,&;,$0 KR+
JIIQB= C7" /,''"$ :-&',5&% %"."$,/ 9""<3/-&6 '$,:"% -2 :5'0
4;%"% 5& V",''/" 8;$5&6 JIIK= C7" 4;% %0%'"1 :-&%5%'"8 -2
-."$ KJII ."75:/"% :-."$5&6 , SKII %^;,$" <5/-1"'"$ ,$",=
C7" ZAV :--$85&,'"% ,$" ;#8,'"8 ,##$-F51,'"/0 -&:" #"$
15&;'" 2-$ 4-'7 ),4%#-''5&6 ,&8 V",''/" '$,:"%= T56;$" R ?,B
,&8 ?4B 5//;%'$,'" '7" ."75:/" /-:,'5-&% ,/-&6 '7" 75679,0 ,&8
5&%58" V,& T$,&:5%:-= h&" :,& :/",$/0 -4%"$." '7" ;&8"$3
/05&6 %'$""' %'$;:';$" 2$-1 ',F5%l ZAV= V515/,$ #,''"$& 9,%
-4%"$."8 5& V",''/" '$,:"%=
AP locations: !" :-&%58"$ '9- %"'% -2 /-:,'5-&% 2-$ #/,:5&6
@A%G ?5B 6,% %','5-&% ,&8 ?55B :-22"" %7-#%= !" ;%" f,7--l%
i-:,/ V",$:7 @A> ?."$%5-& RB LSIP '- -4',5& '7" /-&65';8"
,&8 /,'5';8" :--$85&,'"% -2 KKJI 6,% %','5-&% ,&8 KMJI :-23
2"" %7-#% 5& V,& T$,&:5%:- [,0 @$",+ ,% 9"// ,% MKH 6,%
%','5-&% ,&8 NRH :-22"" %7-#% 5& V",''/"= C7" ,."$,6" 85%3
',&:" 4"'9""& '9- :/-%"%' @A% 5& '7" '$,:"% $,&6"% 4"'9""&
ROS−SHQ m ,&8 '7" 1"85,& 85%',&:" 5% KSN−ORR m= C7"$"
,$" ^;5'" , 2"9 @A% 97-%" 85%',&:" "F:""8% RSII m 5& ,//
'7" 2-;$ '$,:"%= C7" :-11;&5:,'5-& $,&6" 4"'9""& ,& @A
,&8 , ."75:/" 5% %"' '- "5'7"$ KII -$ JII 1"'"$%= !" ;%" '7"%"
.,/;"% 4":,;%" '7"0 ,##$-F51,'" '7" :-11;&5:,'5-& $,&6"%
9" 1",%;$"8 2$-1 -;$ ."75:;/,$ '"%'4"8% ;%5&6 HIJ=KK4 ,&8
HIJ=KK6+ $"%#":'5."/0= C- 8"'"$15&" '7" :-&',:' #"$5-8 4"3
'9""& , ."75:/" ,&8 ,& @A+ 9" ;%" /5&",$ 5&'"$#-/,'5-& '- -43
',5& '7" ."75:/"l% 1-45/5'0 '$,D":'-$0 4"'9""& '9- ,8D,:"&'
ZAV /-:,'5-& ;#8,'"%=
Trace statistics: !" ,&,/0X" '7" '$,:"% ,&8 2 &8 '7,' JRd
a OId -2 '51" '7" ."75:/"% 9"$" #,$<"8 -$ 1-."8 95'75&
K 15/"\7-;$+ NId -2 '51" '7"0 1-."8 /"%% '7,& KK a KS
15/"%\7-;$+ ,&8 QId -2 '51" '7"0 1-."8 /"%% '7,& JS3JN
15/"%\7-;$= V5&:" 1-%' -2 '7" :,4% ,$" 5& '7" 8-9&'-9&
,$",+ '7"0 ,$" 4-;&8"8 40 '7" %#""8 /515'% -2 '7" 8-9&'-9&
,$",= !" 2;$'7"$ %';80 '7" :-&',:' 8;$,'5-& ,&8 -4%"$." NId
-2 '7" :-&',:'% 4"'9""& , ."75:/" ,&8 ,& @A /,%' /"%% '7,&
RQ3SK %":-&8% 97"& '7" :-11;&5:,'5-& $,&6" 5% KII 1"3
'"$%+ ,&8 /"%% '7,& SO3HJ %":-&8% 97"& '7" $,&6" 5&:$",%"%
'- JII 1"'"$%= V;:7 %7-$' :-&',:'% 7567/567' '7" 51#-$',&:"
-2 $"#/5:,'5&6 8,', 5& ,8.,&:"=
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C7" ,/6-$5'71 5% 4,%"8 -& , %":-&83-$8"$ ],$<-. 1-45/5'0
1-8"/= E,:7 %','" 7,% '9- %"'% -2 :--$85&,'"%G '7" ."75:/"l%
/-:,'5-& ,' '51" τ ,6-+ ,&8 5'% :;$$"&' /-:,'5-&= >& -;$ ".,/;3
,'5-&+ τ 5% "5'7"$ K -$ J -$ R 15&;'"%= !" 8",/ 95'7 5$$"6;/,$
ZAV ;#8,'" 5&'"$.,/% '7$-;67 /5&",$ 5&'"$#-/,'5-&= C- ,.-58
%','" %#,:" "F#/-%5-&+ '7" ,/6-$5'71 85%:$"'5X"% '7" /-&65';8"
,&8 /,'5';8" :--$85&,'"% 5&'- I.IIK◦ × I.IIK◦ 6$58 %^;,$"%=
C7" ,/6-$5'71 ;%"% #,%' 1-45/5'0 '$,:"% '- /",$& '7" #$-43
,45/5'0 2-$ , ."75:/" '- '$,&%5'5-& 5&'- ,&0 &"9 6$58 %^;,$"
65."& 5'% /,%' ,&8 :;$$"&' 6$58 %^;,$"%= [,%"8 -& '7" '$,&3
%5'5-& #$-4,45/5'5"%+ '7" ,/6-$5'71 58"&'52 "% '7" 6$58 %^;,$"
'7,' '7" ."75:/" 5% 1-%' /5<"/0 '- .5%5' &"F'+ ,&8 ;%"% '7" :"&3
'"$ -2 '75% 6$58 %^;,$" ,% '7" #$"85:'"8 &"9 /-:,'5-& 2-$ ."3
75:/" ,2'"$ '51" τ= C75% #$-:"8;$" 5% $"#",'"8 '- 1,<" #$"3
85:'5-&% 2;$'7"$ 5&'- '7" 2;';$"= [,%"8 -& '7" #$"85:'"8 /-3
:,'5-&%+ '7" ,/6-$5'71 ,##/5"% /5&",$ 5&'"$#-/,'5-& '- -4',5&
'7" "&'5$" 1-45/5'0 '$,D":'-$0 ,&8 '7"& :-1#;'"% '7" %"' -2
@A% '7" ."75:/" 5% #$"85:'"8 '- .5%5' 8;$5&6 , 2;';$" 5&'"$3
.,/= @% 5& LRM+ ORP+ '7" ,/6-$5'71 2,//% 4,:< '- , 2 $%'3-$8"$
],$<-. 1-8"/ 97"& '7" %":-&83-$8"$ ],$<-. 1-8"/ 2,5/% '-
1,<" , #$"85:'5-&= T5&,//0+ 9" ,/%- 51#/"1"&' '7" 2 $%'3-$8"$
],$<-. 1-8"/ ,% ,&-'7"$ 4,%"/5&" ,/6-$5'71=

