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In this paper we present two Active Queue Management (AQM) schemes, called
Multi-class Stabilized Virtual Buffer (MSVB) and SVB with In and Out (SIO), to im-
prove the queue stability, fairness and bandwidth assurance for various classes of In-
ternet connections. These AQM schemes are based on our recent SVB concept that was
shown to provide better stability compared to prior AQM schemes. The MSVB policy is
a generic multi-class AQM mechanism, while the SIO policy is targeted for the Differ-
entiated Service (Diffserv) architecture. We discuss the design and control-theoretical
analysis of the proposed algorithms and analyze their steady-state as well as transient
behaviors. We then compare the performance of the SVB-based controllers with several
well known AQM schemes through simulations. The results indicate that the proposed
schemes are capable of providing better stability, improved fairness in bandwidth shar-
ing, and high and predictable performance compared to prior AQM mechanisms.

1. Introduction

Designing active queue management (AQM) schemes has been an active area of re-
search in the Internet community for facilitating Quality of Service (QoS) support.
The primary objective of an AQM scheme is to handle congestion for boosting system
performance, while providing better stability, fairness, and responsiveness to dynam-
ically changing workloads. It is known that designing an AQM scheme that can sat-
isfy all these requirements is probably impossible and, therefore, all prior schemes
such as Random Early Detection (RED) [1], Proportional Integral (PI) Controller [2],
Random Exponential Marking (REM) [3], and Adaptive Virtual Queue (AVQ) [4] have
attempted to optimize a subset of the objective functions. Both simulation and mathe-
matical modeling have been used to understand the behavior of various AQM schemes
and to design algorithms that are better suited for the Internet traffic.

Stability of an AQM scheme is critical to assure that the system queue can be insen-
sitive to traffic fluctuations, thereby providing predictable performance. The fairness
issue also becomes essential because of the vulnerability of TCP congestion control
mechanisms to various aggressive and congestion-insensitive flows. For example, dur-
ing congestion, responsive TCP flows adjust their offered load to the available net-
work bandwidth. On the contrary, unresponsive/aggressive flows are insensitive to�
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the network condition and can inject more packets and consume more bandwidth than
their fair shares. In addition, it is known that TCP connections with larger round trip
times (RTTs) are slower to adapt to the available bandwidth than those with smaller
RTTs. When TCP connections experience packet loss, the small-RTT connections may
consume the bandwidth originally subscribed by connections with large RTTs. Simi-
lar situation exists in a Diffserv architecture where connections have different target
rates. Connections with smaller target rates may occupy more bandwidth than their
fair shares compared to connections with larger target rates. Thus, a fair distribution
of the network resources among flows with different characteristics is required.

Recently, we have developed a new AQM scheme, called Stabilized Virtual Buffer
(SVB) [5], which can stabilize the packet arrival rate and hence the queue size around
some target values, while providing competitive QoS assurance to the Internet traffic
using a virtual-queue based approach. In the SVB scheme, the packets are marked
(In this paper we use the term “mark” to refer to either ECN marking [6] or packet
dropping) with a probability based on the virtual queue dynamics that is adaptively
adjusted according to the packet arrival rate. In this paper, we extend the SVB design
to support multiple traffic classes, while focusing on the stability, fairness, and QoS
predictability issues.

First, we present an extension to the SVB scheme, called Multi-class SVB (MSVB),
to effectively handle multiple classes of traffic. In the MSVB scheme, flows are cate-
gorized into different classes through intelligent marking at the edge of the network,
according to certain system parameters such as the RTT of a connection and/or the
transport protocol (TCP or UDP) a connection uses which decides the connection’s re-
sponse to congestion. A modified SVB algorithm is then executed for each class at
the core routers to randomly mark the packets upon detecting congestion. Motivated
by the earlier research [2, 4, 7], where the TCP/AQM system is modeled as a classical
feedback control process, we also provide a control-theoretical analysis to examine the
stability criteria of the proposed scheme.

As the Differentiated Service (Diffserv) [8] architecture will be the most likely method
of providing controlled differential Internet QoS, it is natural to examine the feasibil-
ity of the proposed MSVB scheme to support this architecture. In a Diffserv domain,
services are realized by traffic conditioning at the edge and simple differentiated for-
warding mechanisms at the core of the network. The IETF has proposed a service
model called assured services (AS) [9] that is intended to guarantee a target rate to
an AS customer even during periods of congestion. Currently, RED with IN and OUT
(RIO) [10] is the most widely used AQM extension for the core routers in the Diffserv
AS architecture.

