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Abstract

This paper proposes a packet partition scheduling
mechanism for bandwidth aggregation over end-to-end
multi-path through multiple network interfaces. The
proposed mechanism effectively partitions packets on
the appropriate end-to-end path through the
corresponding network interface. Each network
interface is considered to have a partition counter
associated with it. This partition counter varied by
both weighted capacity and partitioned packets is used
to determine if a network interface has enough credits
to partition incoming packets on multiple paths. The
capacity unit is shown to be a useful design parameter
to make the performance of the proposed mechanism
as good as possible. Through computer simulations, it
is shown that the proposed mechanism can partition
well randomly incoming packets for the multi-path
communication and can outperform the simple
weighted packet partition scheduling mechanism.

1. Introduction

To access the Internet, today’s mobile computers
often have more than one network interfaces such as
WiBro(lEEE 802.16e), 3G(GPRS, CDMAZ2000),
WLAN(IEEE 802.11), Bluetooth(IEEE 802.15), etc
[1]-[6]. These maobile computers are called “multi-
homing capable” because they can connect to multiple
networks. In recent, to explain the motivations for
mobile nodes using multiple network interfaces and the
scenarios where this may end up using multiple global
addresses on their interfaces, the multi-homing has
been investigated from an end-node point of view not
from a site point of view [7].

Once multiple network interfaces are offered, users
may want to select the most appropriate set of network
interface(s) depending on the network environment,

particularly in wireless networks which are mutable
and less reliable than wired networks. Users may also
want to select the most appropriate interface per
communication type or to combine a set of interfaces
to get sufficient bandwidth or more bandwidth.

This paper considers a new  wireless
communication access paradigm called the “bandwidth
aggregation” mechanism which combines a set of
interfaces to provide end-to-end multi-path
communication in order to improve the end users
communication experience. As shown in [8][9], in the
bandwidth aggregation, the bandwidth offered by the
multiple network interfaces can be aggregated to
improve quality or support demanding applications
that need high bandwidth. Through the bandwidth
aggregation, users can accumulate enough bandwidth
to meet their exact needs by combining more than one
single Internet connection.

The bandwidth aggregation scheme consists of two
main functional mechanisms; the bandwidth estimation
mechanism and the packet partition scheduling
mechanism. The bandwidth estimation mechanism has
to measure or predict the available bandwidth of an
end-to-end path which isits remaining capacity, that is,
the amount of traffic that can be sent aong the path
without congesting it. The packet partition scheduling
mechanism has to effectively partition packets on the
appropriate end-to-end path through the corresponding
network interface.

This paper proposes a packet partition scheduling
mechanism for bandwidth aggregation over end-to-end
multi-path through multiple network interfaces. In the
proposed packet partition scheduling mechanism, each
interface is considered to have a “partition counter”
associated with it. This partition counter is used to
determine if an interface has enough creditsto partition
a packet. The partition counter can get credits by the
“weighted capacity” in bytes. This weighted counter is
computed by multiplication of the capacity unit and the

35


mailto:pskim@kpu.ac.kr

A Packet Partition Scheduling Mechanism for Bandwidth Aggregation over Multiple Paths
Pyung-Soo Kim, Joo Young Yoon, Hanlim Kim

weight. The capacity unit in bytes is a useful design
parameter and thus can affect on the performance of
the proposed mechanism. The weight is determined
proportionately from the available bandwidth of end-
to-end path through corresponding interface. In this
paper, the available bandwidth of end-to-end path is
assumed to be estimated from existing estimation
mechanisms and thus known [10][11]. The weighed
capacity is operated at the byte level and is added more
to the partition counter with higher weight than that
with less weight. The partition counter is aso
decreased by the size of packets being partitioned.
Thus, the partition counter for each network interface
is varied by partitioned packets as well as weighted
capacity.

Firstly, the operation procedure of the proposed
mechanism is described and its example is briefly
given. Secondly, two performance indices for the
proposed mechanism are described. As mentioned
previously, the capacity unit is shown to be a useful
design parameter to make the performance of the
proposed mechanism as good as possible. To show
how the capacity unit affects on performances indices,
computer simulations are performed for some cases
according to the capacity unit, which can provide
practical guidance on the choice of a capacity unit.
Finally, the proposed packet partition scheduling
mechanism is compared with the simple weighted
packet partition scheduling mechanism. From
simulation results, the proposed mechanism is shown
to be superior to the simple weighted mechanism.