Metrics: !" ^;,&'520 '7" #$"85:'5-& ,::;$,:0 ;%5&6 '9-
1"'$5:%G ?5B precision+ 5="=+ '7" 2$,:'5-& -2 @A% #$"85:'"8 40
-;$ ,/6-$5'71% ,$" 5&8""8 .5%5'"8 40 '7" ."75:/"% 5& , 2;';$"
5&'"$.,/+ ,&8 ?55B recall+ 5="=+ '7" 2$,:'5-& -2 @A% .5%5'"8 40 '7"
."75:/"% 5& , 2;';$" 5&'"$.,/ ,$" :-$$":'/0 #$"85:'"8 40 -;$ ,/3
6-$5'71%= >& ,885'5-&+ 9" 5&'"6$,'" #$":5%5-& ,&8 $":,// 5&'-
, %5&6/" 1"'$5: :,//"8 F-score LOHP+ 975:7 5% '7" 7,$1-&5:
1",& -2 #$":5%5-& ,&8 $":,//G F-score = J
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T-$ ,// '7$"" 1"'$5:%+ /,$6"$ .,/;"% 5&85:,'" 7567"$ ,::;$,:0=

Evaluation results: !" :-&%58"$ '7" 2-//-95&6 #$"85:'5-&
%:"&,$5- ,% $"^;5$"8 40 -;$ $"#/5:,'5-& -#'515X,'5-& ,/6-3
$5'71G per-interval prediction+ 975:7 85.58"% '51" 5&'- 2 F"8
5&'"$.,/% ,&8 '7" 6-,/ 5% '- #$"85:' '7" %"' -2 @A% '7,' 95// 4"
.5%5'"8 40 , ."75:/" 5& '7" &"F' 5&'"$.,/= C7" #$"85:'5-& 5&'"$3
.,/ 5% %"' '- R 15&;'"%+ 975:7 1,':7"% '7" 5&'"$.,/ 2-$ #"$53
-85: $"#/5:,'5-& -#'515X,'5-&= T-$ ",:7 #$"85:'5-& ,/6-$5'71
9" ".,/;,'"+ 9" :-&%58"$ 1;/'5#/" #,$,1"'"$ :-&2 6;$,'5-&%
,&8 :7--%" '7" :-&2 6;$,'5-& '7,' 05"/8% '7" 4"%' F-score=
C7" $"%;/'% 2$-1 ),4%#-''5&6 '$,:"% ;%" %"."& 8,0% -2 '$,5&3
5&6 8,', '- #$"85:' '7" 1-45/5'0 -& '7" "567'7 8,0+ ,&8 $"%;/'%
2$-1 V",''/" 4;% '$,:"% ;%" S 8,0% -2 '$,5&5&6 8,', '- #$"85:'
'7" %5F'7 8,0 ,% '7"%" '$,:"% 7,." %7-$'"$ 8;$,'5-&=
T56;$" O %7-9% '7" #$"85:'5-& ,::;$,:0 97"& @A% ,$" #/,:"8

