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 !"  !"# $%&'()")&(* +,-., /(!0* 10,%) 3%45&(67&%#$% &'&() *+, σ(t) '- (/(0&0%* '- ()) &$% +*&',%1* /1%*%2& 02 &$% *3*&%,(& (140&1(13 &0,% t ,(3 4% )0,0&%5 43 *',% '2*&(2& 6()+% V 70 < V ≤ ∞8&$(& 0* ())%5 &$% (/(0&3 '- &$% *3*&%,9:+$ *3*&%,* (1% +*%5 &' ,'5%) (25 *')6% 6(10'+* /1'4)%,* '+1102; 02 &$%5%*0;2 '- ',/+&%1 (25 ',,+20(&02; 2%&* (25 *3*&%,*9 <& 0* )%(1 &$(& &$%350=%1 -1', +*+() )(**0() >+%+%02; *3*&%,* 02 &$% (*% V < ∞9 ?'1 %@(,/)%AB% (2 (2()3C% &$% 2'2D)(**0() *3*&%, M/G/1/(∞, V ) B0&$ )0,0&%5 (/(0&3&$(& 50=%1* -1', &$% )(**0() *3*&%, M/G/1/∞9E%&
F (x, t) = P{ζ < x, ξ < t}4% &$% 50*&104+&0'2 -+2&0'2 '- &$% 1(25', 6%&'1 (ζ, ξ)9 #$%2

L(x) = P{ζ < x} = F (x,∞) (25 B(t) = P{ξ < t} = F (∞, t)(1% &$% 50*&104+&0'2 -+2&0'2* '- +*&',%1F* (/(0&3 (25 )%2;&$A 1%*/%&06%)39#$% /(1& '- *3*&%, (/(0&3 0* '+/0%5 43 ( +*&',%1 (& &$% %/'$ $% (1106%*(25 0* 1%)%(*%5 %2&01%)3 (& &$% %/'$ $% ',/)%&%* *%160%9 #$% /1'%** σ(t) 0*())%5 &$% &'&() +*&',%1* (/(0&39#'&() (/(0&3 )0,0&(&0'2 702 &$% (*% V < ∞8 )%(5* &' )'**%* '- +*&',%1*9G +*&',%1 (110602; (& &$% %/'$ τ (25 $(602; (/(0&3 x B0)) 4% (5,0&&%5 &'&$% *3*&%, 0- σ(τ − 0) + x ≤ V 9 H&$%1B0*% 7σ(τ − 0) + x > V 8A &$% +*&',%1B0)) 4% )'*&9I(10'+* *02;)%D*%16%1 >+%+%02; *3*&%,* B0&$ 2'2D$',';%2%'+* 702 &$% *%2*%'- (**+,/&0'2*  A "8 +*&',%1* B%1% (2()3C%5 02 J KL℄9#$% /+1/'*% '- &$0* /(/%1 0* &' ',/(1% /1'%**'1 *$(102; (25 ?<?H '1'&$%1 '2*%16(&06%A 2'& 5%/%2502; '2 +*&',%1* (/(0&3 50*0/)02%* (25 02D6%*&0;(&% &$%01 02N+%2% '2 &$% *&(&0'2(13 O1*& ,',%2& '- &$% &'&() *+, '-+*&',%1* (/(0&0%* 7B$%2 V = ∞8 (25 +*&',%1* )'** /1'4(40)0&3 7B$%2
V < ∞89 #' 1%()0C% &$0* /+1/'*% B% +*% (2()3&0() ,'5%)02; (25 *0,+)(&0'29 ! "#$ &'$ () *+,-.-/$0 '1'/$. &2&-/1:+//'*% &$(& +*&',%1* 02&1(2% N'B 0* P'0**'29 E%& a 4% (2 (1106() 1(&% '-%2&1(2% N'B '- +*&',%1*9 G**+,% &$(& V = ∞9 #$%2 B% $(6% &$% )(**0()
M/G/1/∞ (25 M/G/1/∞−EPS 7/1'%**'1 *$(102;8 *3*&%,* B0&$'+& )'**%*'- +*&',%1*9 ?'1 *+$ ( *3*&%, B% (2 '4&(02 &$% *&(&0'2(13 $(1(&%10*&0*'- &'&() +*&',%1* (/(0&3 7*%% %9;9 J"A Q℄89R% *$()) +*% &$% -'))'B02; 2'&(&0'29 S%2'&% 43

α(s, q) =

∫

∞

0

∫

∞

0
e−sx−qtdF (x, t)