The paper is organized as follows. In Section 2, the
bandwidth aggregation is reviewed briefly. In Section
3, apacket partition scheduling mechanism is proposed
for bandwidth aggregation over end-to-end multi-path.
In Section 4, extensive computer simulations are
performed. Finaly, concluding remarks are made in
Section 5.

2. Bandwidth Aggregation

The bandwidth aggregation is one of multiple
access services enabled by simultaneous use of
multiple network interffaces and the multi-path
communication. In the bandwidth aggregation, the
bandwidth offered by multiple network interfaces can
be aggregated to improve quality or support
demanding applications that need high bandwidth.

The bandwidth aggregation scheme consists of two
main  mechanisms;, the bandwidth estimation
mechanism and the packet partition scheduling
mechanism.

The bandwidth estimation mechanism has to
measure or predict the available bandwidth of an end-
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to-end path which is its remaining capacity, that is, the
amount of traffic that can be sent aong the path
without congesting it. Recently, the area of end-to-end
available bandwidth estimation has attracted
considerable interest for many quality of service (Qo0S)
applications such as voice over IP (VolP) and internet
protocol TV (IPTV) [10][11]. Basicadly the available
bandwidth is an important metric for severa
applications such as overlay networks, dynamic server
selection, and inter-domain path monitoring. As a
result, several estimation techniques and tools based on
active measurements have been developed and thus
can be applied for the bandwidth aggregation in the
architecture to supporting multi-path communication.
The packet partition scheduling mechanism not only
has to effectively partition packets on the appropriate
end-to-end path through the corresponding network
interface, but also minimizes delay experienced by
packets due to potential reordering caused by varying
characteristics (delay, bandwidth, loss) of the multiple
paths. Thus, essentiad to such a packet partition
scheduling mechanism is the scheduler that partitions
incoming packets to multiple interfaces in
consideration of available bandwidth of end-to-end
path through corresponding network interface. It is
necessary for the scheduler to partition incoming
packets in fairness so that the multi-interfaced node
can achieveits full bandwidth aggregation potential.

3. Proposed M echanism

3.1 Operation Procedure

Consider the multi-interfaced node which
effectively aggregates bandwidths of end-to-end multi-
path through multiple network interfaces.

In the proposed packet partition scheduling
mechanism, each interface is considered to have a
“partition counter” associated with it. This partition
counter is used to determine if an interface has enough
credits to partition a packet. The partition counter can
get credits by the “weighted capacity” in bytes. The
weighted capacity is defined as follows:

Weighted capacity = Capacity unit * Weight.

The capacity unit in bytes is a useful design
parameter and thus can affect on the performance of
the proposed mechanism. The weight is determined
proportionately from the estimated available
bandwidth of end-to-end path through corresponding
interface. The weighed capacity is operated at the byte
level and is added more to the interface with higher
weight than that with less weight. The partition counter
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is also decreased by the size of packets being
partitioned. Thus, the partition counter for each
network interface is varied by partitioned packets as
well as weighted capacity.

The operation procedure for each round is as
follows. For the first interface, packets are partitioned
when corresponding partition counter is greater than
the incoming packet's size. If it is lower, then the
partition counter is increased by the weighted capacity
and the incoming packet is partitioned on the current
interface. Then the partition counter is decreased by
the size of packet being partitioned. If the partition
counter is still lower than the incoming packet’s size,
the incoming packet held back until the proposed
mechanism moves on the next interface. After visiting
all network interfaces, the round is finished. The above
operation procedure in next round is repeated when
there are incoming packets.

3.2 Example

In this example, the multi-interfaced node has three
network interfaces. These interfaces are called the
Green (high speed), Yellow (medium speed), Red (low
speed) interfaces, respectively. Since this paper
focuses on the packet partition scheduling mechanism,
available bandwidths for three paths through
corresponding interfaces are assumed to have fixed
weight ratio 4:2:1. The capacity unit is set by 256
bytes and thus these interfaces have weighted capacity
1024, 512, 256 bytes, respectively. Initialy, all
partition counters for each interface are set with 0.
There are three kinds of session flows and they have
four kinds of packet type with different sizes such as
256, 512, 768, 1024 bytes as shown in Figure 1..