,' "5'7"$ 6,% %','5-&% -$ :-22"" %7-#% ,&8 '7" :-11;&5:,'5-&
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$5'71 ?KNTB ,$" JS3HSd 7567"$ '7,& '7-%" -2 '7" 2 $%'3-$8"$
],$<-. 1-8"/ ?Markov1B ,&8 %":-&83-$8"$ ],$<-. 1-8"/
?Markov2B= T-$ '7" V",''/" 4;% 1-45/5'0 '$,:" ?T56;$" O ?"Ba
?7BB+ KNT -;'#"$2-$1% Markov1 ,&8 Markov2 40 JSaQOd
5& '"$1% -2 F-scores= >& 6"&"$,/+ '7" ,4%-/;'" #$"85:'5-& ,:3
:;$,:0 2-$ ,// '7$"" ,/6-$5'71% 5% 7567"$ 2-$ '7" 4;% 1-45/5'0
'$,:"+ 4":,;%" 4;%"% '"&8 '- 2-//-9 2 F"8 $-;'"% ,&8 ,$" '7;%
1-$" #$"85:',4/"=
T5&,//0+ 5' 5% 9-$'7 &-'5&6 '7,' 5& :-&'$,%' '- 2 &85&6% 5&

LRM+ ORP+Markov2 8-"% &-' %56&52 :,&'/0 -;'#"$2-$1Markov1
5& -;$ ".,/;,'5-&= C75% %;66"%'% '7,' 95'7 7567"$ %#""8 ,&8
/"%% 2$"^;"&' ZAV /-:,'5-& ;#8,'"%+ 1-45/5'0 #$"85:'5-& 5%



 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?,B V,& T$,&:5%:-+ 6,%+ $,&6"qKIIm
 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?4B V,& T$,&:5%:-+ 6,%+ $,&6"qJIIm
 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?:B V,& T$,&:5%:-+ :-22""+ $,&6"qKIIm
 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?8B V,& T$,&:5%:-+ :-22""+ $,&6"qJIIm

 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?"B V",''/"+ 6,%+ $,&6"qKIIm
 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?2B V",''/"+ 6,%+ $,&6"qJIIm
 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?6B V",''/"+ :-22""+ $,&6"qKIIm
 0

 0.2

 0.4

 0.6

 0.8

 1

Markov1 Markov2 KNT

Precision
Recall
F-score

?7B V",''/"+ :-22""+ $,&6"qJIIm
Figure 4: Accuracy comparison of different mobility prediction algorithms.
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6. TRACE-DRIVEN SIMULATION
6.1 Simulation Methodology
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Figure 6: Average throughput under varying fraction of
APs with Internet (Zipf-like trafc, APs at coffee shops,
range=100, 50 vehicles).
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Figure 7: Average throughput under a varying num-
ber of vehicles (San Francisco, Zipf-like trafc, range =
100m).
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Figure 9: Cross validation: comparing performance in
Emulab and simulation
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Figure 5: Average throughput of 50 vehicles under varying wireless capacity and Zipf-like trafc demands. The differ-
ence from the base conguration is in bold.

 0

 20

 40

 60

 80

 100

 120

 140

 160

 1000  1500  2000  2500  3000  3500  4000

Av
er

ag
e 

do
w

nl
oa

d 
(K

bp
s/

ta
xi

)

Number of files

No replicate
VCD wireline alone
VCD vehicular relay alone
VCD wireline + vehicular relay
VCD

?,B U&52-$1G .,$0 r 2 /"%

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  2  4  6  8  10  12  14  16  18  20

Av
er

ag
e 

do
w

nl
oa

d 
(K

bp
s/

ta
xi

)

Number of files each user interested

No replicate
VCD wireline alone
VCD vehicular relay alone
VCD wireline + vehicular relay
VCD

?4B U&52-$1G .,$0 r 2 /"% #"$ ;%"$

 0

 20

 40

 60

 80

 100

 120

 140

 160

 1000  1500  2000  2500  3000  3500  4000

Av
er

ag
e 

do
w

nl
oa

d 
(K

bp
s/

ta
xi

)

Number of files

No replicate
VCD wireline alone
VCD vehicular relay alone
VCD wireline + vehicular relay
VCD

?:B p5#23/5<"G .,$0 r 2 /"%

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  2  4  6  8  10  12  14  16  18  20

Av
er

ag
e 

do
w

nl
oa

d 
(K

bp
s/

ta
xi

)

Number of files each user interested

No replicate
VCD wireline alone
VCD vehicular relay alone
VCD wireline + vehicular relay
VCD

