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℄�'+# ,2# (#7# 4+ ($#',G.-,,8&? 1&. & 4+,+';&);-.+'(& 4#, $+4+, 4+ #)(# ;+)&-4#4+ + *$#'4+ #($#,&/ &<,+$;&2G,+62+ +,(+, =$&<)+.#, ,+ (&$'#. #-'4# .#-, $>(-&, +. $+4+, &. =$&42(& <#'4#G#($#,&+)+;#4&?"#$# .+)M&$#$ # #=#-4#4+ 4& 01" +. +,(-.#$ # <#'4# 4-,=&'>;+)/ #=$-.&$#$ & ,+24+,+.=+'M& +. $+4+, &. *$#'4+ =$&42(& <#'4#G#($#,&/ *#$#'(-$ # +,(#<-)-4#4+ 4# 5#'+)#/+/ &',+6X+'(+.+'(+/ # (#7# 4+ ($#',.-,,8&/ ;#$-#:[+, 4& 01" (H. ,-4& =$&=&,(#,/ 4+'($++,(#, & \]01" I^)&_4 +( #)?/ K!!K℄/ & #̂,( 01" I`-' +( #)?/ K!!a℄/ & NE1 Ib2 +( #)?/ K!!c℄/& 1UNE1 IVM++ #'4 b2/ K!!d℄/ & ]01" IC+))_/ K!!a℄ + & b1" IC#(#<- +( #)?/ K!!K℄?Y+,(+ 1#=>(2)&/ A #=$+,+'(#4& & .+#'-,.& 4+ &'($&)+ 4+ &'*+,(-&'#.+'(& 4& 01"V+'&/ ,+2, &'+-(&, + .&4& 4+ 92'-&'#.+'(&? ]8& 4-,2(-4&, &, =$&<)+.#, $+)#-&G'#4&, #& 01" V+'& +. $+4+, &. =$&42(& <#'4# #($#,&G+)+;#4&? "&,(+$-&$.+'(+/ ,8&#=$+,+'(#4#, &, 01", ;#$-#'(+, \]01"/ #̂,( 01"/ NE1/ 1UNE1 + ]01" 62+ ;-,#. ,2G=+$#$ #, 4+F-H'-#, 4+ 4+,+.=+'M& #=$+,+'(#4#, =+)& 01" V+'& +. $+4+, &. =$&42(&<#'4#G#($#,& +)+;#4&?



℄L $ ,M3-#$ /- 5-<ND,6.; NumSeqO $ ,M3-#$ /- #-$,F-63-,%$; P)QR !"#$%&'()*'#+SO - . =.,-'. /$ #--"%$#; RcvWnd7)./. 5-43-,%$ -,96./$ #--:- 13 ,M3-#$ /- 5-<ND,6.; NumSeqcvBuff 7 ! 9.'$# /. =.,-'. /$ #--"%$#;
RcvWnd; 6,+$#3. . /65"$,6:6'6/./- ,$ ,/0'1 ".#. .#3.?-,.# 5-43-,%$5 #--:6/$57 V5%-9.'$# > 15./$ "-'$ -3655$# ".#. +.?-# $ $,%#$'- /- 012$7 U-=. $ M'%63$ ,-+' #--:6/$ "-'$#--"%$#; RcvLastByteRcvd; - 5-=. $ M'%63$ ,-+' "#$-55./$ "-'. ."'6.BA$ ,. #--"%$#;



 !"! # $%'()*+,* -% .'(%/' 0%*/)1'(2% -, 345  !
RcvLastByteRead" # $%&#' (% )%*+&% RcvWnd" , (+-*.(# /#'0

RcvWnd = RcvBuff − (RcvLastByteRcvd− RcvLastByteRead) 1!2 34+)% SndNextByteSent # *56+'# (+ 7+89:*.% (# /'<=.6# 7+>6+*?# % 7+' +*$.%(#/+&# +6.77#' + 7+)% SndNextByteAcked # 5&?.6# *56+'# (+ 7+89:*.% '+#*@+.(# /+&#'++/?#'2 A *56+'# (+ 7+>6+*?#7 +6 ?'%*7.?#" PacketsOut" #B 7+)%" 7+>6+*?#7 +*$.%(#7"6%7 *C# '+#*@+.(#7" , (%(# /#'0
PacketsOut = SndNextByteSent − SndNextByteAcked 1!2!3D6% $+E 8B+ # +6.77#' #*@++ % %/%.(%(+ (+ %'6%E+*%6+*?# (# '++/?#'" /#(+ (+F?+'6.*%' % 8B%*?.(%(+ (+ (%(#7 8B+ /#(+ +*$.%' 7+6 7#G'+%''+>%' # '++/?#'" #B 7+)%"# $%&#' (+ PacketsOut *C# (+$+ +=+(+' # $%&#' (+ RcvWnd2 H ?%=% (+ ?'%*76.77C# (#+6.77#' ," ?%6G,6" &.6.?%(% /+&% %/%.(%(+ (% '+(+" 8B+ , (+?+'6.*%(% /+&% 8B%*?.(%(+(+ (%(#7 8B+ 7+ /#(+ ?'%*76.?.' +6 B6 (+?+'6.*%(# 6#6+*?#" +6  !"#$ /#' 7+>B*(#2I*?'+?%*?#" # *5&+# (% '+(+ , ?'%*7/%'+*?+ %# +6.77#'" #B 7+)%" *C# .*J#'6% %# +6.77#'7#G'+ % (.7/#*.G.&.(%(+ (+ '+B'7#72 A +6.77#' /#77B. B6% $%'.K$+& (+*#6.*%(% )%*+&% (+#*>+7?.#*%6+*?#" SndCwndndUseableWnd" , (%(% /#'0

SndUseableWnd = SndCwnd− PacketsOut



 !"! # $%'()*+,* -% .'(%/' 0%*/)1'(2% -, 345  !

"#$%&' () * +',-.' /-0.#1',2- 34 56#004&

"#$%&' ()(* +',-.' /-0.#1',2- 34 7--924&



 !"! # $%'()*+,* -% .'(%/' 0%*/)1'(2% -, 345  !"# $%%& '( # )*+(,-./# 0#, 1(*#, "# 23( # $%%4 (*+5# ,(+,.*61)667(6 "(6*((669,).6),5# ##,,(,& :#, #3+,# /."#4 )*+(,-./#6 13)+# 1.)#,(6 23( # $%%4 /(-.,).1 . 31 +(1;#."))#*./ ;.,. "(6#<,), . ##,,=*). ". ;(,". ( 0.>(, . ,(+,.*61)665#4 )*+,#"3>)*"#4.66)14 .+,.6#6 "(6*((669,)#6 *. +,.*60(,=*). "( "."#6&'(?. SndSampleRTT 4 # )*+(,-./# "(#,,)"# (*+,( # (*-)# "( 31 6(@1(*+# ( 6(3 ,(6;(A+)-# ,(#*B()1(*+# ;#, CDE& F6 -./#,(6 #<+)"#6 ;#, .". 6(@1(*+# ;#"(1 6(, ")6+)*+#64?9 23( # .1<)(*+( "( ,("( G ")*H1)#& C66)14 ;.,. +(, 1.)#, ;,()65# *. "(+(,1)*.I5#"# )*+(,-./# "( +(1;#,)>.I5#4 # %D: (1)66#, 1.*+G1 31. (6+)1.+)-. "# -./#, +J;)#"( $%%4 SndEstimatedRTT 4 . 23./ G .+3./)>.". .". -(> 23( 31 CDE G ,((<)"#4#<+(*"#A6(4 .66)14 31. *#-. .1#6+,. "( SndSampleRTT & C -.,).I5# "# $%% G "(K*)".;(/. -.,)9-(/ SndV arRTT & F 9/3/# ". (6+)1.+)-. "# $%% ( 63. -.,).I5#4 G <.6(A."# (1 31. 1G"). 1L-(/ (M;#*(*)./ NOOP:Q& :.,. # 9/3/# "( SndEstimatedRTT 4.+,)<3)A6( 31 ;(6# 1.)#, .#6 -./#,(6 ".6 .1#6+,.6 "( SndSampleRTT #<+)".6 1.)6 ,(A(*+(1(*+(4 ;(,1)+)*"#4 .66)14 23( # -./#, ,(R)+. #1 1.)#, (M.+)"5# # (6+."# .+3./ ".,("(& :.,. # 9/3/# "( SndV arRTT 4 -(,)K.A6( # 23.*+# SndSampleRTT 6( "(6-)."# -./#, SndEstimatedRTT & F6 -./#,(6 3+)/)>."#6 65# α = 1/8 ( β = 1/4 #*0#,1(,(#1(*".I5# "( ST.#<6#* .*" E.,(/64  UVV4 :.M6#* .*" C//1.*4 WXXX℄& F6 -./#,(6 "(
SndEstimatedRTT ( SndV arRTT 65# "."#6 ;#,Z

SndEstimatedRTT = (1− α) ∗ SndEstimatedRTT + α ∗ SndSampleRTT NW&!Q
SndV arRTT = (1−β)∗SndV arRTT+β∗|SndEstimatedRTT−SndSampleRTT | NW&[QD#*B()"#6 #6 -./#,(6 ". (6+)1.+)-. "# $%% ( 63. -.,).I5#4 G ;#66J-(/ "(+(,1)*., #)*+(,-./# "( +(1;#,)>.I5#4 SndRTO N !"#!$ %!&$'"()*& +*)!,-& *"&!$.'/Q& '( # -./#, "(

SndV arRTT 0#, ./+#4 )1;/). 23( B9 @,.*"( -.,).I5# *#6 -./#,(6 #<+)"#6 ;.,. #6 $%%64(4 .66)14 # -./#, "( SndRTO "(-( 6(, <(1 1.)#, 23( # -./#, "( SndEstimatedRTT & '(. -.,).I5# G ;(23(*.4 (*+5# SndEstimatedRTT ,(R(+( # (6+."# .+3./ ". ,("(4 ( # -./#,"( SndRTO "(-(,9 6(, .;(*.6 31 ;#3# 1.)#, 23( # -./#, "( SndEstimatedRTT & F-./#, "( SndRTO G "(+(,1)*."# ;#, S:.M6#* .*" C//1.*4 WXXX℄Z
SndRTO = SndEstimatedRTT + 4 ∗ SndV arRTT NW&\Q



 ! ! " #$&'()*+ ,$ -+'./+0$ ,$ -+'1$).(+'&*$'.+ ,+ 2-3 4$'+  ! ! " #$&'()*+ ,$ -+'./+0$ ,$ -+'1$).(+'&*$'.+ ,+2-3 4$'+" #$% &'()* + ,-./'-'(0+12) #$% .+342)* 5 )-.)70) .)4 89+04) +/:)4,0-)7;  !"#$ %&'%* (")*+,%-") ./"-0&)+* 2&,% 3+"/+'4 ' 2&,% 3+%'&),5-% <=//-+( '0 +/>*  ???℄

I,:94+ J>K; $)-.)40+-'(0) 3)7 +/:)4,0-)7 3) #$% &'()S(,,+/-'(0' + 3,7.)(,F,/,3+3' 3' F+(3+ (+ 4'3' 5 3'7)(Q',3+> %+4+ '70,-+4 '70+3,7.)(,F,/,3+3'* + H+7' 3'  !"#$ %&'% )-'1+ /'(0+-'(0' + ,(G'0+4 7':-'(0)7 (+ 4'3'> =-'3,3+ 89' ) 4''.0)4 D+, )(M4-+(3) ) 4''F,-'(0) 3)7 7':-'(0)7 O=$TP* + 89+(0,3+3'3' 3+3)7 04+(7-,0,3)7 5 3)F4+3+>







℄N
SndBw ≤ SndMSS

RTT

Const√
p

OP;!Q$-/4: SndMSS + $ %,8,-E$ /$ 14.84-%$: p + , "#$3,30'0/,/4 /4 /41,#%4=8,#,H>$ 4
Const + 68, $-1%,-%4;F,/$ 564 , %,I, /4 %#,-18011>$ SndBw = Cwnd∗SndMSS

RTT
: %48?14 564N

Cwnd =
Const√

p
OP;RQ*4'$ "#0-S"0$ /4 45T0/,/4 /$ ()*: %48?14 564: -$ 4560'S3#0$ %$/,1 ,1 $-4IU41 ,%07,11$3#4 68 4-',4 /4 ,",0/,/4 C %4#>$ $ 7,'$# /4 V,-4', 0.6,' , Cwnd = C

N
: $-/4 N + $-W84#$ /4 $-4IU41 ,%07,; )$8$ , ,",0/,/4 /$ 4-',4 + 68 7,'$# $-1%,-%4: , C56,H>$OP;RQ "$/4 14# #441#0%, "$#N

p = N2Const OP;LQ< C56,H>$ OP;RQ + /4-$80-,/, XY40 /$ Z-74#1$ /, [,0A \6,/#,/,]; C1%, '40 /4%4#?80-, 564 , 7,A>$ /$ ()* + 0-74#1,84-%4 "#$"$#0$-,' , #,0A 56,/#,/, /, "#$3,30'0/,/4/4 /41,#%4=8,#,H>$ p: , 56,' ,684-%, $8 $ 56,/#,/$ /$ -W84#$ /4 $-4IU41 ,%0?7,1 OC56,H>$ P;LQ; < /4#07,H>$=7,'0/,H>$ /41%4 8$/4'$ 1>$ 940%,1: #41"4%07,84-%4: 48JK,%E01 4% ,';:  LL!℄ 4 J@%% 4% ,';:  LLL℄;



 !"! #$%&'()*+ ,% -.# () /(,(+ %) #$%,12% 3*4,*562$*+% 7'(8*,%  !"#$%&'()*+ ( ,-.(/0+ 123!45 6 7+$$8'%9 +)$;(;(& -.% 7(&( -.% + '(9+& *+ ;(<()=+*( >()%9(5 Cwnd5 $%>( %9%'(*+5 6 )%%$$?&@+ .< '(9+& %A;&%<(<%);% #(@A+ 7(&( ( 7&+#(B#@9@*(*% *% *%$(&;%C<(&(/0+ p3 D(&( -.% .<( +)%A0+ EFD 7+$$( <();%& .<( ;(A( *%%)'@+ *% 10G#7$5 $%&@( )%%$$?&@( .<( >()%9( *% +)H%$;@+)(<%);+ *% 83.333 $%H<%);+$5 %.<( 7&+#(#@9@*(*% *% *%$(&;%C<(&(/0+ *% p ≈ 2∗10−105 +. $%>(5 .< %'%);+ *% +)H%$;@B+)(<%);+ ( (*( 5.000.000.000 7(+;%$ ;&()$<@;@*+5 + %-.@'(9%);% ( )+ <?A@<+ .< %'%);+*% +)H%$;@+)(<%);+ ( (*( 1= % 40<3 E(@$ '(9+&%$ $0+ @)I%&@+&%$ (+ 9@<@;% ;%J&@+ *% ;(A(*% %&&+5 % 9(&(<%);%5 @&&%(9@$;( +< ($ (;.(@$ ;%)+9+H@($ *@$7+)8'%@$ KL9+M* %; (935 2NN2℄3 !"! #$%&$'()%*+($ ,-/0)(1'/$ 2) 3)+*0) 2* 4')+-%/--5$P +)=%@*+ -.% ( (#+&*(H%< QRST 1 !!"#"$% &')%*+% ,-.#"/."*#"$% 0%)%*+%45 .;@9@BU(*( 7%9+ <%()@$<+ *% (>.$;%$ *( >()%9( *% +)H%$;@+)(<%);+ *+ EFD5 6 @)%&%);%<%);%+$@9(;J&@(5 + -.% 7+*% $%& +#$%&'(*+ )+ ($7%;+ $%&&@9=(*+ (7&%$%);(*+ )( L@H.&( 23V3Q$$@<5 ( ;(A( *% ;&()$<@$$0+ *+ EFD +$@9( +)$@*%&('%9<%);%5 )0+ %$;(#@9@U()*+ )+'(9+& *( ;(A( *% ;&()$<@$$0+ @*%(95 -.% 6 @H.(9 ( $.( 7+&/0+ >.$;( *% #()*(B7($$();%KF=@. ()* W(@)5  X!X℄3" <%()@$<+ *% +);&+9% *+ EFD 7+*% $%& %A7&%$$+ 7%9($ %-.(/Y%$ 123 N4 % 123  43
cwnd← cwnd +

1

cwnd
123 N4Z( ,-.(/0+ 123 N45 ( (*( QF[ +)\&<()*+ + &%%#@<%);+ *% 7(+;%$5 ( >()%9( *%+)H%$;@+)(<%);+ *+ EFD ? (.<%);(*( 7+& .< $%H<%);+3

cwnd← cwnd−
1

2
∗ cwnd



℄ % PX.$.R., %, .;9= YZZZ℄= 3%$46#E[(%KE% . 3.<8# -% E*. #+%J8# : 4+3%$(.*%+,% 2$#2#$4#+.; .# @//α= #+-% 1 ≤ α ≤℄9GE$.+,% . ,$.+(*478#= # /01 %*4((#$ (%*2$% .E*%+,. (E. ,.J. -% ,$.+(*4((8# .#



℄℄MU&9O+ +%, 1/+$\+?7  !!]℄ B9.+ .&,()+@>& ,& .#+%(".& ,# &%'$&?# ,# &%/#"'(&%+.#%'& ,& 0$&'&&?& :2; 0+$+.#?<&$+$ & ,#"#.0#%<& ,+" &%#=G#" :2; &. /$+%,#" A+%#?+" ,# &%/#"'(&%+.#%'& #'+=+ ,# #=?9">& .9('& -+(=+ #. +.-(#%'#" &. 0$&,9'& -+%,+Q+'$+"& #?#C+,&4 1 (,B(+,#"'# .#+%(".& B 89# "#A+. 6#('+" 0#89#%+" +?'#$+@G#" %+ 6&$.+ ,# +A9"'# ,&" 0+$^.#'$&"



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !

