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RQ WKH GLVW WLEXWHERQIRAK P HDQQEHHPOD one cycle
WUROOHMB BRIV DXWRPDWLFDOO\PLQ ‘ '

VI\VWHP ZKIRVHX I ¢ FLHQWO\ KHDY\ wWDLO?9Y Vi Viz

WLPHWZI2WIQG DJH SURSRUWLRQDO VHC™! L T T
2XU WKLUG FRQWULEXWLRQ LV WR GH rsv]f W R

PRGHOLQJ WKH GLVWULEXWLRIQ RKRD

WKDW XQGHU 3DUMWMR ®ENHNMULYYHS LR U fing 2 T Vai ’[ Va2

WHPV> @ >W@VVYWRFKDVWLFDOOLODU. e

EXW VPDOOHU W K POQVHHMNHNVGAKIDGDNO \ DWK L v Son v

LQ OLQN XVHUV DUH PRUH UHOLDEOH WKDQ QHZ DUULYDOV EXW OHVV VR
WKDQ UDQGRP OLYH SHHUV LQ WKH ViV w H¥FWLY HOPRE ROR ERAPH WL R WU Q DORQJ
LQFUHDVLQJ WKH ELDV WRZDUG QRGHV ZLWK ODUJH DJH L H XVLQJD
PRUH DJJRHVOHDY WR D VXUS WHWILQJ UHGXF_WLRIJ% LW
7KLV LQGLFDWHY WKDW WKHUH H[LVWv\Qd‘(ﬁﬁ%«JmﬁJ 9 U B BYHkh We-iRve - YOKHOE
DQG RXW HGJH UHEHORA DY H IS®6 K D DWW JRLQJ XS XSRQ FUHDWIRQVRU (
W JHWV VWRFKDVWDRIBOBY W@W R DE 0 WEKRPHHAPIHIL Rd PWKHWHE HFRT MEKEHLJIKE
GLVWULHEXWKRMHWRVRPHZKDW VLPLJWHK QH PN OHIELY REVUHVSRQGLQJ VHDU
VHUYHG LQ '+7V> @ > @ WKH UH DV R G\RVRH) IR ORY oiRpHy @ b iy UHSDLU
FRPSOHWHO\GLIIHUHQW DV ZH GLVFXYNIEHPRZDQ H[SORYLMBIN GRAHDWLRQ
2XU IRXUWK FRQWULEXWLRQ LV WR VWKRQWKIVP OO P Fr IR VHE HUMBHS\WVIER G H \
SURSRVHG IUDPHZR UN BPKUSHHHUOW K H B RERDRDHOY | XOO\ HTXLYDOHQW WR P KRP
KRPRJHQHRXV 3RLVVRQ SURFHVV ZKRVHMDYVRE WL BOWKYERSZRQREG ERQRH FWLRQ
DJH SUHIHUHRAHHTIXQFWORBZV XV WR REWD O W ML (HBIQLFK LV D PL[WXUH RI L
VLHQW GLVWULEXD){ER Q R KLHQWGHKIKW B U UH\YWPH GLVWULEXWLRQV ZHLIJKWHG
DJH RI D OLYH SHHU H[WHQGLQJ WK HWHOHFONWRK HP @QUBERMKRIQ KW & TMRHUPF\ RI HD
VHOHFWLRQ :HGLVFRYHU WKDW ERXQEWEHFUH | HUKKFBWHR Q@WLRQV H J
XQLIRUP PD[ DJHQILNDMJBRIHWIKH XVHU V DJH
r o0 2Q WKH RWKHU KDQG XQERXQ GHRASSIVEIPYReMSQFH IXQFWLRQV
HJ DJH SURSRUWLHRIQYHG WERRQLQLW\Q HDKLVFKUQ@DWLYH DSSURDFK > @ LV V
HYLWDEO\ IRUFHYV SRS UQRRPUL W B Il X i V/GD RS DIV J W I R W URLLFFADRY LLROQ. WVLRD
WKH\ EHFRPH RYHUBWQRLHFHGLQVARUNWHQO PHY @X UNKIVMMRLQ 7KLV PRGHO VLPSO
QRW RQO\LQFUHDVHV QHLJKERU VHDRY K DOV QW BAXKGHIAi M BRI bINVHLFO L H «
KHDG EXW DOMMOGRAWERRWYHQWXDOEhRRQIFKIWER B MR BRI Y B U VARDXUSFKL Q J