?8B p5#23/5<"G .,$0 r 2 /"% #"$ ;%"$
Figure 8: Average throughput under varying trafc demands (San Francisco, vehicle=50, range=100m, coffee shops).
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Table 2: Average control message overhead per interval.
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5% $"#/5:,'"8 .5, ."75:/"%= T56;$" Q ?4B %7-9% '7,' '7" %513
;/,'5-& $"%;/'% 1,':7 9"// 95'7 E1;/,4 $"%;/'%G 95'75& KId
8522"$"&:" 2-$ 4-'7 ."75:;/,$ $"#/5:,'5-& ,&8 ()*=
Micro-benchmarks: C7" 2-//-95&6 15:$-34"&:71,$< $"3
%;/'% %7-9 '7,' -;$ 51#/"1"&','5-& 5% "22 :5"&' ,&8 /567'3
9"567' "."& 97"& -#"$,'5&6 ,' %:,/"= !" "1;/,'" '7" KJI
1-%' 5&'"$,:'5." @A% ,&8 RKN ."75:/"% 2$-1 '7" '$,:"=
C,4/" J %7-9% '7" #"$35&'"$.,/ :-&'$-/ 1"%%,6" -."$7",8=

!" -4%"$." '7,' :-&'$-/ 1"%%,6"% :-&%'5';'" -&/0 I=ISOd
-2 '7" '-',/ 95$"/5&" '$,22 : "F:7,&6"8 ,1-&6%' @A% ,&8 4"3
'9""& @A% ,&8 '7" :-&'$-//"$+ ,&8 :-&%'5';'" -&/0 K=Md -2
'7" '-',/ 95$"/"%% '$,22 : 4"'9""& @A% ,&8 ."75:/"%=
_"F' 9" ".,/;,'" '7" "22 :5"&:0 -2 '7" :-&'$-//"$= h& ,

J=KRRZeX `"-& 1,:75&" 95'7 RZ[ g@]+ ,."$,6" )AU ,&8
1"1-$0 ;'5/5X,'5-& -2 '7" :-&'$-//"$ 5% Jd ,&8 RH ][ $"3
%#":'5."/0= C7" ,."$,6" /,'"&:0 ,' '7" :-&'$-//"$ 5% N=H%+
975:7 5% , %1,// 2$,:'5-& -2 '7" R315&;'" 5&'"$.,/= h;' -2
N=H%+ '7" iA :-1#;','5-& ',<"% M=S%= >' 5% #"$2-$1"8 -& E1;3
/,4 ;%5&6 lp solve LRKP 8;" '- /5:"&%5&6 5%%;"% 95'7 cplex LKNP+
,&8 '7" '51" :,& 4" 2;$'7"$ $"8;:"8 52 :#/"F 5% ;%"8 5&%'",8=
T5&,//0 9" ".,/;,'" '7" %:,/,45/5'0 -2 @A% 40 $;&&5&6 KJI

5&%',&:"% -2 '7" @A -& J=KRRZeX `"-& 1,:75&"% 95'7 RZ[
g@]= !" 2 &8 '7,' ,// @A% 7,." $-;67/0 '7" %,1" ;%,6"+
95'7 ",:7 @A 5&%',&:" :-&%;15&6 -&/0 I=IKd )AU /-,8 ,&8

RR ][ -2 1"1-$0= C7"$"2-$" 5' 5% /567'39"567'=
8. TESTBED EXPERIMENTS
!" ".,/;,'" -;$ ,##$-,:7 ;%5&6 '9- '"%'4"8% '- ;&8"$3