 ! "!#$%!% '( )%*+"% ,")"-."!% '! /0*01%*")1") '( 2$%$%  !"#$% &'()*% +,-*,%/0#1%*#2%3 #4,536'7 8+09: '6 #$% 6(5#1'5 F (x, t); +%#
ϕ(s) = α(s, 0) ,5& β(q) = α(0, q) )% #$% +09 '6 #$% 6(5#1'53 L(x) ,5&
B(t)< 4%3-%#1=%*>; +%# D(x) = P{σ < x} )% #$% &13#41)(#1'5 6(5#1'5'6 3#,#1'5,4> #'#,* (3#'7%43 ,-,1#> σ; +%# ϕi = Eζi< βi = Eξi ,5&
αij = E(ζiξj) )% #$% i#$ 7'7%5#3 '6 #$% 4,5&'7 =,41,)*%3 ζ< ξ ,5& #$% 71?%&
(i+ j)#$ 7'7%5# '6 #$% 4,5&'7 =,41,)*%3 ζ ,5& ξ< 4%3-%#1=%*>; i, j = 1, 2, . . . <
ρ = aβ1 < 1; @%5'#% )> δ(s) =

∫

∞

0 e−sxdD(x) #$% +09 '6 #$% 6(5/#1'5 D(x) ,5& )> δi = Eσi #$% i#$ 7'7%5# '6 #'#,* (3#'7%43 ,-,1#> σ<
i = 1, 2, . . . ;9$%5 6'4 #$% 3>3#%7 M/G/1/∞ 8'4 6'4 #$% &131-*15% ABAC: D% $,=% EF℄H

δ ! "1 = Eσ ! " = aα11 +
a2β2ϕ1

2(1− ρ)
. (1)A'4 #$% 3>3#%7 M/G/1/∞− EPS 8'4 6'4 #$% &131-*15% IJ0: D% K%# EL℄H

δ#$%1 = Eσ#$% =
aα11

1− ρ
. (2)A4'7 #$% 317-*% 4%*,#1'53 8 : ,5& 8L:< D% ')#,15 #$,# δ ! "1 < δ#$%1 16#$% 15%M(,*1#> 2β1α11 > β2ϕ1 #,N%3 -*,%; A'4 %?,7-*%< 16 #$% 4,5&'7 =,41/,)*%3 ζ ,5& ξ ,4% 15&%-%5&%5#< 1;%; α11 = ϕ1β1< #$% *,3# 15%M(,*1#> #,N%3#$% 6'47 2β2

1 > β2; O'#% #$,# 6'4 %?-'5%5#1,* &13#41)(#%& (3#'7%4 *%5K#$D% $,=% 2β2
1 = β2; 0'< 15 #$13 ,3% 6'4 15&%-%5&%5# ζ ,5& ξ D% ')#,15 #$,#

δ ! "1 = δ#$%1 ; B6 #$% (3#'7%4 *%5K#$ &13#41)(#1'5 13 $,4,#%41P%& )> =,41/,#1'5 D$1$ 13 *%33 #$,5 6'4 %?-'5%5#1,* '5%< D% ,*D,>3 $,=% δ ! "1 < δ#$%1 ;I=1&%5#*>< #$13 D1** )% #4(% 6'4 #$% ,3% '6 -'31#1=% '44%*,#%& ζ ,5& ξ 8D$%5
α11 > ϕ1β1:;A'4 7,5> 4%,* '7-(#%4 3>3#%73 86'4 %?,7-*%< 6'4 '77(51,#15K %5#%43:#$% (3#'7%4 *%5K#$ ,5 )% &%Q5%& )> #$% 4%*,#1'5 ξ = cζ + ξ1< D$%4% c ≥ 0,5& #$% 4,5&'7 =,41,)*%3 ζ ,5& ξ1 ,4% 15&%-%5&%5#;@%5'#% )> κi #$% i#$ 7'7%5# '6 #$% 4,5&'7 =,41,)*% ξ1< i = 1, 2, . . . ; 9$%5#$% Q43# 7'7%5#3 '6 #$% 4,5&'7 =,41,)*%3 σ ! " ,5& σ#$% ,5 )% ,*(*,#%&64'7 4%*,#1'53 8 : ,5& 8L:< 4%3-%#1=%*>< D$%4% E"℄

α11 = ϕ1κ1 + cϕ2, β1 = cϕ1 + κ1, β2 = c2ϕ2 + 2cϕ1κ1 + κ2.B5 #$13 ,3% D% $,=% #$,# δ ! "1 < δ#$%1 16 #$% 6'**'D15K 15%M(,*1#> #,N%3 -*,%H
c2ϕ1ϕ2 + 2κ1(ϕ1κ1 + cϕ2) > ϕ1κ2. (3)B5 -,4#1(*,4< 16 , (3#'7%4 *%5K#$ 13 -4'-'4#1'5,* #' $13 ,-,1#>< 1;%; κ1 ≡ 0<