Therefore, we will explore the use of the MSVB scheme in the context of the current
Diffserv AS architecture and propose a simplified two-class MSVB algorithm, called
SVB with In and Out (SIO). As in RIO, the packets are classified as either IN or OUT
at the network edge using a token bucket profiler. Different marking probabilities are
then applied to those packets at the core using an SVB-like mechanism. By setting the
target rate of the IN class as the total link capacity, the IN packets are well protected
from being marked, and thus the target bandwidth allocation is assured in an over-
provisioned network. When the network is under-provisioned, compared with RIO, the
SIO scheme achieves better (or at least the same) fairness in bandwidth sharing among
flows with different congestion-sensitivity, and is much more robust in maintaining



stability in dynamically changing traffic conditions.
Finally, through extensive simulations, we validate our theoretical analysis of the

proposed schemes and compare the performance with other AQM controllers. The re-
sults indicate that both the MSVB and the SIO schemes can not only protect responsive
flows from non-responsive flows, and provide weighted-fair bandwidth sharing among
traffic classes with different round-trip times and target rates, in a more effective way
than prior schemes such as FRED and RIO, but also provide low packet delay indepen-
dent of bandwidth allocations, good responsiveness, and stability under dynamically
changing network conditions.

The rest of paper is organized as follows: Section 2 gives a brief review of the related
work in this area. The proposed algorithms are presented in section 3. The simulation
results are provided in section 4. Conclusions are drawn in the last section.

2. Related Work

The TCP congestion control algorithms together with the design of AQM controllers
has been formulated either using an optimization approach [11–13] or a control-theoretical
approach [2,7]. It is possible to extend these models to provide differential QoS to users
in a multi-class network. In [14], the users are free to choose how to react to the conges-
tion marks by constructing a distributed “game” framework. For providing differential
marking, the physical buffer is shared by several virtual or logical queues, and each
virtual queue implements its own AQM algorithm to meet the QoS requirement of a
particular service class. Certain buffer partitioning and differential marking schemes
are analyzed in [15,16].

As far as the fairness issue is concerned, Flow Random Early Drop (FRED) [17] uses
per-active-flow accounting to isolate ill-behaved flows and provide better protection for
traffic bursts and low speed flows, while exhibiting similar fairness as RED in handling
identical flows. However, as a queue-based scheme, it is hard to tune the parameter
settings to adapt the FRED algorithm to the dynamics of the traffic.

In [18] and [19], RIO [10] based schemes are used to differentially handle the traffic
aggregates in a Diffserv AS architecture. These work suggest using of intelligent mark-
ing schemes. In [19], a RTT-aware marker, based on a Time Sliding Window (TSW), is
developed to minimize the effects of RTTs in determining the achievable bandwidth of
TCP flows, and it also suggests that TCP/UDP fairness issue can be solved via intelli-
gent mapping of TCP and UDP traffic to different drop precedences.

3. The Proposed AQM Schemes

In this section, we first summarize the SVB scheme and then describe the proposed
MSVB and SIO schemes.

3.1. Stabilized Virtual Buffer (SVB)
First, we start with a brief review of the SVB algorithm that was proposed and stud-

ied in [5]. Let
�

be the capacity of the output link and � be the current aggregated
packet arrival rate at the real queue, upon every packet’s arrival at time t, the SVB
algorithm updates two system maintained variables ��� and �	� as follows:
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where $ is a constant that determines how fast � � adapts to � . Like prior work [3,7],
for simplicity and tractability, we assume that �)� is always positive. It can be viewed as
a “dampened” version of the virtual queue occupancy and � � is considered as a threshold
value which decides the packet marking function. In particular, each incoming packet
is marked with a probability * given by

*+�������-,/.102� ����"�����3�	�!�"���
�������� �	��� 4 (1)

The rationale behind the above equations is that the router should be more aggres-
sive in marking when � exceeds

�
and ��� exceeds �	� . Based on the fluid model of

the TCP congestion avoidance algorithm [13] and stability analysis of the linearized
TCP/AQM model similar to [4, 7], the TCP/SVB system can be modeled as a feedback
control system. The feedback loop will reach an equilibrium point, where � approaches�

and �	� approaches a target value ��5� , which in turn stabilizes the virtual queue as
well as the real queue. We’ve derived a steady state criteria for the TCP/SVB system
and please refer to [20] for details.