%',&8 5'% 2",%545/5'0 ,&8 "22":'5."&"%% ;&8"$ $",/5%'5: 95$"/"%%
:-&85'5-&%= C7" 2 $%' '"%'4"8 :-&%5%'% -2 Q @A% 8"#/-0"8 5&
-22 :" 4;5/85&6% &",$ '7" $-,8= C7" @A% ,$" i5&;F 8"%<'-#%
"^;5##"8 95'7 HIJ=KK4 $,85-%+ 975:7 ,$" %"' '- , 2 F"8 8,',
$,'" -2 KK]4#%= C7" %":-&8 '"%'4"8 :-&%5%'% -2 O @A% 8"3
#/-0"8 -;'8--$ "^;5##"8 95'7 HIJ=KK& $,85-% '7,' ;%" ,;'-3
$,'"= HIJ=KK& $,85-% ;%" J=OZeX 2$"^;"&:0 95'7 , JI]eX
4,&8= >& 4-'7 '"%'4"8%+ '7" @A% 7,." K]4#% 95$"/5&" ,:3
:"%% /5&< :-&&":'5&6 '- '7" 4,:<3"&8 :-&'"&' %"$."$= >& '7"
HIJ=KK4 '"%'4"8+ R -;' -2 '7" Q @A% 2-$1% , 1"%7 &"'9-$<
,% , J37-# /5&",$ :7,5&+ 97"$",% '7" O @A% 5& '7" HIJ=KK&
'"%'4"8 2-$1% , 1"%7 &"'9-$< 95'7 #,5$95%" :-&&":'5.5'0= >&
4-'7 '"%'4"8%+ 1"%7 :-11;&5:,'5-& ',<"% #/,:" ;%5&6 ,8853
'5-&,/ HIJ=KK4 $,85-%= !" 51#/"1"&' :/5"&'% -& 4-'7 !5&3
8-9%]-45/" V1,$'#7-&"% ,&8!5&8-9% `A i,#'-#%= V1,$'3
#7-&" :/5"&'% ,$" ;%"8 5& HIJ=KK4 "F#"$51"&'% ,&8 /,#'-#
:/5"&'% ,$" ;%"8 5& HIJ=KK& "F#"$51"&'%= [-'7 :/5"&'% $,&
, .58"- %'$",15&6 ,##/5:,'5-& 8;$5&6 '7" :,$ $58"= C7" :,$%
'$,."//"8 ,$-;&8 '7" '"%'4"8 ,' KS 1#7 ?%#""8 /515'B= !"
"F#":' '7,' '7" 8$5.5&6 %#""8 8-"% &-' %56&52 :,&'/0 ,22":'
'7" #"$2-$1,&:" 97"& ,%%-:5,'5-& '51" 5% %1,//+ 4":,;%" 5&3
:$",%5&6 %#""8 $"8;:"% 4-'7 -&3'51" ?5="=+ :-&',:' '51"B ,&8
-223'51" ?5="=+ '7" '51" 4"'9""& '9- :-&%":;'5." :-&',:'%B=
Connection setup: *;" '- 8"#/-01"&' :-&%'$,5&'%+ '7" #/,:"3
1"&' -2 -;$ HIJ=KK4 @A% 5% &-' 58",/G O -2 -;$ @A% 9"$"
#/,:"8 -& '7" R$8 2 --$ -2 4;5/85&6%+ /515'5&6 '7"5$ $,&6"k ,&8
R @A% 9"$" #/,:"8 5& 7567 @A 8"&%5'0 ,$",%+ 95'7 SI3NI @A%
95'75& '7"5$ $,&6"+ :,;%5&6 7",.0 5&'"$2"$"&:"= C75% 8"#/-03
1"&' %'$"%%3'"%'% -;$ %0%'"1= >& -;$ "F#"$51"&'% 8;$5&6 :,$
$58"%+ 9" 9"$" ,4/" '- ,%%-:5,'" %;::"%%2;//0 2-$ MS=Jd -2 ,//
,''"1#'%= ]-%' -2 '7" 2,5/;$"% :,1" 2$-1 '7" R @A% 8"#/-0"8
5& '7" 7567 @A 8"&%5'0 ,$",G ,%%-:5,'5-& %;::"%% #"$:"&',6"
9,% -&/0 RR=Rd 2-$ '7"%" @A%= >& 2,:'+ "."& '7" !5&8-9%
]-45/" !53T5 1,&,6"$ ;'5/5'0 "F#"$5"&:"8 #$-4/"1% %;:7 ,%
."$0 /-&6 :-&&":'5-& '51" ,&8 ,8,#'"$ 2$""X5&6 &",$ '7"%"



*-9&/-,8 ?<[B A/,0 '51" ?%":B
_- $"#/5:,'5-& JQJQN RMMJ
!5$"/5&" NKQRI HQQK
!5$"/5&" n ]"%7 NQOOI QQRI
T;// $"#/5:,'5-& QJOQR KKSMJ

Table 3: Throughput of wireline and mesh replication in
the 802.11b testbed

*-9&/-,8 ?<[B A/,0 '51" ?%":B
_- $"#/5:,'5-& KMHSN JKIN
!5$"/5&" KJRKNS KSRHN
!5$"/5&" n ]"%7 KRIHJN KMRSR
T;// $"#/5:,'5-& KRMONQ KNIMI

Table 4: Throughput of wireline and mesh replication in
the 802.11n testbed
@A% "."& 95'7-;' ,&0 1-."1"&'= C7" -'7"$ ,::"%% #-5&'%
:,& %;::"%%2;//0 ,%%-:5,'" 2-$ HS=Nd -2 '7" '51"= C7" ,%3
%-:5,'5-& '51" 5& -;$ "F#"$51"&'% 7,% 15&51;1+ 1"85,& ,&8
1,F51;1 -2 RM1%+ HOO1%+ ,&8 KOHMN1%+ $"%#":'5."/0= NId
-2 '7" ,%%-:5,'5-&% 2 &5%7 95'75& J %":-&8%= !" $"'$0 ,%%-:53
,'5-& ;# '- N '51"% ,&8 '7" 1"85,& $"'$0 :-;&' 5% K=
>& -;$ HIJ=KK& -;'8--$ '"%'4"8+ ,%%-:5,'5-& %;::"%% $,'"

