JOURNAL OF COMMUNICATIONS AND NETWORKS 1

Active Queue Management using Adaptive
RED

Rahul Verma, Aravind lyer and Abhay Karandikar

Abhay Karandikar is the corresponding author. He is with the Information Networks Laboratory, Department of Electrical
Engineering, Indian Institute of Technology, Bombay, India, e-mail: karandi@ee.iith.ac.in

July 15, 2002 DRAFT



JOURNAL OF COMMUNICATIONS AND NETWORKS 2

Abstract

Random Early Detection (RED) [1] is an active queue management scheme which has been de-
ployed extensively to reduce packet loss during congestion. Although RED can improve loss rates, its
performance depends severely on the tuning of its operating parameters. The idea of adaptively vary-
ing RED parameters to suit the network conditions has been investigated in [2], where the maximum
packet dropping probabilityrax, has been varied. This paper focuses on adaptively varying the queue
weightw, in conjunction withmazx,, to improve the performance. We propose two algorithms viz.,
wq—thresh andw,—ewma to adaptively varyw,. The performance is measured in terms of the packet
loss percentage, link utilization and stability of the instantaneous queue length. We demonstrate that
varyingw, andmax,, together results in an overall improvement in loss percentage and queue stability,
while maintaining the same link utilization. We also show thatz, has a greater influence on loss
percentage and queue stability as compared,tand that varyingo, has a positive influence on link

utilization.

Index Terms

Random Early Detection (RED), active queue management, next generation Internet.

. INTRODUCTION

The problem of congestion control in TCP/IP networks has been studied extensively in the
literature [3]. TCP provides an inherent mechanism for end-to-end congestion control. The
essence of this mechanism is that a TCP source adjusts its window size based on an implicit
feedback of a packet drop. Traditionally, a packet gets dropped whenever it encounters a full
buffer (known as the Drop-Tail gateway). This however has been found to be inadequate owing
to the following two reasons. First, gateways are designed with large buffers to accommodate
transient congestion. However, queues that are occupied most of the time would be undesirable
as this would increase the average delay in the network. Secondly, in spite of all the enhance-
ments TCP has undergone, Drop-Tail gateways suffer from high packet loss rates. The reasons
attributed to this high loss rate include a lack of early congestion notification to sources. This
problem has been addressed by deploying active queue management strategies like RED in the
network.

The basic philosophy behind RED is ppeventcongestion rather than twureit. In RED
scheme, packets are dropped even before the buffer is full, in order to notify sources if congestion

is building up. The sources can then reduce their window sizes (or rates), thereby preventing
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further packet loss. The scheme is described in detail in the next section. However, RED has
several shortcomings, including a high degree of sensitivity towards its operating parameters,
unfairness to flows with different round-trip times, and the problem of global synchronization.

Several studies have been performed to address the above shortcomings [2], [4], [5], [6], [7],
[8]. The idea of adaptively varying RED parameters has been proposed in [2]. In [2], one
of the RED parametersiaz, is adaptively varied. The objective is to reduce the oscillations
in the queue length. We have demonstrated through simulations that vatyingalso has a
positive effect on the packet loss percentage. However, as illustrated in the simulation results in
this paper, varyingnax, has an adverse effect on the link utilization. Floyd et al. in [8] discuss
algorithmic modifications to the self-configuring RED algorithm [2] for tuningz,, adaptively.

Their objective is to control the average queue length around a pre-decided target. However, it
may be noted that controlling the average queue size has a limited impact on regulating the
packet loss rate.

Previous papers have considered adaptive RED schemes in order tadupe This paper
addresses the issue of adaptively varying We demonstrate that adaptively varying has a
positive effect on link utilization. We show that varying, by the techniques illustrated in the
paper, along with varyingiaz,, in a manner similar to that of [2], brings about an improvement
in terms of packet loss rates and queue stability without adversely affecting the link utilization.
We, therefore, suggest that botluz, andw, be varied adaptively.