κ2 ≡ 0< D% $,=% 64'7 8": #$,# c2ϕ1ϕ2 > 0; I=1&%5#*>< #$13 15%M(,*1#> 13 ,*D,>3



 !"  !"# $%&'()")&(* +,-., /(!0* 10,%) 3%45&(67&%#$%&' ()$ &*+,-.&/ 01 2& +33%,& +440#0)5+..6 #7+# #7& %3#),&$ .&59#7 ζ 7+3+5 &*-)5&5#0+. 403#$0:%#0)5 20#7 -+$+,&#&$ f / 2& ):#+05;
δ ! "1 =

1

f
·
ρ(2− ρ)

1− ρ
, δ#$%1 =

1

f
·

2ρ

1− ρ
.<5#%0#0=&.6 #703 03 .&+$/ :&+%3& 05 #7& +3& )1 >?@ 4030-.05& 37)$# A)$7+=059 3,+.. +-+0#6B %3#),&$3 +$& 1)$ + 3,+.. #0,& 05 #7& 363#&,/ 270.&(<(C 3&$=0& )$9+50D+#0)5 4)&3 5)# 4&-&54 )5 #7& %3#),&$ +-+0#6' ! "#$ &'$ () *+,+-$. '/'-$, &0&+-/<5 #703 +3&/ 0# 03 05#&$&3#059 #) ),-+$& .)33 7+$+#&$03#03 1)$ >?@ +54 (<(C4030-.05&3'<1 %3#),&$E3 .&59#7 4)&3 5)# 4&-&54 )5 703 +-+0#6 +54 7+3 +5 &*-)5&5#0+.403#$0:%#0)5 20#7 -+$+,&#&$ f / 2& ):#+05 FG℄ 1)$ 363#&,3 M/M/1/(∞, V ) +54

M/G/1/(∞, V )−EPS 20#7 #7& 3+,& ρ = aβ1 #7+# #7& .)33 -$):+:0.0#6 P 7+3#7& 1)$,;
P ! " = P#$% =















1− ρ

e(1−ρ)fV − ρ
01 ρ 6= 1/

(1 + fV )−1 01 ρ = 1'I)#& #7+# β1 = 1/µ 1)$ #7& 363#&, M/M/1/(∞, V )/ 27&$& µ 03 #7& -+$+,J&#&$ )1 %3#),&$ .&59#7'K+#&$ )5/ 2& 37+.. ),-+$& .)33 -$):+:0.0#0&3 P +54 -$):+:0.0#0&3 Q #7+#%50# )1 %3#),&$E3 +-+0#6 20.. :& .)3# A3&& FL℄B 1)$ +3&3 )1 (<(C +54 >?@4030-.05&3' <# 03 .&+$ A05 #703 +3&B #7+# -$):+:0.0#6 Q 03 +.3) #7& 3+,& 1)$ :)#7363#&,3 %54&$ )5304&$+#0)5' M703 1+# +5 :& )5N$,&4 :6 $&3%.#3 )1 30,%J.+#0)5 A3&& O--&540*/ #+:.&3  +54 P/ 27&$& f = 1/ µ = 1B' <5 )%$ 5)#+#0)5/2& 37+.. %3& #7& .)2 054&*&3 Q+5R )$ Q30,R #) 4&,)53#$+#& #7+# +5 +-$)-$0+#&7+$+#&$03#0 2+3 ):#+05&4 +5+.6#0+..6 )$ :6 30,%.+#0)5/ $&3-&#0=&.6'<# +5 :& )51)$,&4 +5+.6#0+..6 +54 :6 30,%.+#0)5 #7+# 2& 7+=& #7& 3+,&$&3%.#3 1)$ .)33 7+$+#&$03#03 P +54 Q 05 #7& 363#&,3 M/M/1/(∞, V ) +54
M/G/1/(∞, V ) − EPS 20#7 #7& 3+,& ρ/ 27&5 %3#),&$E3 .&59#7 4)&3 5)#4&-&54 )5 703 +-+0#6 +54 %3#),&$E3 +-+0#6 7+3 #7& 3+,& 403#$0:%#0)5 1)$:)#7 363#&,3'