9,% HQ=SHd -;' -2 OH ,''"1#'%= C7" 15&51;1+ 1"85,& ,&8
1,F51;1 ,%%-:5,'5-& '51"% 9"$" OH 1%+ KMJ 1%+ ,&8 OIHM
1%+ $"%#":'5."/0= HId -2 '7" ,%%-:5,'5-&% 2 &5%7 95'75& JOM
1% ,&8 '7" 1"85,& $"'$0 :-;&' 9,% K= C7" 4"''"$ $"%;/'% 2-$
HIJ=KK& '"%'4"8 9"$" 4":,;%" ?5B 9" ;%"8 /,#'-#% ,% :/5"&'%+
?55B @A% 9"$" #/,:"8 -;'8--$ :/-%"$ '- ."75:/"%+ ,&8 ?555B
]>]h 5& HIJ=KK& 51#$-."% $":"5."8 %56&,/ %'$"&6'7=
Wireline and mesh replication: !" 51#/"1"&'"8 , .58"-
%'$",15&6 ,##/5:,'5-& '7,' :,& #/,0 e=JMO .58"-% ?8-9&3
/-,8"8 2$-1@A%B "&:-8"8 ,' MOj4#%= !" 85.58" "."$0 .58"-
5&'- 1;/'5#/" 2 /"% ,&8 ;%" &"'9-$< :-85&6 '- 6"&"$,'" $,&3
8-1 /5&",$ :-145&,'5-& -2 #,:<"'% 95'75& , 2 /"= h&:" "&-;67
#,:<"'% ,$" $":"5."8 2-$ '7" 2 /"+ '7" 2 /" 5% 8":-8"8 ,&8 #,%%"8
'- '7" .58"- #/,0"$ -& '7" %1,$'#7-&"\/,#'-# '- #/,0 5& #$-#"$
-$8"$ ;%5&6 '7" !5&8-9% ]-45/" 1"85, #/,0"$ #/;65&=
C,4/"% R ,&8 O :-1#,$" '7" #"$2-$1,&:" -2 -;$ -#'515X"8

95$"/5&" ,&8 1"%7 $"#/5:,'5-& 95'7 &- $"#/5:,'5-& ,&8 2;//
$"#/5:,'5-& ,' ,// '7" @A% 5& HIJ=KK4 ,&8 HIJ=KK& '"%'4"8%+
$"%#":'5."/0= !" :-&%58"$ '9- #"$2-$1,&:" 1"'$5:%G '-',/
8-9&/-,8 %5X" ,&8 '-',/ ,1-;&' -2 '51" '7" .58"- :,& #/,0
?975:7 5% #$-#-$'5-&,/ '- '7" 8-9&/-,8 %5X"B= !" $"#-$' '7"
,."$,6"% -."$ R $;&%= C7" 2;// $"#/5:,'5-& ,%%;1"% "."$0 @A
7,% ,// '7" 2 /"% ,&8 %"$."% ,% ,& ;##"$ 4-;&8= >& 4-'7 "F#"$53
1"&'%+ 9" 2-//-9 '7" #/,&&"8 '$,D":'-$0+ 975:7 9,% 2"8 ,% 5&3
#;' '- '7" :-&'$-//"$= >& HIJ=KK4 '"%'4"8+ 95$"/5&" $"#/5:,'5-&
,/-&" ,&8 95$"/5&" #/;% 1"%7 $"#/5:,'5-& #"$2-$1% J=OSF ,&8
J=NF '7,' -2 &- $"#/5:,'5-&+ $"%#":'5."/0= >& HIJ=KK& '"%'4"8+
'7" '7$-;67#;' -2 95$"/5&" ,&8 95$"/5&" #/;% 1"%7 $"#/5:,3
'5-& 5% N=RF ,&8 N=HF '7,' -2 &- $"#/5:,'5-&+ $"%#":'5."/0= C75%
8"1-&%'$,'"% '7" "22":'5."&"%% -2 $"#/5:,'5-&= ]-$"-."$+ '7"
4"&"2 ' 5&:$",%"% 95'7 95$"/"%% :,#,:5'0= C7"$" 5% , 6,# 4"3
'9""& '7" #"$2-$1,&:" -2 ()* ,&8 2;// $"#/5:,'5-&+ %5&:"
'7" >&'"$&"' 4-''/"&":< #$"."&'% :-1#/"'" $"#/5:,'5-& -2 ,//
'7" $"^;5$"8 2 /"%=

_- $"#/5:,'5-& !5$"/"%% $"#/5:,'5-&
),$ K ),$ J ),$ K ),$ J

@AK I I U#/-,8 NHI #<'% *-9&/-,8 NHI #<'%+JI 2 /"%
@AJ I I *-9&/-,8 KKSQ #<'%+ JI 2 /"% U#/-,8 KKSQ #<'%

Table 5: Comparison between performance with and
without vehicular replication.

Vehicular replication: C- %7-9 '7" 4"&"2 ' -2 ."75:;/,$ $"#/53
:,'5-&+ 9" ;%" '7" 2-//-95&6 %"';#= ),$ K 2-//-9% '7" $-;'"
APK−APJ+ ,&8 ),$ J 2-//-9% '7" $-;'" APJ−APK= ),$ K
#-%%"%%"% 2 /"% K3JI ,&8 5% 5&'"$"%'"8 5& 2 /"% JK3OI+ 975/" :,$
J 7,% 2 /"% JK3OI ,&8 5% 5&'"$"%'"8 5& 2 /"% K3JI= [-'7 APK ,&8
APJ /,:< >&'"$&"' ,&8 1"%7 :-&&":'5.5'0= C7"$"2-$"+ 95'7-;'
."75:;/,$ $"#/5:,'5-&+ &"5'7"$ :,$ :,& 6"' '7" :-&'"&' 5' 5% 5&3
'"$"%'"8 5& ,&8 '7" '-',/ '7$-;67#;' 5% I ;&8"$ &- $"#/5:,'5-&+
95$"/5&" $"#/5:,'5-& ,/-&"+ ,&8 1"%7 $"#/5:,'5-& ,/-&"=
>& :-1#,$5%-&+ ()* "F#/-5'% '7" ."75:;/,$ $"#/5:,'5-& -#3