"#$%&'  ()* "%+,-. /0 1023.24' /. 56789/0 #+&0;0+4. 0 /0&0;0+4. /. 789(8.&<.&;0 <.# '3&020+4'/. +' 60,-.  (=( > +' <'20 /0  !"#$%&'!" ()!'*+"$> .2 '?%2@402 /' ?'+0A' /0 .+$024#.+';0+4. /. 789 10+. B-"*C 2-. '&'40&#D'/.2 3.& E+&0@;0+4. F/#4#G. 0 H0&0;0+4. I%A4#3A#'4#G. @ FEIH( J' 'K.&/'$0; FEIH> ' G'&#LG0A
cwnd



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$   
• !"#$%&"'()*+ ,-.,-/-'01 ) 2"3"0- /4.-,"), .1,1 1 51'-21 (- )'#-/0")'13-'0)7
• !"#$%8+ 9 1 .,):1:"2"(1(- (- (-/1,0-;31,1<=) '--//>,"1 .1,1 121'<1, 431 51?'-21 (- )'#-/0")'13-'0) (- !"#$%&"'()*7
• @)*%&"'()*+ ,-.,-/-'01 ) 2"3"0- "'A-,"), .1,1 1 51'-21 (- )'#-/0")'13-'0)B -,-.,-/-'01 ) .)'0) (- 0,1'/"<=) - )3.10":"2"(1(- -'0,- 1/ A4'<C-/ (- ,-/.)/017
• @)*%8+ 9 1 .,):1:"2"(1(- (- (-/1,0-;31,1<=) .1,1 @)*%&"'()*7
• !"#$%D-,-1/-+ -/.-"E1 ) .1,F3-0,) (- (-,-3-'0) (1 51'-21 (- )'#-/0")'1?3-'0)B b(cwnd)B .1,1 cwnd = !"#$%&"'()*GH3 IJ2)K( -0 12GB  LL ℄B /=) /4#-,"()/ N12),-/ .1,1 1/ .1,F3-0,)/+ !"#$%&"'()* O

83.0007 !"#$%8 O 10−77 @)*%&"'()* O 387 @)*%8 O 10−3 - !"#$%D-,-1/- O 0.1GD-/01 A),31B ) .,)-("3-'0) .1,1 1 40"2"P1<=) (1/ A4'<C-/ (- ,-/.)/01 9 A-"0) (1/-#4"'0- A),31+ Q41'() ) 0131'$) (1 51'-21 10412 9 ') 3>R"3) Low%WindowB )4 /-51B
cwnd < Low%Window - p 9 31"), Q4- 10−3B 1 A4'<=) ST8 U-') 9 40"2"P1(17 Q41'()) 0131'$) (1 51'-21 10412 9 31"), )4 "#412 1 Low%WindowB cwnd ≥ Low%WindowB)4 /-51B .,):1:"2"(1(- (- (-/1,0-;31,1<=) .1,1 ) 13:"-'0- (-N- /-, 34"0) .-Q4-'1V3-'), Q4- 10−3WB 1 A4'<=) !XST8 )3 431 1#,-//"N"(1(- 31"), 9 40"2"P1(1G Y J"#4,1 GZ 1.,-/-'01 -/0- )3.),013-'0)G81,1 ):0-, 1 A4'<=) (- ,-/.)/01 () !XST8B )/ .1,F3-0,)/ (- "',-3-'0) Va(cwnd)W- ,-(4<=) Vb(cwnd)W (1 51'-21 () ST8 /=) 3)("E1()/G Y//"3B '1 A1/- (-  !"#$%&'!"()!'*+"$B 1 1(1 -!."* &-'/ &'0$ '1 14/['"1 (- )'#-/0")'13-'0)B ) )3.),013-'0)(1 51'-21 () !XST8 9 (1() .),+

ACK : cwnd← cwnd +
a(cwnd)

cwnd
V G\ W- ("1'0- (- )'#-/0")'13-'0)B -3 ,-/.)/01 1) (-/1,0- (- .1)0-/B ) )3.),013-'0) (151'-21 9 (-E'"() .),+

DROP : cwnd← cwnd− b(cwnd) ∗ cwnd V G\]W^/ N12),-/ (- a(cwnd) - b(cwnd) /=) 154/01()/ -3 A4'<=) ()/ .1,F3-0,)/ (-E'"()/.1,1 ) !XST8G 81,1 ) ST8 U-')B a(cwnd) = 1 - b(cwnd) = 1/2G Y//"3B Q41'()
cwnd < Low%Window )/ N12),-/ .1(,=) (- a(cwnd) - b(cwnd) .1,1 ST8 U-') /=)40"2"P1()/G



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !

HighSpeed TCP

TCP Reno

log(Loss Rate)

log(cwnd)

High_Window

cwnd

Low_Window

High_P p(cwnd) Low_P"#$%&'  ()* +,-.,&/'-01/, 2, 345+66,& 7%08/908 20 8#-.:##2'20< ,  !"# $%&&' 5+6 -'1/=- ' .&,.&#02'20 20 08':' :,$>:,$ 1' ?%1@A, 20 &08.,8/' B":,C2<  DD!℄( F08/' ?,&-'< ' ?%1@A, 20 &08.,8/' 2, 345+6<.'&' ,8 G':,&08 20 H'10:' 20 ,1$08/#,1'-01/, -'#,&08 7%0 LowIWindow< = 2'2' .,&B":,C2 0/ ':(<  DD ℄*
cwnd =

( p

LowIP

)S

LowIWindow J (KLM,120 p = /'N' 20 208'&/0 20 .',/08 .'&' , /'-'1O, -=2#, 2' H'10:' cwnd< 0 S = %-',18/'1/0 20P1#2' .,&*
S =

log(HighIWindow)− log(LowIWindow)

log(HighIP )− log(LowIP )
J (K)MF08/' ?,&-'< a(cwnd) = 20P1#2, 20 ',&2, ,-*

a(cwnd) =
(HighIWindow)2 ∗HighIP ∗ 2 ∗ b(cwnd)

2− b(cwnd)
J (KQM6'&' , 5+6 R01,< , .'&S-0/&, 20 &02%@A, 2' H'10:' = b(cwnd) = 1/2 .'&' cwnd =

LowIWindow( T,$,< .'&' , 345+6< = 10088U&#, 08.0#P'& b(cwnd)< /': 7%0 b(cwnd) =

HighIDecrease .'&' cwnd = HighIWindow( V- B":,C2 0/ ':(<  DD ℄< = 20P1#2, 7%0



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !
b(cwnd) "#$# $%&'%& (')#%&*#)+# -* - (-. "# cwnd/ 011'*2

b(cwnd) =
(High3Decrease− 0.5) ∗ (log(cwnd)− log(Low3Window))

log(High3Window)− log(Low3Window)
+ 0.5 4 /567#)+8-9 a(cwnd) :2

a(cwnd) = cwnd2 ∗ p(cwnd) ∗ 2 ∗ b(cwnd)

(2− b(cwnd))
4 /5;7<# =-&*% 1'*>('?%"%9 a(cwnd) # b(cwnd) 18- @AB%). #+ %(/9  CC!℄2

b(cwnd) = −0.12log(cwnd) + 0.69 4 /5E7
a(cwnd) = 0.16cwnd0.8 b(cwnd)

2− b(cwnd)
4 / C7 !"! #$%& &'(F G0HI IJK 4 !"# $#&'( )!*!+(,(*# -!.!/.( 01!*",&""&2* 32*#12. 412#22.7@L') #+ %(/9  CCM℄ : B*% $%&'%N8- IJK >%&% &#"#1 -* >&-"B+- O%)"%P%+&%1- #(#$%"-9 *%1%- -)+&Q&'- "# -B+&%1 $%&'%NR#1 IJK SB# 18- O%1#%"%1 )- IJK T#)-9 - G0HI IJK :O%1#%"- )- IJK U#.%1 @V&%W*- #+ %(/9 5EE!℄−8 -B *#)-&79 # %- -)1'"#&%&%*')]-1 -)"# >%-+#1 >-"#* 1#& #[(B^"-1 -B -&&-*>'"-1 #* "#-&&\)'% "# &%XR#1 SB#)8- )##11%&'%*#)+# "#$'"- % -).#1+'-)%*#)+-9 - "#1#*>#)]- "#1+#1 *#%)'1*-1 IJK>-"# 1#& %')"% *%'1 &^+'-/_- G0HI IJK - *#%)'1*- "# -)+&-(# "# -).#1+'-)%*#)+- : 1#>%&%"- #* SB%P+&- -*>-)#)+#1 =B)'-)%(*#)+# ')"#>#)"#)+#19 SB# >-"#* 1#& >&-Y#+%"-1 # %+B%('X%P"-1 1#>%&%"%*#)+# @L') #+ %(/9  CC`℄ @a#' #+ %(/9  CC6℄2 -*>-)#)+# "# -)+&-(# "# "%"-19-*>-)#)+# "# -)+&-(# "# Y%)#(%9 -*>-)#)+# "# -)+&-(# "# &%Y%"% # -*>-)#)+# "##1+'*%+'$%/ J-)=-&*# >-"#P1# -O1#&$%& )% G'.B&%  /b9 - -*>-)#)+# "# #1+'*%+'$% : %O%1# >%&% -1 "#*%'1 -*>-)#)+#19 -B 1#Y%9 #(# : &#1>-)1Q$#( >-& .#&%& %1 ')=-&*%NR#1B+'('X%"%1 >#(-1 -B+&-1 +&\1 -*>-)#)+#1 )% +-*%"% "# "#'1R#1/



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !

Processamento do Protocolo TCP

Componente de Estimativa

Controle

de Dados 

Controle

de Janela 

Controle

de Rajadas





cwnd (&,#&"323 $%% '>"13 "# &30"3 3' & ,#*+12/# #F+&H93L
cwnd← min

(

2cwnd, (1− γ)cwnd + γ
(baseRTT

RTT
cwnd + α

)

) M - NO32"# γ > +'& 32,/&2/# #2/0# 0 # 17 $%% > 3 $%% '>"13 &/+&87 baseRTT > 3 $%% ')21'37# α > +' 5&0:'#/03 "3 503/3383 F+# 32/038& & =+,/1H& # 3 24'#03 "# 5&3/#, "# &"&P+Q3 F+# #,/93 #2C8#10&"3, 2& 0#"#7 # > "#C21"3 #' <+2H93 "& =&2#8& "# 32*#,/132&'#2/3# "3 &/0&,3 "# C8& RS12 #/ &8-7  TTU℄-. '3"#83 '&/#'E/13 ,1'581C&"3 "& WF+&H93 M - NO > "&"3 530L
cwndi(t + 1) = cwndi(t) + γ(αi − xi(t)qi(t)) M -  O32"# cwndi(t) > 3 /&'&2X3 "& =&2#8& "3 P+Q3 i 23 /#'53 &/+&8 t7 xi(t) > & J&G93 &/+&87# qi(t) > &/0&,3 "# C8& &/+&8- . ?;@% %AB > "#23'12&"3 +'& J#0,93 "3 %AB Y#*&,5&0& 0#"#, "# &8/& J#831"&"#7 # "#,/& <30'&7 &=+,/& & =&2#8& 530 +'& *0&2"# F+&2/1"&"#M0#,1'#2/3 3+ 0#"+H93O F+&2"3 3 24'#03 "# 5&3/#, 2& C8& #,/E "1,/&2/# "3 &8J3 αi7 #&=+,/& 530 5#F+#2&, F+&2/1"&"#, F+&2"3 #,/E 50ZQ1'3 "# αi
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"#$%&'  ()* "%+,-. /0 1&02#40+5. /0 671 !"!# $%&'() *&(,'-, ./&0,-1%/& ./&1(/28 9&.5..:.  !"#$% &"$(#)( *+",()-!+" *+"-$+. ;671< =>% 05 ':(?  @@A℄cwndTmin< C 025#4'/'.4. . 5'4'+U. /' K'+0:' +' H%': . V%N. +-. 90&0L0 H%':H%0& 90&/' /0 9'.50( W0. 5'4'+U. 4PN#4. /' K'+0:' ;cwndTmax< C .+U0#/.? ' 5C+#' /0 L%2' L#+P&#' C'9:#'/' 9'&' 'K%25'& . 5'4'+U. /' K'+0:' /020K'/' 9'&' . 9.+5. 4C/#. ;cwndTtargetmin<(



maxL9 /* #$7<.+' #$&'('$)/& / 3/$'5/ +#&')/('$)' 1/&/ * 1*$)* (<+#* $* 1&M4#(* FAA9 #$&'('$)/I.'1*& Smax /)< / +#.)H$#/ .' )*&$/& ('$*& 2-' Smaxmax9'.)/ < / )'&'#&/ 8/.' +* UQP9 / -'!)(.$% /'# 0% !'*' %,1 %' (*.)&/+/ $/ V#6-&/ =W= R' cwnd < / 3/$'5/ /)-/5 ' * #$&'('$)* (04#(* < Smax9 '$)>* '5' #$&'('$)/ '(



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !#$# %&& '( )#**+* $' cwnd + 1, cwnd + 2, cwnd + 4,---, Cwnd + Smax- . /#01+ )#/#2#3 4 56' 4 )/+787'3 56' '3' '*2'9# :+ )+:2+ $' *#26/#;1+ ' +(+ + (8<=(+ 4 $'*+:>'?=$+, @AB '<)'/=(':2# # C#:$# $=*)+:D7'3 62=3=0#:$+ + #3E+/=2(+ $'  !"#  $%&$ #24 56''3' '*2'9# *'E6/+ )#/# =:/'(':2#/ # 9#:'3# )+/ SmaxβT, + 2'()+ )#/# #3#:;#/+ #37+ 4 (#=+/ )#/# 9#:'3# (#=+/- N:2/'2#:2+, + 2'()+ $' +:7'/EU:=# )+$' *'/ (6=2+3+:E+- G+ =:/'(':2+ $' C6*# C=:8/=#, *1+ E#*2+* log(d)− log(Smin) %&& )#/# #2=:E=/ #9#:'3# (8<=(# $')+=* $' 6(# /'$6;1+ d- R(# 7'0 56' # 9#:'3# 4 =:/'(':2#$# '( )#**+*$' log, E/#:$'* 9#:'3#* ' )'56':#* 9#:'3#* )+$'( #3#:;#/ *'6* /'*)'2=7+* (8<=(+*(6=2+ /8)=$+ ' 56#*' #+ ('*(+ 2'()+- .**=(, 6(# +:'<1+ +( 9#:'3# )'56':# 2=/#*+(':2' 6(# )'56':# 56#:2=$#$' $' C#:$# $' 6(# +:'<1+ +( 9#:'3# E/#:$' #:2'* $#)/V<=(# /'$6;1+- W#/# 3=$#/ +( '*2' +()+/2#(':2+, K+/#( =:2/+$60=$#* (+$=M#;X'*:+ =:/'(':2+ $' C6*# C=:8/=#-G+ =:/'(':2+ $' C6*# C=:8/=# $')+=* $' 6(# /'$6;1+, :+7+* (8<=(+* ' (D:=(+**1+ #96*2#$+*- P6)+:$+ 56' '*2' 7#3+/'* *'9#( maxYwindi ' minYwini )#/# Q6<+* iSi = 1, 2T- P' + :+7+ (8<=(+ 4 (':+/ 56' + #:2'/=+/, '*2# 9#:'3# '*28 :6(# 2':$U:=#$' /'$6;1+ S)/+7#7'3(':2' )+/ 2'/ 6(# 9#:'3# (#=+/ 56' # '5O=$#$'T- N:21+, + :+7+(8<=(+ 4 /'#96*2#$+ )#/# *'/ + ('*(+ 7#3+/ $# :+7# 9#:'3# #37+, +6 *'9#, maxYwini =