LQDV\PSWRWLFDOO\ODUJH QHWZRUNMH GLPL LVKLQJ H[BHWEMWH ® RBWV & H JLU
‘H ¢QLVK WKH SDSHU E\ VWXG\LQJ WKH FRFES l,ﬂ_még% hi -+ 3

D(r) LQ ERWK SDVVLYH DQG DFWLYH A WEA MY ))%%pSRVVLELOLW
WLRQV RQ WKH XVDJH Rl RXU PRGHO\G W Rg SRMEPH WRYY Ry WKE vV FRC
VIVWHP WR D FKLHRHRDHQAH HKEHUIREBY B XY WiWKXVHU WR VWD\ FROQHFWH G
FRQWULEXWLRQ DFWLYLW\ HJ NHHS DOLYH PHVVDJHV
QG UHSODFHPHQW QHLJKERUV $V WKL

., 87/,1.8& 851 EHIRUH ZH QDWXUDOO\KDYH WR LQYHVYV

7R PRGHO D 3 3 VIVWHP RQH UHTXLORSHWKUHH XQGHUO\LQJ DV
VXPSWLRQV2D FK XIKE R B GHC ODHIH P H

HDFK SHHU DQG D SUHIHUHQFH IXQF\hQL\%Q%'%eﬁ%{eéW%q%gNsF}?ﬂi%wLRQ ‘H

RXWOLQH WKHVH QH[W 7KH UHVW RI WKLV VHFWLRQ SUHVHQW
QRYHO PRGHOLQJ IUDPHZRUN IRU RXW ¢
A. Active Systems DOO SUHYLRXV DSSURDFKHV LQ WKLV ¢
&RQVLGHU D';QSWLZ\RUINLFSIDQWVIRUPIE H \Llj 2 %l?(vEKRRUx%AE%“{FeT/v\AU?HVéS\Y\::\
JUDSK ZKHUHuHPF® BREBRGHOHG E\ D \l%/
WHUQDWLQJ UHQHZDO SURFRH Y)Y \UMB
> G6HF ,,,@ 7TRDOORZIRUKHWHURJH \HLP
VXPH W KD WDSHGHRIP O\ GUDZV LWV OL I H

W \WWWHPV ZLWK MXV\V
\ Y FEXUDW
HVE L \Q/ §';'|H ﬁi%@@nm Q
; . Y \ FROOHFWLROQ
EXWLRQIXQFWLRQ &') IURPVRPH ¢Q HHSLE%%@%‘@EE E @%@9
EXWLRQV D QI B D aughaind NV WR H[L vQ HQ WL E DO
LQ WKHQJUD%K SHSELU%\EURNHQF[R g%%(/ RY¥ GERYY REKIWSRENY @

FXUV VRPHUDQGRMEBEG\WRKGMWNFRW WKH IDLOXUH DQG
¢QG D UHSODFHPHQW XVHU 7KLV SURFHV &V.TLNQEIXV /U DIW G_L%éLJ
ZKLFKVKRZV WKHVWDWXV RI WKH gUVW wZREXWIRIGH o EgNfy R1K ¢ u



<$2etal. 816758&785(°3 3/,1./,)(7,0(65('8;

ZKHELH) = 1— Fr(z) LV WKH WDLO &') RI X VHILQE HIHW IHRHRVIRU QHIDWLYH DUJXPHQ
)RU 3DRLEWR] — (1+2/8)* LWLV ZHOO NQRW® FUIE LQWR D GLIIHUHQFH EHWZHHC
WKDW WKH VKDSH SDMDRIGWHE REERWK DIH | .x x

L Ha(z) =1-(1+2/8)" > )RURXU ODWHU UHVXCEV{ ﬁﬁ@%HE / gly —a)dy| .
WKH UH VA GRAD Ml residualRL. WR EH D UDQGRP 0
YDULDEOWK &)

