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Active Queue Management (AQM) methods control the router's buffer to maintain high network
performance and control congestion at the router buffer. Random Early Detection (RED) method is the
most well-known and the most utilized AQM. RED suffers from a high dropping rate, which motivates the
later AQM methods to use more complex processes, which reach the limits of using fuzzy systems as a
processing technique. Yet, high computational cost affects the router's performance specifically and the
network as a whole, with so-called processing delay. In this paper, a linear version of RED (LRED) is
presented to reduce the computational cost of the original RED and maintain the network performance in
terms of throughput, delay, dropping, and loss. LRED is built based on two distinctive features, simplifying
the congestion indicator calculation and reducing the operations in calculating the dropping probability.
The experimental results showed that the proposed method reduces the delay and the processing time
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while maintaining the throughput and loss of the RED method.

Povzetek: Opisan je razvoj nove metode za upravijanje predpomnilnika na omreZju.

1 Introduction

Computer networks consist of multiple devices, one of
which is the router. The router is responsible for receiving
packets, accommodating, processing, and forwarding
them to their destination. The packets are accommodated
in the router within the router buffer. The problem of
router buffer overflowing with the queued packets or
increasing their numbers to extend affects the transmission
process, degrades the network performance, and creates
so-called congestion, as illustrated in Figure 1 [1].
Managing the queue in the router buffer to maintain high
network performance is the general goal of congestion
controller methods and active queue management (AQM).
AQM methods addressed the goal mentioned above by
controlling the queue size and determining the proper
action for each arrival packet, queuing in the packet, or
dropping it accordingly [2-4].

Among various AQM methods, Random Early
Detection (RED) method is the most well-known and the
most utilized [5]. RED monitors the queue size increase
and detects congestion early, and it responds by dropping
packets to maintain high performance. The process of

packet dropping in RED is implemented randomly in a
stochastic manner to avoid global synchronization. This
random, stochastic-based dropping is also performed
reasonably to avoid unnecessarily dropping packets. As
illustrated in Figure 2, RED calculates and uses the
average queue length (AQL) as a monitoring indicator.
Besides, the value of the AQL is compared to two
threshold values to determine the best decision for the
arrival packet (i.e., dropping vs. accommodating). This
process is controlled with other parameters, such as the
maximum dropping value (Dmax) and the counter value,
which prevent global synchronization by reducing the
chance of dropping subsequent packets [6].

Existing AQM methods maintain a random
mechanism for packet dropping as implemented in RED.
RED has been enhanced following various directions:
predicting early congestion, predicting false congestion,
predicting and reducing delay, and easing the
parameterization problem. Random dropping controlled
by the value of dropping probability (Dp) is required to
avoid global synchronization phenomena. The
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Figure 1: Congestion at the router buffer.
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Figure 2: RED's mechanism for Dp calculation [7].

synchronized loop of dropping, stopping, and re-sending
among senders degrades the network performance and
wastes resources. Avoiding global synchronization by
random packet dropping was firstly addressed by Floyd
and Jacobson [8], as implemented in RED, the first AQM
method. Up to now, this randomization has been
embodied in all of the developed AQM methods.
Optimized dropping is one of the key characteristics of the
AQM that is continuously being enhanced in the
developed AQM methods. An optimized dropping should
speculate the current queue and load statuses and the
expected future status, which can be estimated based on
the current and previous load status. These considerations
are addressed in the congestion indicator(s) [9, 10].

RED and the rest of the AQM methods have two main
distinguished elements that differ from the other: the
utilized congestion indicator and the underlying decision-
making technique [11]. The decision-making technique
involves various calculations to determine the dropping
probability (Dp) and make the dropping decision.
Accordingly, some methods aim to reduce the dropping
probability with false congestion indications. Others aim
to improve the delay. Some methods aim to ease the
parameter settings, especially fuzzy systems [7, 12-15].
Overall, the advanced AQM methods addressed the
problems of reducing dropping [5, 16, 17], delay [18, 19],
loss [15, 20], and easing the parameter settings [21, 22],
which are the main keys to achieve the desired
performance of the AQM methods. Yet, one of the main
significant issues is to keep the calculation at the router
buffer as simple as possible to avoid high computational
load and unnecessary delay at the router [23], which is not
the case with complex AQM methods, especially the
fuzzy-based methods [2, 4, 24-28]. Subsequently, RED is
still the best method, as it is based on simple mathematical
equations; however, simplifying RED is still demanded in
the high network speed era.
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This paper proposed a linear version of RED (LRED)
based on a simple technique using AQL as the congestion
indicator with a limited number of mathematical
operations and faster calculation than the original RED.
LRED uses a simple average queue length calculation and
a simple mathematical equation to calculate the dropping
probability and make the dropping decision. Besides, the
proposed method considers the main purpose of queue
management methods: to avoid congestion and maintain
network performance. The rest of the paper is organized
as follows: Section 2 discusses the previous queue
management work. Section 3 presents the proposed work
on the modified RED. The proposed method results in
terms of network performance and the proposed method's
computational costs are presented in Section 4. A
discussion is presented in Section 5. Finally, the
conclusion is given in Section 6.