(maxYwini−minYwindi)/2, ' + #37+ 4 /'#96*2#$+- .)3=#?*' )+*2'/=+/(':2' + =:/'(':2+C=:8/=+ :+/(#3- N*2# 4 # '*2/#24E=# $' +:7'/EU:=# /8)=$#-N(C+/# #3#:' C+# '*#3#C=3=$#$', 96*2=;# ' '*2#C=3=$#$' '( #(C=':2'* $' #32# 7'3+=?$#$', # K6:;1+ $' /'*=(':2+ $+ @AB )+$' *'/ (6=2+ #E/'**=7# )#/# + &BW '*)'=#3(':2'



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !"# $%&'&"(# )& *++ ,#-./ & &0 %&)&' )& ,#-.# 1&2/-)#)&4 5260 )-''/7 #' )-8&%&"9&' 8#'&')& /"9%/2& )# :#"&2# #)--/"#0 /0$2&.-)#)& ; #"<2-'& )/ $%/9//2/4 !"!" #$%&#= +>? >@AB> C*D&& #") EF7 GHHI℄ 6 F0 +>? 1#%-#"9& $#%# %&)&' )& #29# 1&2/-)#)&4K2& 6 F0# 1&%'L/ 0&2D/%#)# )/ AB> MF& '-0$2-N# / /"9%/2& )& :#"&2# &"MF#"9/ 0&2D/%## :F'9-(# )& *++ & # /0$#9-,-2-)#)& /0 / +>?4= %&'-0&"9/ )# :#"&2# )/ >@AB> 6 )&9&%0-"#)/ $/% F0# 8F"(L/ O,-# PQ-RF%#G4ST7 # MF#2 6 0F-9/ $#%&-)# /0 # 8F"(L/ )& %&'-0&"9/ )/ AB> PQ-RF%# G4UT4 5 :#"&2#)& /"R&'9-/"#0&"9/ )& >@AB> 6 )#)# $&2# '&RF-"9& &MF#(L/V
cwndcubic = C(t−K)3 + cwndWmax PG4G T/")&7 C 6 / 8#9/% )& &'#2#7 t 6 / 9&0$/ )&/%%-)/ )&')& # O29-0# %&)F(L/ )# :#"&2#7

cwndWmax 6 / 9#0#"D/ )# :#"&2# &.#9#0&"9& #"9&' )# O29-0# %&)F(L/ )# :#"&2#7 &
K = 3

√

cwndWmax β

C
7 /")& β 6 F0# /"'9#"9& MF& %&$%&'&"9# / 8#9/% )& )&%6'-0/0F29-$2-#9-1/ )# :#"&2# MF#")/ $&%)#' )& $#/9&' //%%&07 /F '&:#7 # :#"&2# 6 %&)FX-)#$#%# β ∗ cwndWmax4+/)/ / %&'-0&"9/ )# :#"&2# )& >@AB> 6 )&'%-9/ $/% F0# O"-# 8F"(L/4 Y&'9# 8/%0#7"L/ &.-'9&0 )-8&%&"9&' 8#'&' )& /"9%/2& )# :#"&2# )& /"R&'9-/"#0&"9/ /0/ #/"9&& "/AB> P-"%&0&"9/ #)-9-1/7 ,F'# ,-"<%-# & '/")#R&0T4 K'9# #%#9&%Z'9-# '-0$2-N# />@AB> )& 0#"&-%# &.$%&''-1#4>/0/ $/)&['& /,'&%1#% "# Q-RF%# G4S7 # :#"&2# )/ >@AB> %&'& %#$-)#0&"9& #$\'F0# %&)F(L/7 0#' #/ '& #$%/.-0#% )& cwndWmax '&F %&'-0&"9/ 6 2&"9/7 D&R#")/ #'&% MF#'& X&%/4 5-0# )& cwndWmax / >@AB> -"--# F0 $%/&''/ )& '/")#R&0 $/%)-'$/"-,-2-)#)& )& ,#")# $#''#"9&7 "# MF#2 # :#"&2# %&'& 1#R#%/'#0&"9& "# 8#'& -"--#2 &#&2&%# / %&'-0&"9/ /"8/%0& '& #8#'9# )& cwndWmax4 K'9& 8/%0# )& %&'-0&"9/ 2&"9/&0 9/%"/ )& cwndWmax 0&2D/%# # &'9#,-2-)#)& )/ $%/9//2/ & #F0&"9# # F9-2-X#(L/ )#%&)&7 &"MF#"9/ MF& / %&'-0&"9/ %<$-)/7 MF#")/ # :#"&2# &'9< )-'9#"9& )& cwndWmax7#''&RF%# # &'#2#,-2-)#)& )/ $%/9//2/45 8F"(L/ O,-# #''&RF%# # :F'9-(# -"9%#[$%/9//2/' &"9%& /' ]F./' /"/%%&"9&' )/0&'0/ $%/9//2/4 ?/% &.&0$2/7 'F$/")/ MF& )/-' ]F./' &'9L/ /0$&9-")/ "/ 0&'0/#0-"D/ N0[#[N04 =' )/-' ]F./' /"1&%R&0 $#%# # &M^-)#)& )&')& MF& &2&' %&)FX#0 #:#"&2# $&2/ 0&'0/ 8#9/% 0F29-$2-#9-1/ β7 )& 8/%0# MF& / ]F./ /0 cwndWmax 0#-/%%&)FX# 0#-'7 & # 8F"(L/ )& %&'-0&"9/ 8#(# /0 MF& / ]F./ /0 cwndWmax 0#-/%
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 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$   !"#" $"%&'# " $'($" &")" *' #'(,$'%&- *- ./!0 '$12"3(' - "24-#,&$- *' "51(&'( *"5"%'2" *- ./! "67( 1$ '8'%&- *' 6'#*"9 :$" 8'; <1' /:=>/ #'*1; " 5"%'2" 6-# 1$ ?"&-#
β *'6-,( *' 1$ '8'%&- *' 6'#*"0 - ,%#'$'%&- "*,&,8- *- ./!3 !"# ('#," 3((1−β)/(1+β))6-# @..9 >(&- 6-#<1' " &")" *' '%8,- *' 1$ 6#-&--2- A>BC D *"*" 6-#E

1

RTT

√

α

2

1 + β

1− β

1

p
FG9GHI-%*' α D - ,%#'$'%&- "*,&,8- *" 5"%'2"0 ' p D " &")" *' 6'#*"9 !"#" - ./!0 -( 8"2-#'(*' α ' β (J- 1 ' 1

2
0 #'(6'&,8"$'%&'0 "((,$0 " &")" *' '%8,- $D*," *- ./! DE

1

RTT

√

3

2

1

p
FG9GKI!"#" "&,%4,# " $'($" &")" *' '%8,- *- ./! -$ 1$ β "#L,&#M#,-0 α *' ('# 3((1 −

β)/(1 + β))9 N' β ?-# "51(&"*- 6"#" 0.80 - ?"&-# *' ,%#'$'%&- "*,&,8- D 0.59 C"*" '(&"&")" *' #'(,$'%&- 6-# @..0 - &"$"%O- *" 5"%'2" *- ./! '$12"*- %- &'$6- t DE
cwndtcp = cwndPmaxβ + 3

(

1− β

1 + β

t

RTT

) FG9GQIN' cwndtcp D $",-# *- <1' cwndcubic FR<9 G9G I0 '%&J- cwndtcp D "51(&"*"9 /"(--%&#M#,-0 cwndcubic D - &"$"%O- *" 5"%'2" *' -%4'(&,-%"$'%&- "&1"29 N' - 6'#S-*- *'*1#"TJ- *- -%4'(&,-%"$'%&- D $'%-# <1' (1/C ∗RTT )0 -1 (' " &")" *' 6'#*" *' 6"-&'(D $",-# <1' (0.35 ∗ C ∗RTT ∗ 3)0 '%&J- - /:=>/ D ./!3 #"$%&'( U@O'' "%* V10 GWWK℄9 !"!#  "#"$#% $%&Y )!'!+'$ ./! 3 N./!UZ'22[0 GWW ℄ D 1$ ./! 8"#,"%&' 6"#" #'*'( *' "2&" 8'2-,*"*'015" ,*D," 6#,%,6"2 D &-#%"# - &'$6- *' #'16'#"TJ-0 "67( 1$ '8'%&- *' 6'#*"0 ,%*'6'%3*'%&' *- &"$"%O- *" 5"%'2" *' -%4'(&,-%"$'%&-9 Y )!'!+'$ ./! L"(',"3(' %- \N./!' '$ &D%,"( *' -%&#-2' *' -%4'(&,-%"$'%&- 6-# '%4'%O"#," '(&M8'29]- N./!0 <1"%*- %J- OM -%4'(&,-%"$'%&-0 6"#" "*" #'-%O',$'%&- #''L,*- '$1$ @.. " 5"%'2" D "1$'%&"*" 6-#E
cwnd→ cwnd + a FG9G^I-%*' a D 1$" -%(&"%&' -$ 0 < a < 19 _1"%*- OM *'&'TJ- *' -%4'(&,-%"$'%&- "5"%'2" D "51(&"*" *" ('41,%&' ?-#$"E

cwnd→ cwnd− ⌈b ∗ cwnd⌉ FG9G`I
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lVpD / 789 > %5#=#Z'0/\ 4'&' ,YH1= 01 /,$135#/,':1,5/ /: 5'A' 01 1A=%3./ :1,/&K%1 lVpD / 6789 > %5#=#Z'0/) B/ 31$%,0/ '3/D '3 /,1A./ 6789 51&./ %:' @',1=' 01



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), $/ 156 7()8.*$  !#$%&'()#$*+&$(# +,)(# +*)#- .# /,& *' #$&01&' 2345 6# &$(*$(#7 )'(# $8# .&9& '&-#$').&-*.# #+# )$:,'();*7 <#)' *' #$&01&' 234 $8# '#=-&-8#  !"#$"!%&'7 &7 *>?+ .)''#7#' -&,-'#' ,()>)@*.#' <&>*' #$&01&' A2347 .& #,(-* =#-+* '&-)*+ ',B,()>)@*.#'5C 9*>#- -&#+&$.*.# <*-* lDcwnd ? 16 EF&>>G7 HII ℄7 # /,& >&9* pDl '&- )%,*> *
5.86 ∗ 10−35 3#$').&-*$.# *' =,$;1&' .& -&'<#'(* .# A234 Kcwnd = a

b
1
p
L & .# 234

cwnd =
√

1.5
p
7 # #+<#-(*+&$(# .# A234 & .# 234 '8# +#'(-*.#' $* M)%,-* H5N
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RW



 !"! #$%&'()*  ! !" #$%&'()*" #$%&'(* +, "-. /*(0 0(/#%,0 1 $23,(+* $/$  !"#$%&'4 5$/  !"#$%&'6 $0 7$',*+$7,0*,('*/ #*$',0 *'1 89, * *#*(+*+, /:;(/* +* <%* 0,=* *'(2>(+*6 89*2+$6 ,2'?$ $0#*$',0 89, 3,>*/ 0?$ +,0*7'*+$06 $9 0,=*6 #*$',0 0?$ *,('$0 ,289*2'$ ,;(0'(7 ,0#*@$%(A7, 2* <%* BC7*+,2 ,' *%46 DEE!℄4  !"#$%&' G$( 9'(%(H*+* #$7 /9('$0 *2$0 $/$ #$%&'(*+, >,7,2(*/,2'$ +, <%* 2* I2',72,'4 J2'7,'*2'$6 ,%* *#7,0,2'* *%>9/*0 +,<(K2(*0L
•
• ($)&" *+,$&"' $/  !"#$%&' * <%* #$+, <*7 $/#%,'*/,2', $9#*+* #$7 9/%$2>$ #,7&$+$ +, ',/#$6 +*+$ 89, * 0(2*%(H*@?$ +, $2>,0'($2*/,2'$ $$77, 0$/,2',89*2+$ * <%* ,0': 3,(*4 R,0'* 0('9*@?$6 $ '7:G,>$ ,/ 7*=*+*0 1 +,0*7'$ $ 89, *90*(2=90'(@*4 "%1/ +(00$6 <%*0 3,(*0 G*A$7,,/ $ G,2�/,2$ +, 0(27$2(H*@?$ >%$T*%689, $$77, 89*2+$ +(A,70$0 O9;$0 U5V ',/ #*$',0 #,7+(+$06 $ 89, %,A* * 7,+9@?$0(/9%'W2,* +* '*;* +, '7*20/(00?$4 !+ ,-$-.)(0-.1- 21)3% 4- 5)*(6 7 289X(*2', +*0 +,<(K2(*0 +* #$%&'(* !"#$%&'6 +9*0 *T$7+*>,20 G$7*/ *#7,0,2'*+*0L 7,*%(H*7+,0*7', *%,*'Y7($ +, 9/ #*$', $9 +,0*7'*7 $ #7(/,(7$ #*$', +* <%*BC7*+,2 ,' *%46 DEE!℄4R*0 +9*0 #7$#$0'*06 9/ #*$', 1 7,/$A(+$ +* <%* #*7* +*7 ,0#*@$ * 9/ #*$', 89, 3,>*689*2+$ * <%* ,0': 3,(*4 Z +,0*7', *%,*'Y7($ *#7,0,2'* 9/ 90'$ +, O(n)6 $2+, n 1 $'*/*23$ +* <%*6 0,2+$6 #$7'*2'$6 ,%,A*+$4 J0'*0 *T$7+*>,206 2$ ,2'*2'$6 2?$ 09#,7*'$+*0 *0 +(<9%+*+,0 +,  !"#$%&'4Z #7(2(#*% $T=,'(A$ ,/ 0, 9'(%(H*7 ()*+!, ,/ 7,+,0 1 #,7/('(7 89, +*+$0 ,2A(*+$0 ,/G$7/* +, 7*=*+*0 #$00*/ 0,7 *T0$7A(+$0 ',/#$7*7(*/,2', #*7* 0,7,/ +,#$(0 '7*20/('(+$06*9/,2'*2+$6 *00(/6 * A*H?$4 [, *0 <%*0 ,0'(A,7,/ 0,/#7, 3,(*06 2?$ 3: ,0#*@$ #*7**T0$7A,7 *0 7*=*+*04 "9/,2'*7 $ '*/*23$ +* <%* '*/T1/ 2?$ 1 9/* *%',72*'(A* (+,*%6 =:



�&$'+ 2$ ,*')+'*C%@B+ D4+8%4X?4+Y2 %'2 Z%+8,+'; [!! ℄- 9 ++))F'*% 2% ,*')+'*C%@B+ D4+8%4; %<$,%) 2$ ,$) #& I$'�=



℄



�℄ # 4+1E+.#&-# 3./4#.#&-+"+ &%) 1%-#+"%1#) %.#13+3):Y1%/%)-+ #. TS4%Z" +&" [+%>)%&6 !VV\℄`/1#2#&31 + )3&1%&3K+9*% E4%>+46 /1#2#&31 + /#&+43K+9*% "# -1@,#E% #. 1+8+"+) # .+&-#17. 43.3-# .@'3.% /+1+ % -+.+&0% .="3% "+ M4+:G  !"$%"!&'()% *+%,'+ TS4%Z" +&" [+%>)%&6 !VV ℄ = 7. ,#&�.#&% <7# %%11#<7+&"% -%"+) +) %&#'(#) )*% &%-3M+"+) # 1#"7K#. )3.74-+&#+.#&-# + )7+ 8+&#4+ "#%&E#)-3%&+.#&-%6 4#2+&"% + 1#"79*% "+ <7+&-3"+"# "# "+"%) -1+&).3-3"%) #6 %&)#<a#&?