$SSO\LQJ WRHDFKWHUPRI  EHJHV
_ N ‘H QRZ ¢ [ YHHUG GHDO ZLWK WKH GLVWU
FZ(:U)'_P(Z<;L)_—E[A}/ Fa(y)dy OLQN OKJHWLPH

ZKHAH2 LV DVVXPIHNGADUHWR L @,zKLVK F18ygn L$VVXPLQJ KR ©& VWIQE FROOHF
FRQY H QLHOMEG)? © RI YDUI{XD,E(DH‘{Z)V\PSWRWLFDOO\L LG zL
TH[W VXSGRV R(w — v | Ay,...,Axy_1) LV WKH Elp(A —2)|A> 2] -
SUREDEL® IRRQWKBWONWRP LQJ WKH O DAY WH’U QPL‘YH A LAl
DQG FRQGLWLRQLQWU-RIQOWKH BBHHWRIRWKHU W 5(3

w  $Vroo VHOHFWLRQNVRMOLRE WD LQ X \PHUSy FZH WX

D GLVWULEXW LR QGR HM @ R &/XROQ/NYW KDMW 7R SUHF% ¢ G HE[p(Z)]
VXFK FDVHV ZHeNHTHYUSWRBWMFD® O\ SLFN xVvHYY :EpA)
SURSRUWLRQDO WR VRPH IXQFWLRQ RI LWV FXUUH JH
Assumption 1: 7KHUH H[LVWYV D QRQQHJDWL'WP“ZPﬂ’j'f%\?«/"\ﬁ%lq2 \'i_v H 8;H @ AW DF HRRI W
pz) > 0 ZLWHK = 0 | RiU< 0 D QEG(A)] < oo Z K HIFHQFH RI'WKH OORZ QJIDFWV YRK B

E[A].

A~ Faz) VXFK WKDW FKDQFH WKDMOIHMW WKH VDPH LQGLYLG
. LQ WKHFABOWYV DEURMYNMO OQ)LJ EHFRP

p(A,) JLEOHDY ORUHRYHU WKHUHDUHLQFUHE

ZCN(”)——E[p(A)]N —0 VLPLODUDJHV DQGWKHFKRLFHRIRQHG

v=1
LQGLVWULEXWLRQDV
6LQFH WKH\SWUREHEEIOD JIJWYK H WWIQ G I}@
LQ PXVW RRI@bdtibd W DWKHU WKDQ L g
‘H VWDUW ZLWK WZR SUHOLPLQDU\ U
WKH SDSHU 7KH ¢V \DW R QM HQLHVWQ W
LOWHJUDOV ZLWK UDQGRP XSSHU OLP
Lemmal: $VVXPHY D QRQQHJIJDWLYH UD §
UHVDGXQE)>0LVVRPHIXQFWLRQ 7K

WKH SRRO RI UHPDLQLQJ XVHUV RIVLPLC
FB4I1DJH4\(7 1 IRUOLYHXVHUYDBRMVMRSW

[%1 GFAZ(i. W'KKG(LW W UK HE XK WVAHLUR\VQ!
Y t§

Qe SRR BB 11
\)6 JH

WRDQLLG VHW

L o RSBk, v rmaowe

17FL(G‘+:L‘)

X P(R>zlA—q)— -~ 1207

B[ ot ay| = BIXIEO. (R>eld=a) =5
0 KHaU>H)D G0 1RZF —LlGU'Q,GHSHQGHQW

Proof: $V D FRQYHQWLRQ ZH ZULWH aéwv FUFD Y, EH WKH ERUL
GHQVLWLHV LQ ORZHUFDVH ERWK vx\;zé/ﬂgg w @'lj\y XQ,y *b@ LR LW Kik | F K
FRUUHVSRQGLQJ YDULDEOH ([SDQGLOdow JLYHQDOOWKHDJIHV> @ 7KXV W,
x o[ e ) OLIHWLPH IRU®DIQX DV YRHSXWRMILFD O O\
/ <>dy]— / [/ ()dy}dm)

1- Fy(A,
B P(R, > z|A1,...,An 1) = #
L QWHJUDWLQUJ E\ SDRNV&Y —QR WIQRL @ ¥ MGID W — FL(4,)
Fx(z) = E[X]fy(r) REVHUYH WKDW  EHFRPHMy, EH WKH UHVLGXD®@ RHWHKRAWV B Q&

