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Abstract—It has been found that a bottleneck REDmulatively increase by 1 within one RTT. When there is
gateway can become oscillatory when regulating a numbeongestion indication, either by receiving three dupkdat
of TCP flows. We develop a dynamic model to qualitativelyacknowledgments of a particular packet sent or by an Ex-
describe the characteristic frequency and intermittericy plicit Congestion Notification (ECN) header information
the oscillation in the RED gateway. The results have beanjected from a gateway and forwarded in the acknowledg-

verified with thens simulator. ment by the receivery is reduced to half its current value
(Multiplicative Decrease). After that the window follows
1. Introduction the additive increase algorithm.

The congestion avoidance algorithm in a TCP sender
The Internet has become an important medium of infoitries to optimize its fair share of bandwidth on the links
mation transfer nowadays. The TP protocol suite and connecting the two TCP end points. In this way, at least one
the interconnected gateways provide reliable channels fof the links making up the path of the communication chan-
the flow of information which are evenly shared among difnel becomes the bottleneck link. An active queue manage-
ferent connections. The utilization of a connection reachenent (AQM) gateway in this bottleneck link serves the pur-
its maximum when there is a bottleneck link formed alongpose of regulating the flow through the link at its maximum
the path of the information flow. The bottleneck link iscapacity. The drop tail gateway is the simplest AQM gate-
regulated by a gateway which will promote its bandwidtiway. It drops the incoming packets when its queuffdsu
being distributed equally among all connections. becomes full. The drop tail gateway mayteu from poor
The two endpoints of a TCP connection are communicatommunication with the TCP senders that a large amount
ing using a window based flow. The TCP sender partitionsf packets can be dropped as the senders keep sending and
a stream of data into a sequence of separated windowstbe gateway keep dropping packets until a retransmission
packets. The packets in a window are sent in one batd¢ime-out occurs in the senders. Random Early Detection
of sizew. For each successfully received packet, the TCERED) [4] gateway was introduced to give early feedback
receiver returns an acknowledgment packet. Upon receite the TCP senders by marking (or dropping) packets be-
ing the first packet acknowledgment from the last windowiore the bidfer becomes full hence preventing large amount
the TCP sender starts sending packets in the next windo®f. packets from being dropped. However, it is found that
The duration between the sending of a packet and the réCP-RED may have instability and oscillatory problems
ceiving of the acknowledgment of this packet is called théb, 6, 7, 8, 9], which certainly degrade the transmission
round-trip-time (RTT). Therefore, a TCP sender can sengberformance. We have performed simulations usingithe
w packets for each RTT. If the window sizeis adaptively simulator [12], as shown in Fig. 1, and have found oscilla-
selected to reach its maximum share of throughput accortien at frequencies related to the TCP sending rate as well
ing to the network conditions, the TCP communication willas intermittent behaviors.
eventually reach its steady state as a self-regulated RTTIn this paper, we will try to develop a dynamic model
clocked system. that adequately explains these behaviors of the TCP-RED
There are several TCP algorithms for adjusting the winalgorithm.
dow size according to the network conditions, e.g., Tahoe
[1], Reno [2], and Vegas [3] or their variants. Both Taho&  overview of Operation
and Reno use Additive Increase Multiplicative Decrease
(AIMD) algorithm for congestion avoidance. Vegas uses We consider a system & TCP flows passing through
a more proactive approach for controlling window sizea bottleneck RED gateway [6, 8, 9], as shown in Fig. 2. It
Among them, Reno is the most widely implemented veris assumed that the system is operating in its desired stable
sion of TCP. Our focus here is the AIMD congestion avoideondition, satisfying the usual designed goal [4]. Without
ance algorithm based on Tahoe and Reno implementatiohsss of generality, the system is assumed ECN capable. The
In a typical congestion avoidance algorithm, the windowN long-live TCP connections are essentially controlled by
sizew increases linearly by/iv for each acknowledgment the ECN markings of the RED gateway. The ECN mark-
returned (Additive Increase). In this way, after succdsfu ings are controlled by the RED gateway to maintain an
transmittedw packets (a window of packetsy, will accu-  evenly distribution among th TCP flows, making them
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Figure 1: Simulated queue length waveforms of TCP-REDC
using thens simulator. (a) 96, (b) 128, (c) 160 and (d) 170 B
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Figure 2: A system oN TCP flows, fromS; to D;, where
i=12---,N, passing through a common bottleneck link

betweerG; andGs.