The rest of the paper is organized as follows. Section Il explains the problem of parameter
sensitivity and discusses an algorithm to modifyx, adaptively. In Section Ill, we propose
some algorithms for adaptively varying,. Section IV studies the relative performance of these
algorithms. Finally, Section V concludes the paper.

[I. BACKGROUND
A. RED scheme

The RED scheme was initially described and analyzed in [1]. The RED gateways detect
incipient congestion by computing the average queue size. RED computes the average queue

lengthg,,, using an exponentially weighted moving average:

qavg = (1 - wq)Qavg + quinstantaneous (1)
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The packets are dropped based on the aggye The averaging process smoothens out tempo-
rary traffic fluctuations and allows small bursts to pass through unharmed, dropping packets only
during sustained overloads. RED maintains two queue threshelads;, andmaz,. If 4., €X-
ceedsnaxy,, all incoming packets are dropped, whereag,f, is less tharmin,, no packet is
dropped. Ifg,,, lies between the two thresholds, packets are dropped with a probahbititych
increases linearly from O (atin.,) to max, (atmax,,). By dropping packets before the buffer

is completely full, the RED gateway attempts to warn the TCP sources of incipient congestion.

B. Performance dependence on parameters

The various control parameters of RED are listed below (Table I). The performance of a
TABLE |

RED PARAMETERS

Parameter Function

Wy Weight for calculating

average queue

maz, Maximum dropping probability

ming, Lower threshold below which

no packet is dropped

mazyy, Upper threshold above which

all incoming packets are

dropped

gateway employing RED depends significantly upon its parameters (see [2], [7]). In [9], certain
guidelines to decide the values of these parameters have been given. However, experiments have
shown that it is difficult to find appropriate values of parameters that will enable RED gateways

to perform equally well under different congestion scenarios. In cases where the parameters
are not suitable for the given network traffic load, the performance of the RED gateway can
approach that of the traditional Drop-Tail gateway. One approach to solve this problem is to
update the RED parameters dynamically in order that they are suitable for the given network

conditions.

July 15, 2002 DRAFT



JOURNAL OF COMMUNICATIONS AND NETWORKS 5

C. Self-Configuring RED

An algorithm to modify the parametetaz, based on the average queue length is described
in [2]. The basic idea is to modulate the aggressiveness of RED scheme by examining the
variations in average queue length. If the average queue length oscillates aroupdthen
the algorithm reduces the valuetix, by a factora (i.e. mazx, = maz,/c), in order to make
RED less aggressive. Similarly, if the average oscillates araund,,, thenmaz, is increased
by a factorg (i.e. max, = max, * 3). This makes RED more aggressive. The outline of the
algorithm is given in Figure 1. In the rest of the paper, we will call thisither,, algorithm. The
algorithm performs well by reducing the oscillations in the instantaneous queue length under

different traffic conditions.

On the nth ¢., Update

. Calculate average queue size as
Qavg, — (1 — Wq)qavg, 1 + Wq-Yinstantancous

o If ( ming < qavg, < maxy,)
status = Between

o If ( Gavg, < miny && status!=Below)
status = Below
mazx, = max,/o

o If (' Qavg, > maxy, && status!=Above)
status = Above
mazx, = maz, * 3

. Rest of the RED algorithm remains the same.

Fig. 1. Self-Configuring RED algorithmrm{ax,)

I1l. ADAPTIVE RED

The Self-Configuring RED algorithm improves the performance in terms of the instantaneous

gueue stability by reducing oscillations. However, (as shown in the simulations below) it results
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in a lower link utilizatiort under conditions of congestion. Our simulation results show that
adapting the parameter, has a positive effect on link utilization under conditions of heavy
load. This motivates one to look at algorithms which varyadaptively in conjunction with
max,, in order to get better performance in terms of both link utilization and stability. As shown
by the simulations, varying both, andmazx, results in an improvement in queue stability and
loss percentage without bringing down the link utilization. Also, the performance is consid-
erably better in terms of loss percentage and stability as compared to the dsfégine or
varying onlyw,. We would, however, like to point out that varyimg alone does not bring any
significant improvement in terms of loss percentage or stability.