 ! "!#$%!% '( )%*+"% ,")"-."!% '! /0*01%*")1") '( 2$%$%  !"#$% &' $)%*+,-.) /,01%2 3,4,03) *0 2&) 545&%67 %2,0 ),-8&, 3&)&4/&0,25) 50 &09$,0, *0 /*)) 25-5%,-&)%&) *' %2, )6)%,+: ;2&) &09$,0, 3,4,03)*0 %2, 25-5%,- *' %2&) 3,4,03,0, 503 %2, 85/$, *' ρ7 <$% &) &0,)),0%&5/'*- )+5// ρ: =, 3,+*0)%-5%, %2&) '5% &0 %5</,) >7 ?7 503 " @&0 A44,03&BC7D2,0 $)%*+,-.) /,01%2 &) 4-*4*-%&*05/ %* 2&) 545&%6 503 %2, 545&%6 25)50 ,B4*0,0%&5/ 3&)%-&<$%&*0 @ξ = cζ7 c = 17 ϕ1 = Eζ = 1C:E% &) &0%,-,)%&01 %* *+45-, %2, /5)% -,)$/%) D&%2 %2*), '*- %2, 5), *' 0*0F,B4*0,0%&5/ $)%*+,- 8*/$+, 503 /,01%2 3&)%-&<$%&*0: =, 4-,),0% %2,+ &0%5</,) GH! '*- &03,4,03,0% -503*+ 85-&5</,) ζ 503 ξ 258&01 %2, $0&'*-+ 3&)F%-&<$%&*0 *0 [0; 2] @),, %5</,) G7 IC 503 '*- %2, 5), D2,0 $)%*+,-.) /,01%2 ξ &)4-*4*-%&*05/ %* 2&) 545&%6 ζ @258&01 %2, )5+, 3&)%-&<$%&*0C D&%2 *,J&,0%
cρT +*-, 4-,&),/67 &0 %2&) 5), %2, &09$,0, *' ζ 503 ξ 3,4,0F3,0, &) &0,)),0%&5/ '*- /*)) 25-5%,-&)%&) 5/$/5%&*0: ;2,-,'*-,7 &0 4-5%&,D, *'%,0 0,,3 0*% %* 456 5%%,0%&*0 *0 %2&) 3,4,03,0, 503 50 $), 505/6%&5/+,%2*3) %* 5/$/5%, %2, /*)) 4-*<5<&/&%6 '*- N$,$,&01 )6)%,+) D&%2 $)%*+,-/,01%2 0*% 3,4,03&01 *0 2&) 545&%6:*+,+-+$+(W ℄ A: Y: A/,B503-*87 #: A: Z5L: [*0F2*+*1,0,*$) 3,+503) 9*D ),-8&,: !"#$%&'( )* +++,- .#/01&0#$/('( 3&4#51#%&/(7 [* U7 ?IH">7  !I>: @E0\$))&50C:WU℄ #: S,01$4%5: ;2, )45%&5/ -,N$&-,+,0% *' 50 M/G/1 N$,$, *-] 2*D %*3,)&10 '*- <$^,- )45,: 6#%- *7%#$ 871%5-  19- +&-7  !7 "?IH"GU7  !K?:



 !"  !"# $%&'()")&(* +,-., /(!0* 10,%) 3%45&(67&%#$℄ &' (' )*+,-./.+-'  !"!"#$% &'(")* #$ +',-!."/ 01*.",*' 0.*1/234*5/54+-/6 (*.4+6  !!7' 89. :;44*<.='#>℄ &' )*+,-./.+-' &".'(1 -/'232#)#*.15$" 3$3)#51 *1*.",67 #$8'/,319:$1;' ?+<@/A*+< &CD.< ED@<F.*G< HI9)6 E<24G<F<6 J77"'#K℄ L' M' N<4,+-1' <$3)1*#* '8  !"!"* #$ +',-!."/*' :<@*- * L1D<G6(-4+-F6  !O!' 89. :;44*<.='#"℄ &' )*+,-./.+-' PQ<44*<Q <.@ .-.3Q<44*<Q R2-/44-2 4,<2*.S 4D45/A4F*5, .-.3,-A-S/./-;4 ;45-A/24' 0#"$.#= >**!"* '8 ?3$ @A!%'*5 B$#:C"/*#.1 #$ +5�*.';'73E 0"/E &3.;",3.#*6  !"6  $$T K76 J77!'#U℄ &' )*+,-./.+-6 ?' V-Q<6 (' W*XY+-F4+*' H45*A<5*-.4 -Z Q-44 ,<2<5/2*435*4 -Z 4*.SQ/34/21/2 [;/;/*.S 4D45/A4 F*5, .-.3,-A-S/./-;4 ;45-A/24'0#"$.#= >**!"* '8 ?3$ @A!%'*5 B$#C"/*#.1 #$ +5�*.';'73E 0"/E &3.;:",3.#*6  !!!6 K$T""6 J77O' !!"#$%&)<\Q/  ] ^2-\<\*Q*5*/4 Q Z-2 ρ = 0.2