Queue Length (packets)

2
Time (second)

(©

4 6
Time (second)

(d)

8

10

p(t) = marking probability,

a = filter resolution (0< a < 1),

k = a proportionality constant dependent upon the
detailed implementation of the RED algorithm,

Xmax = Maximum threshold o%(t),

Xmin = Minimum threshold ok(t),

Pmax = maximum threshold of(t),

Ry, = propagation delay,

= bottleneck bandwidth,

= maximum physical queue length.

TCP connections. Each connection shares a fixed band-The above model has been analyzed previously using
width of 1.5Mly's in the bottleneck link.

share evenly the bandwidth of the bottleneck link.

The dynamics of the queue can be explained using th

fluid model [5], which can be described as follows:

dw(t) 1 w(t) wt—r(t)
& - Tmp(t— r(t) 1)
dgt) W(t)
o - Mo © @
dx() = In(l-a)
e LR ) 3
0 0 < x(t) < Xmin,
% Pmax  Xmin < X(t) < Xmax
Po(t) = pmaip (4)
+ B (x0
— Xmax) Ximax < X(t) < 2Xmax
1 omax < X(t) < B
pt) = «po(t) ()
() = ? +Ro (6)
where

small-signal linearization and perturbation [10, 11]. Our
aim is to study the detailed dynamics of the averaged TCP
window sizew and to explain its influence on the oscilla-
tié)n of the RED queue size.

3. Characteristic Frequency of Oscillation

In the steady state, the TCP algorithm uses congestion
avoidance to maintain its share of bandwidth. Figure 3 (a)
shows an ideal TCP window steady-state waveform of the
TCP algorithm with congestion avoidance. It has been
shown [13] that the TCP sources switch their sending rate
at a period ofT given by

_ WmaR

T
2

(1)
wherewpay is the maximum ofv(t) andR is the average of
r(t), within a TCP sender period. We recall from Fig. 1 that
the ns simulations reveal a characteristic frequency of the
queue length which is closed t%a and also intermittence
behavior. In the following we try to explain this phenom-
enon.

We begin with introducing a disturbance to the ECN
marking time of a period, such thetnax — (1 + 80)Wmax
where—-0.5 < §9 < 0.5. In practice, there will always

w(t) = averaged instantaneous window size (in pack- have disturbance arising from the random process associ-

rit) =

ets) of the TCP sources,
round trip time,

ated with the marking probability [4]. As the disturbance
develops continuously, the RED algorithm should make

g(t) = averaged instantaneous queue length (in pack- sure that the average flow rate is maintainedvat3/4R

ets),

afternT, wheren = 1,2, 3,--- [13]. Referring to Fig. 3 (c),

x(t) =filtered queue length after removal of short we formulate two iterative functions to describe the total

bursts,
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number of packets sent within a period (i.e., flow rate) and



the corresponding period: 12 F ar oaF 2
w, L VA A
F(do,01) = (3+0+261) Zax (8) 0.8 //// 02 ]
g L 4 @ ofF ¢ .
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whereT (60, 61) > 0. Mathematically, we may find such 02 L e
that the average flow rate is maintained at.3,/4R, i.e., ® 6 05 1 15 2 25 3 04 02 0 02 04
Time (T)
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0 0
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First, it is readily shown that there is no solution foe 1 0.8 |- -4 08 -
andn = 2. This implies that the system cannot recover T A S R a0
within the next one or two consecutive periods for any dis- 0 0-5T1_ 152253 0 °~5T1_ 152253
turbance. The solution far = 3 can be calculated as fol- me @) me @)
lows: © (d)
P 3 b P A 13 Figure 3: (a) Steady-state waveform of TCP sender’s win-
1 = S t5 T0sF 23 (13) dow; (b) boundary of disturbance and its iterative paths; (c
3 6 A steady-state waveform of TCP sender’s window for path B
b2 = S+ -0k V3 (14)  and (d) for path C.

wherel is any integer, and ) . .
given by (7). Now consider paths B and C of Figs. 3 (c)

