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The Lightening Effect of Adaptive Window Control

Arzad A. Kherani and Anurag KumaBenior Member, IEEE

Abstract—We consider adaptive window (e.g., TCP) controlled . d(o) process (aggregate traffic out of link)
transfer of http-like traffic (i.e., finite volume file transfers starting ~ sovert=----- AWP feedback fromelient____________ ).

at random time instants) over a link, and develop an analysis for Packets from active transfers
L

obtaining the stationary distribution of the link buffer occupancy.
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The significance of this work is that it provides a framework for
analyzing the “closed-loop” behavior of the link buffer under adap-
tive window controlled transfer of files with a general file size dis- Link buffer
tribution. We find that the tail of the stationary distribution of the =~ Vel la---------oooommmm oo oo
buffer occupancy islighter than may be expected from an openloop a(t) process (aggregate traffic into buffer)
analysis. We also find that the tail of the buffer distribution is sen-
sitive to the distribution of the file sizes, which provides insight into Fig. 1. AWP-controlled file transfers over a link connecting servers and
the sensitivity of TCP performance to file size distribution. clients.

Index Terms—Closed-loop analysis of Internet buffers, long

range dependence. ii) The link buffer implements a per flow round-robin sched-

uling discipline, for example, Deficit Round Robin (DRR,
see [5]) or weighted fair queueing (WFQ).

I. INTRODUCTION iii) We assume that the link buffer is large enough so that

no packet loss takes place. (Note that since the file sizes

are finite the window growth is solely governed by the

AWP; the window of each transfer remains finite since the

volume of the transfer is finite. We wish to study the tail

behavior of the stationary contents of the buffer; such an
analysis would provide some insight into the loss behavior
with small buffers.).

Each requestis for the transfer of a single file, and the files

have independent and identically distributed sizes, with a

general distribution.

v) The starting instants of the file transfers constitute a
Poisson process of rate(see [4]). The instants at which
new user sessions start is now accepted to be well modeled
by a Poisson process (see [4]).

T WAS observed in [1] that traffic processes in the Internet

are long range dependent (LRD). In [2] this phenomenon was
traced to heavy-tailed distribution of the file transfer volumes.
Reference [3] shows that the stationary distribution of a queue
fed with LRD traffic has a non-exponential tail; for example, it
has been shown that an arrival rate process autocovariance that
isO(1/7*7 1), 1 < «a < 2, leads to a stationary distribution of
buffer occupancy that has a tail thatis1/=*~"). These obser- V)
vations have been taken to indicate that the occupancy distribu-
tion in Internet router buffers have heavy tails. These observations
are, however, based on an “open-loop” analysis of an LRD traffic
source feeding a buffer. It has also been noted recently [4] that
an understanding of traffic and buffer processes in the Internet
should take into account the closed loop nature of Internet con-
gestion control, namely TCP which is an adaptive window pro-
tocol (AWP). In this letter, we carry out such an analysis for%' The System Model
particular network scenario and for a general AWP. The contents of the link buffer comprise the windows of each

We consider the scenario shown in Fig. 1, where a (bottleneck)the active flows; since the propagation delay is zero, the entire

link connects clients on one side to servers on the other sisindow of an active flow is in the link buffer. These windows are
The clients generate file transfer requests and the servers send#tged in a round-robin manner as per (i) of the system assump-
requested (finite volume) files using an AWP. We assume that ttiens. For a small service quantum the round-robin discipline is
servers and clients are connected to the bottleneck link by vesignpler to study via the PS model, hence for packet size that is
high speed access links. The figure also shows the Internet linkimall compared to file sizes we can approximate the service of
buffer containing data from ongoing file transfers; note that thee windows in the link buffer by a PS discipline. Effectively we

number of ongoing transfers varies with time. are considering the files as being composed of infinitely divisible
fluid. Based on this approximation, Fig. 2 depicts the queueing
A. System and Traffic Assumptions equivalent of the scenario shown in Flg 1; note that the link buffer

Shas been replaced by a PS server. Owing to zero link propagation
0(S)elay, each active flow has positive amount of outstanding data
I?\‘fvindow) in the link buffer and since thesgéndowsare served in
a PS fashiont follows that the ongoing file transfers (as a whole)
also get service in a PS manner irrespective of the AWP.used
Manuscript received November 15, 2003. The associate editor coordinatingAt any time instant, an active file transfer would have success-
the review of this letter and approving it for publication was Prof. D. Petr.  fully transferred some data to its client, some of its data would be
The authors are with the Department of Electrical Communication Eli\,:' the link buffer (which would be the current window size of AWP
gineering Ir_1_dian Inst_itute of Science_z Bangalc_)re, 560 012, India (e-mall: trolling the t f f the fil dth ining dat Id
alam@ece.iisc.ernet.in; anurag@ece.iisc.ernet.in). controliing the transter ot the Ti e), and the remaining data wou
Digital Object Identifier 10.1109/LCOMM.2003.812169 beinthe serverwaitingto be transferred. Atanytime instantwe use

i) The end-to-end propagation delay is negligible (small
that the bandwidth delay product is much less than
packet.
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v—u = the residual file size <

