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Abstract  The Internet traffic consists of responsive long-lived TCP flows and unresponsive
short-lived TCP flows and UDP flows. A lot of papers have been published to model the interac-
tion between long-lived TCP flows and AQM algorithms. However, unresponsive flows dominate
the Internet traffic, which contribute 70% ~80% of the Internet traffic. Therefore, it is impor-
tant to model the behavior of AQM algorithms with unresponsive flows. In this paper, an analyt-
ical model is presented based on the GI/M/1/N queuing system and the self-similar traffic of the
Internet to evaluate the performance of AQM algorithms with unresponsive flows. Compared
with the presented experimental or simulation approaches, this modeling approach can help to re-
veal the underlying characteristics of the performance of AQM algorithms in a practical network
environment. Using this model, the authors analyze the performance of three AQM algorithms:

TD, RED and GRED.

Keywords RED algorithm; active queue management(AQM) ; congestion control; GI/M/1/Nj;

heavy-tailed distributions; self-similar network traffic

) ( TCP
1 UDP ) AQM
TCP , TCP
1.1 , TCP
Internet ( TCP AQM L uDP
:2004-07-07 :2005-11-24. (60273002) “ ”
(2004CB318204) . ,  ,1962 s s . QoS. E-mail: wanghao@ net. pku. edu. cn;

wanghao@ jxnu. edu. cn. , ,1961 . . Ad Hoe . mesh . E-mail; yanwei(@ net. pku. edu. cn.



1
l
w

4 : AQM
, AQM AQM
. , Internet TCP s
( Web ) ; 65% ~80% AQM . Bonald M/M/1/N
TCP ,55% ~75% 1P TD RED Poisson
TCP L2531 ,2004 Sigcomm L5 Garetto MX*/M/1/N R
Simon o, ( ( ) 1181 Younsuk
\ JIP \ ) s GI/M/1/N , IP
UDP Internet Pareto , TD il
Internet . , AQM
AQM , 1P
, . . Internet
TCP/AQM L4~s] .IP
AQM y Weibull Pareto ,
AQM Hel
TCP/AQM
, . ” 2 AQM
TCP/AQM , AQM
Lol 2.1 AQM
AQM , AQM
AQM . s AQM ,
GI/M/1/N Internet AQM [15],
AQM .
) , cdf « 7, pdf
AQM “ ”
. : (1) 1 N ,
AQM Internet m+1 .
3 (2) , 0=L,<<L,<<L,<--<L,=N
AQM , LosL, L,seesL, mo
3 AQM —TD,RED GRED 1,2, ,m. 1
’ 1 2 m
[l0~12] | 2o | aw A0
0=L, L, L, L, L,=N
’ 0=d, d, = = d,<d,=1
’ 1
1.2 ,
) (interarrival times) , 1.
AQM 2. cdf A (D,
0-121 ' Brandauer k ’ Lo=k<L
TD.RED  GRED -AQM do=0 ’
[ Jannaccone TD, RED cdf A (D) =Ag ()5
GRED 09 Eitan skl S AQM dl )
, TCP RED
3] Christiansen , @ Simon L.. Keynote Speech by SIGCOMM Award Winner
Simon Lam. http://www. acm. org/sigs/sigcomm/sig-
RED Web e comm2004 /conf_program. html, 2004



554 2006
cdf A5 L=< Vi {1,2,,[1/ri 1]}
k<L, AQM d, , ( [21] Yori o =1—
cdf Ay (D) ) di1s
L, ,<k<L, AQM d, Prvi=m)=r—y, 1<n<[1/r._].
R cdf Pr(y,=n)=0, n>[1/r.1],
A, (s L,<k AQM d,=1 Elv]=1/24+1/2ri-).
0=d,<<d <d,<--<d, <d,=1, t>0. . AQM , 1=2,3,,
m, AQM di—1 ’
6 1 28 e ’ P
L A7 1 . AQM ,
TosTysTyseeey Ty, T, T, <T,<--<
) T,<  T,=0.
e, =T, — T, k=1,2,,m,,
’ e , codf A (). AQM
(D , < ) erte, e te, s
L, .AQM ; = ;i (1.2, [1/r] )
N ,AQM ) )
(DA () AQM ’ Prvi=n)=r,—, 1<<n<<[1/r;]
cdf A (1) AL (1) Ay (1) 4oL A, (D) Pris=m=0. u=[1/r 1.
AQM , Elv]=ri[1/ri] A+[1/r,1])/2
cdfC 2)5A, (1) A (DA () e A, (1) ~1/241/(2r 1),
Ay (D) ( 2.2 D, AQM ,
A (D) =A, (D). ey eyt te, ,
(3) , Qo s A1 s Az st s A,y A (D) =Prie,te,+te, =t)