avgM& # '* +$9*,*?6+ '#/"# =*1+, +$.$ 1($(*, $;)($+ LmaxthM # .$ 1($(*, $F%($+ LminthM3 O* P(8.,* Q3R $+/",*D/# ++$9+,"*$#%"+ '+ B4C& 5.# /#8.# + /#8.(%"# 9,+#'($#%"+S
• T.*%'+ minth ≤ Qavg < maxth& #/"; ++,,#%'+ * 9,#=#%?6+ '# +%8#/"(+%*$#%"+ #&9+,"*%"+& +/ 9*+"#/ /6+ '#/*,"*'+/ +. $*,*'+/ +$ .$* 9,+0*0(1('*'# pa& 5.#< *1.1*'* #$ 7.%?6+ '+ "*$*%>+ $<'(+ '* :1*U
• T.*%'+ Qavg ≥ maxth& + *18+,("$+ #/"; %* 7*/# '# +%",+1# '# +%8#/"(+%*$#%"+ #&9+,"*%"+& "+'+/ +/ 9*+"#/ 5.# >#8*$ /6+ '#/*,"*'+/U
• I*/+ Qavg < minth& #%"6+ %6+ >; (%'(*"(=+ '# 5.# * ,#'# #/"#A* +%8#/"(+%*'* #"+'+/ +/ 9*+"#/ /6+ *#("+/3
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"#$%&' !()* +,-.,&/'-01/, 2, 3456 78$,&#/-, 3 &0.&0901/' , ,-.,&/'-01/, 2, 345( ;,20<90 ,=90&>'& 109/0 '8$,&#/-,?%0 .'&' ,9 '@%9/09 2, 345 9A, 10099B&#,9 2,#9 '8$,&#/-,9 '%C#8#'&09D %- .'&' , B8%8,2, /'-'1E, -F2#, 2' G8' Qavg H8#1E' 2I 0 ,%/&, .'&' , B8%8, 2' .&,='=#8#2'20 20209'&/0 pa H8#1E' 4I ( !"#$%&'# ( 3'12,- 4'&8J 50/0/#,1 < 345 ! )#$ H+'2' .',/0 ?%0 E0$'I *#"! +'8%8' Qavg#! %) Hminth ≤ Qavg < maxthI &+,-$! +'8%8' pa%! K'&?%0L209'&/0 ,9 .',/09 ,- pa&! ,!., %) Hmaxth ≤ QavgI &+,-'! 509'&/0 ,9 .',/09 ?%0 E0$'-(! ,-* %))! ,-* )#$M #-*,/
Qavg N /'-'1E, -F2#, 2' G8'
minth N 8#-#'& -O1#-,
maxth N 8#-#'& -BC#-,
pa N .&,='=#8#2'20 20 209'&/0L-'&'PA, .'&' %- .',/0Q;'&' ,=/0& , /'-'1E, -F2#, 2' G8'D 345 %/#8#R' %- G8/&, .'99' ='#C'D ?%0 F %-'-F2#' .,120&'2' -S>08 0C.,101#'8 H !"#$ $%&'( ) &*+% , -#.&$* '. /'* I ,- .09, WqD'.&0901/'2' 1, 78$,&#/-, 4( 509/' T,&-'D , ,1$09/#,1'-01/, .'99'$0#&, F G8/&'2,D 1A,/012, #1U%V1#' 9#$1#G'/#>' 1, #1&0-01/, 2, /'-'1E, -F2#, 2' G8'(6 .09, 2' G8' HWqI 20/0&-#1' ' T,&-' ,-, , '8$,&#/-, &09.,120 W9 -%2'1P'9 1,



 !"! # $%&'()+ ,- #./ 0+1,%2 3+4&5 6-(-()%1 7 036    !"#$%&'# ( !"#%#" &"'( ! %) )*+#" ,-. /01+'/2 3"4+"5 &*+,"! Qavg := (1−Wq)Qavg + Wq ∗Q#! +!-+$! NumPkg := f(time−Qtime)%! Qavg := (1−Wq)
NumPkg ∗Qavg&! +,. %)6 #,.+/

Qavg 7 1"8",9. 8:;+. ;" <#"
Wq 7 =/0. ;" <#"
Q 7 1"8",9. .22/,1/ ;" <#"
NumPkg 7 /01+8"1+'" ;. ,>8/2. ;/ =".1/0 12",08+1+;.0 ;%2",1/ . =/2?.;. /8 @%/" <#" /01/'/ 3"4+"
time 7 A"#.2 .22/,1/ ;. 1/8=.
Qtime 7 =/2?.;. ;/ 1/8=. /8 @%/ " <#" /01/'/ '"4+")0&1 7 3%,B-. #+,/"2 ,. 1/8=. 1C1"8",9. ;" <#" DE+8" ",; *.,0/"F GHHG℄J K/01" 3.28"F @%",;. Wq : 8%+1. "#1. . .,L(/01+.,"8/,1. ="00"(/+2. ,-. : <#12";.J &%",;. Wq : 8%+1. M"+N. " 2/"B-. ". .,(/01+.L,"8/,1. 0/2O 8%+1. #/,1"J P '"#.2 ;/ Wq : ;/1/28+,";. .,3.28/ " Q,/@%"B-. RJSF .,;/  : . ,>8/2. ;/ =".1/0 @%/ 0/ ;/0/T" 0%=.21"2 ,"0 2"T";"0J P =/0. ;" <#" ";/@%";"8/,1//0.#9+;.F ("2",1/ %8 #+8+1/ ". 1"8",9. 8:;+. ;" <#"F 8/08. ," =2/0/,B" ;/ 12O3/(.,-.L";"=1"1+'. /F ;/01" 8",/+2"F 2"T";"0 / .,(/01+.,"8/,1. ="00"(/+2. 0-. =/28+1+;.0JU8 D*#.V;F SWWX"℄ 2/.8/,;"L0/ " %1+#+4"B-. ;/ Wq <= 0.002 ="2" . =/0. ;" <#"J

P + 1 +
(1−Wq)

(P+1) − 1

Wq

< minth )RJS5Y"2" /,.,12"2 Qavg #/'"L0/F 1"8M:8F /8 .,0+;/2"B-. . =/2?.;. /8 @%/ " <#" <.%'"4+" )!"#$ %$&!'"5J Y"2" +00.F : ,//00O2+. /01+8"2 . ,>8/2. ;/ =".1/0 @%/ ;/'/2+"8 1/20+;. 12",08+1+;.0 )NumPkg5 ,. =/2?.;. ,. @%"# " <#" <" '"4+"J K/=.+0 ;. !"#$ %$&!'" .2.1/";.2 "#%#" . 1"8",9. 8:;+. ;" <#" .8. 0/ NumPkg =".1/0 1+'/00/8 9/(";. ,"<#" ;%2",1/ . =/2?.;. /8 @%/ /#" /01/'/ '"4+"JZ. [#(.2+18. 5F 8.012"L0/ . O#%#. ;" =2.M"M+#+;";/ ;/ ;/0"21/\8"2"B-.J Z/01/"#(.2+18.F 0-. .,0+;/2";.0 ;.+0 3"1.2/0] %8 .,1";.2 )cont5 @%/ : +,2/8/,1";. " ";"'/4 @%/ %8 =".1/ 9/(" ,. 2.1/";.2F 0/,;. 2/+,++"#+4";. @%",;. %8 =".1/ : ;/0"21";.^/ %8" =2.M"M+#+;";/ +,1/28/;+O2+" pbF .8 '"#.2 '"2+",;. /,12/ 4/2. / maxpF 0/,;. @%/
maxp : "1+,(+;. @%",;. . 1"8",9. 8:;+. ;" <#" : " +(%"# " maxthJ [ =2.M"M+#+;";/ ;/;/0"21/\8"2"B-. )pa5 ;/ =".1/0 : ;+2/1"8/,1/ =2.=.2+.,"# ". 1"8",9. 8:;+. ;" <#"
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Qavg " #$ %&'(" )$(*+# ,(-#. # +(,(*/# 0( 12( ,(-#. %&.3 pa4 526, 0-%%#" # 0&%(.+& 0&8(#+&% 6 8.#8#.-#*(2 (# $%# 0# (*(2 8&2( #*&9:#" 8.&;&*-*0#<%&" (%%-," ( %-*.#*-=(>:#?2#@(24 A ;(2#.  !"#$%& 8(.( # 2-,-+& %$8&.-#. 0( 8.#@(@-2-0(0& pb 6 maxp = 0.14 !"#$%&'# ( B.#@(@-2-0(0& ! pb CD maxp(Qavg −minth)/(maxth −minth)"! pa := pb/(1− cont ∗ pb)E #)*+,

pa D 8.#@(@-2-0(0& 0& 0&%(.+&F,(.(>:# 8(.( $, 8(#+&
pb D G$*>:# 2-*&(. 0# +(,(*/# ,60-# 0( 12(" 1( &*+.& H < maxth

maxp D ,39-,# pb )$(*0# Qavg D maxthI !"!# $%&'(&)*+ ,- ./0J&%0& )$& G#- -*+.#0$=-0# &, KL2#M0 (*0 N(#@%#*" OPPQ℄" STJ +&, %-0#2(.?(,&*+& &%+$0(0#" & ('$%+&% 0& 8(.U,&+.#% KL2#M0" OPPV(℄KL2#M0" WHHH℄ &,#0-1(>X&%KL&*? &+ (24" OPPP℄ KY-* (*0 Z#..-%" OPPV℄ +&, %-0# 8.#8#%+#% 8(.( ,&<2/#.(. # 0&%&,8&*/# 0&%+( 8#2[+-( 0& 5\Z4],( 0(% 8.#8#%+(% .&2(-#*(0(% ( ('$%+&% 0& 8(.U,&+.#%" & )$& +&, %& 0&%+((0#" 6( $+-2-=(>:# 0& STJ #, ( ;&.%:# ^?&*+2&_KL2#M0" WHHH℄4 T, STJ #, ( ;&.%:# ^?&*+2&_/(@-2-+(0(" ( ;(.-(>:# 0( 8.#@(@-2-0(0& 0& 0&%(.+&F,(.(>:# pa 6 ,#0-1(0(4 \$(*0## +(,(*/# ,60-# 0( 12( ;(.-( &*+.& minth & maxth" pa ;(.-( 2-*&(.,&*+& &*+.& 0 & maxp4\$(*0# # +(,(*/# ,60-# 0( 12( ;(.-( &*+.& maxth & 2∗maxth" pa ;(.-( 2-*&(.,&*+& &*+.&
maxp & 14 `#, ( #8>:# ^?&*+2&_" # #,8#.+(,&*+# 0& STJ 6 ,&2/#.(0#" 0(*0# ,(-#..#@$%+&= ( 8#2[+-( 0& 5\Z &, .&2(>:# (#% ;(2#.&% 0&1*-0#% 8(.( #% 8(.U,&+.#% maxth &
maxp4STJ 8#%%$- $, #*'$*+# 0& ;(*+(?&*% )$& ( 2&;(.(, ( %&. ( 8#2[+-( 0& 5\Z .&#,&*<0(0( & ,(-% -,82&,&*+(0( *#% .#+&(0#.&%4 a# &*+(*+#" (8.&%&*+( (2?$,(% 0&%;(*+(?&*%"(% )$(-% %:# 0-%$+-0(% *( 2-+&.(+$.(4 T%+(% ;(*+(?&*% & 0&%;(*+(?&*% 0& STJ %:# (8.&<%&*+(0(% ( %&?$-.4-.)&."+)/,
• 01%3)%. ). 4$+5+)67# *+ 8#)"+/&%#).'+)&#, %& Wq G#. ('$%+(0# 0& G#.,(#..&+(" STJ ?(.(*+& $, 2-,-+& *# +(,(*/# ,60-# 0( 12(" ?(.(*+-*0#" (%%-," )$&.('(0(% & #*?&%+-#*(,&*+# 8(%%(?&-.#% %&'(, 8&.,-+-0#%b
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•  !"#"$%&' () *+$!'$+-)%&' ./'0)/1 #$ %&'( ) *)+) ,- -+./01# ,- 2)#*-0)/$-3*) -$ 4/351# ,# )/$-3*# ,# 367-. ,- #38-0*9#3)$-3*# - ) 2:#;);9.9,),- ,-/$ 2)#*- ,- /$ ,-*-:$93),# </+# 0-: ,-0):*),# = 2:#2#:9#3). )# /0# ,# -3.)-2#: -0*- </+#>
• 2') !)-&' #)-&'3!"4)!('1 %&' #30-8/- #3*:#.): # *)$)3?# $=,9# ,) @.)-3A/)3*# )#$#,) #38-0*9#3)$-3*# 2)00)8-9:#( 8):)3*93,#( )009$( ).*) 7)B1# -;)9+# :-*):,#>
• 5")." 0"6 )' 4!78".' "6 !)9)()1 )# 8):)3*9: /$ .9$9*- 2):) # *)$)3?# $=,9#,) @.)( %&' 0/2#:*)( *)$;=$( *:C4-8# -$ :)D),)0>
• :("$4+;) '$"<="* 6)/ '6>'!4)()*1 #$# # ,-0):*- = 4-9*# ,- 4#:$) ).-)E*F:9) - 2:#2#:9#3). ) /*9.9B)51# ,) ;)3,) 2)00)3*- 2-.# </+#( = 2#0067-. 9,-3*9@):#0 </+#0 #$ $)9#: A/)3*9,),- 2)#*-0 ,-0):*),#0( #/ 0-D)( #0 </+#0 $). #$2#:E*),#0>
• ?4+/+-)%&' (" '>"!)%="* *+6>/"* " >'@) 6"6A!+)1 %&' /*9.9B) )2-3)0 7)E:9C7-90 8.#;)90( 31# ):$)B-3)3,# 934#:$)5G-0 2):) ),) </+#( # A/- 4)B #$ A/--.- 8)0*- 2#/) $-$F:9)H I,-$)90( # ).8#:9*$# /*9.9B) #2-:)5G-0 09$2.-0( 0-3,#()009$( :C29,#>
• :6>/"6"$4)%&' .!)(@)/1 ) /*9.9B)51# ,- %&' 31# 9$2.9) 3) 3--009,),- ,-).*-:)5G-0 3# 2:#*##.# ,- *:)302#:*-( *1# 2#/# -+98- A/- *#,#0 #0 :#*-),#:-0 #9$2.-$-3*-$( #/ 0-D)( -.- 2#,- 0-: 9$2.-$-3*),# ,- 4#:$) 8:),/).H I*/).$-3*-( )$)9#:9) ,#0 :#*-),#:-0 #$-:9)90 9$2.-$-3*) %&'H !'0/"6)* " ("*#)$4)."$*1
•



 !"! # $%&'()+ ,- #./ 0+1,%2 3+4&5 6-(-()%1 7 036  !"#$%& '() *&+),-.)/0# ('-1# ()-#% 2# 3'& '() #+&50# 3'& )*%&"&+1) 6)+&,)7%)+2&89-+ )+2 :#%%-"; <==!℄? !"#$%&'()* + &",-$.*/ '0'1&'&#2*/3 @ ABC 2-(-+'- ) "') 1)5) 2& 1%)+"D(-""0# +) *%&"&+/) 2& #+7&"1-#+)(&+1#E F( #+1%)*)%1-2); ) &5-"1G+-) 2&1%H$&7# +0#D)2)*1)1-I#; 3'& &+I-) ),1)" 1)5)" -+2&*&+2&+1&(&+1& 2) &5-"1G+-)2& *&%2)"; $). #( 3'& ) 1)5) 2& 2&")%1& )'(&+1& &( 1#2)" )" #+&5J&" &;#+"&3K&+1&(&+1&; )" #+&5J&" )2)*1)1-I)" %&2'.&( "') 1)5) 2& 1%)+"(-""0#&+3')+1# )" +0#D)2)*1)1-I)" 1#()( '() ()-#% 3')+1-2)2& 2& L)+2) *)"")+1&89-+ )+2 :#%%-"; <==!℄? 4$/'"&$ %)*61"*1*"#*%'73 M')+2# '( *)#1& 2& '() +#I) #+&50# N)&-1#; ) *%#L)L-,-2)2& 2& 2&")%1& 2#" $'1'%#" *)#1&" ) "&%&( 1%)+"(-1-2#"*&,)" #'1%)" #+&5J&" 3'& 6H &"1)I)( )1-I)" )'(&+1); (&"(# 3'& &"1)" #+&D5J&" #+"'()( (&+#" L)+2)E O"1# *#2& )'")%; 1&(*#%)%-)(&+1&; # 2&")%1&+0# *%#*#%-#+), (&"(# &+1%& 1%H$&7#" -2G+1-#"E
• 4#8970'0$ $: 0$&$":#%'" *""$&':$%&$ */ 7#:#'"$/ minth $ maxthP @"I),#%&" )2&3')2#" 2&*&+2&( 2# I),#% 2# 1)()+Q#(N2-# 2& R,) 3'& "& 2&"&6) ()+1&%;# 3'), N 2&*&+2&+1& 2# 1-*# 2& 1%H$&7#E B#(# 2-R-,(&+1& "& 1&(; ) *%-#%-; )")%)1&%S"1-)" 2# 1%H$&7# "#L # 3'), "& &"1)%H "'6&-1#; 1#%+)D"& '() 1)%&$) #(*,-)2)2&%1&%(-+)% 3')-" #" I),#%&" T1-(#" 2#" ,-(-)%&"E U& # 1%H$&7# $#% &( %)6)2)"; #I),#% 2& minth 2&I& "&% ),1# # "'R-&+1& *)%) ()+1&% '() ),1) 1)5) 2& '1-,-.)/0#2) %&2&E @ I),#% 2& maxth 2&I& "&% 2&1&%(-+)2# 2& )#%2# #( # I),#% (N2-#(H5-(# 2& )1%)"# *&%(-1-2# +#" %#1&)2#%&"E V 2&1&%(-+)/0# 2&"1& I),#% 2&*&+2&2# 1-*# 2& )*,-)/0# ) "&% 1%)+"*#%1)2) +) %&2&E U& # I),#% 2& maxth $#% ('-1#),1#; )*,-)/J&" "&+"SI&-" )# )1%)"# "&%0# "&I&%)(&+1& *&+),-.)2)"E W#- #(*%#I)2#;&(*-%-)(&+1&; 3'& # I),#% 2& maxth 2&I& "&% -7'), ) *&,# (&+#" 1%G" I&.&" # I),#%2& minth 8W,#X2; <==!)℄E V,N( 2-""#; ) 2-$&%&+/) &+1%& minth & maxth 2&I& "&% ()-#%3'& # -+%&(&+1# 1S*-# 2# H',# 2) (N2-) &( '( YAA *)%) 3'& YFZ $'+-#+&()-" &R-&+1&(&+1&; #(# 1)(LN( *)%) &I-1)% ) "-+%#+-.)/0# 7,#L),E @ )6'"1& 2#"*)%[(&1%#" N # )%7'(&+1# ()-" '")2# *)%) ) +0# '1-,-.)/0# 2& YFZ; 6H 3'& '()(H &"#,Q) 2#" *)%[(&1%#" *#2& ,&I)% YFZ ) '( #(*#%1)(&+1# -+)2&3')2#E@ )6'"1&" -+)2&3')2#" 2#" *)%[(&1%#" *#2&(; )-+2); ,&I)% # 2&"&(*&+Q# 2& YFZ) "&% "-(-,)% )# 2&  !"#$%&'E C#% &"1& (#1-I#; ),7'+" &"1'2#" 2&")#+"&,Q)( )'1-,-.)/0# 2& YFZ8\#+),2 &1 ),E; ]^^^℄8:)X &1 ),E; <===℄E
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ẋ(t) = f(x, u, t) AB*CD
y(t) = g(x, u, t) AB*EDH/,"%1/I%,&'?#" "#$%# "FG%)9"# "4 $'1,' &' (',$' &" "FG/.3J1/'2 'J$"4?#" %# "FG%)9"#./,"%1"# (%1% ' "#$%&' " % #%3&%2 1"#("$/0%4",$"K