File Server «© poA ‘
P . . . t) process a . _ . ooy O\
S Windows in the link buffer 2 (If w(u) > v—u, the window is v—u)
A ' e o
— - :- departures 1‘;5,
arrivals — : x ‘ )
' PS Server . :
| ~—r———— ] | :
1 H
4 a(t) process N :
X : v (X) Y(X)H+X V=X %
1

Age of file (u) >

v—x—y (x) = length of age interval for which window > x

window control feedback

Fig. 3. An example of the evolution of the winddw(«)) with the age of
file (w). The file of sizev > ¢ (z) + « will have a window of at least: iff

the term “age” for the amount of acknowledged data of a file. Al‘e (ote) v =)

data from a file is served (along with other files, in a PS manne®hgoing transfer’s total file size and age, conditioned\arthe

more data is pulled into the link buffer from the file server, so &s:'s are i.i.d. random variables. Hence in the stationary system,

to replenish the windows and to account for any window growtke total data in the link buffer is

Eventually the amount of data of the file in the server reduces to N

zero, and the entire residual file is in the link buffer. Q=) G 1)
With this model, we wish to analyze the stationary distribution ) i =t ]

of the contents of the link buffer. Call TCP-CA (TCP-SS) the TCPNUS the stationary link buffer occupancy is actually a random

algorithm with initial slow start threshold set to unity (infinity). SUm of i.i.d. random variables with common distribution, say,

Note that if no loss occurs then TCP-SS is always in the slow st&it )- AS V" has geometric distribution, Proposition 2.9 of [8] tells

phase and TCP-CA is always in the congestion avoidance phak® that@(-) corresponds to a sub-exponential distribution (see
Notation: LetV denote the random variable for the file size8]) iff G(-) does so. In particula@“(-) is regularly varying with

brought by sessiong;V’ is its expectation}’(-) denotes its cu- Parameter iff so is G<(). _ o

mulative distribution function (cdf);“(-) its complementary cdf, _ For an AWP, letw(u) be the window of an infinitely long

andv.(-) andV.(-) denote, respectively, the excess and the sprefi§ With ageu (that has suffered no packet loss). Assume that

distributions associated with(-) (see [6]). w(u) is n(_Jndecreasw_lg im; Fig. 3 deplpts one_such instance. The
Write p (= AEV') for the data arrival rate to the system. We takgontribution to the link buffer of a file of size and ageu is

the capacity of the link to be unity hengés also the normalized ¢ = min(w(u),v — u); this is because when the age of file is

Fig. 2. Queueing equivalent of the network scenario of Fig. 1.

“load” on the link. We assume that< 1. u, the unacknowledged data of the file can be at most:. De-
We use the notationf(t) ~,_, g(t) to mean fine (z) := inf{u : w(u) > x}. Note from Fig. 3 that/(z) is
limy e, (f(£)/g()) = 1. the age at which a window af is achieved by an infinitely long

file. It can be easily seen from the figure thatyif«) is nonde-
creasing, the window (and hence contribution to the link buffer)
[l. ANALYSIS OF THE STATIONARY LINK BUFFERPROCESS of a file of sizev is > 2 iff v > v(2) + 2 and the age of the file is

In this section an explicit expression for the contribution of € W(w), v —a). . . .
an ongoing file to the link buffer occupancy is obtained in terms Thus, the probability that the window of an ongoing transfer is

of the file size distribution and the quantities associated with tﬁé{ﬁasn Is t?(tahprtt)babiflity_thgt,_ ctondzi;io?eq orj>it.s_file size being
AWP [see (2)]. This is combined with the number of ongoing’ '€ 89€ O the transieris in in en@l(z),v - ) l.e.,

transfers to obtain the distribution of the buffer occupancy. Go(x) = / / %dvs(v) — V(e +d(x). (2
v=p(@) o Ju=g () Y
A. Observations Used in the Analysis We know thatV. is light-tailed iff V' is light-tailed and also

that if V' is heavy-tailed then the tail df. is heavier than that

. A of V (see [8, Sect. Ill], ). Now, as < = + v(z), it follows that
sum of the windows from all the ongoing file transfers. QC(I) V(e 4 0(x)) < VE(e): thus the tail behavior o ()

i) Owing to the assumption that there is no loss, an AW%nO worse than that Gf*(.).

follows a known window increase schedule. This enabld ; . .
us to determine the window (which is also the session’s G(+) for TCP-SS Controlled Transfer of Pareto FitlesA unit

contribution to the link buffer occupancy) for a given aLgefamount of data acknowledged results in a window increase by