We propose to vary the parametey adaptively based on the variations of the average queue
length. If the change in average queue length is significant, then at the,nexpdate, greater
weight should be given to the instantaneous queue length and herafeould be increased.
Similarly, if the change is negligibley, should be reduced and greater weight should be given
to the previous value of the average queue size. In other wopasntrols how fast the network
conditions are learnt. In this paper, we suggest two algorithms which can be used to,vary
The first algorithm @, — thresh, Figure 2) switchesuv, between two levels and the second
algorithm @, — ewma, Figure 5) variesu, through an exponentially weighted moving average.

Both of these are explained in the following subsections.

A. w, — thresh algorithm

Thew, —thresh algorithm changes the aggressiveness of RED scheme by changing the value
of w, based on the changes in the average queue length. The idea is to have two valyes for
one (w;) corresponding to network conditions where the queue length is varying rapidly and
the other (v;) corresponding to conditions of stable queue length. Depending on whether the
variation ing,,,, viz., |Aavg| exceeds a thresholdor not, the value ofy, is set tow, or w,
respectively.w,; is chosen to be greater than because more weight should be given to the
instantaneous queue length when the queue size is varying rapidly.«Alsmdw, are varied
close to 0.0020 which is the default valuewaf in the non-adaptive RED scheme (as suggested
in [1]).

1The total number of packets transmitimaccessfullyn a particular link (for a given time interval) is taken as a measure of

the link utilization for that link.
2In the paper, thelefaultscheme refers to the original RED scheme [1].
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On the nth ¢,, Update
« Calculate average queue size as

Qavg, (1 - wq)qavgn_1 + Wy -Ginstantaneous

o If  |Aavg| >p

Wy = W1
else
Wy = W2

where Aavg = Gavg, — YQavg,_1 and w; > wy
p is some threshold value

. Rest of the RED algorithm remains the same.

Fig. 2. Adaptive RED algorithmu,: Thresholding)

The performance of the, — thresh algorithm has been studied for various values:gfw,
andp. One significant observation that we would like to mention is that the performance of the
algorithm is not affected significantly ferlying in the range [0.5, 2] (see Figure 3). For> 2,
the algorithm tends to be the same as the default schemeuwwitls the queue weight, since
|Aavg| does not exceegd. For lower values of the parametethe performance varies a lot for
small variations irp (see Figure 4). In the simulations carried out in the paper, we have chosen
a value ofp = 1 and it has been found to work well under various network scenarios considered
in the simulations.

The performance varies marginally with respect to the parameter pairv,}. The sim-
ulations were carried out witkw,, w,} being equal t0{0.0022, 0.0018, {0.0021, 0.001},
{0.0024, 0.002p and {0.0020, 0.0018. However, the paif0.0022, 0.0018 gives the best
performance in most of the scenarios simulated in this paper compared to the other values. The

results in the paper correspondf{io, = 0.0022, w, = 0.0018} andp = 1.

B. w, — ewma algorithm

Thew,—ewma algorithm regulates the aggressiveness of RED scheme, by allowing the queue
weightw, to take acontinuousset of values unlike the, — thresh algorithm in whichw, takes

only two discrete values. The scheme works by observing the changg, imnd modifyingw,
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Fig. 3. Packets transmitted as a function of thresholdy; = 0.0022, wo = 0.0018) for a particular network scenario.

according to the equation

w, — kyw, + k| Aavg 2)

The constant; (< 1) is responsible for decreasing, wheneverlAavg| is negligible. The
constant:, changesu, in proportion to]Aavg| so that when the queue length is varying rapidly,
w, increases at a faster rate. Tlag— ewma algorithm has been simulated for various values of
the parameterk; andk,. The algorithm gives a consistently good performance whes close
to unity andk, is close to zero. Otherwise, the performance varies considerably and at times
can become worse than the non-adaptive algorithm. Also, the parameters cannot be arbitrarily
varied independent of each other without compromising on performance. From the simulations
we determine that ik, is set close td1 — &;)/10 then the algorithm gives good performance
for £y in [0.999,1.000]. The rationale behind setting in terms ofk; in such a fashion is the
following.