E

o o R@,...,Ax.; 7KHQ LWV WDLO &')LV D VXP |
/0 9(w)Fx(w)dw:E[X]/O g(z)fy (z)dx WKDW HDF K @XY M DXVWHM W FOH DO @M D @ Q G
ZKLFK LV WKH VDPH DV m CGRPOVVHDWBWMHLIKERU
7KHVHFRQG SUHOLPLQDU\UHWEKOW H[SDQGV WKH LQWHJUDO RI
—#)] XVLQJ WKH XHVLGXDO RI P(Ry>u)=) P(R,>u|A1,...,Ax 1)en(v).
Lemma2: $VVXPH WKH VDPHDV LQ /HPPD EXWDGELWLRQDOO\
VXS YRYHO IRIU<O 7KHQ IRU ®Q\ $SSO\LQJ
@ N
/E[g(Xft)]dt:E[X]E[g(Y)fg(Yfa)]. Pt oy LN 1= F(Agta)
0 (RN>;U)—N; = Fy(A,) New (v).
Proof: 5GHZULWLQJ
,QYRNLQJ WKLV UHGXF&WLR WKH OL
a X
- — - —Fr(A+4z) p(A)
Elg(X t)]dt—E/ g(y)dy]- F w—EF Fu(
/0 X-a vi@) 1-Fi(A) Ep(4)]
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10° P 10° Proof: $W WLPK®O XVHUV LQ WKH VA\VWHP C
HGJHV DW DQ RWiH UZKQAG K BWHD OV WKH UD
L 107 L 107 HGJHV DUH EHLQJDEVRUEHG E\ WKH OLY|
8 8 WKH DJHRL¥WYHY s WKH VHOHFWLRQ SUR
TR = S TR LPSOWWKIFMLYHV HGJH S W WD LFDW D DYUR
2 Smutatonofa 2 Simutaton of Q WpR:) 7KXV WKHLQVWDQWDQHRXY DWW H
_g||*tail of W _g||-*tail of W t LV
10 -1 0 1 2 10 -1 0 1 2
10 10 10 10 10 10 10 10
lifetime x (hours) lifetime x (hours) D (JL’) /\p (l)
Mz) = AN (¢ =
® ® ) = AN S ERE)] ~ Ep(A)
)LJ &RPSDULVRQ RI WR VLEZX WEVWHD@VEI RUBEGE HWR
=5 DFWLYH V\VWHP« =D3 8QL2RUPE $JH SURSRUWWRKQEH®OLPLW
a=35n=2K 7KHVH HGJHV DUH FRPLQJ IURP DV\PSYV

XVHUV DV LW LV LQFUHDHVOV @ RXGION K B
HGJHIURP WKH¥BBH XKHU@WLQN DUULY
1RWH WKDW WKLV UHVXOW LV PHDQL® WXR\WR QAN PRWRAWEBID ¥F\VIVHREHUSR®
VL@AHW XQGH¢{¢QHG IRU QHWZRUNV WK BW &RH/RMW W HAQ IFKHPXN MW EERUYRLVVRQ ¢
,WLVHDV\WRYHULI\WKDWSRBRGXER Y WEWXWECRDRFHVY WKHRU\ > @ )LQDOO\ C
Q ~ Fr(z) +RZHYHU IRU OLIHWLPHV WKW WHXKHOLDMIRBORRBWIBI WKHVH HGJHV |
KDYH\HW DQRWKHU GLVWULEXWLRQ WKPYWERHYV QRWRKI XBRORX RURP 7TKHRUH
Fw(r) Ry@) )LJ VKRZV WKDELWKCN VRAR®) L Q m
ZLFKHG ™ ULJKW(HHVQZHMH Q LIWH, Q <y 1RWH WKDW 7KHR WERPN KDSB DOV IHWHADRY G T
R Z K<t BHDQV VWRFKDVWLFDOO\VPINHPHNUZKHUH WKH RQO\ GLIIHUKMQFH OB U\
"KLOHPXFKRIUHOBDWH®G 2RWEN > @ KOYUREXNH® G IRUDFWLYH :HQH[W I
RQWKHOLIHWLPHRIRXW OLQNV LW WAKHQWMKRPUMMW KDWY FQ @ DbRNIVHKYDH B EBYBK
PRUHLQWHUHVWLQJDQG FRPSOH[ EHK® HRIWWHEBBG XLONKUMKH 8 LMWWILLQ J RQH
EXWLRQRIH QH[WREWDLQWKHLQ GHJUHHRIOLYHXVHUYV
B. In-Degree Distribution