Owing to the PS service at the file level, the distribution of th%nlty irrespective of the current window size. Thdgdu)w(u) =
. . N N with w(0) = 1,i.e.,w(u) = v+ 1, andy(r) = max(0, > — 1).
stationary number of ongoing transfers, is given byP{N = Hence
n} = (1 — p)p” irrespective of the file size distribution and the
AWP used. Conditioned on the number of ongoing transfers at G (x) = V(e + () ~ooo =T ga—i"
t, the ages of the various ongoing transfers are independent; fl%’te that the tail behavior @ (-

ther, the age of an ongoing transfer is uniformly distributed in) +) Is same as that of(.) which,
the intervall0, v] wherew is the total size of the ongoing transfe s already observed, is the worst possible behavi6r of. Thus

r, . . L. .
S . o s the worst possible tail behavior is indeed achieved by the aggres-
]Sg\'rh:ﬁ(i]’sénréhsiﬁéa“onary system, has distributki-)). See [7] sive nature of TCPs slow start. Note thi#t(-), and hence&)“(-),

Considering the stationary system, denotehythe window are regularly varying with parameter — 1).
of the ith ongoing transfer. A&, is a function only of theth e (v) = min(1, (1/0*)) andVe(v) = min(1, (1/av>*—1))

i) The amount of data in the link buffer at any times the

1
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‘ : : : : ' results of Section Il that with TCP-CA the tail of link occupancy
distribution is lighter than that for TCP-SS. Note that the tall
behavior for TCP-SS controlled transfer of Pareto 1.6 files is
worse than that for TCP-CA controlled transfer of Pareto 1.4
files. Variance-time plots obtained for th&t) process shows
that thea(t) process is LRD with Hurst parametés — «/2)
irrespective of TCP-SS or TCP-CA as proved in [9].

In(P(Q > x)

-8+

I1l. CONCLUSION

=— TCP-CA 1.4
® Slope = -0.803743
S 1.4

We analyzed the stationary behavior of the bottleneck link
buffer occupancy under AWP-controlled transfer of randomly
arriving finite volume files. The fixed propagation delay across

o Soecogusd ; : . ‘: the link is neg_ligible. The_most importqnt example of an AWP @s

o 1 2 3 o 6 7 8 9 TCP. An explicit expression for the tail of the stationary distri-
bution of the link buffer occupancy was obtained, and was seen

Fig. 4. Plot showingn Q°(x) vs In(x) obtained fromn.s simulations for {0 have a dependence on the AWP and the file size distribution.

Pareto files withw = 1.6 anda = 1.4 controlled using TCP-CA and TCP-SS. It was shown that with an AWP that grows its window in the
The link load was set to 0.4. The link buffer uses DRR packet scheduling. way that TCP does in its congestion avoidance phase, the tail of

G(-) for TCP-CA Controlled Transfer of Pareto FilesiVhen tEe I|nkhbuﬁe';\;)vcpcur?an;:y"dstrlbhutlon 'g lighter ai c?mhparelzd to
the window size isw, a unit amount of data acknowledgeot at W'rt] an fTCPt _ﬁ: 0 O.WSt € win ?}W g'rowtfo t Ie S?V\é
results in a window increase by/w. Thus (d/du)w(u) = start phase o - This Is Important in the view of results o [9]

o e _ ; _ which proves that the traffic process into the link buffer is LRD
(1/w(u)) with w(0) = 1, i.e., w(u) = /2u+1 and thus ) _

Y(z) = max(0, (2% — 1/2)). Hence for both the above AWP’s and that an open loop analysis of a
' o gueue fed with LRD traffic as in [3] would not reflect this light-
ening effect. Note that most of the data of large files in the Internet
. ] . are sent using the congestion avoidance phase of TCP which, as

ThUSG (-), and henc&)(-), are regularly varying with param- sh\wn here, results in better behavior of link buffers even in the
eter2(a—1). Note that, for > 1, itfollows that2(a—1) > «—1  gpsence of packet losses. The presence of packet losses should re-
and hence the tail of the link buffer occupancy distribution iyt in further lightening of the tail behavior of buffer occupancy
lighter than its worst possible behavior (which is, as seen f@fstribution. We conclude that an open-loop analysis leads to pes-
TCP-SS, achievable). . _ simistic conclusions about the buffer behavior in the Internet.

An AWP for WhichG() has Exponential Tail for Pareto  The characterization of the tail of link buffer occupancy we

: - N

| © Siope=-0.395595
- 16

® Slope = -1.222087|
16

. 20171
Gc(l) = ‘/r:(l’ —+ '1;’)(1')) ~ oo

T apla—27

Files: Cp_rlsider w(u) = 1+ In(u + 1) i.e, ¥(x) = nhave developed could lead to an explanation of the sensitivity
max(0,e"~" —1). Then with distribution of TCP throughput performance with finite
e (om= volume transfers (as observed in [10]).

G} = Valr 4 9() ~vo—oo — e The work reported in this paper is for a zero propagation delay
ThusG“(+), and henc&®(.), have exponentially decaying tails. link. In ongoing work we are studying how the results presented
Remark: In all three different AWPs discussed above, it can b@ this paper change as the propagation delay increases, and if
shown that the process corresponding to the instantaneous trafigdom packet loss is introduced.
arrival rate into the link buffer at time(denoted:(¢); see Figs. 1

and 2) is LRD for Pareto distributed file transfer volumes and for REFERENCES
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