Session #1{ e 1024 Byte
session #2000, 768 Byte
Session #3_ 512 Byte

256 Byte

Figure 1. Session flows and packet types in example
* Incoming Packets
As shown in Figure 2, incoming packets are

waiting to be partitioned to the most appropriate
interface.

7 7

Figure 2. Incoming Packets

* 1% Round

Round 1 - W—L“, ,1,‘_

Figure 3. Partitioned packets at the 1* Round

At Green interface, since the partition counter,
PC(g), is less than the incoming packet's size, the
weighted capacity is added and thus PC(g)=1024.
Then, since the PC(g) is not less than the incoming
packet's size, the incoming packet is partitioned to
Green interface and thus PC(g)=0. Currently, total
amount of partitioned packets, TPP(g), to Green
interface is 1024 bytes. At Yellow interface, since
PC(y) is less than the incoming packet's size, the
weighted capacity is added and thus PC(y)=512. Then,
since the PC(y) is not less than the incoming packet’s
size, the incoming packet is partitioned to Yellow
interface and thus PC(y)=256. Currently, TPP(y)=256.
At Red interface, since PC(r) is less than the incoming
packet’s size, the weighted capacity is added and thus
PC(r)=256. Then, since the PC(r) is till less than the
incoming packet's size, move to Green interface.
Currently, TPP(r)=0. Partitioned packets to three
interfaces at the 1% round are shown in Figure 3.

» 2" Round

At Green interface, since the PC(g) is less than the
incoming packet’s size, the weighted capacity is added
and thus PC(g)=1024. Then, since the PC(g) is not less
than the incoming packet’s size, the incoming packet is
partitioned to Green interface and thus PC(g)=256.
Currently, TPP(g)=1792. At Yellow interface, since
PC(y) is less than the incoming packet's size, the
weighted capacity is added and thus PC(y)=768. Then,
since the PC(y) is not less than the incoming packet’s
size, the incoming packet is partitioned to Yellow
interface and thus PC(y)=256. Currently, TPP(y)=768.
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At Red interface, since PC(r) is less than the incoming
packet's size, the weighted capacity is added and thus
PC(r)=512. Then, since the PC(r) is still less than the
incoming packet's size, move to Green interface.
Currently, TPP(r)=0. Partitioned packets to three
interfaces at the 1% round are shown in Figure 4.

Figure 4. Partitioned packets at the 2" Round

The above operation procedure in next round is
repeated when there are incoming packets.

3.3 Performance Indices and Useful
Parameter

Design

There are two performance indices in the proposed
mechanism. The one is the ratio of partitioned packets
in bytes, which should be close to the weight ratio of
network interffaces to make the fair partition
performance as good as possible. The other is the
amount of the partitioned packets in bytes, which
should be much to make the end-to-end throughput
performance as good as possible. However, the end-to-
end throughput is determined when partitioned packets
arrive at the receiver-side and dependent on the
available end-to-end path bandwidth. Therefore, the
ratio of partitioned packets can be more important
performance index than the amount of the partitioned
packets.

As mentioned before, the capacity unit is a useful
design parameter to determine weighted capacity that
affect on both the ratio of partitioned packets and the
amount of the partitioned packets. Too big value of the
capacity unit can introduce excessive credits for
network interfaces, which means that network
interfaces have enough credits to partition a packet.
Thus, incoming packets are more likely to be
partitioned simultaneously on every interfaces each
round. Actually, this is not fair partition according to
weights for each network interfaces, which can thus
degrade the performance for the ratio of partitioned
packets. On the other hand, too small value of the
capacity unit can introduce deficient credits for
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network interfaces, which mean that network
interfaces don't have enough credits to partition a
packet. Thus, incoming packets are less likely to be
partitioned on every interfaces each round, which can
thus degrade the performance for the amount of
partitioned packets.

Thus, the important issue here is how to choose an
appropriate capacity unit to make the performance of
the proposed mechanism as good as possible.
Following computer simulations will provide practical
guidance on the choice of the capacity unit.

4. Computer Simulations

In this section, the computer simulation is
performed to evaluate the proposed packet partition
scheduling mechanism. As shown in Section 3.2, the
multi-path communication is considered for multi-
interfaced node with three network interfaces.
Available bandwidths for three paths through
corresponding interfaces are assumed to have fixed
weight ratio 4:2:1. To make a clearer verification, 30
simulations are performed and each simulation
generates randomly incoming packets with four kinds
of packet type with different sizes such as 256, 512,
768, 1024 bytes. Through extensive computer
simulations, it is shown that the proposed mechanism
can partition well randomly incoming packets for the
multi-path communication.