2 Previous work

Early approaches for AQM focused on extending RED
while maintaining the AQL utilization. Accordingly,
Gentle Random Early Detection (GRED) [5] makes
dropping decisions using the same parameters and
technique while setting three thresholds compared to two
in RED. Adaptive Random Early Detection (ARED) also
implemented the same technique as in RED while adding
target AQL as a parameter and maintaining the AQL
around the target value. Later on, different methods were
proposed by replacing the AQL with other indicators, such
as arrival or load rates. A set of methods were proposed
using the arrival rate and have extended from one version
to another with the same technique; these are: Adaptive
Virtual Queue (AVQ) [29], Stabilized AVQ (SAVQ) [30],
and Enhanced AVQ (EAVQ) [31] used the arrival rate.
Meanwhile, other methods replaced AQL with two
indicators instead of one, one of which was the Efficient
Random Early Detection (ERED) [32], which used AQL
and g. As such, a modification of the original technique
used by RED is required to accommodate different
indicator(s).

Various methods were proposed with an adaptive
mechanism to ease the parametrization problem, founded
in RED and enlarged with the other methods. The adaptive
mechanism calculates the values of the parameters as
similar to the calculation of the indicator instead of using
a fixed value. Accordingly, New Adaptive Random Early
Detection (NARED) [33], Queue-Length Threshold
Random Early Detection (LTRED) [9], and Priority
Random Early Detection (PRED) [10] are adaptive
congestion control methods. These methods, in general,
did not focus on the results or improving the network
performance. However, since setting up the optimal value
for the non-adaptive parameters is difficult and mostly
different values are required for different network statues,
the adaptive methods' results were slightly better than the
static methods.

The Fuzzy-based methods were proposed with a
similar mechanism of using random dropping with
probability based on Dp, but the Dp is calculated using a
fuzzy inference process (FIP). These methods' goal was to
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ease the parameterization and create more flexibility in the
dropping decision. Accordingly, these methods used the
same indicators as earlier methods. Accordingly, different
methods used different inputs with different fuzzy
components (i.e., membership functions and rules).
Among these components, the input variables are the most
critical components for the fuzzy-based AQM. Examples
of these methods are Fuzzy Explicit Marking (FEM) [34],
Fuzzy BLUE (FB) [35], Fuzzy GREEN (FGREEN) [36],
Fuzzy-logic Controller-based RED (FConRED) [37], and
FLRED [4]. Although these methods were created to ease
parameter initialization, other objectives can be achieved
based on the input variables to be utilized, such as AQL
[34], delay [4], and packet loss [35].

Overall, various AQM methods have been developed
over the years. These methods were developed with one
or more objectives: 1) Avoid global synchronization,
which required dropping a non-ordered set of packets to
avoid the synchronization loop. 2) Predicting congestion
in early-stage and response by dropping packets to avoid
or minimize packet loss in such a case. Predicting
congestion at an early stage requires speculation of the
network status. 3) Recognize the presence of short heavy
traffic (false congestion) and distinguish it from the true
congestion to avoid, or at least minimize, unnecessarily
packet dropping, which requires network status
speculation as predicting congestion in early stage. 4)
Minimize delay to optimize the performance of data
transmission by speculating the arrival and departure rate
and the status of the queue. 5) Optimize parameter
initialization problem, which affects the overall
performance. These criteria are summarized in Table 1 [1,
7.

According to the AQM optimization criteria, which
were mentioned previously, all known AQM methods,
such as FRED [48], ARED [44], and GRED [5], achieved
the first objective, which is avoiding global
synchronization, by randomly dropping packets based on
the calculated dropping probability. As for the second
objective, which is early congestion prediction, different
methods have different abilities. Methods that use the
instant queue as a congestion indicator, such as SRED [23]
and ERED [32], can achieve this criterion with noticeable
changes in queue size. However, RED [8] cannot predict
congestion as it depends on the average queue length over
the system time. According to this criterion, BLUE [11]
has the medium ability because it utilizes a single-
capability indicator. As for recognizing false congestion,
ERED [32] achieves this objective by using the average
queue length with the instance queue, which together
works as a time window over the queue size. On the other
hand, AVQ [29], SAVQ [30], and EAVQ [31] did not
partially or completely achieve this objective because they
utilize single-capability indicators. As for delay
consideration, LUBA [49] achieved this objective by
considering the arrival and departure rates (traffic-load
amount). On the other hand, RED [8] did not achieve this
objective because the delay was not considered in the
implemented technique. Finally, all FIP-based methods
were proposed to address this criterion for
parameterization problem easiness [50-51]
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The results of the existing methods were reported
using various parameters and various environments.
Accordingly, the improvement can only be clarified by
comparison to other methods. A summary of the results of
the reviewed literature is presented in Table 2.