9 .1 " (*5(( $V QRGH FRQQHFWLYLW\ LVRODWLRQ

,Q RXU IRXUWK FRQWULEXWLRQ Z%HngBﬁEE RRMkH b FRYIBAPH HréXient QJ A
HGJH DUULYDO SURFIHWRPWRKB OHY MW RY MBGHNAYWHERIQRB HZHQVSHFL ¢ FDO O\ W
DQG REWDLQ WKH GLVWULEXWLRQRI LB BRPAWHYW GLIIHUHOW DJIHV
5HFDO O W K® WRRXQ\HEFRWLAR@AUIW R WP H WKHg'ngJlFHJHDé[W@DJHQ G HJUHRI D OLYH
RI RWKHU SHHUV LQ WKH QHWZRUN +RZRRQ)Y RHIHNV (LQF@EMIN WY REX RRHIBAY BRQ UL
WHPSRUDU\ DV D OWK R GWRKW HYMOINEO DY (P WAHRPPL 6 WM BHD Q

ZKHQIDLOV DW WKH HQG RI LWV OLIHWLPH %RWK DFWLYH DQG SDVVLYH
QHLJKERU UHSOBPHP@® QW BRGRIQRW LPSRVH'OR | Fw(x)A(r —z)dx.

OLPLWY RQ WKH D® G HODERKQGH RQQHFWLRQV DUH DF

FHSWHG DQG UHO\ RglfWafardcivigV W HHP W K Epfodt: H RWLFH WKDW ZH FDQ YLHZ DUULY
LQ GHIJUHH PHDQYV IDVWHIHFRIAE)L QH G dK & RUSSAHIKRF /& TXHXLQJI VIVWHP 6SHFL¢
VKRXOG OHDG WR HYHQWXDO VWDELOL}RW E RR RS LQJ GHR WHAIRIDK K B R b H- BB
YDOXH 7KHPRGHOV GHYHORSHG O D WiithlR WKRAQVIHG WHIRRUHHO S XVUDRWEBIRR U

ZKHWKHU WKLV LV LQGHHG WUXH EHPRGHOHGE\D YLUWXDO TXWXH7ZKR QH

_ . LWLV ZHOO NQRZQ > @ WKDW WKH QXPE}

A. In-Link Arrival Process LQ QHLJKERUV DKDYBGBRILWPHRQ GLVWU
5HF D OXO=MkK-BWE[L] LV WKH UDWH DW ZRHBRXVHUV JH u

HUDWH RXWJRLQJ HGJ;I-D\QGFE;H@,{(@]QEQRG:H(LOH WKLV UHVXOW VKRZ¥[D,FJ HRIU G H
W R Edgdpisess ZKLFK LV WKH W L B H/HODD/IWK ! HYRDOWHUQDWLYH IRUP ZLOO E|
LQWR WKH V\VWHP LD IQAGLV R @/ILK H D& WY WLQ DQG LQWR XA XWHKHQ H[S
Theorem 7: 8QGHU $VVXP SW-RQ WKHMHGD U MY
SURFHVV RI & BRELQNV WRLQ GLVWULEXWLRQ WRsD @RQKRER ) pir - 2)
JHQHRXV 3RLVVRQ sumﬁy)vzzwmwmfo@(ﬁsv}m : - : dz

o Elu(l)] E[L]  E[p(4)]

pl) (k4 0)p(w) I R
E[p(A)]  E[LIE[p(4)] E[L}E[p(A)]/O Elu(L — 2)]p( ) da.