#-$';&5'0= !7"& :,$ K 1""'% APK+ ()* 2 &8% '7,' 2 /"% K3JI
7,." 7567"%' ;'5/5'0 4":,;%" 5' #$"85:'% :,$ J 95// .5%5' APK
%--& ,&8 &""8 '7"%" 2 /"%= V- APK 5&%'$;:'% '7" :,$ '- ;#/-,8
'7"1 2 $%'= V515/,$/0+ :,$ J ;#/-,8% 2 /" JK3OI ,' APJ= !7"&
:,$ K $",:7"% APJ 5' :,& 8-9&/-,8 '7"%" 2 /"%= V515/,$/0+ :,$
J :,& 8-9&/-,8 2 /"% K3JI 2$-1 APK+ /",85&6 '- 1;:7 7567"$
'7$-;67#;'= C,4/" S %7-9% '7,' 4-'7 :,$% 8-9&/-,8 '7"5$ 5&3
'"$"%'"8 2 /"% 5& '7" ,:';,/ $-,8 "F#"$51"&'%=

9. RELATEDWORK
!" :/,%%520 $"/,'"8 9-$<% 5&'- '7$"" ,$",%G ?5B ."75:;/,$

&"'9-$<%+ ?55B 85%$;#'5-& '-/"$,&' &"'9-$<% ?*C_%B+ ,&8 ?555B
1-45/5'0 ,&8 8"1,&8 #$"85:'5-&=
Vehicular networks: @ .,$5"'0 -2 &-."/ '":7&5^;"% 7,."
4""& #$-#-%"8 '- -#'515X" .,$5-;% ,%#":'% -2 :-11;&5:,3
'5-&% 5& ."75:;/,$ &"'9-$<%= h&" :/,%% -2 9-$<% 2-:;%"% -&
'":7&5^;"% 2-$ -#'515X5&6 -&"37-# :-11;&5:,'5-& 4"'9""&
, ."75:/" ,&8 &",$40 @A%= T-$ "F,1#/"+ ),$C"/ #$-D":' LKOP
#$-#-%"% ,$:75'":';$"% 2-$ ."75:;/,$ %"&%-$ &"'9-$<%+ ,&8
8"."/-#% , %"$5"% -2 '":7&5^;"% '- -#'515X" ,%%-:5,'5-&+ %:,&3
&5&6+ 8,', '$,&%#-$' #$-'-:-/%+ ,&8 $,'" %"/":'5-&= (5T5 LNP
#$-#-%"% '- ',<" ,8.,&',6" -2 1;/'5#/" &",$40 @A% '- 513
#$-." :-11;&5:,'5-& 95'7 #,%%5&6 ."75:/"%= LKJP :-&8;:'%
5&38"#'7 %';80 -2 .,$5-;% $,'" ,8,#','5-& %:7"1"% 5& ."75:;3
/,$ &"'9-$<% ,&8 #$-#-%"% '- %"/":' 8,', $,'" 4,%"8 -& , :-13
45&,'5-& -2 gVV> ,&8 :7,&&"/ :-7"$"&:" '51"= LRSP ;%"% 853
$":'5-&,/ ,&'"&&,% '- 1,F515X" '7" '$,&%2"$ -##-$';&5'0 4"3
'9""& '7" ."75:/" ,&8 '7" @A= C7"%" 9-$<% ,$" :-1#/"1"&3
',$0 '- -;$ 9-$<+ 975:7 2-:;%"% -& "&83'-3"&8 #"$2-$1,&:"
-2 :-&'"&' 85%'$54;'5-&= !" :,& #-'"&'5,//0 /"."$,6" '7"%" ,#3
#$-,:7"% '- 51#$-." '7" #"$2-$1,&:" -2 '7" /,%' 7-#= !5'7
'7"%" "&7,&:"1"&'%+ '7" 6,# 4"'9""& >&'"$&"' ,&8 95$"/"%%
:,#,:5'0 95// 2;$'7"$ 5&:$",%" ,&8 1,<" $"#/5:,'5-& "."& 1-$"
51#-$',&'= @&-'7"$ :/,%% -2 9-$<% :-&%58"$ :7,&6"% '- ,##/53
:,'5-&% '- %;##-$' ."75:;/,$ &"'9-$<%= T-$ "F,1#/"+ C7"8; LMP
'$,&%2-$1% 5&'"$,:'5." !"4 %",$:7 5&'- -&"3%7-' $"^;"%' ,&8
$"%#-&%" #$-:"%% '- $"8;:" ,::"%% 8"/,0= !75/" C7"8; %'5//
$"^;5$"% :-&&":'5&6 95'7 '7" $"1-'" %"$."$+ 9" $"#/5:,'" :-&3
'"&' '- @A% '- "/515&,'" '7" >&'"$&"' 4-''/"&":<= C7" '75$8
:/,%% -2 9-$< %';85"% #$-'-:-/ 5%%;"%= LKQP #$-#-%"% 2,%' :-&3
&":'5-& "%',4/5%71"&'+ %:$5#'"8 7,&8-22%+ ,&8 #$"2"':75&6 ,'
@A% ;%5&6 eCCA $,&6" $"^;"%'%= T5&,//0+ '7"$" ,$" , 2"9
9-$<% -& ."75:/"3'-3."75:/" :-11;&5:,'5-&= T-$ "F,1#/"+
VA@!_ LKHP ;%"% 6-%%5# 2-$ 2 /" '$,&%2"$ ,&8 ),$C-$$"&' LJHP
"F'"&8% VA@!_ ,&8 5% 51#/"1"&'"8 5& , '"%'4"8= LKSP '$",'%
."75:;/,$ &"'9-$<% ,% , %#":5,/ '0#" -2 *C_% ,&8 2-:;%"%
-& /"."$,65&6 ."75:/" '- ."75:/" ?(J(B :-11;&5:,'5-& '-
8"/5."$ :-&'"&'= @% 1"&'5-&"8 ",$/5"$+ 5&%#5$"8 40 '7" ,&,/3
0%5% 5& LHP+ 9" /"."$,6" @A% ,% '7" $"&8"X.-;% #-5&'% 2-$
$"#/5:,'5&6 :-&'"&' ,1-&6 ."75:/"%= !" 2-:;% -& -#'515X3
5&6 :-&'"&' $"#/5:,'5-& 65."& /515'"8 95$"/5&" ,&8 95$"/"%%