ẋ(t) = A0xt + Bu(t) AB*BD
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F (x) , F0 +

m
∑

i=1

xiFi > 0 ST;UV-02#R x ∈ Rm ( ' 8'&*E8#3 # '$ .'%&*9#$ $*.(%&*'$ Fi = F T
i ∈ Rn×m, i = 0, ..., m $A-2'2'$;" 2#$*)/'32'2# $*)0*L' 5/# F (x) ( 2#L0*2' @-$*%*8'+ - 5/# *.@3*' 5/# uTF (x)u > 0@'&' %-2- u 2*>#&#0%# 2# 9#&- # u ∈ Rn; " POQ ST;UV &#@&#$#0%' /. @&-63#.' 2# &#$%&*?A-



 !"! #$%&'()*+)+$% ,)-.&&)&% 0&1$).$%  !#$%&'( )#*+& x, #- )&.(, # #$.-$/# x|F (x) > 0 0 #$%&'# 12#34 &/ (56, 7!87℄6 :(5+&;+&)&$/(<=# ;#4& >$4>(+ -?( @+($4& %(+>&4(4& 4& +&)/+><A&) #$%&'() )#*+& x6B &'>)/C$>( 4& ;+#@+(?() #?;-/(>#$(>) &);&>(5>D(4#) E-& #$%&+@&? &? /&?;#;#5>$#?>(5 ;(+( ( +&)#5-<=# 4& FGH) >?;5>( E-& I#+?-5(+ -? ;+#*5&?( &? /&+?#) 4&FGH) &E->%(5& *()>(?&$/& ( +&)#5%&+ # ;+#*5&?(6 JK+>() K+&() 4# #$L&>?&$/# /&?-)(4# FGH) ;(+( I#+?-5(+ & +&)#5%&+ ;+#*5&?() $-?&+>(?&$/&M &? ;(+/>-5(+, %K+>#);+#*5&?() 4& :&#+>( 4& N#$/+#5& ;#4&? )&+ &';+&))#) $( I#+?( 4& FGH)6O? 1P5>%&>+( ($4 Q&+#?&5, RSST℄, ( )U$/&)& 4& #$/+#5(4#+&) ;(+( )>)/&?() 5>$&(+&) #?(/+()# )=# &';+&))#) & )#5->#$(4#) #?# FGH), ;#))>*>5>/($4#, ())>?, E-& #) ;(+V?&/+#)4# #$/+#5(4#+ ;#))(? )&+ #*/>4#) (/+(%0) 4( +&)#5-<=# 4& -? ;+#*5&?( #$%&'# )>?;5&),E-& ;#4& )&+ +&)#5%>4# 4& I#+?( &W>&$/&6



 !"! #$%&'()*+)+$% ,)-.&&)&% 0&1$).$%  !



℄< "(1),'-+01'( 0) 0+02-+@);2,0) - ( '-)-&*-1L( '-)2- *+(2((3( -& +-'-) (& *+('%2( 701'0;02+0)( -3-/0'($ (DE!"# 4 ( &-01,)&( '- (12+(3- '- (1C-)2,(10&-12( !"# %2,3,90'( 10 '-+,/0>:( '((12+(30'(+ V2,&( '-)2- 2+0703L(<W-)2- 0*@2%3($ 0*+-)-120;)- ( ),)2-&0 '- (12+(3- '- (1C-)2,(10&-12( (&( %& *+(;73-&0 '- (12+(3-<  (&*(+20&-12( '0 601-30 '( DE!"# - '( 20&01L( '0 ?30 4 0*2%;+0'( - +-*+-)-120'( *(+ %&0 ),&*3,?0>:( '( &('-3( ',1X&,( '( ),)2-&0 '- (1C-)2,(;10&-12( DE!"#YNZ[<  &('-3( 4$ -12:($ 3,1-0+,90'( *0+0 \%- )- *())0 =09-+ ( *+(6-2(- 0 01B3,)- '- *(3@2,0) '- NZ[$ '- &01-,+0 -?,-12-< ]& )-C%,'0$ 0 ',1X&,0 4 0103,;)0'0 -& =%1>:( '() *0+X&-2+() '- +-'- - ( *+(73-&0 '- (12+(3- '- (1C-)2,(10&-12( 4'-)+,2( (&( %& *+(73-&0 '- (12+(3-<
Q^



 !"! #$%&'$ %()*+($ -./. $ 0$)1/$'& %& 0$)2&31($).+&)1$ 4560789:#  ! !" #$%&'$ %()*+($ -./. $ 0$)1/$'& %& 0$)2&31($).4+&)1$ 567089:;#" $%&$'()%*+($ ,) -)+*.) ,* $+/*0(1$+)%*+($ ,$ 234 *% 56+78$ ,) 9)'1)78$ ,) :.); )&(6'),$ &$' %*1$ ,* 6% %$,*.$ ,1+<%1$ =)0*),$ *% )+>.10* ,* ?61,$0 * *@6)7A*0,15*'*+1)0 *0($>0(1)0 )&'*0*+(),$ *% BC10') *( ).DE !FFF℄ * BH$..$( *( ).DE !FF!℄DI% BJ$+K$.L *( ).DE !FFM℄ $ %$,*.$ )&'*0*+(),$ *% BC10') *( ).DE !FFF℄ *BH$..$( *( ).DE !FF!℄ ; /*+*').1N),$ &)') '*,*0 @6* 60)% %*)+10%$ ,* $+('$.* ,*$+/*0(1$+)%*+($  !"# $%&&' 234D O*0() 5$'%)E $ $%&$'()%*+($ ,) -)+*.) ,$ HJ234E,) :.) * ,$ P22 ; %$,*.),$ &*.)0 0*/61+(*0 *@6)7A*0 ,15*'*+1)10Q
Ẇ (t) =

a(t)

R(t)
− b(t)W (t)

W (t−R(t))

R(t− R(t))
p(t−R(t)); RMDST

q̇(t) =
N(t)W (t)

R(t)
− C + ωq(t); RMD!T

R(t) =
q(t)

C(t)
+ T ; RMDUT$+,*Q

W (t) ; $ ()%)+V$ %;,1$ ,) -)+*.) HJ234 *% &)$(*0W
q(t) ; $ ()%)+V$ %;,1$ ,) :.) *% &)$(*0W
R(t) ; $ ()*+' ,(!% ,!-& RP22T *% 0*/6+,$0W
a(t) ; $ &)'<%*('$ ,* '*01%*+($ ,) -)+*.) ,* $+/*0(1$+)%*+($E $ @6). .*9) *% $+01X,*')78$ $ 9).$' ,) -)+*.) )(6). W (t)W
b(t) ; $ &)'<%*('$ ,* '*,678$ ,) -)+*.) ,* $+/*0(1$+)%*+($E $ @6). .*9) *% $+01,*')78$$ 9).$' ,) -)+*.) )(6). W (t)W
p(t) ; ) &'$=)=1.1,),* ,* ,*0)'(*Y%)')78$ ,* &)$(*0W
N(t) ; $ +Z%*'$ ,* $+*[A*0 HJ234W
C ; ) )&)1,),* ,$ *+.)* *% &)$(*0Y0*/6+,$W
ωq(t) ; $ '6\,$ &'$,6N1,$ &*.$0 ?6[$0 ]O4W
T ; $ )(')0$ ,* &'$&)/)78$ *% 0*/6+,$0DI0(* 010(*%) ,* *@6)7A*0 ,*0'*9* $ $%&$'()%*+($ ^_CO ,$  !"# $%&&' 234 +)5)0* ,* .)+"&/,!)+ 01)!'2+&D " C$,*.$ ; $+01,*')9*.%*+(* &'*10$ &)') ('>5*/$ ,*.$+/) ,6')78$E $+,* ) 5)0* 0* $4)5 $,2(, ; 6'() &$,*+,$E )001%E 0*' ,*0$+01,*'),)D^ *@6)78$ RMDST '*&'*0*+() ) ,1+<%1) ,) -)+*.) ,* $+/*0(1$+)%*+($E $+,* $ &'1X%*1'$ (*'%$ )')(*'1N) $ '*01%*+($ ),1(19$ * $ 0*/6+,$ (*'%$ '*&'*0*+() ) '*,678$



 !"! #$%&'($)'*+, -, .$/0&1'  !"#$%&'$&)%&*)+ , -.#)/01 23+456 78'7898:%) ) *)7&)/01 ;1 %)"):<1 ;) =$) 8" >#:/01 ;1%8"'16 .#8 ? ;8=:&;) '8$) ;&>878:/) 8:%78 ) %)@) ;8 <8A);) ;8 ')1%89 N(t)W (t)
R(t)

+ ωq(t)8 ) )')&;);8 ;1 8:$)8 C+ , -.#)/01 23+45 ;&>878 ;) 8.#)/01 ')7) ) "1;8$)A8" ;11"'17%)"8:%1 ;) =$) )'7898:%);) 8" BC1:D1$E 8% )$+6 4FF3℄ '8$) &:$#901 ;1 %87"1 ωq(tt) ≡
N06 ) )')&;);8 ;1 8:$)86 C(t) ≡ C06 8 1 7#T;16 ωq(t) = ωq0 1"1 1:9%):%89+ Z1:9&;87)M98 )&:;) .#8 19 >)%1789 ;8 789&"8:%1 8 78;#/01 ;) N):8$) ;1 XCYZK 901 1:9%):%89 8;);196 789'8%&*)"8:%86 '17 a(t) ≡ a0 8 b(t) ≡ b0+C8N) 2W 6q5 1 89%);1 ;1 9&9%8") ) 987 1:%71$);1 23+QM3+!56 8 p ) 8:%7);) ;1 9&9%8")+ ['1:%8 ;8 8.#&$TL7&1 2W06 q0 8 p05 ? ;8=:&;1 1"1 1 '1:%1 :1 .#)$ ) %)@) ;8 %7):9"&9901? "S@&") 8 ) %)@) ;8 '87;) ? "T:&")+ [ '1:%1 ;8 8.#&$TL7&1 ? 1L%&;1 )%7)*?9 ;) 91M$#/01 ;8 Ẇ (t) = 06 q̇(t) = 0 8 R0 = T + q0

C0

+ J89%) >17")6 1 '1:%1 ;8 8.#&$TL7&1 ? ;);1 '17\
W0 =

√

a0

b0p0
=

R0C0

N0
=

C0T + q0

N0
; 23+]5

q0 = C0(R0 − T ) = N0

√

a0

b0p0
− C0T ; 23+35

p0 =
a0N

2
0

b0(R0C0)2
=

a0N02

b0(C0T + q0)2
; 23+ 5O1 '718991 ;8 $&:8)7&R)/01 ;1 9&9%8")6 >17)" &A:17);)9 )9 ;8'8:;^:&)9 8" 78$)/01)1 )%7)91 ;19 )7A#"8:%19 2t − R56 :1 S$#$1 ;) *)7&)/01 ;) =$)+ ,99#"8M98 .#8 89%8)%7)91 ? =@1 8 &A#)$ ) 2t−R05+ J89%) >17")6 ) ;&:_"&) 9&"'$&=);) ;1 1"'17%)"8:%1;1 XCYZK ? 78'7898:%);) 1:>17"8 98A#8\



 !"! #$%&'($)'*+, -, .$/0&1'  !
Ẇ (t) =

a
q(t)
C0

+ T
− bW (t)

W (t− R(t))
q(t−R0)

C0

+ T
p(t− R(t)) "#$%&

q̇(t) =
N(t)W (t)

q(t)
C0

+ T
− C'()( ( *+,-()+.(/01 21 3+34-5( "#$%& 301 2-6,+2(3 (3 78,/9-3 f = Ẇ (t) - g = q̇(t) -(:(*+(2(3 (3 38(3 2-)+:(2(3 ;()+(+3 ,1 ;1,41 2- -=8+*>?)+1 "W0@ q0@ p0&$ A1,3+2-)(,21

W = W (t)@ W ∗
.
= W (t− R0)@ q = q(t)@ q∗

.
= q(t− R0) - p∗

.
= p(t−R0)@ (3 78,/9-3 f - g301 2-6,+2(3 ;1)B

f(W, W ∗, q, q∗, p∗)
.
=

a
q(t)
C0

+ T
− bW

W ∗

q(t−R0)
C0

+ T
p∗; "#$C&

g(W, q)
.
=

N0W
q(t)
C0

+ T
− C0; "#$D&E01 (;)-3-,4(2(3@ ( 3-F8+)@ (3 2-)+:(2(3 ;()+(+3 2- f(W, W ∗, q, q∗, p∗) - g(W, q)@ ,1;1,41 2- -=8+*>?)+1 "W0@ q0@ p0&$ G-34- ;1,41@ 4-5H3- W = W ∗ = W0@ q = q∗ = q0 -

p = p∗ = p0@ 18 3-I(@ 13 :(*1)-3 2- W @ W ∗@ q@ q∗ - p∗ 301 38?34+48>213 ;1) W0@ q0 - p0$E01 84+*+.(213@ 4(5?J5@ 13 :(*1)-3 1?4+213 -5 "#$!H#$ & ;()( 1*1() 1 )-38*4(21 1?4+21-5 78,/01 213 ;()K5-4)13 C0@ N0 - R0$L-)+:(2(3 ;()+(+3 2( 78,/01 f(W, W ∗, q, q∗, p∗)B
∂f

∂W
= −b0W

W ∗

q(t−R0)
C0

+ T
p∗

= −b0W
W ∗

R0
p∗

=
−( b0(W+∆W )W ∗p∗

R0

)− (− b0WW ∗p∗

R0

)

∆W

= −b0∆WW ∗p∗

R0∆W

= −b0W
∗p∗

R0

= −b0W0p0

R038?34+48+,21 p0 = a0

b0W 2

0

4-5H3-B
= −

b0W0

(

a0

b0W 2

0

)

R0

= − a0

W0R0



 !"! #$%&'($)'*+, -, .$/0&1'  !"#$ %&' ("& W0 = R0C0

N0

)
= − a0

(

R0C0

N0

)

R0

= − a0N0

R2
0C0

;

∂f

∂W∗ =
b0WW ∗ p∗

q

C0

+ T

=

− b0W (W ∗+∆W ∗)p∗
q

C0
+T

− (−b0WW ∗p∗)
q∗

C0
+T

∆W ∗

=

− b0WW ∗p∗

q∗

C0
+T

− b0W∆W ∗p∗

q∗

C0
+T

+− b0WW ∗p∗

q∗

C0
+T

∆W ∗

= − b0p
∗W

q∗

C0

+ T*&+,- R0 = q

C0

+ T )
= −b0p

∗W

R0
=

∂f

∂W

∂f

∂q
=

a0
q

C0

+ T

= a0

( q

C0

+ T
)