Overall, the existing AQM methods were developed
over the years to address RED's problems, improve
performance results, or achieve other objectives. Yet, one
of the main disadvantages of extending RED is the
processing overhead required to implement different
congestion  predicting and queue management.
Accordingly, there is a need to reduce the computational
cost while maintaining and improving the RED's network
performance.

Table 1: AQM optimization criteria.

Criteria | Discussion Consideration Methods
When systematic Consider a All AQM
_ < dropping occurs, random dropping = methods
s % global synchronization ' approach to
8 2 isaloop of dropping, | avoid global
< © | stopping, and re- synchronization.
S E  sending among
< > senders.
Early congestion Consider the REM [38],
c prediction leads to status of the MRED [39],
2 o, avoiding the network and the | BLUE [11],
S-S | consequence of queue to predict | ERED [32],
s = | congestion. congestionand | AQMRD [21],
L_; g respond early by = S-RED [40]
= dropping packets ' and RED [8].
w to avoid packet
loss.
False congestion Consider the CRED [41],
identification status of the Adaptive
3 5 discrimination leads to ' network to be Threshold
& £ avoiding, or at least able to RED [42] and
8 °g’> minimizing, distinguish false = Adaptive
e 8 unnecessarily packet | congestion from  AQMRD [43].
o dropping. the true one.
° Delay consideration is | Consider the GRED [5],
] an important issue that | arrival and ARED [44],
I causes by departure rate DRED [45],
.Qc:, 2 | accumulating packets | and the queue PI [46], AVQ
& g in the buffer. status and drop [29] and
5 packets DQRED [3]
3 accordingly if the
a delay increases.

- Increasing the number = Consider FuzzyRED
2 of the parameters in reducing the [37],
g the AQM methods number of DeepBlue
2 creates the problem of | parameters or [47], Fuzzy
IS parameter initialization | using low logic for
% and the performance- | sensitive GRED
o . .
> dependency problem. | parameterization = (GREDFL) [2]
@ such as the fuzzy and FLRED
ww

sets. [4].
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Table 2: Existing AQM methods.

Methods Results

RED [8] Improve link utilizations

NARED [33] Improve packet loss rate compared to RED

LTRED [9] A slight improvement over RED, AVQ, and ARED
in terms of packet loss and throughput

BLUE [11] Improve packet loss rate compared to RED

ERED [32] Improved throughput compared to RED and BLUE

PRED [10] Improve packet loss rate compared to RED

FEM [34] Ease parameterization

FB [35] Ease parameterization

FGREEN [36]
FCOnRED [37]

Ease parameterization
Ease parameterization

GRED [5] Improve packet loss rate compared to RED
ARED [44] Improve packet loss rate compared to RED
FRED [48] Ease parameterization
AVQ [29] Improve packet loss rate compared to RED
SAVQ [30] Improve packet loss rate compared to RED
EAVQ [31] Improve packet loss rate compared to RED
SRED [23] Improve packet loss rate compared to RED
FuzzyRED [37] @ Ease parameterization
FLRED [4] Ease parameterization

3 Proposed work

Linear Random Early Detection (LRED) is proposed to
reduce the original RED's computational cost while
maintaining the network performance in terms of
throughput, delay, dropping, and loss. The proposed
method is built based on two distinctive features: 1)
simplify the calculation of the congestion indicator, and 2)
reduce the operations required for calculating the Dp.
Accordingly, the adaptive estimated average queue length
is calculated and used as the congestion indicator to guide
the proposed method in estimating the network status. The
dropping probability calculation is implemented based on
a linear function.