The adaptation equation for changimgis given by Equation (2). As long as the change in the
average queue length is observed to be negligitley{g| ~ 0), w, keeps decreasing by a factor
k1. WheneverlAavg| is observed to be changing rapidly, needs to be restored to a higher
value. Thereforef, needs to not only offset the decrease causek lfwhich is(1 — k) * w,)

w.

but also provide the necessary increase. Helicshould be set t¢1 — k) * TRarg * K Where

q
avg|
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Fig. 4. Packets transmitted as a function of threshplMagnified view: p € [0,0.5], w1 = 0.0022, w2 = 0.0018) for a
particular network scenario.

On the nth ¢,, Update
. Calculate average queue size as
Qavgn — (1 — Wq)qavg, 1 + Wq-Yinstantancous
. Update queue weight w, as
wy — kywg + kao|Aavg|
where  Aavg = Gavg, — Gavg, -
. Rest of the RED algorithm remains the same.

Fig. 5. Adaptive RED algorithmu,: Weighted Average)

x Is a constant which controls the amount of increasenIn addition, from simulations we
find that the variations in the average queue length is about an order of magnitude higher than
w,. Thereforef, can be set agl — k) * x/10. We have takem to be 1.

In the simulations, when only, — ewma is employed, we use the valig = 0.9996 and
hencek, = 0.00004, whereas when both the, — ewma and thenax,, algorithms are employed,
thenk; = 0.9992 andk, = 0.00010 are used. Herg, is set to 0.00010 instead of 0.00008, as
dictated by the above reasoning. This is because the adaptation algoritmaifpuses a value

of a which is greater thap¥ so thatmaz, decreases faster than it increases (see Section 1V). So
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a higher value of:; enablesu, to increase faster when congestion occurs and compensate for

the slower response otaz,.

V. PERFORMANCEEVALUATION
A. Experimental network

The simulations have been performed using isev2.1b7network simulator ([10]). The
network topology shown in Figure 6 is used for simulating the various scenarios. It may be noted
that the simulation topology used is similar to the topology used in other papers, for consistent
comparison. The issue of multiple congested gateways has not been considered here. The value
of N is varied for different scenarios. The default RED parameters are kept as0.0020,
max, = 0.1, mazy, = 15 andminy, = 5. The buffer size for the RED router is kept as 50
packets and the simulations are performed with equal sized packets. The results are obtained for
the RED router and the bottleneck link shown in the figure.

We call aharshscenario as one where the loss percentage (defined as number of packets lost /
number of packets which entered the router) excee#s If the loss rate is arount®o, then the
scenario is referred to asild. In between (loss percentage5-15%), the simulation scenario
is calledmoderate

In all of the simulations, the values of and 3 for the maz, algorithm are taken a® and
1.5 respectively. The reasoning behind choosing these values is:thigtshould be decreased
more drastically compared to when it is increased. The packet loss rate is directly influenced
by mazx,. A large increase imax, can lead to high loss rates and hence it should be increased
cautiously. In [2],c and 3 are taken as 3 and 2 respectively. However, the values?2 and
0 = 1.5 give arelatively better performance under harsh and moderate scenarios and these have

been used in the simulations.

B. Harsh scenario

For the harsh scenario the total number of nodes has been taken as 80. The bottleneck band-
width is 1Mbps while the other link bandwidths are 3Mbps. The various sources are switched
on at random times betweeén= (Osec andt = 7sec. The sources stop transmitting at time

t = 30sec.
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RED Bbottl eneck Sink
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Fig. 6. Network Topology
TABLE I

PERFORMANCE COMPARISON (HARSH SCENARIO): wq—thresh, wq—ewma AND maz, ALGORITHMS

Algorithm Drop% | Packets Stable

Default 30.39 | 3741.9 No
Only w,—thresh || 30.18 | 3750.1 No
Only w,—ewma | 30.23 | 3755.0 No
Only mazx, 26.61 || 3724.9 Yes
w,—thresh+mazx, || 26.19 || 3736.3 Yes
w,—ewmatmazx, | 26.65 || 3730.0 Yes

From the simulation results (refer Tabl) it can be inferred that:

« Both thew,—thresh+maz, andw,—ewma+maz, algorithms are much better than the
default scheme in terms of stability (see Figures 7, 8 and 9).