JXUWKHUPRUH WKH FRUUHVSRQGLQJ LQ )QUIQN DH IHWRWW HWK FREMAMBLYHEDRWL R Q
GLVWULEXWLRQWRL L G UDQGRP YDRRDE OH ¥ @ WX B E&SHURSRUMRIR DO R Q/J ZL W

Az) =
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@ ' /HRQDUG = <DR 9 5DL DQG ' /RJIXILN
QRGH IDLOXUH DQG VWRFKDVWLF UHVLO
QHW Z REER/XCM Trans. Netw. Y RO QR SS

O GLYRQJPHL&DR UHFHLYHG WKH % 6

HgJLS%HHUL J IURP 'RQJKXD 8QLYH
Uk@ WD 406 GHIJUHHLQF
RP/RXLVLDQD 7HFK 8QLYHUVLW\

{3; " GHJUHH LQ FR
FHQJ ‘#’Diqlll[ SOHMLWIJRU%MW'"\J &ROOH.
86$ LQ

6KH LVFXUUHQWO\DQ$VVLVWDQW
LFPAR &6 FRPAMI K WKH 8QLYHUVLW\ RI

@ ' /HRQDUG = <DR ; :DQJ DQG' /RJIXLQ
SDUWLWLRQLQJEHKDYLRU R IEER/NOMTNMASD ¢ UN8v6$ +HU UHVHDUFK LOWHUHVWYV LQ

Netw. Y RO QR SS * HE FKDVWLF PRGHOLQJ DQG SHUIR

@' /LEHQ 1RZHOO + %DODNULVKQDQ DQG’ -BRKbY éﬁ@l%%‘OWX%‘H%WPHPEHU RIWKH $VV
HYROXWLRQ RIWKH SHHHCMEMSEDOU- X\ WH B ¥ | "dQU\ VL OF H

SS +
@ / ODVVRXOLp $ DQG Y¥PDORHVK 31HWZRUNDZDUHQHVV
DQG IDLOXUH UHVLOLHQFH LQ VHOI R&¢JDQLVLQJ RYHUOD\ QHWZRUNV ~ LQ

IEEE SRDS 2 FW Ss = , ,
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WLRQ VI\VWHP EDVHG RQPWKIRTRSPIHW ULF S
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Y ; |, (WLVWLFV IURP &RORUDGR 6WDWH 8¢
@ * 3DQGXUDQJDQ 3 8B UKD YDX LIDBE Q J 'H U
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o5 s $XJ g +H MRLQHG WKH 6WDWLVWLFV 'HS

@ 6 5H XdpdnfuiMs in Stochastic Processes& DPEULGJH $ 0 8QLYHUVLW\ &ROOHJH 6WDWLR

863 %LUNKIXVHU DQG LV QRZDWHQXUHG 3URIHVYV

@ 6 5KHD ' *HHOV 7 SRELPRWRDIFG 3+ D Q ffLQVHDUFK LQWHUHVWYV LQFOXGH DSSO
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RISHHU WR SHHU ¢ OH PDSPIEPACM MUWHHeRIY ~ L Q

Comput. Netw. -D Q YRO SS +
@ 5 6 H Wadr@ithation Theorems of Mathematical Statis-
'PLWUL /RIXGBQRYO 60 UHFHLY

tcs 1HZ <RUN 1< 86$% :LOH\ I TI9%
@ , 6WRLFD 5 ORUULV ' /LEHQ 1RZHOO '] ‘
"'DEHN DQG + %D O D MU $WKFDIDD E@ K BW H U
SURWRFRO IRU QWHEEQ/H(VMEIJrSrSOJbﬁ/DW\RL@QF
QR SS + )HE
@ * 7DQDQGS6 -DUYLV 36WRFKDVWLF D) D
ELOLW\RI'+7 EDV H GratXEEEINFOOOM 0D Q
Ss +

l ) WDKOH/ 86REHNGHHIJUHH ZLWK KRQRUV U
8 RNGSLYHUVLW\ ORVFRZ 5XVVLD LQ

GHJUHH IURP WKH &LW\ 8QLYHUVLW\
<RUN 1< 86%$ LOQ ERWKLQ FRPSX

0> S U R ¥ HPVH W R VW KMHOW HDOAU R IHVV R U ZL
* RI&RPSXWHUG6FLHQFHDQG (QJLQHEF
, 8QLYHUVLW\ &ROOHJH BWDWLRQ 7;
@ ;: :DQJ = <DR DQG' /RIXLQRY 35HVLG VWLEWWURY\WVSHREOXGH 3 3 QHWZRU
DQG OLQN OLIHWLP HNEEAGMITASWAR YRD * WULHYDO FRQJHVWLRQ FRQWURO
QR SS + -XQ DQG PRGHOLQJ