−1

= −a0

( q

C0
+ T

)

−2
(

(

q+∆q

C0

)

+ T − q

C0

− T

∆q

)

= −a0

( q

C0
+ T

)

−2
(

∆q

C0

∆q

)

= −a0
1

C0

1
(

q

C0

+ T
)2

= − a0

c0

(

q

C0

+ T
)2,$,- ("& R0 = q

C0

+ T )
= − a0

C0R
2
0



 !"! #$%&'($)'*+, -, .$/0&1'   
∂f

∂q∗
= −b0WW ∗p∗

q∗

C0

+ T

= −b0WW ∗p∗
( q∗

C0

+ T
)

−1

= b0WW ∗p∗
( q∗

C0
+ T

)

−2
(

q+∆q

C0

+ T − q

C0

+ T

∆q

)

= b0WW ∗p∗
( q∗

C0

+ T
)

−2 ∆q

C0∆q!"#$% R0 = q

C0

+ T &
=

b0W
2
0 p0

C0R
2
0$'$%( W 2

0 = a0

b0p0

( "#)*% p0 = a0

b0W 2

0

"&
=

b0W
2
0

a0

b0W 2

0

C0R2
0

=
a0

C0R
2
0

∂f

∂p∗
= −b0WW ∗p∗

q∗

C0

+ T

=

− b0WW ∗(p∗+∆p∗)
q∗

C0
+T

−
(

− b0WW ∗p∗

q∗

C0
+T

)

∆p∗

= −b0WW ∗

R0

= −b0W
2
0

R0%#$" W0 = R0C0

N0

&
= −

b0

(

R0C0

N0

)2

R0

= −b0R
2
0C

2
0

N2
0 R0

= −b0R0C
2
0

N2
0



 !"! #$%&'($)'*+, -, .$/0&1'  !"#$%&'(') *'$%'%) (# g(W, q),
∂g

∂W
=

N(W+∆W )
q

C0
+T

− NW
q

C0
+T

∆W

=
N∆W

(

q

C0

+ T
)

∆W

=
N

q

C0

+ T

=
N0

R0

∂g

∂q
=

N
q

c0
+ T

= NW
( q

c0

+ T
)

−1

= −NW
( q

c0
+ T

)

−2 1

C0

= −N0W0

C0R2
0('(- W0 = R0C0

N0

,
= −

N0
R0C0

N0

C0R2
0

= −R0C0

C0R2
0

= − 1

R0.-/ ') (#$%&'(') *'$%'%)0 ' 1%2#'$%3'45- (' (%26/%' )%/*1%7'(' (- -/*-$8'/#28-(- 9:;.< =>?!@ #/ 8-$2- (- *-28- (# #AB%1CD$%- =W00 q00 p0@ E ('(' *-$,
ẋ1(t) = − a0N0

R2
0C0

(x1(t) + x1(t−R0))−
b0C

2
0R0

N2
0

u(t− R0) =>?FG@
− a0

C0R
2
0

(x2(t)− x2(t− R0));

ẋ2(t) =
N0

R0
x1(t)−

1

R0
x2(t);-2(# x1(t)0 x2(t) # u(t) #H*$#))'/ ' *#$8B$D'45- (' I'2#1'0 (' 71' # (' *$-D'D%1%('(# (#



 !"! #$%&'$() *) #$%+),&-$%./)%&$ $/$ 1/ 2'$3()/. *) #$%&'$()  !"#$%& #' ()$*) %) ")*() %# #+,-./0$-)1
x1(t)

.
= W (t)−W0;

x2(t)
.
= q(t)− q0;

u(t)
.
= p(t)− p



 !"! #$%&'$() *) #$%+),&-$%./)%&$ $/$ 1/ 2'$3()/. *) #$%&'$()  !" #$%&'( )*+ (,'-.-/0( 1 .$.0-2( 3- 1/0'15- 3- 1/%-.0$1/(2-/01 121 &2 .$.0-2(12 '-0'1(5$2-/0(671* " 8&/671 31 1/0'15(31' C(s)9 : 2('(' 1. ,(10-. '(/312$(;2-/0- 12 ,'1<(<$5$3(3- p9 -2 8&/671 31 0(2(/=1 3( >5( 2-3$31 ?q@9 - 0(2<:2 -.0(<$;5$A(' ( ,5(/0(9 3-/10(3( ,-5( 8&/671 3- 0'(/.8-'B/$( P (s)9 $''($1/(5 -2 s9 C&- 3-.'-D-121 ( ,'1<(<$5$3(3- 3- 3-.('0-E2('(671 3- ,(10-. (8-0( ( 0(F( 3- 0'(/.2$..71 -91/.-CG-/0-2-/0-9 1 0(2(/=1 3( >5( HI$2(9 JKK)℄*
C(s)

p

q0

q

p0

P(s)

MN8'(% '-,5(-2-/0. δp δq

#$%&'( )*+O P1/0'15- 3- P1/%-.0$1/(2-/01 121 &2 N$.0-2( 3- P1/0'15- 12 Q-0'1(5$;2-/0(671" ,5(/0( P (s) ,13- .-' 3-0-'2$/(3( (0'(D:. 3( (/R5$.- 3( 3$/S2$( 31 .$.0-2( 3-1/0'15- 3- 1/%-.0$1/(2-/01 3-.'$0( -2 ?)*+K@* T(5 3$/S2$( ,13- .-' (/(5$.(3( -20-'21. 3- ,('S2-0'1. 3- '-3- 0($. 121 1 /U2-'1 3- V&F1. WNTPM9 N09 1 0-2,1 3- D$(;%-2 ?QTT@9 R09 ( (,($3(3- 31 -/5(-9 C09 - -2 0-'21. 3( /(0&'-A( 3- '-0'1(5$2-/0(67131 "XY HW15510 -0 (5*9 JKKJ℄*Z 1/0'15(31' C(s) ?#$%&'( )*+@ -.0$2( ( 3$.0S/$( C&- 1 0(2(/=1 3( >5( 2-3$31 q-.0R 31 D(51' /1 ,1/01 1,-'($1/(5 q09 - &0$5$A( -.0( 3$8-'-/6( ,('( 3-0-'2$/(' C&(/013-D- D('$(' ( ,'1<(<$5$3(3- 3- 3-.('0-* [.0( D('$(671 :9 -/0719 &0$5$A(3( ,('( 3-0-'2$/('1 D(51' 3- p -2 8&/671 31 D(51' 3( ,'1<(<$5$3(3- /1 ,1/01 3- -C&$5\<'$1 p0* ]-.0( 81'2(91 1/0'15(31' 21/$01'( 1 0(2(/=1 3( >5( ,('( 3-0-'2$/(' &2 D(51' (3-C&(31 ,('( (,'1<(<$5$3(3- 3- 3-.('0-E2('(6719 3- 2131 ( -.0(<$5$A(' 1 .$.0-2( -2 01'/1 31 ,1/013- -C&$5\<'$1 $/3-,-/3-/0-2-/0- 3(. 1/3$6^-. 3( '-3-*
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℄D ;*-"1/!,%-/* * %2E1!-#! /! ,!/!"+ 1"#* "1B-1@% >(! %(#1)1?%GO* /% %E*,/%B!2 /!&!-/!-#! /! %#,%"* *( -O*.,%1*-%) F%? *2 >(! *" ,!(,"*" /!,!/! "!3%2 ("%/*" /! 2*/* !@1!-#! JP12 !# %)D+ =QQRE℄℄D5 "'-#!"! /* *-#,*)%/*, V E%"!%/% -*" ,!"()#%/*" %&,!"!-#%/*" !2JW)10!1,% %-/ X!,*2!)+ =QQY℄+ *-/! *" &,*3!#*" /! *-#,*)%/*,!" &%,% "1"#!2%" )1-!.%,!" *2 %#,%"* "O* !Z&,!""*" ! "*)(1*-%/*" *2* /!"1B(%)/%/!" 2%#,11%1" )1-!%,!"+[7\" T !"#$% &$'%!( )"#*+$,!'!#-U+ &*""1E1)1#%-/* >(! *" &%,A2!#,*" /* *-#,*)%/*,]L



 !"! #$%&'()* +* ,*'%-*./+*- 0/-/ / 1*.2%3/ +& 567  !"#$$%& $'( #)*+,#$ %*(%-.$ ,% ('$#/012# ,' 0& $+&"/'$ "(#)/'&% #4-'5#6 7'80+4,#% %)#(,%8'& %"('$'4*%,% '& 9:+&%; !<<=℄
ẋ(t) = A0x(t) + A1x(t−R0) + Buu(t); OS6PQ
z(t) = Cz0x(t) + Cz1x(t− R0) + Dzuu(t);

y(t) = Cyx(t− R0) + Dyww(t);#4,'R
x(t) . # -'*#( ,' '$*%,#T
u(t) . % '4*(%,% % $'( #4*(#/%,% ' ('"('$'4*% % "(#)%)+/+,%,' p(t)T
w(t) . # (0B,# '5*'(4# "(#,0A+,# "'/#$ *(D?'8#$ UKNT
z(t) . % $%B,% '$"'(%,% "%(% # $+$*'&%T
y(t) . % $%B,% #)*+,% "%(% # $+$*'&%6K%,# 0& $+$*'&% ,+4V&+# ' $0%$ -%(+D-'+$ '4-#/-+,%$; # #4*(#/%,#( . ('$"#4$D-'/ "#(%*+48+( # "#4*# ,' 'F0+/B)(+# ,# $+$*'&% ' '$*%)+/+A%( '& *#(4# ,# &'$&#6 W F0' ,+?'('4+%#4*(#/%,#('$ . % ?#(&% #&# %/%41%& # "#4*# ,' 'F0+/B)(+#; 4# F0%/ $' '$*%)+/+A%&6W %&+4@# "'(#((+,# "%(% %*+48+( % '$*%)+/+,%,' ,'"'4,' ,#$ #)J'*+-#$ 0*+/+A%,#$ "%(%"(#J'*%( # #4*(#/%,#(; #0 $'J%; # #&"#(*%&'4*# ,'$'J%,# "%(% # $+$*'&% #4*(#/%,# .



 !"! #$%&'()* +* ,*'%-*./+*- 0/-/ / 1*.2%3/ +& 567  !"#$#%&'()"* +#,*- *./#$'0*- "# "#-#&+#(1* +)%) ) +*,2$') "# 4567 *- 89)'- "#0#& #-$)%#:+,2'$*- (* +%*/#$* "* *($%*,)"*%;<& =>*,,*$ #$ ),;7 ?@@?℄ -B* -9C#%'"*- ),C9(- *./#$'0*- +)%) +*,2$')- "# 456D
•  !"#"$%& % '#% () *+&,% )'").!)/ ) -*.%#)%C) () E,) ,#0) ) +#%") "# +)*$#-#7 *(-#8F#($#&#($#7 ) (##--'")"# "# %#$%)(-&'--G#- # +#(),'H)IB* "# %)/)")-; J**9$%* #:$%#&* #-$K * #-0)H')&#($* "*  !"#$7 -'$9)IB* #-$) 89# -9.9$','H) * #(,)#L
• 0!&%1+ () '#%/ * )$%)-* ") %#"# M ")"* +#,* $#&+* 89# *- +)*$#- +#%&)(##&#& E,)- "# %*$#)"*%#- # * $#&+* "# +%*+)C)IB* (* &#'*; N)%) * .*& "#-#&+#(1*")- )+,')IG#-7 M "#-#/K0#, 89# $)($* * )$%)-* *&* ) 0)%')IB* "* &#-&* O%&''#$P&)($#(1)Q-# .)':*-L
• 2+341!)$/ '("#+#("#($# ")- 0)%')IG#- "* )&.'#($# "# %#"#7 -#/)& (R&#%* "# *Q(#:G#-7 $#&+* "# +%*+)C)IB* *9 )+)'")"# "* #(,)#7 *- *./#$'0*- "# "#-#&+#(1*"#0#& -#% ),)(I)"*-;N)%) * +%*.,#&) #& 89#-$B*7 *("# -B* ).*%")")- %#"#- *& +%*"9$* .)(")Q)$%)-*#,#0)"*7 - )* *(-'"#%)"*- *- -#C9'($#- *./#$'0*- "# "#-#&+#(1*D
• N%#0#('% -9.9$','H)IB* "* #(,)# # &'('&'H)% ) **%%S(') "# (&''#$ L
• 4$'(C'% 0)HB* '"#), &)'- %)+'")&#($# # &'('&'H)% ) **%%S(') "# (&''#$ L
• 4$'(C'% 0)HB* '"#), &)'- %)+'")&#($# # +%#0#('% -9.9$','H)IB* "* #(,)#;T#E('"*- *- *./#$'0*-7 *- &#-&*- "#0#& -#% #:+%#--*- ()- &)$%'H#- "* -'-$#&) OU;VP*(W*%&# -#C9#D

A0 =

[

− a0N0

R2

0
C0

− a0

C0R2

0

N0

R0

− 1
R0

]

,4&)$%'H A0 %#W#%#Q-# )*- $#%&*- "* -'-$#&) -#& )$%)-*; X.$'") "* -'-$#&) ,'(#)%'H)"*7-9) +%'&#'%) ,'(1) M ")") +*% λf

λW
# λf

λq
# ) -#C9(") ,'(1) *%%#-+*("#("* ) λg

λW
# ) λg

λq
;

A1 =

[

− a0N0

R2

0
C0

a0

C0R2

0

0 0

]

,J) &)$%'H A1 -B* %#+%#-#($)"*- *- $#%&*- *& )$%)-*; X.$'")7 $)&.M&7 "'%#$)&#($#") ,'(#)%'H)IB* "* -'-$#&)7 () +%'&#'%) ,'(1) #-$B* λf

λW ∗
# λf

λq∗
; 4 -#C9(") ,'(1) "# A1 M(9,)7 9&) 0#H 89# λg

λW ∗
= 0 # λg

λq∗
= 0;
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Bu =

[

− b0C2

0
R0

N2

0

0

]

," #$%&'( Bu) *$*$ +,& λf

λu
-$ +&'#.'&$ /'-0$ . λg

λp
= 0 -$ 1.23-*$ /'-0$) &.+&.1.-%$ $.-%&$*$ $ 1.& ,-%&,/$*$) ,3 1.5$) $ +&,6$6'/'*$*. *. *.1$&%.7#$&$89, p:

Bw =

[

0 0

0.2C0 0

]

, Dyw =
[

0 0.02C0

]

,; &3<*, .='1%.-%. -, 1'1%.#$) *.>'*, $,1 ?3=,1 @AB) C ,-%&,/$*, +,& Bw: ; >$/,&
0.2C0 +.&#'%. D3. ,1 ?3=,1 @AB 3%'/'(.# $%C 20% *$ $+$'*$*. *, .-/$.: " #$%&'(
Dyw C &.1+,-1E>./ +,& +,-*.&$& , &3<*, -$ 1$<*$) . ,-1'1%. *. 10% *, >$/,& +&.1.-%. .#
Bw:

Cy =
[

0 1
]

," #$%&'( cy '-*'$ D3. , >$/,& $ 1.& #.*'*, -$ 1$<*$ C , %$#$-0, *$ F/$ -, GHH $-%.&',&:;1 ,65.%'>,1) +&.>'$#.-%. *.%.&#'-$*,1) 19, &.+&.1.-%$*,1 -$1 #$%&'(.1 Cz0) Cz1 .
DzuI !"#$%&' () *+#&#,%+ -.!.$%/%0123' 4' #,/1# # 6%,%6%01+ 1 ''++7,%1 4# !""#$

Cz0 =









0 1
N0

R0

−1
R0

0 0









, Cz1 =









0 0

0 0

0 0









, Dzu =









0

0

0.5









,B$&$ D3. , .-/$. -9, 1.5$ 1363%'/'($*,) $ *'J.&.-8$ .-%&. , >$/,& #.*'*, +$&$ , %$#$-0,*$ F/$ KqL . , >$/,& '*.$/ +$&$ $ F/$ -, +,-%, *. .D3'/<6&', Kq0L *.>. 1.& #'-'#'($*$) ,D3. .1%E &.+&.1.-%$*, -$ +&'#.'&$ /'-0$ *$ #$%&'( Cz0: " ,,&&M-'$ *.  !""#$ &.J.&.N1. $>$&'$89, *. $%&$1,) $ D3$/ C ,-1.DOM-'$ *$ ,1'/$89, -, %$#$-0, *$ F/$: P$ 1.23-*$/'-0$ *. cz0) C .=+&.11$ $ #'-'#'($89, *$ >$&'$89, -, %$#$-0, *$ F/$) ,3 1.5$) #'-'#'($N1.,  !""#$:;1 >$/,&.1 .1+.&$*,1 -$ 1$<*$ *, 1'1%.#$ z(t)) 19, ,1 >$/,&.1 ,6%'*,1 -, '-%.&>$/,,&&.-%. . -9, -, '-%.&>$/, $-%.&',&: Q,2,) Cz1 C 3#$ #$%&'( -3/$:
Dzu C $ #$%&'( &.1+,-1E>./ +,& +,-*.&$& , >$/,& *$ +&,6$6'/'*$*. *. *.1N$&%.7#$&$89, -$ 1$<*$: A'J.&.-%.1 >$/,&.1 *. +.1,1 J,&$# >.&'F$*,1) >$&'$-*, *. 0.3 $