$"%-;$:"%+ 975:7 7,% &-' 4""& %';85"8 ",$/5"$=
Disruption tolerant networks: ("75:;/,$ &"'9-$<% :,& 4"
:-&%58"$"8 ,% , %#":5,/ '0#" -2 85%$;#'5-& '-/"$,&' &"'9-$<%
?*C_%B ,&8 4"&"2 ' 2$-1 ,8.,&:"% 5& '75% ,$",= *522"$"&'
2$-1 '$,85'5-&,/ *C_%+ 975:7 2-:;%"% -& :-11;&5:,'5&6
95'7 , %#":52 : &-8"+ 9" 2-:;% -& :-&'"&' 8"/5."$0= E#53
8"15: $-;'5&6 LOMP 9,% 5&5'5,//0 #$-#-%"8 2-$ *C_%+ 97"$"
,&0 '9- &-8"% "F:7,&6" 1"%%,6"% 97"&"."$ '7"0 1""'= g"3
:"&'/0+ ;'5/5'034,%"8 $"#/5:,'5-& 9,% #$-#-%"8+ 97"$" &-8"%
$"#/5:,'" 8,', -."$ '7" 4"%' :-&',:'% ,::-$85&6 '- %-1" ;'5/5'0
?"=6=+ 1-45/5'0 75%'-$0 LJNP -$ 8"/,0 LSPB= !" /"."$,6" 4-'7
;'5/5'034,%"8 -#'515X,'5-& 2-$ 95$"/5&"\1"%7 $"#/5:,'5-& ,&8
',$6"' 95$"/"%% $"#/5:,'5-& '- 1,F515X" "22":'5."&"%%=
Mobility and demand prediction: C7"$" 5% , /,$6" 4-80
-2 /5'"$,';$" -& 1-45/5'0 #$"85:'5-&+ $,&65&6 2$-1 :-,$%"3
6$,5&"8 #$"85:'5-& 5& :"//;/,$ &"'9-$<% ?"=6=+ LK+ J+ JQ+ RI+
RHPB '- 1-$" 2 &"36$,5&"8 #$"85:'5-& 5& !53T5 &"'9-$<% ?"=6=+
LRM+ OJPB= >& #,$'5:;/,$+ LORP :-1#,$"% .,$5-;% #$"85:'-$% 5&
/5'"$,';$" ,&8 %;66"%'% '7,' J&8 -$8"$ ],$<-. 95'7 , %51#/"
2,//4,:< 1":7,&5%1 ?97"& '7"$" 5% &- #$"85:'5-&B #"$2-$1%
9"//= LJRP 4;5/8% 1-45/5'0 #$-2 /"% 2-$ ;%"$% ,&8 %','5%'5:,//0
#$"85:'% '7" &"F' %-:5,/ 7;4 '7" ;%"$ 95// .5%5'= LRMP 4;5/8%
'7" ;%"$l% :;%'-15X"8 1-45/5'0 1-8"/% -& '7" 8".5:"% '7"13
%"/."%+ ,&8 ;%"% , %":-&8 -$8"$ ],$<-. 1-8"/ '- #$"85:' '7"
:-&&":'5-& -##-$';&5'0 ,&8 5'% ^;,/5'0 -2 '7" 8".5:" 95'7 ,&
@A= LRJP ;%"% '7" #,%' 75%'-$0 '- 58"&'520 -##-$';&5'5"% 2-$
1"85, %7,$5&6 5& ,8 7-: *C_%= C7"%" 9-$<% 2-:;% -& /-9
%#""8 ?"=6=+ #"$%-&,/ 1-45/5'0B= ("75:/"% '$,."/ 1;:7 2,%'"$
,&8 1,<" 1-45/5'0 #$"85:'5-& 1-$" :7,//"&65&6=
>& '75% #,#"$+ 9" 8- &-' %';80 8"1,&8 #$"85:'5-&+ %5&:" 5'
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