3.2. Multi-Class Stabilized Virtual Buffer (MSVB)
In SVB, the aggregated packet arrival rate � is used to update the marking proba-

bility, and thus it may lead to unfair bandwidth sharing among individual flows. To
address the fairness issues, we present the Multi-class SVB (MSVB) scheme. In MSVB,
the packets are classified into different classes upon entering the network using intel-
ligent marking mechanisms discussed in section 2. At a core router, as in SVB, a single
virtual queue ��� is maintained for the traffic aggregation and each class 6 maintains its
own threshold �7�78 9 and is allocated a certain portion of link bandwidth :+9 � ���<;�:=9>;@?1� .
An incoming packet of class 6 is then marked with a probability *A9 based on ��� and �	�78 9
as given by (2).

�������������������� � ����������� � 
�	�78 9B�"���C�%$D9E�F:=9 � �G�H9I�����(� �
*H9J�"���C�%,K.�0L� ����"���&�G�	�78 9B�����

�������� �7���74 (2)

Given certain system parameter such as the number of connections M and round trip
delay N , the MSVB system reaches an equilibrium point, where �O9 approaches :>9=P �
and �	�78 9 approaches a certain value � 5�78 9 for each class 6 , which in turn also stabilize the
actual queue. The steady state criteria is stated in Lemma 3.1. Due to the space limit,
the proof of this lemma along with a set of rules providing various design guidelines of
the algorithm for achieving stability are ignored in this paper and can be found in [20].

Lemma 3.1 Given the link capacity C, and for each traffic class 6 , the feedback delayN!9 , number of connections MQ9 , the constant $R9 and the bandwidth allocation factor :+9 , let
S 9J�FN!9E�	� 5�78 9 �	ML9E��$R9T�C�VU+9�N!9XWZY.[(\�]7.^ U�9_a` 8 9 � (3)

where U�9<� `b�cdIe
f gih b cdJj cd e c�kXl cd�m gih b cdBj cd e c g `FnXo d m kXl cd)mh j d l dqp�rsBt d , uv� Y!wyx and

_z` 8 9{� l db d c j d e . If |� 5�78 9 is the

solution of
S 9J�FN!9E� |� 5�78 9 �7M29E�($D9T�}��~ , then for any � 5�78 9a� |� 5� 8 9 , the system is asymptotically

stable.



Another observation of the MSVB algorithm is that by varying the value of :&9 , we
actually adjust the target rate of traffic class 6 . This is similar to adjusting the weight
assignments in a multiple-queue system using the Weighted Round Robin (WRR) [21]
scheduling. Since there is only one single FIFO queue in the MSVB system, the max-
imum delay that any packet may experience in the queue is �<w � , irrespective of the
packet type and the bandwidth allocation. This is in contrast to a multiple-queue WRR
system, where the packets in a queue with a higher bandwidth allocation typically suf-
fer much smaller delay than those in queues with lower bandwidth assignment.

3.3. SVB with In and Out (SIO)
The assumption behind the MSVB scheme is that the incoming traffic needs to be

properly classified into different categories before it is fed into the queue at a core
router. The MSVB scheme itself does not specify any profiling and classification mech-
anisms and can be adapted into any existing class-based architecture. In this section,
we explore the use of the MSVB scheme in the context of current Diffserv AS architec-
ture and propose a simplified two-class MSVB algorithm, called SVB with In and Out
(SIO). The incoming packets are classified as IN or OUT according to profiles main-
tained at the edge routers and different marking probabilities are applied to IN/OUT
queues as given in the following equations:
���78 9����"���#���H9��H�"���&� � �����78 9������!��� 
�	�78 9����"���C�-$D9��H� � �3��9��H�"�������
*H9��H�"���C�-,/.�0�� ���78 9��A�����&�G�7�78 9����"���

��� 8 9i�A�"��� �7���7� *���� ���������-,/.10 ���G�7��� �
� �7�R4 (4)

Below are several implementation details and implications of the SIO scheme:� Protection of in-profile packets: The target rate of the IN packets is set to
the total link capacity ( :�� ?!4�� ). Therefore in an over-provisioned or exactly-
provisioned (the total arrival of IN packets is less than or equal to the link ca-
pacity) network, the probability that �)�78 9�� would exceed �7�78 9�� is low, so that most
of the IN packets can get through the router without being marked. As far as
the OUT queue is concerned, we replace the virtual queue dynamics with the real
queue length � and a fixed threshold ����� � . Moreover, we dynamically adjust ����� �
to further reduce the IN packet loss. Whenever a drop of IN packet is observed,�7��� � is reduced by half so that higher drop probability will be applied to the OUT
packets.