0.9: ;1 &.13/%$*,1 ,6%'*,1 J,&$# 1'#'/$&.1) 1.-*, 0.5 , >$/,& $*,%$*,: !"#$%&' 8) 9$%,:%+ &103' %4#1/ 61%- +1;%416#,$# # 6%,%6%01+ 1 ''++7,%1
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Cz0 =









1 0
N0

R0

−1
R0

0 0









, Cz1 =









0 0

0 0

0 0









, Dzu =









0

0

0.5









,"#$# #%&'(&$ )#*+, &-.#/ , )#/,$ 0.-&-, 1#$# # 2#'./# -. ,'(.4%&,'#0.'%, 5w6 -.). 4.$&(7#/ #, )#/,$ -# 2#'./# -. ,'(.4%&,'#0.'%, ', 1,'%, -. .87&/9:$&, 5w06; <.4.2#=4.> #&'-#>87. # )#*+, &-.#/ 4.2# #%&'(&-# $#1&-#0.'%.> ,7 4.2#> &'-.1.'-.'%.0.'%. -# ,4&/#?@.4 '#%#A# -. %$#'40&44+,; B0 Cz0 '# 1$&0.&$# /&'C# D $.1$.4.'%#-# # 0&'&0&*#?+, -# -&E.$.'?#', %#0#'C, -# 2#'./# -. ,'(.4%&,'#0.'%, 5w − w06; "#$# 0&'&0&*#$ # ,,$$F'&# -. !""#$> '# 4.(7'-# /&'C# D $.1$.4.'%#-, , ,:2.%&), -. 0&'&0&*#$ # )#$&#?+, -# G/# .0%,$', -, 1,'%, -. .87&/9:$&, 5q06;H4 0#%$&*.4 Cz1 . Dzu 4+, #4 0.40#4 #1$.4.'%#-#4 ', I:2.%&), 1;"#$!%&'( )* +%&,-&. '/01( & !/2 3/&4 ./5& /3!,%! ! 5.!'!,&. 46#6%&2&0/71( ( !,2/!
Cz0 =









1 0

0 1

0 0









, Cz1 =









0 0

0 0

0 0









, Dzu =









0

0

0.5









,H 0&'&0&*#?+, -# -&E.$.'?# .'%$. , )#/,$ 0.-&-, 1#$# # 2#'./# -. ,'(.4%&,'#0.'%, 5w6. , )#/,$ ', 1,'%, -. .87&/9:$&, 5w06 .4%J $.1$.4.'%#-, '# 1$&0.&$# /&'C# -. Cz0; "#$#1$.).'&$ 47:7%&/&*#?+, -, .'/#.> , )#/,$ 0.-&-, 1#$# , %#0#'C, -# G/# 5q6 -.). G#$1$KA&0, -, )#/,$ ', 1,'%, -. .87&/9:$&, 5q06> , 87. D $.1$.4.'%#-, '# 4.(7'-# /&'C# -.
Cz0;I4 )#/,$.4 1#$# Cz1 . Dzu 4+, ,4 0.40,4 -,4 ,:2.%&),4 #'%.$&,$.4;<.G'&-,4 ,4 ,:2.%&),4> , 4&4%.0# .0 5L;M6 D ,'.%#-, #, ,'%$,/#-,$ .0 5L;N6O

˙̂x(t) = Â0x̂(t) + Â1x̂(t− R0) + B̂y(t); 5L;N6
u(t) = Ĉ0x̂(t) + Ĉ1x̂(t−R0) + D̂y(t).P, -,09'&, -# E$.8QF'&#> , ,'%$,/#-,$ D $.1$.4.'%#-, 1./# E7'?+, -. %$#'4E.$F'&#'+,=$#&,'#/ .0 5L;R6;

C(s) = (Ĉ0 + Ĉ1e
sR0)(sI − Â0 − Â1e

−sR0)−1B̂ + D̂ 5L;R6I ,'%$,/#-,$ C(s)> -.G'&-, .0 5L;N6 ,7 5L;R6> E,& 7&-#-,4#0.'%. .4,/C&-, -. E,$0## $.1$,-7*&$ .0 -.%#/C.4 # .4%$7%7$# -# 1/#'%# -, S&4%.0# 5L;M6; <.4%# E,$0#> # .4%#:&/&=*#?+, -# 1/#'%# 1./, ,'%$,/#-,$ &01/&# '# .4%#:&/&-#-. -, 4&4%.0# -. ,'(.4%&,'#0.'%,&'-.1.'-.'%.0.'%. -#4 ,'-&?@.4 -# $.-.;



 !"! #$%&'(' )*( +*%&,*-.)*,'( /&01*(  ! !" #$%&'(' )*( +*%&,*-.)*,'( /&01*(" #$%&'#' () )%&+),-()+ #'./' - -0)+(-.'1 -2+'#'%&-(- '1 34,56'5+- -%( 7'+)1',8 9::;℄8%- =/-, )# 2+)>'&)# (' )%&+),-()+'# 2-+- #5#&'1-# ,5%'-+'# )1 -&+-#) #?) '@2+'##)# '#),/5)%-()# )1) ('#5./-,(-('# 1-&+55-5# ,5%'-+'#8 ABC D !"#$% &$'%!( )"#*+$,!'!#-EFG'>- ) 6'&)+ (' '#&-() -/1'%&-() x̄(t) =/' )%&H1 ) 6'&)+ (' '#&-() (.'/ ' ) 6'&)+ (''#&-() () )%&+),-()+ x̂(t)I
x̄(t) =

[

x(t)

x̂(t)

]

, D!F;EJ- )%'@?) () #5#&'1- DKFL:E )1 ) )%&+),-()+ D!F9E &'1M#' ) #5#&'1- ,5%'-+ )1-&+-#)I
˙̄x(t) = A0x̄(t) +A1x̄(t− R0) + Bw(t); D!FKE
z(t) = C0x̄(t) + C1x̄(t− R0) +Dw(t).)%('I

A0 =

[

A0 BuĈ0

0 Â0

]

, A1 =

[

A1 + BuD̂Cy BuĈ1

B̂Cy Â1

]

,

B =

[

Bw + BuD̂Dyw

B̂Dyw

]

, C0 =
[

Cz DzuĈ0

]

,

C1 =
[

DzuD̂Cy DzuĈ1

]

, D =
[

DzuD̂Dyw

]N-+- .-+-%&5+ - '#&-05,5(-(' %) #5#&'1- )1 -&+-#) '1 D!FKE8 ) O')+'1- ;M0 -2+'#'%M&-() '1 34,56'5+- -%( 7'+)1',8 9::;℄ H /#-()F P#&' &')+'1- '#2'5Q- =/' /1 #5#&'1-)1) D!FKE H -##5%&)&5-1'%&' '#&R6', ' ‖ Hwz ‖2
2< γ8 #' '@5#&'1 1-&+5S'# #51H&+5-# ' ('MQ%5(-# 2)#5&56-# 08 Y0 ' Xj8 ' 1-&+5S'# 18 28 Lj ' Qj 8 )1 j = 0, 18 &-5# =/' )# #'./5%&'#ABC# &'%T-1 /1- #),/U?) V-&$6',I

0 >









A0 + A
T

0
(•)T (•)T

A
T

1
−X1 (•)T

C0 C1 −I









, D!F!E
0 <

[

W (•)T

B P0

]

, trace(W ) < γ D!F E)%('I



 !"! #$%$&'()*+,- .- /-)%- .$ 012(345&(-   
A0 =

[

A0X0 + BuL0 A0

Q0 Y0A0

]

, A1 =

[

A1X0 + BuL1 A1

Q1 Y0A1 + FCy

]

,

B =

[

Bw

Y0Bw + FDyw

]

, P0 =

[

X0 I

I Y0

]

,

C0 =

[

CzX0 + DzuL0

Cz

]

, C1 =
[

DzuL1 0
] !" #$%$&'()*+,- .- /-)%- .$ 012(345&(-!"#" #$%&'($# & )#&*'$+" ,$ )#&-#"+"./& &1($2" #$)#$%$13",& )$'&% 456% 7898: $ 789 :;<"=>%$ 1$$%%?#@& ,$A1@# & )&13& ,$ $BC@'D*#@& )"#" & %@%3$+"; &C %$E"; ,$($+ %$# "3#@*CD,&%("'&#$% )"#" &% )"#F+$3#&% ,$ #$,$ N0; R0 $ C0 ,$ +&,& " &*3$# & )&13& ,$ $BC@'D*#@&7W0; q0; p0:9G )&13& ,$ $BC@'D*#@& <&@ $%&'H@,& &+ & @13C@3& ,$ %$ &*3$# C+ )&13& ,$ $BC@'D>*#@& )"#" BC"1,& & %@%3$+" ,$ &1-$%3@&1"+$13& $%3? +"@% %C%$3D($'; &C %$E"; BC"1,&" "#-" ," #$,$ I "'3"9 G )#&*'$+" ,$ )#&-#"+"./& &1($2" <&@ 1C+$#@"+$13$ #$%&'>(@,& C3@'@="1,& " #&3@1" 456J&' KG'@($@#" "1, L$#&+$'; MNNO℄9 Q ")"@,",$ ,$ $1'"$&1%@,$#"," <&@ ,$ 1L*)% &+ )"&3$% ,$ 1500  !"#$; ,$%3" <&#+"; C0 = 83333 )"&>3$%R%$-C1,&9 !"#" ,$A1@# & )"#F+$3#& R0 = 200+%; <&#"+ &1%@,$#","% +$,@,"% #$"'@=">,&% $+ #$,$% &+ 3#"1%+@%%S$% @13$#1"@&1"@% $ @13$#&13@1$13"@% KJH"TT&33"@ $3 "'9; MNNU℄;*$+ &+& #$,$% &+ 3#"1%<$#V1@" ,$ -#"1,$% BC"13@,",$% ,$ ,",&% $+ #$,$% ,$ "'3" ($>'&@,",$ KW&33#$'' $3 "'9; MNNX℄ $ " @1YCV1@" ,& Z[[ 1" $%3"*@'@,",$ #$'"3@(" ,& \J[W!K\C"1- $3 "'9; MNNU℄9 ]+ K5"#3@1>^'"3@1 "1, Z"(&3; MNNM℄; & 3#?<$-& ,$A1@,& &+& ,$_+C@3& '&1-" ,C#"./&` I #$%)&1%?($' )&# 3#"1%+@3@# %#&' !"#$ ,$ ,",&% &+ 1a+$#& ,$&1$2S$% ("#@"1,& $13#$ 1 $ 10; %$1,& & )#@1@)"' #$%)&1%?($' )&# $($13&% ,$ &1-$%3@>&1"+$13&9 b$%3" <&#+"; & )"#F+$3#& 1a+$#& ,$ &1$2S$% &1%@,$#",& <&@ ,$ N0 = 10&1$2S$% \J[W!9Q3#"(I% ," #$%&'C./& ,& )#&*'$+" ,$ )#&-#"+"./& &1($2"; )&,$>%$ "A#+"# BC$ &%@%3$+" 789c: I $%3?($'; &C %$E"; <&#"+ $1&13#",&% ("'&#$% )"#" "% +"3#@=$% W ; Y0; Xj; F ;

R; Lj $ Qj ; &+ j = 0.1; BC$ '$("+ " C+" %&'C./& <"3D($' )"#" & %@%3$+"9



 !"! #$%$&'()*+,- .-/ 0*&1'$%&-/ .-/ 2-)%&-3*.-&$/  ! !" #$%$&'()*+,- .-/ 0*&1'$%&-/ .-/ 2-)%&-3*.-&$/" #$%&$'( 4− b )"*+,$+&( (-. /$&%'$*0 1223℄ $56$+8( 9:$ 5$ ;%& $-%-<&(.( :'( 5%*:=>?% ;(<@,$* 6(&( (5 ABCD5 EFGFH $ EFG H % 5+5<$'( EFGIH J $5<K,$* $ (5 '(<&+L$5 $-%-<&(.(5
W 0 Y00 Xj 0 F 0 R0 Lj $ Qj 6%.$' 5$& :<+*+L(.(5 6(&( .$<$&'+-(& %5 6(&M'$<&%5 .% %-=<&%*(.%& EFG1HG N(&( .$8-+& %5 6(&M'$<&%5 .% %-<&%*(.%&0 6&+'$+&('$-<$0 (5 '(<&+L$5(&O+<&K&+(5 U0 $ V0 .$,$' 5$& $5%*P+.(5 .$ ;%&'( 9:$ V0 ∗ U0 = I − Y0X00 (55+'0 (5'(<&+L$5 :<+*+L(.(5 ;%&(' U0 = X0 $ V0 = X−1

0 − Y0G Q%-5+.$&(-.%=5$ (5 .$8-+>R$5 $')"*+,$+&( (-. /$&%'$*0 1223℄0 %5 6(&M'$<&%5 .% %-<&%*(.%& 6%.$' 5$& .$<$&'+-(.%5 6%&S
[

Â0 Â1 B̂

Ĉ0 Ĉ1 D̂

]

= K.M.N . EFG!H%-.$S
K =

[

V −1
0 V −1

0 Y0Bu

0 I

]

;

M =

[

Q0 − Y0A0X0 Q1 − Y0A1X0 F

L0 L1 0

]

;

N =









U−1
0 0 0

0 U−1
0 0

−Cy0X0U
−1
0 −Cy1X0U

−1
0 I







T(5 5%*:>R$5 %O<+.(5 (5 '(<&+L$5 Â1 $ Ĉ1 5?% (6&%U+'(.('$-<$ L$&%0 5$-.% 6%&=<(-<% +V-%&(.(5G W$5<( ;%&'(0 % <$&'% .$ (<&(5% .% 5+5<$'( J (-$*(.% $ %5 %-<&%=*(.%&$5 5$ <%&-(' &(+%-(+5G " Q(-$*('$-<% .% <$&'% .$ (<&(5%0 9:(-.% 6%55@,$*0J ( $5<&(<JV+( V*%O(* X<+'( 6(&( 5%*:+%-(& % 6&%O*$'( .$ '+-+'+L(>?% .( -%&'( H2)"*+,$+&( (-. /$&%'$*0 1223℄GY5 ;:->R$5 .$ <&(-5;$&Z-+( -% .%'@-+% .( ;&$9[Z-+( 6(&( %5 %-<&%*(.%&$50 .$ (%&.%%' %5 %O\$<+,%5 .$8-+.%5 5?% .(.(5 6%&S
CHSTCP−H21

(s) =
0.0002836s + 0.0009829

s2 + 3.687e5s + 1.278e6
EFG]H

CHSTCP−H22
(s) =

0.0002712s + 6.243e−5

s2 + 3.52e5s + 8.105e4
EFG^2H

CHSTCP−H23
(s) =

1.383e−6s + 0.0001493

s2 + 1800s + 1.949e5
EFG^^H



 !"! #$%&'$'()*+,- ./0/)*& 1-2 3-()4-&*1-4'2  !"#$% CHSTCP−H2i
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CHSTCP−H21
(z) =

az2 + bz − c

z2 − dz − e
=

7.361e−10z2 + 3.06e−13z − 7.358e−10

z2 − 0.08609z − 0.9131

CHSTCP−H22
(z) =

az2 + bz − c

z2 − dz − e
=

7.357e−10z2 + 2.032e−14z − 7.357e−10

z2 − 0.09038z − 0.9096

CHSTCP−H23
(z) =

az2 + bz − c

z2 − dz + e
=

7.533e−11z2 + 9.699e−13z − 7.436e−11

z2 − 1.803z + 0.8052N( <;#9Q%( $% )&*#(<%&?#-* %#)&% δp = p − p0 % δq = q − q0E '"$%3 (%& "#.%&)-$*(#*( %=;*9Q%( $% $-<%&%#9*( #" )%3'" $-(&%)" kT E "#$% T = 1
fs
1 R( "#)&",*$"&%( #"$"37#-"6z '*&* "( "/0%)-."( 1 % 2 *'&%(%#)*3 %=;*9Q%( $% $-<%&%#9* $* <"&3*P