« Using only themax, algorithm results in a drop in the number of packets transmitted suc-
cessfully. Varyingw, in conjunction withmaz, helps in achieving the benefits of varying
max, (lower loss percentage and more stability) and at the same time counters the adverse
effect of maz,, on link utilization. The overall improvement in performance is prominent
in the moderate scenario.

« Varying only w, results in an improvement in the number of packets transmitted. Even
though the improvement seems marginal, in such a scenario where the link utilization is
as such close t87 — 98%, an improvement of only about half a percent is substantial. In

3By packetswe mean the number sticcessfullyransmitted packets.
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certain sample paths, the improvement was clo2¥4oThe importance of, in affecting
the link utilization is further seen in the moderate scenario.
« Both the algorithms result in a substantial decreasé%) in the loss percentage compared
to the default RED scheme.
« Also, the stability of the instantaneous queue length is better invfrewma-+maz, al-
gorithm than in thew,—thresh+max,. This can be attributed to the fact tha} is inti-
mately tied to the estimation of the average queue length and hence the regulation of the

instantaneous queue length. So varyingcontinuously has a better stabilizing effect than
switching it between two different values.

50 M T T T T

T
i _ "average’
45 - 1 ‘instantaneous’ - 1

Queue Length

Time (in seconds)

Fig. 7. Average and instantaneous queues with default RED (Harsh scenario)

C. Moderate scenario

Here the total number of nodes has been taken as 25. The sources start transmitting at random
times between = Osec tot = 5sec. Their stop times are also random. The sources transmit till
aboutt = 20sec. The following inferences can be drawn from the results (refer Table III):

« As far as the stability of the instantaneous queue is concerned, the problem is less severe

in this scenario (Figure 10) compared to the harsh scenario. Still, the adaptive algorithms

varying bothmax, andw, perform better (Figures 11 and 12) compared to the non-adaptive
RED scheme.
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Fig. 8. Average and instantaneous queues withx, +wg4-thresh algorithm (Harsh scenario)

50 H\ T T T
45 1 |

T
. ‘average’
‘instantaneous’ --—--—--- B

Queue Length

Time (in seconds)

Fig. 9. Average and instantaneous queues wittx, +wq-ewma algorithm (Harsh scenario)

« The performance of the adaptive algorithms (varying beth, andw,) is better, compared

to the default RED scheme, in terms of loss percentage and number of packets transmitted.
« Varying onlymaz, results in a drop in the number of packets transmitted. Varyipglong

with mazx, results in a better link utilization compared to when omlyz, is varied.

« Varying onlyw, is not sufficient to bring down the loss percentage or make the queue stable.
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TABLE IlI

PERFORMANCE COMPARISON (MODERATE SCENARIO): wq—thresh, wqg—ewma AND max, ALGORITHMS

Algorithm Drop% || Packets || Stable

Default 12.69 | 2369.3 No
Only w,—thresh || 12.44 | 2364.0 No
Only w,—ewma | 12.66 | 2362.9 No
Only maz, 11.84 || 2345.7 Yes
wqg—thresh+max, || 11.03 || 2372.1 Yes
wy,—ewma+mazx, | 11.94 | 2373.0 Yes

50 ——— : — -
average
45 iy instantaneous’ .
aof

35 |
30
25
20 |
151
10 |

Queue Length

Time (in seconds)

Fig. 10. Average and instantaneous queues with default RED (Moderate scenario)

D. Mild scenario

In a mild scenario, where the loss percentages are very low, the problem of stability does
not arise. Also, using any of the adaptive algorithms does not help much in reducing the loss
percentages further. However, there is an increase in the number of packets transmitted.