A()(t) 9A1(2‘) 7A2(t) ,Ag(t) L)
1=0,1,2,-+,m,

A, (1)

:J.rdA,(x).
0
(4) «C dyp
TCP L
2.2
s 1P
(thinning of recurrent flows)",
A, (1) A (D). . d, =0,
Al(t>:Ao(l’); Ai(t),i:2,3,-~-,m,
1. Ay (1) Pareto s
o
Ao(t)*l (1+[)Q, l‘ZOa 1<(1£29

Al(t) (i:2939"'97)1):

A =1=El] g5

t > (E[w e —1, 1<a<2,

=1—Prle,Te,tete >0,

1P e, Pareto
, Pareto s
Pre; +e, 4 +e >1) NE[u]Pr(el >1),
A (D).
1
AW=1=El 7750
(= (E[y v —1, 1<a<22
) 2.
2. A, (1) Weibull ,
Ay =1—e™, 0<<a<1,
A; (D) (1=2,3,+,m),
Vi 12
A =1—E[v]e”, 1= nE[v D",
1 2, Ay (D),
A; (D) (i=2,3,,m), A (D
(34)~(37)
2.3 AQM
. (



4 : AQM

555

( n n
) AQM
GI/M/1/N AQM )
, C m=2)
. ; . t€[0,09),
A (D) =A, () AQM ( dy=0
). 1P cdf,
pdf  a, (D), a;
E=>L, ,AQM d, s A (D)
AQM « d,>0 »O.IP
cdf, pdf
a, (1), as; cdf  B(1),
B v C )
3. s
m=2, p k
34k ’
k 3y Ay A (DA (D
; g C )
b= 1Qk1v 1<rtk<L —1,
pa
Pk:/iu% s L < k<N,
N
po=1 72 Dr-
QW) t
WU t
(residual life). cdf
B(t),B(1) v O
QWU
(supplementary variables)t?-2! Kolmogorov-
Chapman .
(e, dxe APr(Q() =k, x<<U() <x+dx).
AQM ) t
t+A

po(x—At+2A)=po(x,0) + pi1 (x D) pA+0(A)
@D

pr(a—Ast+2) =p (2, 0O A—pA) + pr o (xs D A+
A

al(x)J/)kﬂ(w,t)dw—i—o(A), 1<k<L, 2
0

f)k (.T*Aal‘_’_A):/); (I,l‘)(lfluA)"‘P/ﬂ (I?t)/jA+
A

a, (.T)J]Jk—l (w,t)dw+o(A), Li +1<,k<N—1

0

(3

A A

a, () |:JpN71 (w,z‘)dw‘FJpN (w,z‘)dw:|+o(A)

0 0

4
(I~

po (J*Aﬂ‘—’_AA) 71)0 (1"f) :/lpl (I,If) _|_

Pk(I*A,If‘Q—A)*Pk (Ia[) _
A

o(A)
A b

7/11)1« (l"t) +

A
a (I)kafl (w,z‘)dw
0 o(A)

A - A

/jpk+1 (1’92‘/)+

’

1<k=<L,,

pg(l‘_Ayl‘+A)_pk(T7t) _
A

_/lpk(-r’[)+

A
a; (1‘)JP1\»71 (w,t)dw
0 o(A)
A . A

)up/H»l (lvt)+

Li+1<k<N-—1,

P\(T*Ayt+A)*P\(ny):
A

A A
a, (1) Upw,l <w,z>dw+JpN<w,z>dw]
0 0 _'_()(A)
A A

A—>0 ,

ap“éf’t)—ama(f’”:wl(m) (5)

apk(l'a[> _apk(l’at) —
ot ox
/lpkfl(l7[)+a](I>pk*l(o7[)’ lgkgL] (6)

apk(x,t)iai)k (1'9f) _

_/lpk(fvt)+

—ppe (&) fppy i (x.0)+

ot ox
ag(x)pk—l(()yt)’ Ll_'_léngil (7)
byt OPVLLD o e+
ag(l‘)[p:\_l(O,Z)“FPN(O,[)] (8)
[ —> oo



(25)