� Fairness and Bandwidth Assurance: By giving preference to the in-profile
packets and effectively preventing them from being marked, the bandwidth re-
quirements for all flows can be met in an over-provisioned network. For the OUT
packets or IN packets in an under-provisioned network, the fairness is also im-
proved although not completely attained when the traffic is a mixture of flows
with different congestion sensitivities.

� Queue Stability: When most of the packets are in-profile, the SIO scheme works
almost the same way as a simple SVB queue. However, the existence of out-of-
profile packets has an impact on the total queue length and may adversely affect
the stability. As a result, with increasing out-of-profile traffic in a network, the
threshold value � ��� � needs to be set small enough for better system stability.



4. Simulation Results

4.1. Simulation Setup
In this section, We use the network simulator ns-2 [22] to perform extensive simu-

lations to validate the design of the proposed schemes and compare their performance
with other AQM algorithms. As shown in Fig. 1, we consider a single bottleneck link
connecting the CORE with Edge2 with a link capacity of 10Mbps and a buffer of 100
packets. Data are sent from one of the 10 source ( � ) nodes to the corresponding destina-
tion ( � ) nodes. The packets have a fixed size of 1000 bytes and the default RTT between
each ���&�7�{� pair is set to 120ms. Unless otherwise mentioned, the Committed Informa-
tion Rate (CIR) of the token bucket profiler for RIO and SIO is set to 1Mbps, and the
Committed Burst Size (CBS) is 8 packets. For RIO, the ( �a6F���q�R�(�z�����q�D��*��&�I� ) setting is
given by (40, 80, 0.02) for IN packets and (20, 40, 0.1) for OUT packets. The initial
value of �7��� � is set to 20 packets in SIO. Flows are classified into 10 classes according to
the ���&�7�{� pairs and each class is assigned a equal share (10%) of total link bandwidth.
We use Lemma 3.1 to choose $ for the SVB-based schemes. Though in the real network,
the number of connections and the round-trip time are not fixed, which may violate the
assumptions in our steady state analysis, in the simulations we’ve found that it does
not have significant impact on the performance of the proposed schemes.
4.2. Responsiveness and Stability Analysis

We first investigate the responsiveness and stability of different AQM controllers
when flows are introduced and dropped dynamically throughout the simulation. 50
FTP flows were started at t=0, and increased in steps of 50 flows at each 50 second
interval until t=300 seconds. Then the number of flows were reduced by 50 at each 50
second interval until t=500 second, after which it remained constant.

From Fig. 2, we can see that the two RED-based schemes could not effectively adapt
themselves to the changing traffic load. In contrast, the two SVB-based schemes main-
tained a stable queue irrespective of the fluctuating traffic load. Since the queue length
was below the buffer limit for most of the time, with the use of ECN marking, we expect
that the packet loss should be low and the throughput should be high. (For example,
there were only about 350 packets dropped out of the total 74,800,000 packets trans-
ferred in the 600 seconds simulation time for the MSVB scheme).
4.3. Protecting In-Profile Packets

Next, we compared the SIO scheme with RIO to see their effect in protecting the
in-profile packets. We varied the ratio of IN to OUT traffic by changing the CIR at the
edge router. The traffic load was a mixture of both responsive and non-responsive flows.
In particular, half of the nodes ( � `

to ��� ) sent FTP/TCP data to their corresponding
destination nodes, while the other half ( �=� to � `� 

) generated CBR/UDP traffic at rates
equal to Y�PQ��6+�Z¡!� Mbps ( 6£¢¤�¦¥X��?§�y� ). We present the IN packet throughput (In-Tp), IN
and OUT packet drop rate (In-Dp and Out-Dp), and the average queue size in Table 1.

From Table 1, we can see that both the RIO and SIO algorithms effectively prevent
the IN packets from being dropped by applying higher drop probability to out packets.
When the network was over-provisioned, i.e. the CIR was less than 1Mbps so that the
total IN packet arrival did not exceed the link capacity, there was almost no IN packets
loss and the average queue length was low. When the network was under-provisioned
(CIR=2Mbps), since most of the packets were classified as in-profile, the average queue
length increased to the maximum threshold for IN packets in RIO. However in SIO,
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Figure 2. Queue Evolution under
Dynamic Traffic Load

the average queue length is reduced significantly because any in-profile packet drop
reduces � ��� � by half.
4.4. Mitigating Effect of Round Trip Times

In this set of simulations, we are interested in the fairness of the bandwidth alloca-
tion to TCP traffic classes with different Round Trip Times. The fairness is captured
using the fairness index [23]. A fairness of 1.0 indicates complete fairness, and 0.99
has been proposed as the appropriate definition of “fairness”.