The adaptive estimated average queue length is
calculated as a function of the differences in the estimated
length and the actual length. The advantages of using this
proposed indicator are as follows: 1) calculating the
estimated length value reduces the computational cost
compared to the costly power operation that is utilized in
the average queue length, 2) as similar to the average
queue length, the calculated value is not sensitive to false
congestion, given that the calculated value depends on the
previously estimated value, and 3) the current queue
length and sensitive to sudden congestion based on the
actual queue length. The boundary between false and true
congestion is identified concerning the actual queue
length. Thus, the estimated queue length (egl) increases if
the actual value increases rapidly when the difference in q
and egl increases. In contrast, the value is reduced if the
queue length is decreased or maintained. As such, the eql
value is calculated as given in Equation 1.
eql = (q +eql)/2 )

where g is the actual length, the eql is the estimated
queue length. Given that the capacity is utilized, the eql
will always be less than the actual length.

As for the dropping, the probability is calculated as a
function of the congestion indicator in the range of [0-1].
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However, an extended range has been adapted to linearize
the output value in the proposed method. Yet, the extended
range does not influence the dropping decision because
any value outside the range [0-1] will have the same effect
on the dropping decision as the effect of the edge values
{0, 1}. Accordingly, the calculated value is output zero or
negative as long as the estimated length is within a specific
range. As mentioned before, the negative value will be
considered zero in the implemented method. Thus, the
original randomization dropping will preserve the same
effect while improving the dropping decision-making.
Besides, the calculated value that exceeded the value will
be considered one and will preserve the effect of the
original dropping. Accordingly, the dropping probability
is calculated as a linear function of the estimated length,
the safe range, the risky range, and the router buffer's
capacity, as given in Equation 2.

Dp = (iq_l;ss) * counter )

where s is the border of the safe and risky boundary,
yet, the risky range is doubled the safe range as given in
the Equation. Accordingly, the linear function divided the
buffer into three regions; as the eql is below the value of
s, the Dp will always be equal to or below zero. When the
eql is greater than or equal to c-2s, the Dp will always be
equal or greater than one. The counter is used to prevent
global synchronization. The counter value is set to 1 when
no dropping s occurred and reduced by 1/c when ta packet
is dropped.

The proposed method calculates the value of the eql,
which is then used to calculate the dropping probability
with each packet arrival. The value of the dropping
probability implicitly identifies the proper action to be
made, either to accommodate the arrival packet with a
dropping probability equal to zero, drop the arrival packet
with a dropping probability equal to one, or stochastically
drop the arrival packet with a dropping probability in the
range (0-1). The proposed method implemented these
steps as given in Algorithm 1.

Algorithm 1: LRED

1 INITIALIZATION- PARAMETER: s

2 INITIALIZATION- VARIABLE: eql:=0, count:=1
3 FOR-EACH Packet Arrival

4 IF (q equal 0 AND eql equal 0 )

5 eql=0

6 ELSE IF (egl equal 0)

7

8

eql=(q * q)/ Capacity
ELSE IF (g equal 0)

9 eql=eql/ Capacity

10 ELSE

11 eql=(q * eql)/ Capacity
12 END-IF

13 Dp = (eql-s)/(c-3s) * counter
14 IF (Drop(Dp) is TRUE)

15 Drop-A, count -=1/c
16 ELSE

17 counter:=1

18 END-IF

19 END-FOR
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4 Results

A simulation using a discrete-time queue model is
presented to evaluate the proposed method's performance
compared to the existing methods. A set of features and
parameters characterizes the simulation. The queue is
simulated as First-In-First-Out (FIFO), the probabilities of
the packet arrival are varied in the range of [0.3-0.95], the
probability of packet departure is equal to 0.5, the number
of slots for the discrete-time queue model is 2,000,000,
and 800,000 of which are for the warm-up period, in which
all the results are discarded. The capacity of the router
buffer is 20. The proposed method is compared to the
RED, ERED, and BLUE methods, with three sets of
experiments. The first experiment experienced heavy
traffic load, with arrival rate, a, set to the value of 0.95.
The second experiment is implemented for moderate
traffic with an arrival rate, o, which is set to 0.5. The third
experiment examines low traffic load, with arrival rate, a,
set to the value of 0.3. The simulation is conducted using
Java in NetBeans Integrated Development Environment
(IDE) 8.1, in a machine operated with 64bits Windows 10,
in Intel Core i3 2.10 GHz processor and 6 GB RAM.

The results are illustrated in Figure 3, Figure 4, Figure
5, and Figure 6. All methods dropped no packet in light
traffic nor expressed any packet loss or delay. As for
moderate traffic simulation, the proposed method, LRED,
drops fewer packets and does not lead to packet loss
compared to the other methods. The proposed method
outperformed the compared methods in terms of loss in
high traffic load. The proposed method is more responsive
compared to the other methods. Accordingly, it can be
concluded that the AQM method can better monitor and
manage the buffer queue even with linear functions and
simple calculations. In detail, the proposed LRED
outperformed RED in terms of packet loss and packet
delay while maintaining the RED's same performance in
terms of dropping and throughput.