δp1(kT ) = aδq(kT )+bδq((k−1)T )−cδq((k−2)T )+dδp1((k−1)T )+eδp1((k−2)T ); ST1UKVR "#)&",*$"& #" $"37#-"6z '*&* " "/0%)-." 3 *'&%(%#)* %=;*9:" $% $-<%&%#9* $* <"&3*P
δp2(kT ) = aδq(kT )+bδq((k−1)T )−cδq((k−2)T )+dδp1((k−1)T )−eδp1((k−2)T ); ST1UWV



p0 ⇐ a0N
2
0 /b0(C0R0)

2#! p1 ⇐ q0(c− a− b) + a ∗ q + b ∗ qold − c ∗ qold1 + p0(1− d− e) + d ∗ pold + e ∗ pold1$! pold1 ⇐ pold%! qold1 ⇐ qold&! pold ⇐ p0'! qold ⇐ q0 !"#$%&'# ) >.4%-2,5% ',2.2H#$% +% :.'.% $# /-%0#02.2$#$( /#-# % %+,-%.#$%- G ! IJKLMNIDNGN>OPNM-%0#02.2$#$(AE"! p0 ⇐ a0N
2
0 /b0(C0R0)

2#! p1 ⇐ q0(c− a− b) + a ∗ q + b ∗ qold − c ∗ qold1 + p0(1− d− e) + d ∗ pold − e ∗ pold1$! pold1 ⇐ pold%! qold1 ⇐ qold&! pold ⇐ p0'! qold ⇐ q0Q /%))R3(. 3(-2S#- &'( %) $%2) #.4%-2,5%) )7% 0#),#+,( )25/.()9 ( )7% (T(',#$%) # #$#2+,(-3#.% $( #5%),-#4(5 $( 1/fs< U+22#.5(+,( p0 V #.'.#$% 0#)(#$% +%) /#-W5(,-%)$( -($( $#$%) AN09 C09 R0E< "(/%2)9 % 3#.%- $# /-%0#02.2$#$( $( $()#-,(;5#-#67% V#.'.#$% 0#)(#$% +#) (&'#6X() $( $28(-(+6#< O'#,-% 3#-2:3(2) #'T2.2#-() qold9 pold9 qold1 (
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 ! ! "#$%&'()*+,(% (- )(.*+/# * 0#.12&* 456"0748 9:;  !"#$%& '( &)*+ ,--.℄* 0)12%&3 563$7'8&9:'3 ;57'% 3'8 <'$(&3 &5 5%;&8&8 =>?@AB=,5% 52(8&3 ;5)C($&3 7' 0DEF
• =>?@AB=, G H&3'&7& '% ?'58$& 7' @56(85)' I($%5+ 3'675 2%& ;5)C($& &6&)C($&+J2' 1&8&6(' & '3(&H$)$7&7' '% (5865 75 ;56(5 7' 'J2$)CH8$5K
• 0 ;)&6(& 2($)$L&7& ;&8& 7'8$M&8 5 56(85)&758 8';8'3'6(& & 7$6N%$& 75 3$3('%& 7'561'3($56&%'6(5 '% 7'(&)O'3+ 563$7'8&675 (&%HG% & 'P$3(Q6$& 7' R2P53 6S5B&7&;(&($M53* T'3(& <58%&+ $67';'67'('%'6(' 7&3 567$9:'3 7& 8'7'+ 5 56(85)&7585H($75 1&8&6(' & '3(&H$)$7&7' 75 3$3('%&K
• U ;56(5 7' 'J2$)CH8$5 <5$ 2$7&753&%'6(' $6M'3($1&75+ 7' %575 J2' <533' 5 %')O58;&8& 5 3$3('%& 7' 56(85)' 7' 561'3($56&%'6(5K
• V($)$L52B3' 6& 7'8$M&9S5 2%& &H587&1'% 6S5B8&$56&)+ ;'8%$($675 J2' 53 8'283537$3;56CM'$3 3'W&% 2($)$L&753 7' %&6'$8& 'X$'6('K
• =>?@AB=, )'M& '% 563$7'8&9S5 (&6(5 &3 &8&('8C3($&3 7' 8'(85&)$%'6(&9S5 7533$3('%&+ J2&6(5 5 3'2 '3(&75 8';8'3'6(&75 ;')5 (&%&6O5 7& W&6')& 7' 561'3($56&B%'6(5 ' ;')5 (&%&6O5 7& X)& YW + qZK
• [%H58& ('6O& 3$75 2($)$L&7& 2%& &H587&1'% 6S5B8&$56&)+ 5 &6')&%'6(5 75 ('8%55% &(8&35+ )'M52 & 5H('69S5 7' 2% 56(85)&758 8&$56&)*
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 !"! #$%&'()* +,* -(./0,12$* ). /. 4%() 5%0,$ 6,'7,0)  !
Fontes HSTCP

Fontes UDP 

R2R1

Enlace Gargalo,

         1Gb,

       200ms

D1

D2

10G, 10ms

10G, 10ms

10G, 10ms

10G, 10ms

"#$%&' ()*+ ,-.-/-$#' %0#/#1'2' 3-4 56.5&#7530-4 -7 53/'5 $'&$'/- 93#-: 0'7'3;- 2-  !"#$ %0#/#1'2- < 25 3333 .'-054 - =%5 -&&54.-325 ' 20% 2- .&-2%0->'32'?'0&'4-) @40%2-4 &5'/#1'2-4 57 AB'&7'3 50 '/)C DEE!℄ 257-340&'7 =%5 0'7'3;- 25 !"#$ 5=%#G'/5305 ' 20% 2- .&-2%0- >'32'?'0&'4- /5G'7 ' %7' %0#/#1'HI- 4%.5&#-& ' 98%2' '.'#2'25 25 53/'5 .5/- JK,LM)M'&' G5&#N'& ' 5N#O3#' 2'4 .-/P0#'4 25 QRS G'&#-%?45 - $&'% 25 -3$540#-3'7530-3' &525C %0#/#1'32- '&$'4 25 0.4 '0< 1.0 2' '.'#2'25 2- 53/'5) M'&' $5&'& '4 '&$'4 54?.5PN'4 T-# 57.&5$'2- - $5&'2-& 25 0&UT5$- ,&'VW53 AL'&2-4- '32 X515325C DEEE℄) "-?&'7 -34#25&'2-4 0&UT5$- 25 /-3$' 2%&'HI- Y",MZ 5 %&0' 2%&'HI- Y[@BZ) \5 7-2- ' -3?4#25&'& %7 '7>#5305 25 &525 &5'/#40'C T-&'7 #345&#2-4 ]%6-4 3I-?'2'.0'0#G-4 LBX^_\M.'&' $5&'& - 0&UT5$- 25 &%P2-)Q4 4#7%/'H`54 T-&'7 -7.-40'4 .-& 80% 25 0&UT5$- 25 /-3$' 2%&'HI- -% 25 %&0'2%&'HI- -7- 0&UT5$- .&#3#.'/C 5 20% 25 0&UT5$- 3I-?'2'.0'0#G-4 -7- 0&UT5$- 25&%P2-) M'&' ' 25N3#HI- 25405 G'/-&54 T-&'7 -34#25&'2'4 '4 752#2'4 '.&54530'2'4 57A"-753a-G 50 '/)C DEE!℄C '4 =%'#4 257-340&'7 =%5 Y83 ± 11Zb 2-4  %&#' =%5 '0&'G544'7' c305&350 4I- 2- 0#.- ,LM)Q G'&#'HI- ,LM %0#/#1'2' T-# - ()*+ ,-##. ,LM) : 0'7'3;- 2-4 45$7530-4 $5&'2-4T-# 25 1500  %&#'C -% 45d'C - .'2&I- @0;5&350 ): 0&UT5$- .&#3#.'/ JK,LM T-# $5&'2- 2-4 3e4 FontesHSTCP .'&' - 3e D1 5 -0&UT5$- 25 &%P2- T-# $5&'2- 2-4 3e4 FontesUDP .'&' - 3e D2) : 0&UT5$- [@B < $5&'2-%4'32- %7' 2#40&#>%#HI- ;P>&#2' f-$3-&7'/^M'&50-) : -&.- 2' 2#40&#>%#HI- -&&54.-325' %7' U&5' 25 0.88 5 < 7-25/'2- .-& %7' 2#40&#>%#HI- f-$3-&7'/ -7 7<2#' 25 7247 %&#'C dU ' '%2' < 7-25/'2' .-& %7' 2#40&#>%#HI- M'&50- -7 7<2#' 25 10558  %&#'



 !"! #$%&'(')*$ +,-(+ $. #$,-($/'0$(+. 1-2%$. 3($&$.-$.  !"#$%&#'()#& a b c d e
C1(z) 7.361e−10 3.06e−13 7.358e−10 0.08609 0.9131
C2(z) 7.357e−10 2.032e−14 7.357e−10 0.09038 0.9096
C3(z) 7.533e−11 9.699e−13 7.436e−11 1.803 0.8052*(+,'( -./0 1(&23,%&#4 5%6'67()#4 $( 839',3,$%(:;# )#4 "#$%&#'()#&,4 <%63#4=>(&?#&) ,% ('.@ /AAA℄℄. C 9#$%# ),,RH6'U+&6# (9&,4,$%()# $( \,:;# !.Z ?#6 H%6'67()#. 1(&( ),&6O(& #4 #$%&#'()#&,4 ?#6 H%6'67()(H3( ?&,R]^$6( ), (3#4%&(E,3 ), 8333 _7@ E,&($)# #4 O('#&,4 9(&( #4 9(&23,%&#4 )#4#$%&#'()#&,4 #$?#&3, (9&,4,$%()# $( *(+,'( -./. C ,$D&6# (9&,4,$%()# $( \,:;# -./ GH%6'67()# $(4 463H'(:`,4.C4 %&^4 #$%&#'()#&,4 #+%6)#4 (%6$E,3 # 9#$%# ), ,RH6'U+&6# , # RH, #4 )6?,&,$6( G(9,$(4 # (36$T# 9,&#&&6)# 9(&( (%6$E6& # 9#$%# ), ,RH6'U+&6#. a,4%( ?#&3(@ %#)#4#4 #$%&#'()#&,4 (9&,4,$%(3 ),4,39,$T# ,RH6O(',$%, 9(&( %#)(4 (4 3G%&6(4@ RH($)# (3G)6( G H%6'67()( 9(&( #39(&DN'#4. W ?#&3( #3# #4 #$%&#'()#&,4 (%6$E,3 # 9#$%#), ,RH6'U+&6# G ),%,&36$()( 9,'#4 #+M,%6O#4 ), 9&#M,%# ),S$6)#4@ #4 RH(64 6$KH,$6(3 (O(&6(:;# )# ),4,39,$T# ,3 %#&$# )# 4,H O('#& 3G)6#. W4463@ H3( 3,)6)( ,4%(%U4%6(9(&( #39(&(& # ),4,39,$T# )#4 )6?,&,$%,4 #$%&#'()#&,4 G # #,S6,$%, ), O(&6(:;#@ RH,G ( &(7;# ,$%&, # ),4O6# 9()&;# , ( 3G)6( PCV = s/X̄Q.*($%# 9(&( %&D?,E# F*1 #3# bc>@ # CV )(4 3G%&6(4 &,'(6#$()(4 (# 9#$%# ),,RH6'U+&6#@ %(64 #3# M($,'( ), #$E,4%6#$(3,$%# 9#& #$,I;# (%6O( PcwndQ@ 9&#+(+6'6)(),), ),4(&%,d3(&(:;# , %(3($T# )( S'( ,3 ?H$:;# )( (&E( $( &,),. C #$%&#'()#& #3# 3,'T#& &,4H'%()# G # RH, (9&,4,$%( #4 O('#&,4 3(64 +(6I#4 ), CV 9(&( (4 3G%&6(4@ # RH,
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C1 C/ C0F&/CC'# '0C 8/<'#CQ 60 /67'670E ' </8#8' M%/ ' '&$' '%</67' 0 P067&0>'80& C3'A&/C/67' </60&/C 9'>0&/C A'&' 0 CV 80 7'<'6=0 8' 5>')R' "#$%&' ()S @ 'A&/C/67'80 0 CV 8' A&0F'F#>#8'8/ 8/ 8/C'&7/T<'&':;0 /< .%6:;08' '&$') U A0CCV9/> 0FC/&9'& M%/ 0 0<A0&7'</670 8' CV A'&' 7&-./$0 123 @ 0 </C<0'A&/C/67'80 A/>0 7&-./$0 ",K) I>@< 8#CC0E A'&' 7080 0 #67/&9'>0 8/ '&$'C 7/C7'8'E 0P067&0>'80& C1 @ 0 M%/ 'A&/C/67' </>=0&/C CV 8/ 9'&#':;0)I7&'9@C 8' "#$%&' ()(E A08/HC/ 0FC/&9'& M%/ 0 0<A0&7'</670 80 CV A'&' 7&-./$0123 @ 8#./&/67/ 80 0<A0&7'</670 A'&' 7&-./$0 ",K) K'&' ' <'#0& A'&7/ 80 #67/&9'>08/ '&$'C 7/C7'80 0 P067&0>'80& C1 @ 0 M%/ 'A&/C/67' </60&/C 9'>0&/C 8/ CV )ICC#< 0<0 A'&' 7&-./$0 ",KE 0C P067&0>'80&/C C1 / C3 C/ C0F&/CC'/< 60C &/C%>H
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"#$%&' ()(+ ,&-./$0 123+ 0/5#/67/ 8/ 9'&#':;0 8' B'6/>' 8/ 06$/?7#06'A/670 /A.%6:;0 8' '&$'



max_th 'H*,4#1'."'# 20% $% 6+%$*"% 2#.$#I#"+#&%/ %* &'3#/ 3333 6#%"'&( J& #3*&"'& $%& $'-#,& 6#+S-'"+%&@%+#- @',"%& 1'4#.$% '- %.&,$'+#89% #& +'%-'.$#8X'& '- `B1%a$/ !  b#℄ ' `B1%a$/ Wddd℄eH*' ,.$,#- 6#+# %& &'>*,."'& 4#1%+'& min_th = 1
3
max_th = 1111 6#%"'&/ max_p = 0.1' w_q = 0.002 ' # %689% gentle_ ?#2,1,"#$#(P& &,-*1#8X'& @%+#- +'#1,7#$#& *",1,7#.$% "#."% "+A@'>% $' 1%.>#I$*+#89% \BCD^/ %-%"+A@'>% $' *+"#I$*+#89% \EFG^( J '.A+,% *",1,7#$% < % -'&-% $# B,>*+# b(!/ V'89% b(!(D#+# #$# ",6% $' "+A@'>%/ 4A+,#& -<"+,#& @%+#- %.&,$'+#$#& ' &'*& 4#1%+'& -<$,%& %2",$%&'- @*.89% $# #+># .# +'$' &9% #6+'&'."#$%& .%& >+AK%& H*' &'>*'-(D#+# $'+,4#+ %& 4#1%+'& -%&"+#$%& .%& >+AK%&/ *",1,7%*I&' % -<"%$% $' +'61,#89%,.$'6'.$'."' %- ,."'+4#1% $' %.K#.8# $' 95%



 !"! #$%&'%()* +% ,-/'% +* 0*123*&%+*3 45607849 *: ,1&%; <%3=%&* >1'*  !"# $%&'(*# +,#(-.'*-*# /*'* +0.&* . *,10(#. #2+3
•  !"!#$% "&'(% '! )*!+ .#&* $%&'(* /.'$(&. 4.'(5*' +$+ * /+06&(* -. "78*9.&* + &'19.:+ *:'.:*-+ ;<. =.:* *+ .,0*. :*':*0+> ? &*$*,=+ $%-(+ -* 50*(,-(* +$+ * /+06&(* -. "78 *&<* /'.4.,&(4*$.,&. ,+ +,&'+0. -+ +,:.#&(+,*@$.,&+> A#&* % <$* $%&'(* -. :'*,-. ($/+'&B,(* -*-+ ;<. + CDD . +  !""#$ .#&2+-('.&*$.,&. '.0*(+,*-+# * .0*> ? &*$*,=+ $%-(+ -* 50* % -*-+ .$ ,E$.'+ -./*+&.# -. &*$*,=+ -. 1500%&"#'F
• ,!-.%+ .#&* $%&'(* . *# #<G#.;H.,&.# .#&2+ '.0*(+,*-*# I# +,.JK.# *&(4*#L +<#.M*L +$+ *# /+06&(*# -. "78 *9.&*$ + -.#.$/.,=+ -*# +,.JK.# NODPQ> "4*R2+ % */'.#.,&*-* .$ /.'.,&*:.$ . % * '*R2+ .,&'. * ;<*,&(-*-. &+&*0 -. %&"#'.,4(*-+# . * */*(-*-. -+ .,0*.F
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