V QFIFO
sim QESP

sim7'7  '7777  '7777 '7 7'UKJ" 7'UKJ"J'7 7'>>K> 7'>>K J'K 7'$J!7 7'$JO!$'7 7'J>7J 7'J>7 >'7 7' J$7 7' J$ K'7 7'7" 7 7'7"7U"'7 7'7J!$ 7'7J!KO'7 7'77"U 7'77"! 7'7 7'77 > 7'77 > J'7 7'777$ 7'777$



 ! "!#$%!% '( )%*+"% ,")"-."!% '! /0*01%*")1") '( 2$%$%  !"#$%&' () *+,%$%-&-.-'/ Q 0,+ ρ = 0.8

V QFIFO
sim QEPS

sim121  21111  21111(21 123""4 123"" 421 125165 1251""721 12 ""7 12 ""(621 12 163 12 163 121 121766 1217"6 321 121(55 121(5((121 121163 121163(321 12115 12115 5121 1211 ( 1211  5321 121114 121114
#$%&' 5) *+,%$%-&-.-'/ P $89 Q 0,+ ρ = 0.2

V PFIFO
sim QFIFO

sim PEPS
an QEPS

sim121  21111  21111  21111  21111 21 125647 12"434 12564" 12"434(21 12 "  124443 12 " 6 124433521 121631 12(35 121677 12(34!421 121447 12 4 ! 12147" 12 446321 121(41 121"!1 121(71 1216(4721 121 (! 121453 121 4" 12147!621 121156 121 51 121146 121 35 121 1211  121156 1211 7 12113  (21 121115 1211  121113 1211 " 321 12111 12111( 12111 121115



 !"  !"# $%&'()")&(* +,-., /(!0* 10,%) 3%45&(67&%#$%&' () *+,%$%-&-.-'/ P $01 Q 2,+ ρ = 0.8

V PFIFO
sim QFIFO

sim PEPS
an QEPS

sim343  43333  43333  43333  43333543 345673 34687 3459( 346(5((43 34 575 345"6 34 (76 348   943 3437 6 34 9(5 343!9( 345389"43 343(5! 343!!7 343979 34 (59 343 343597 34395( 343(!8 34 3(5 643 3433!3 3435 5 3435(" 3436565343 343385 343379 343 86 3435"65643 3433 5 34335" 343379 343 938343 34333( 3433 3 3433(( 3433!58643 343335 34333( 343356 34336((343 34333 343335 3433 6 34338 6343 343333 343333 343336 3433  #$%&' 6) *+,%$%-&-.-'/ P $01 Q 2,+ ρ = 1.0

V PFIFO
sim QFIFO

sim PEPS
an QEPS

sim343  43333  43333  43333  43333543 345"38 3469 9 345!35 3469"7(43 34 663 348838 34 " ! 34895(643 34 55! 34596( 34 68! 348373 343 34366 34 553 343"73 34 789 643 3438(( 34379( 343939 34 5 55343 343569 343675 343(96 343!5!8343 343 85 3435!3 3438 7 3439868643 343 36 3435(9 3435(" 3436("(343 343379 3435 7 3435( 343(" 6343 343373 343 9( 343 !6 3438"!9343 343396 343 (( 343 98 3438567343 343369 343 53 343 (3 34357!"343 3433(! 343 3( 343 55 343563



 ! "!#$%!% '( )%*+"% ,")"-."!% '! /0*01%*")1") '( 2$%$%  !!"#$%& '( )*+$#$,%,-,&. P #/0 Q 1+* ρ = 0, 2 23&/ ζ #/0 ξ #*& ,/0&4&/0&/-
V PFIFO

sim QFIFO
sim PEPS

an QEPS
sim565  65555  65555  65555  65555567 5687'7 56!9!8 5687'7 56!9!8 65 567:;5 568'7< 567:; 568'7< 67 56959 56;!5; 56959! 56;!5<:65 565!:9 56 ::' 565!9< 56 :;5:67 565788 565<;' 565'59 565<89965 5659 ; 565;!: 5659;; 5657:<;65 56557 56558' 56558! 565  9765 5655 : 5655 < 5655:9 56559;'65 56555: 565559 56555' 56555!865 565555 56555 56555: 56555:
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V PFIFO

sim QFIFO
sim PEPS

an QEPS
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V PFIFO
sim QFIFO

sim PEPS
an QEPS
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V PFIFO
sim QFIFO

sim PEPS
an QEPS
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