556 2006
. (22) ~(25) s=0, al (0)=1,
pr () :rlirgpk(r,t), 0<k<N 9) a; () =1,p, L p;(0),
= p, (0) (26)
op D) (5)~(8) o
o /l(pkipleH):Pkfl(O)*Pk(O), 1<k N—1
fdpgix):m(x) (10) @7
‘ pbn = px-1(0) (28)
dpi ()
T et @t upin (O Fa (@) pe (00, (26)~(28)
1<r<L, (1D por=p1(0), 0k <N 29
- (20),(21) (29) 2
*dpgil):*pﬁk(x)Jr/szﬂ(x)Jrag(I)Pkﬂ(O), )
' pr=—q 1, 1<<k<<L, —1 (30)
Li+1<k<N—1 (12) Pr= g B ASESL
D @ a1 O+ i (0)] P :iqk L =k=N 31)
(13 N
(10) ~(13) N+1 . po=1=>pi.
k k=1
2 m>2 s
pi () A J e “pp(x)dr, 0<E<N (14)
0 4. m ’
>2, P k
a’ (s) A J e "dA, (1) (15) " P
0 5 gk ’
k 5A1s Ayttt s Ay A (),
az () 4 | e"dA; (D) A6 A DL A D)+, A, (D) ;
L v () :
pképkx(o)szk(l‘)dl» 0<<k<N 17 Pk:%q;e—lo 1<<k<L,—1,
0 pa
e P _
a & [ wda ) = — 44 (18) Pe= g, v sk=Lo
o s=0
0
* pi= g L=k=L—1
azéjdiz(x) = da o (19 e
) ds —o
qkéalpk(())v OékéLl_l (20) pk:LQkflﬁ melékéLmzN
G ap(0), Ly =k <N 1) plem
, (1) ~6) Laplace-Stieltjes N
pozl_ Pi.
( L’S) ’pl: /121 g
k H o) . 3 4, qk(/@20919"'9
k ) (10)~(13) L-S N>, pe(k=0,1,,N).

. [23] . GI/M/1/N
SPJ(S):*#PF(S)"_PO(O) (22) q;(k:(),l,"‘,N).q;
G=wWpi (O=—pupi1(s) —ai (s) py—y (0)+p, (0,

1<k<L, (23) N .
=10 b ()= —ppir () —as () puy () +p, (0, G =2 9050 =0,1,uN (3D
L, +1<(k<N—1 24) N
ey Dlg =1 (33)
(S_/j)p;\r (S)*_(lz (S)EPN—] (O)+p\V<O)]+p\r(o) =0 :



4 AQM 557
I i1 3.2
a“f:J %dAl(‘r),
" G+1—7p ¢
0<i<<L,—1,1<<j<<i+1 (34) ’ 7 ’
i ef;u (/lt)iJrlfJ ’
= —t——dA, (&), P =}) = 42
‘ l(i—b—lj) ‘ r(g=»5 Vpk (42)
Ly <i<L,—1.1<j<i+1 (35) CAELL] =D kpy (43)
k=1
oo e,ﬂz (/lt)iJrlfJ N B
L= — L dA (o). _ o
¢ l(i—b—lj) (0 Var[ﬂ—;(k §" b (44
L, <<i<<Li—1,1<j<<i+1 (36) Prig="h =q (45)
) N
() ﬁéE[v]:ﬁz—;ka (16
a;.; :J‘ %dA,,,(l) ’ N
0 g Var (] =>) Gk — pia. 7
L, <:i<L,—1=N—1, 1<;<<i+1 k=1
(37) 3.3
aAN,j —AaAN—1,j Oé]gN (38) 5 IP
i+1 0
am=1=>a,,;» 0<i<N (39) p APr( )
=1
N
Qk(k_ovlﬁ"'vN) ’ 3 :ZCI/ (48)
4 pg‘(kzoalv'"vN). k=1
ELAE[¢]| ]
3 AQM N
Q :l (Ik}i (49)
Or=1 M
( Var [ €| ]
’ ) 1Nk 2\
oo« ). == (—*5) a (50)
O r=1
( n N n 3.4
) AQM 2.3 AQM
be e TCP
3.4.1 TD
3.1 .
(1D D , V(x),
' N ED)
TD = qn (40)
2 AQM V(.r)zaiJu—Ao(z))dt —1— A+
L, s 0%
N . P
AQM =>lqd. 4D
=L p= J V(x)dB(x) :J#V(I)eﬂ“ dx (51)
u(l) 0 0
0, L, <i<L, YD TD s
1, L, <i<L, o
u(i) =42, LZ §i<L3 PT()’m>n>=P”e \7’n20 (52)
Ln—l, l:m L <i<N ;TD éE(}/TD):;Pr(}/TD = n)zli (53)



2006

Var (ym) = >, (2n— D Pr (ymp = n) — vy
1

3.4.2

Pr (yaqu >71):I:;]7

n=

- L (54)
(1— p)?