4.1 Performance Evaluation According to Capacity
Unit

To show how the capacity unit affects on
performances indices, extensive computer simulations
are performed for four cases according to the capacity
unit. For each case, the capacity unit is set by 128, 256,
384, 512 bytes, respectively. For four cases, Table 1
shows average values for the amount of partitioned
packets and the ratio of partitioned packets for each
interface. As shown in Table 1 and Figure 5,
simulation results illustrate the proposed mechanism’'s
compromise between the amount of partitioned packets
and the ratio of partitioned packets according to the
capacity unit. As mentioned before, too big value of
the capacity unit can introduce excessive credits for
network interfaces, which cannot provide fair partition
according to weights for each network interfaces and
thus degrade the performance for the ratio of
partitioned packets. On the other hand, too small value
of the capacity unit can introduce deficient credits for
network interfaces, which can thus degrade the
performance for the amount of partitioned packets.
When the capacity unit is 256 bytes, the simulation



Journal of Convergence Information Technology
Volume 3, Number 4, December 2008

result is shown to be more favourable than other cases
from the view of both the ratio of partitioned packets
and the amount of the partitioned packets.

4.2 Performance Comparison with Simple
Weighted Packet Partition Scheduling M echanism

The proposed packet partition scheduling
mechanism is compared with the simple weighted
packet partition scheduling mechanism. For each
round, the simple weighted mechanism partitions
packets according to only the weight ratio of network
interfaces without the partition counter and the
capacity unit. That is, the simple weighted mechanism
does not consider the size of incoming packets unlike
the proposed mechanism.

As shown in Table 1, Figure 6 and 7, the proposed
mechanism is shown to be superior to the simple
weighted mechanism for both the ratio of partitioned
packets and the amount of the partitioned packets. In
particular, as shown in Table 2, the performance
variation of the proposed mechanism is smaller than
that of the simple weighted mechanism. This
observation is from that the proposed mechanism
partitions packets with the consideration of incoming
packets size using the partition counter and the
capacity unit, while the smple weighted mechanism
does not since long-sized packets can be partitioned on
specific network interface unfairly.

5. Conclusions

In this paper, the packet partition scheduling
mechanism has been proposed for bandwidth
aggregation over end-to-end multi-path through
multiple network interfaces. The proposed mechanism
effectively partitions packets on the appropriate end-
to-end path through the corresponding network
interface. Each network interface is considered to have
a partition counter associated with it. This partition
counter varied by both weighted capacity and
partitioned packets is used to determine if a network
interface has enough credits to partition incoming
packets on multiple paths. The capacity unit has shown
to be a useful design parameter to make the
performance of the proposed mechanism as good as
possible. Via extensive computer simulations, it has
been shown that the proposed mechanism can partition
well randomly incoming packets for the multi-path
communication and can outperform the simple
weighted packet partition scheduling mechanism.
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Table 1. Simulation results according to capacity unit

Capacity Amount of partitioned packets (Average, Bytes) Ratio of partitioned
Proposed Unit (Bytes) | GreenlF | Ydlow IF Red IF Total packets (Mean)
Mechanis 128 224093 98636 51353 374084 4.37:1.92:1
- 256 366148 179251 94395 639795 3.88:1.90:1
384 350626 258048 137062 745736 2.56:1.88:1
512 335965 198513 179165 813644 1.88:1.67:1
Simple Weighted 300645 151193 74845 526604 4.11:2.00:1
Mechanism
Table 2. Comparison of performance variation (Normalized by Red IF)
Green IF Yellow IF Red IF
Max 4.04 2.00
Proposed Min 371 1.78 1
Mechanism Mean 3.88 1.90
Standard Dev. 0.09 0.05
Max 4.50 2.33
Simple Weighted Min 3.64 1.75 1
Mechanism Mean 4.03 2.03
Standard Dev. 0.23 0.13
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Figure 5. Simulation result of proposed mechanism when capacity unit = 256 bytes
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Figure 6. Simulation result of simple weighted mechanism
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Figure 7. Ratio of partitioned packets for two mechanisms
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