Fig. 3 shows the number of packets transferred in 100 seconds. RED and SVB were
unfair in that they favored connections with smaller RTTs. This disadvantage of long
RTT connections is still visible in RIO, SIO and FRED, but it has been significantly
mitigated (though not corrected). In MSVB, there was no bias against the long RTT
connections and each class achieved equal share (10%) of the total link bandwidth. The
fairness index of the MSVB scheme was approximately 1 and the SIO scheme also had
slightly larger fairness index than the other two RED-based algorithms.
4.5. Managing Non-Responsive Flows

To demonstrate the proposed algorithms’ ability to manage non-responsive flows, we
used the same mixed traffic load as in the second experiment, but instead measured the
performance for each traffic class individually. From Fig.4, we can see that in RED and
SVB, the non-responsive flows (Classes 6 to 10) took most of the bandwidth and thus
the responsive flows (Classes 1 to 5) starved. Moreover, among the non-responsive

Table 1
Protection of In-profile Packets Under RIO And SIO

RIO SIO
CIR (Mbps) 0.25 0.5 1.0 2.0 0.25 0.5 1.0 2.0
In-Tp (%) 25 49 94 100 25 50 96 100
In-Dp (%) 0.05 0.04 0.06 19.9 0 0 0.01 15.4
Out-Dp (%) 68.2 75.2 94.2 99.9 48.6 61.9 95.8 99.9
Avg. Que. (Pkts) 40.0 40.3 41.9 80.0 39.6 52.9 34.7 12.8
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flows themselves, the bandwidth allocation was also not fair and depended on their
sending rates. In RIO, SIO and FRED, by using differentiated dropping mechanism,
the throughput of the TCP connections were greatly improved, but the UDP classes
still got slightly more bandwidth than their fair shares. However, in MSVB, the total
bandwidth was almost evenly distributed among all classes.

4.6. Allocating Target Rate and Decoupling Delay from Bandwidth Allocation
So far we have assumed that each class has the same target rate (the CIRs in RIO

and SIO and :+¨9�© in MSVB are identical for all classes). A more practical scenario
is that different traffic classes have different bandwidth requirements. In this set of
simulations, we first compared the achievable bandwidth assurance for different AQM
schemes. We also simulate a multi-queuing system with a WRR scheduler. Different
percentages of the total link capacity were assigned to different classes by setting cer-
tain parameter of each scheme as given in Table 2. Each queue in WRR has a buffer
size of 10 packets and uses a RED queue, parameterized as (2, 8, 0.1).

The normalized packet transferred for each class and the fairness index for each
scheme are shown in Fig. 5. We can see that in RIO, there were obvious bias against
larger target rate classes. The behavior of SIO was similar to RIO but with slightly
larger fairness index indicating better fairness. In contrast, the normalized bandwidth
allocation was approximately identical for all classes regardless of the weight assign-
ment under WRR and the MSVB scheme.

Table 2
Parameter Settings for Different Traffic Classes
Algorithm Parameter i=1,5 i=2,6,9 i=3,7,10 i=4,8
WRR ª«9 1 2 3 4
RIO/SIO

�L¬R 9 (Mbps) 0.4 0.8 1.2 1.6
MSVB :=9 0.04 0.08 0.12 0.16
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Figure 6. Delay Comparison of the
WRR and MSVB Scheme

Next we compared the average packet delay with the WRR and MSVB scheme. Fig.
6 shows how under WRR, packets with higher bandwidth allocation had less average
delay and variance than those packets with lower bandwidth allocation. In contrast,
in MSVB, the average and variance of the delay were decoupled from the bandwidth
allocation and were identical for each class.
5. Conclusions

This paper focuses on the design, analysis, and evaluation of the MSVB and SIO
schemes, which are two AQM mechanisms developed from the SVB concept that we
proposed recently. The stability of the proposed schemes were analyzed using a con-
trol theoretic approach. Via extensive simulations, we have demonstrated that both
these schemes exhibit attractive QoS features including protection of responsive flows
and in-profile packets, weighted-fair bandwidth sharing among various traffic classes,
low packet delay independent of bandwidth allocations, and good responsiveness and
stability under dynamically changing network conditions. While the implementation
of the MSVB scheme is slightly more complicated and requires a proper intelligent
marking mechanism at the edge routers, the SIO scheme can be directly applied in the
context of the Diffserv architecture for realizing the assured services.
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