AQM
AQM

7 aqm
[15]

N
ntl
E :q,dum

s Yn =0 (55

E :Qidu(i)
i=L,

;AQM A E(Yaqu) :EPT (Yaqu = n)

n=1

iq du(i)
i=L ' 176{1((1’)
= (56)

N
E :q,dum
=

C 0 JCED)
AQM =1—p, (58)
4 AQM TD .RED
GRED
AQM
3 AQM TD.RED
GRED. , R
[26].
3 s 1
s N=30,N=40 N=50

TD.RED GRED

—(a_l)/;ua M

’ b

Pareto
Var (Yaaw) = > (2n — 1 Pr (Yaqu = n) — Viau Maple -TD.RED  GRED
. 1. , . TD.RED
: A +duy)du
R GRED N
;;q [1*du<i>]“ —,
= N —Yaan  (57) . s
; a:d. ;' .RED GRED
3.5 s
Do N=50
1 TD.RED GRED
N =30 N =40 N =50
max min g, max max Mmin g, max . max min g, max
TD NA NA NA NA NA NA NA NA NA
RED 0.1 10 30 0.1 10 40 0.1 15 50
GRED 0.1 10 20 0.1 10 30 0.1 15 35
(D 3 s ,RED
GRED TD s 2) 4, 5 ,RED
(40),(41), N GRED
y [10,12]. ,RED GRED TD s (53)~(57), RED
TCP , TCP
0.9 . RED 0.
8? k**;;; 0; GRED
Iy B 1.5, 1. RED GRED
05 Yy :égl‘ .
0.4 > 2ol —— TDFi .
Wos (€D ,TD.RED GRED
0:2 —a— RED# 1
0.1 5 ;
02 06 10 14 18 22 26 3.0 34 38
iy A B C (46)),
3 (GENC YD



4 : AQM

559

C 43,
C 44)), (
49)) . ¢ (50,
[10’\‘12] . s
3.0
+TD%:(£ X"
i 25| - REDSI % reaaie
2,5, ——GRED# 3% poad
=7 Lo
5 0% oand
& Lo
M o |
ﬁ'&\ ' T **
%05 =l $$** A |
I S N W

=

0.2 0.6 1.0
iy AR
4
6
——TDH ¥
a8 5| -~ RED# 1
R 4| A=GREDH ik y4
T g
53 4
P |+
& -~
idi)l Ak h 4:X
I 3i **X ++—A—+—‘
0 o i . » .ln o I e
02 06 1.0 14 18 22 26 3.0 34 38
iR
5
5
GI/M/1/N Internet
AQM
AQM . s
AQM
. 3 AQM
(TD.RED GRED) ,

1 YoungmiJ., Vinay R., Anja F.. On the impact of variability
on the buffer dynamics in IP networks. In: Proceedings of the
37th Annual Allerton Conference on Communication, Control,
and Computing, Allerton, 1999, 1~13

2 Brownlee N.. Understanding Internet traffic streams: Dragon-

flies and tortoises. IEEE Communications Magazine, 2002, 40

(10): 110~117

10

11

13

14

15

16

17

Thompson K., Miller G. J. Wilder R.. Wide-area Internet
traffic patterns and characteristics. IEEE Network, 1997, 11
(6): 10~23

Misra V., Gong W., Towsley D.. Fluid-based analysis of a
network of AQM Routers Supporting TCP flows with an appli-
cation to RED. ACM SIGCOMM Computer Communication
Review, 2000, 30(4): 151~160

Mario B. . Alfio L., Giovanni A.. A f{luid-based model of
time-limited TCP flows. Computer Networks, 2004, 44(3):
275~288

Characterization of
queue fluctuations in probabilistic AQM mechanisms. ACM
SIGMETRICS Performance Evaluation Review, 2004, 32(1).
283~294

Tinnakornsrisuphap P., Richard J. La..

Jae C., Mark C.. Analysis of active queue management. In:
Proceedings of the 2nd IEEE International Symposium on Net-
work Computing and Applications, Massachusetts, 2003,
359~366

Alazemi H. M., Mokhtar A., Azizoglu M.. Stochastic ap-
proach for modeling random early detection gateways in TCP/
IP networks. In: Proceedings of the IEEE ICC 2001, Helsinki,
2001, 2385~2390

Hollot C. V., Liu Y., Misra V. etal. Unresponsive flows and
AQM performance. In: Proceedings of the IEEE INFOCOM
2003, San Francisco, 2003, 85~95

Trinh A. T., Molnar S. A.. Comprehensive performance anal-
ysis of random early detection mechanism. Telecommunication
System, 2004, 25(1,2): 9~31