Compared to the rest of the methods, LRED, RED,
and BLUE outperformed ERED in packet loss, while
BLUE has lower performance results than the LRED,
RED, and ERED in packet dropping. Because of the high
dropping rate, BLUE has achieved the best delay.
Accordingly, the proposed LRED outperformed all the
compared as it provides the best loss and throughput
without extra delay or packet dropping. The second set of
experiments is illustrated in Figure 7, Figure 8, Figure 9,
and Figure 10, which confirm the findings of the previous
results.

In the time comparison of the proposed, the time
required to complete the whole experiment with each
method, under the various traffic load, as an average of ten
runs are summarized in Table 3. The proposed LRED
reduces RED's high complexity; the time required for the
process reached the best method in time requirement,
which is the BLUE. The time analysis based on the
operations conducted by each method in all cases is
summarized in Table 4, in the worst case. The proposed
method used less operation to complete the whole process
than RED. As confirmed with the time comparison, the
proposed method required less time than the RED and
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Figure 3: Packet loss comparison at moderate departure
rate.
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Figure 4: Packet dropping comparison at moderate
departure rate.

ERED methods as it depends on two simple linear
functions.

The fixed parameters and calculated variables used in
each method are summarized in Table 5. The proposed
method used the least number of parameters to complete
the whole process and thus required less memory space.

As such, the proposed LRED achieved the intended
goal by reducing the RED's complexity, improving the
loss and delay performance, and maintaining the same
performance in terms of dropping and throughput.
Besides, the proposed method outperformed the compared
methods, ERED and BLUE, based on the conducted
experiments and the analytical results.
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Table 3: Time comparison (LRED vs. AQM methods).
Moderate Departure

LRED RED ERED BLUE
0.3 38 53 53 38
0.35 38 53 53 46
0.4 47 63 63 46
0.45 47 69 69 54
0.5 47 69 69 53
0.55 47 69 69 53
0.6 47 78 78 53
0.65 54 69 69 53
0.7 62 85 85 53
0.75 53 85 85 54
0.8 69 84 84 54
0.85 62 85 85 62
0.9 53 85 85 69
0.95 69 85 85 53
AVG 52,3571  73.7142 | 73.7142 52.9285
Low Departure
LRED RED ERED BLUE
0.3 46 63 63 46
0.35 46 63 63 46
0.4 46 54 54 47
0.45 54 54 54 53
0.5 62 63 63 54
0.55 62 84 84 54
0.6 62 69 69 69
0.65 62 69 69 63
0.7 62 85 85 63
0.75 62 78 78 63
0.8 62 69 69 63
0.85 62 69 69 63
0.9 62 69 69 63
0.95 62 84 84 63
AVG 58 69.5 69.5 57.8571

5 Discussion

As presented in the results, the proposed method, LRED,
improved packet loss similar to NARED [33], PRED [10],
GRED [5], ARED [44], AVQ [29], SAVQ [30], EAVQ
[31] and SRED [23]. The dropping rate was also
improved, which improves the throughput, similar to
ERED [32]. At the same time, LRED improves the
calculation time by reducing the calculation complexity.
Compared to the existing methods (See Table 2), such as
GRED [5], and ARED [44], which add extra complexity
to improve the throughput and loss.
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Table 4: Operation Analysis between the Proposed and
Existing AQM Methods.

- Py} m w
. m x
m ) m C
O O m
L5 1 2 0 2
== Addition
8= Multiplication 1 2 0 2
== Exponential
-0 0 1 0 1
o5 2 3 3 3
=g Addition
as Multiplication 2 4 0 4
22 Exponential
846 0 0 0 0
'S Additi ° > 3 >
= = ition
S % Multiplication 3 6 0 6
E2 Exponential
o 0 1 0 1

Table 5: Parameters analysis of the proposed and
existing AQM methods.

Fixed Calculated Total
Parameters Variables
LRED 1 4 4
RED 4 10 14
ERED 4 10 14
BLUE 3 4 7

6 Conclusion

Existing methods for AQM suffer from the high
computational cost required for its process, which in turn
affects the processing delay and the network performance.
A modified version of the Random Early Detection (RED)
is proposed to maintain high network performance and
control congestion at the router buffer while reducing the
computational cost. The proposed method is built based
on two distinctive features, simplifying the congestion
indicator calculation and reducing the operations in
calculating the dropping probability. The proposed
method used a simple congestion indicator, the adaptive
estimated average queue length, and low computation cost
calculation for the dropping probability depending on a
linear function.
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