A% = -18 -27% -85y — 185 — 53 + 853 and (d), where there may be some periodic orbits of
+36153 + 125063 — 2065 15 :
s 0es 3 (15) T(6i,6-1) * R forsome i=1,23 (16)
It can be shown thaf; andé§, are solvable from (12), (13) o ) o
and (14) only wher = 0. A plot of 63—, for A = 0 When there is disturbance that increases the flow arriving
at| = 0 gives the boundary curve of possible solutionsat the gateway, and as the flow reaches its maximum, the
Solutions are confined to the region left of this curve, i.egateway will issue more ECN markings to decrease the
region containing point A in Fig. 3 (b). The ling = 6o 1CP flow. These additional ECN commands will be ef-
touches the boundary at (0,0). Moreover, imposing (14gctive after a delay of one round-trip-tinie The result-
further restricts the solution area to region S as shown iR9 flow contains small periods and large periods which are
Fig. 4. Suppose initiallyyo < 0, we haves; > d, €.g., randomly interleaved. The smaller periods may disappear
point A in Fig. 3 (b), the solutions stay in region S as show@S they “merge” with the adjacent much longer periods due
in Fig. 4. to a low filter resolutiony of the gateway’s queue Ker.
(omitted here). In all these cases, we observe that while t&é the queue size somewhat lower thafT Jare observed.
long-term average flow rate and window period are mairfon the contrary, for a high filter resolutian the observed
tained at 8ima/4R and T, respectively, the instantaneouscharacteristic frequencies become higher.
average flow rate and window period deviate significantly
from these long-term average values. In the next sectigh2. |ntermittency
we will discuss how this resultiects the characteristic fre-

quency of the TCP flow observed in a RED gateway. For the purpose of illustration, let us assume that, for

instance, the solution af; always follows the boundary
curve. Thus, we will end up with the iterations indicated by
path B as shown in Fig. 3 (b) and the corresponding wave-
form in Fig. 3 (c). As shown in Fig. 3 (b), the disturbance
is converging toward the origin (0,0). If there is a positive

The TCP source window has a period given by (9) andisturbance, it will diverge along path C, as illustrated in
indicated in Fig. 3 (a). When disturbed, the period fluctuFigs. 3 (b) and (d). This constitutes a typical intermitienc
ates as in Figs. 3 (c) and (d). The averaged period is stphenomenon.

4, Discussions

4.1. Characteristic Frequency
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Table 2: Simulation Results

b \)\ ¥ o X \,“} o Parameter  Value Value Value  Value
B Yy, % 1% P 702 N 96 128 160 170
- 70 % T 10 % o 4 3 2.4 1.6
L7 do2 87 102 Wo 11.9 10.11 9.292 -
L doa k7 1 os R 343ms 29.1ms 26.76ms -
RO — L 1 3.67Hz 5.10Hz 6.02Hz -
04 -02 0 02 04 -04 -02 0 02 04 fq 4.4 Hz 528 Hz 6.86 Hz )
6o 8o
@ (b)

Figure 4: Solution space S 6§ andss when (12) is im-

Table 3: Simulation Results forfiierenta atN = 128

posed. (a) First set of solutions of (13) and (14) wheh “

f > ) Parameter Value Value Value Value

in (13) and %" in (14) are used; (b) second set of solutions 0.005 0.001 0.0005  0.0001
of (13) and (14) when+” in (13) and “~” in (14) are used. : , ' '

(13) and (14) (13) (14) 1 520Hz 510Hz 525Hz 522Hz

fq 7.00Hz 5.28Hz 5.25Hz 2.67Hz

Table 1: Simulation parameters

Parameter Value
N 96,128,160, and 170
< 1.5 Mbps
Kinax 512 packets
do 384 packets
Xrrin 256 packets [1]
a 0.001
Bottleneck delay 6 ms [2]
RED redwait false
TCP ecn 1 [3]

However, in reality, the iterative path of to 53 does  [4]
not follow exactly the boundary curve resembling path B
or C in Fig. 3 (b). In fact, the solution is within region

S in Fig. 4. Note that solution space S is plotted using[®]
(12). The disturbance will either decay or diverge faster
with |6, — 61| = A/ V3, as given by (13) and (14) for a non-
zeroA. Thus, we should observe a weaker intermittency in ]
the flow.

[7]
4.3. Experimental Observation

The parameters in Table 1 are used for tisesimula-
tion shown in Fig. 1. The natural TCP sender’s frequency, 8]
the observed frequency and the averaged number of periods
within an intermittent period are given in Table 2. Also,
the dfect of filter resolutionr is depicted in Table 3, which
shows the characteristic frequency of the observed oscilla
tion for different values ofr for N = 128. As explained
earlier, for smallere, the removal of many shorter peri- [10]
ods by the filter makes the characteristic frequency appear
lower, and vice versa for larger.

9]

(11]

5. Conclusion
(12]
We have developed a model to explain the observed pefji 3]
odicity and intermittency in the instantaneous queue dize o
the TCP-RED system. The model can qualitatively explain
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the oscillatory behaviors of RED queue with a number of
identical TCP connections.
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