Brandauer C. , Iannaccone G., Diot C. et al. Comparison of
tail drop and active queue management performance for bulk-
data and web-like Internet traffic. In: Proceedings of the 6th
IEEE Symposium on Computers and Communications, Tuni-
sla, 2001, 3~5

lannaccone G. , May M. , Diot C.. Aggregate traffic perform-
ance with active queue management and drop from tail. ACM
SIGCOMM Computer Communication Review, 2001, 31(3):
4~13

Eitan A., Tania J.. Simulation analysis of RED with short
lived TCP connections. Computer Network, 2004, 44(5): 631
~641

Christiansen M. , Jeffay K., Ott D. et al. Tuning RED for
web traffic. IEEE/ACM Transactions on Networking, 2001, 9
(3): 249~269

Bonald T.. Analytic evaluation of RED performance. In: Pro-
ceedings of the IEEE INFOCOM 2000, Israel, 2000, 1415~
1424

Garetto M. , Towsley D.. Modeling, simulation and measure-
ments of queuing delay under long-tail Internet traffic. ACM
SIGMETRICS Performance Evaluation Review. 2003, 31(1) .
47~57

Younsuk K., Kiseon K.. Loss probability behavior of Pareto/

M/1/K queue. IEEE Communication Letters, 2003, 7(1):



560

2006

39~41

18 Cao J., Cleveland W. S., Dong L. etal. Internet traffic tends
toward Poisson and independent as the load increase. In: Deni-
son D. D., Hansen M. H. , Holmes C. C. et al. eds.. Nonlin-
ear Estimation and Classification. New York: Springer, 2002,
83~109

19 Cao J., Cleveland W. S. , Dong L.. etal. On the nonstationari-
ty of Internet traffic. ACM SIGMETRICS Performance
Evaluation Review, 2001, 29(1). 102~112

20 Tudjarov A. , Temkov D. , Janevski T. et al. Empirical mod-
eling of Internet traffic at middle-level burstiness. In: Proceed-
ings of the 12th IEEE Electrotechnical Conference, Mediterra-
nean, 2004, 535~538

21 Floyd S., Jacobson V.. Random early detection gateways for

congestion avoidance. IEEE/ACM Transactions on Networ-

WANG Hao, born in 1962, Ph. D.
candidate. His research interests include

QoS, congestion control.

Background

AQM(Active Queue Management) is an important ap-
proach for congestion control in Internet, which has drawn
significant attention from researchers. In order to character-
ize the behavior of AQM, it is necessary to develop a mathe-
matical model for its behavior. The Internet traffic consists
of responsive long-lived TCP flows and unresponsive short-
lived TCP flows and UDP flows. A lot of papers have been
published to model the interaction between long-lived TCP
flows and AQM algorithms based on closed-loop control sys-
tem. However, short lived TCP flows and UDP flows domi-
nate the Internet and account for about 70% ~80% of the
traffic. Therefore, it is important to model the behavior of
AQM algorithms with unresponsive flows.

Because the short lived TCP flows and UDP flows are

king, 1993, 1(4): 397~413

22 Vladimir V. K.. Mathematical Methods in Queuing Theory.
Dordrecht: Kluwer Academic, 1994

23 Vijaya P. L., Gupta U. C.. On the finite-buffer bulk-service
queue with general independent arrivals; GI/MM /1/N. Oper-
ations Research Letters. 1999, 25(5) . 241~245

24  Hokstad P.. The G/M/m queue with finite waiting room.
Journal of Applied Probability, 1975, 12(4): 779~792

25 Samuel K., Howard M. T.. A First Course in Stochastic
Processes. Boston: Academic Press, 1975, 192~197

26 Wang H., Yan W., Huang M. H.. An analytic model for
evaluating the performance of AQM algorithms with self-simi-
lar traffic. In: Proceedings of the 11th Joint International Com-

puter Conference, Chongqing, China, 2005, 1~6

YAN Wei, born in 1961, associate professor. Her re-
search interests include wireless Ad Hoc network, wireless

mesh network.

unresponsive to the AQM’s dropping signal, an open queu-
ing system is used to establish the performance evaluation
model for AQM algorithms with these flows. Hence, the au-
thors established three extended queuing systems by embed-
ding AQM into the original GI/M/1/N and GI¥/M/1/N
queuing systems. These three extended queuing systems are
a queuing system GI/M/1/N with thinning of input flows, a
queuing system GI*/M/1/N with thinning of input flows,
and a queuing system GI¥/M/1/N with balking respectively.
In this paper, an analytical model is presented based on the
extended GI/M/1/N queuing system with thinning of input
flows and the self-similar traffic of Internet to evaluate the

performance of AQM algorithms with unresponsive flows.