The results (refer Table IV) shown are fof = 5 and all link bandwidths being equal to
10Mbps. As can be seen from the results, varying emlyt, brings about a good improvement
in the number of packets transmitted and further varyiggusing thew,—thresh algorithm)

improves the performance only marginally. Thus, if a tradeoff has to be made between com-
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Fig. 11. Average and instantaneous queues wittx,+wq4-thresh algorithm (Moderate scenario)
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a0r |
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10}
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Fig. 12. Average and instantaneous queues wittx,,+wq-ewma algorithm (Moderate scenario)

plexity and performance, the results suggest that only,, should be varied in such a scenario.
However, varying bothu, (w,—thresh algorithm) andmaz, still gives a better performance
compared to the other schemes. The-ewma algorithm gives poorer performance in terms of

the packets transmitted but there is marginal improvement in the loss percentage. This can be
explained as follows. The manner in whiefy is varied controls how fast the network conditions

are learnt. Since in a mild scenario, the network changes are smaller, thehresh algorithm
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is faster to respond than the, — ewma algorithm, and hence performs better. This suggests
that in scenarios with little or no congestian, should be varied according to thg — thresh
algorithm. In case computation complexity is of great concern, thenmaaly, should be varied
in such scenarios.

It was also observed that in mild scenarios, varyinge, in larger steps (e.g{a = 3, 5 =
2}) gives better results than varying it wiflwx = 2, 3 = 1.5}. However,a and should not be
too large because then the algorithm becomes unstable.

TABLE IV

PERFORMANCECOMPARISON(MILD SCENARIO): wq—thresh, wg—ewma AND max, ALGORITHMS

Algorithm Drop% || Packets

Default 0.80 24715.6
Only w,—thresh | 0.82 24713.2
Only w,—ewma | 0.77 24387.7
Only maz, 0.73 24774.5
wy—thresh+mazx, || 0.73 24789.7
w,—ewma+maz, || 0.61 24531.2

E. Summary of results

Based on the above observations, we can make the following conclusions on the effect of

max, andw, on the performance of RED:

1) maz, has a stronger influence on the loss percentage and stability of RED as compared
to w,. The strong influence of.ax, on the packet loss rate is evident, since it is directly
related to how harshly the RED scheme drops packets in order to discourage sources from
sending too much data. The influence on stability is however indirect. Only vauy;ing)
not sufficient to avoid persistent oscillations of the instantaneous queue, whereas changing
max, helps in stabilizing the queue size.

2) w, has a greater positive influence in terms of link utilization as compared.1g. More-

over, the effect is prominent under conditions of heavy and moderate network traffic. The
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drop in link utilization due to varyingraz, can be countered by varying, in conjunction
with mazx,,.
3) In mild scenarios, varyingrax, alone can ensure a good performance in terms of loss

percentage and link utilization.

V. CONCLUSIONS

In this paper, we have looked at the performance of RED scheme in relation to its operating
parameters. We have identified the impact of varyingz, on link utilization and loss per-
centage. Previous papers on adaptive RED have focussed exclusively onituntpgwhile
ignoring the effects ofv,. We have studied the effect of varying, in conjunction withmazx,
and demonstrated how this can serve to counter the decrease in link utilization caused by varying
mazx, alone. We have suggested algorithms to adaptively vgryWe note that varyingnaz,
has a greater influence on packet loss rate and queue length stability, while wajygogtrols
the link utilization. Finally, it has been suggested that bathr, andw, should be varied, in
harshandmoderatecongestion scenarios, to achieve an overall improvement in loss percentage
and stability without adversely affecting the link utilization as compared to the default RED
scheme.

In the end, we would like to reiterate the fact that RED is quite sensitive to its operating pa-
rameters. The issue of the performance of RED (adaptive or otherwise) in multiple congested
networks is quite crucial and has not been investigated. We have explored active queue manage-
ment strategies based on traffic prediction, and we feel that these algorithms are likely to fare
better in multiple congested links and would be less sensitive to parameters. These issues are

however beyond the scope of the current paper, and will be addressed elsewhere [11].
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