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Abstract This paper introduces two alternative algorithms for efficient
data transfer in the Grid environment. For data transfer from a source node
to the destination node, the algorithms can construct multiple dynamic paths
by selecting some other nodes as data relays. The bandwidth available in
different paths can be aggregated thus to significantly speed up the data
transfer process. The proposed algorithms differ from each other in whether
the global networking information should be considered. Experimental results
indicate that both algorithms can provide efficient data transfer under various
circumstances.
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§1 Introduction
Data transfer is one of the key issues in Grid computing. The efficiency of

data transfer directly affects the performance of the whole Grid environment.1)

Nowadays, GridFTP 2) is the de facto standard method for data transfer in Grid
computing. However, the performance of GridFTP is mainly limited by the low
bandwidth available in the data channel from the server to the client.

Multi-path approaches have been adopted to make use of the bandwidth
of multiple alternative paths between two nodes over Internet. The approach
may work at different networking levels. Chen et al 3) present an example of
multi-path routing protocol, which exhibits a better performance than that of
single-path routing protocols. Existing work operating at routing protocol level
needs to rebuild existing network protocols. Cheng et al 4) introduces an instance
of multi-path approach working at the application level. Similar approach has
also been aimed at P2P networks, such as SplitStream.5) These demand that the
whole copies or parts of the original data file should be distributed in the LAN
or Internet.

Significantly different from the above-mentioned work, this study has the
following aims: (1) the candidate approach should work at the application level
to facilitate easy deployment over Internet, which need no change to the routing
protocols; (2) the approach needs not to duplicate data, thus to avoid the cost
of maintaining consistency and storing redundant data.

§2 Multi-path based Algorithms
The discussions about the algorithms in this paper assume an overlay net-

work in the Grid environment. The overlay network consists of three types of
nodes in terms of data transfer, i.e., source nodes, destination nodes, and mul-
tiple intermediate nodes (relays) which can be explicitly exploited for relaying
data between the source and the destination nodes. A given pair of nodes can
be linked together directly or through one intermediate node (one relay) which
forms an exclusive path. Traditional data transfer techniques (e.g., GridFTP)
only support a single path between the source and the destination conforming to
some routing protocol (e.g., BGP over TCP). In contrast, our approach enables
connecting two nodes via multiple paths. The notation “channel” is referred
to as a set of paths via any of which data can be transferred between the two
nodes. A channel can have a default path determined by the routing protocol.
Another type of paths is named Path via Relay (PvR) as each PvR contains a
relay selected by the proposed algorithms. In the context of our approach, data
transfer between the source node and the destination node can be performed
over the multiple paths simultaneously.

Prior to sending data out, two important issues should be addressed: (1)
choosing relays; and (2) controlling data sending rate on each candidate path.
In fact, the problem of how to select relays and how to control sending rate is
the core problem in optimizing data transfer over multiple paths. The problem
of relay selection has been proved NP-hard.6) More details about the two issues
are available in sections 2.1 and 2.2.
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2.1 Relay Selection
The primary objective of relay selection is to select appropriate relays

to achieve a high data transfer rate. Meanwhile, it is also essential to avoid
any congested relay which has an ultra high computational or communicational
load. The congestion could be incurred when the relay has been competed by a
number of source nodes.

The whole data can be transferred in a number of rounds, and in each
round a portion of the data will be sent. In each round, the source node se-
lects a relay (or no relay for default path), which is associated with a dynamic
probability. Figure 1 illustrates two candidate algorithms for relay selection,
namely the Specification-Unaware (SU) algorithm and the Specification-Aware
(SA) algorithm. The two algorithms assign the initial probability of each re-
lay (or no relay for default path) in different ways. When the SU algorithm
is adopted, the initial probabilities for all relays are the same, with a value of
1/Number of Nodes in Network (see the function Init-SU()). After initial-
ization, either algorithm will be used to select relays based on their associated
probabilities. If congestion is detected from a relay in some round, the relay’s
probability to be selected in the next round will be reduced to half of the current
probability; otherwise, the probability will be doubled. After that, the proba-
bilities of all relays will be normalized between 0 and 1 such that their sum is
always equal to 1 (from a particular source node’s perspective). We anticipate
that appropriate relay selection procedure will be stabilized to maximize the
bandwidth exploitable in the data channel linking the source and the destina-
tion after a number of rounds.

The SU algorithm does not consider the network topology and connecting
conditions at the initial stage. It therefore will take a significantly long time for
the algorithm to select the appropriate relays after blindly selecting relays on
initialization. Nevertheless, in the Grid environment, knowledge of the topology
and status of the underlying physical network can be sensed by source nodes. The
network can always be classified into several Autonomous Systems. Typically
a pair of nodes in an Autonomous System holds a networking condition (e.g.,
bandwidth) similar to that between any other two nodes in the same AS. In

Fig. 1 Algorithms of Specification-unaware and Specification-aware
Relay Selection
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this study, the nodes in an Autonomous System are called a node set. Some
special nodes may exist in multiple sets. This fact implies that the data transfer
rate from node in one set to the destination in another set may be accelerated
by selecting such special nodes as relays. The SU algorithm by its nature will
not be aware of this information at the beginning, although such configuration
can be detected through relay selections in the long run. Assume that all nodes
in the Grid environment are aware of this configuration, it is then possible to
shorten the time for convergence. The SA algorithm has been designed based
on this assumption. The process of relay selection in the SA algorithm is similar
to that in the SU algorithm. The source still selects relays randomly as in the
SA algorithm. At the stage of initializing the selection probability for each relay
(see function Init-SA()), if the source and the destination belong to different
sets, the nodes belonging to these two sets will always be allocated with a high
priority. If the source and the destination are in the same set, nodes in this set
will be selected with a higher probability than those in other sets. A threshold
will be defined in this case. The probabilities assigned to these nodes will not
become less than the threshold.

2.2 Sending Rate Control
The method of sending rate control aims to avoid the potential congestion

problem in case multiple sources competing for a single relay. In this method,
each PvR holds a maximum data sending rate from the source i to the destina-
tion via the relay r, notated as Cir. The maximum data sending rate actually
represents the capacity for data transfer of this path. If there is only one source
node that selects relay r, the relay will forward data from the source node to the
destination node with its maximum capability, i.e., Cir. When multiple sources
select r at the same time, the rate at which each source may send data will be
determined as follows: (1) getting the current probability that r may be selected
by a source i, i.e., Pn

ir; (2) normalizing all probabilities (from the relay r’s per-
spective) to n Pn

ir, such that
∑

i

n Pn
ir = 1 ; and (3) the sending rate of each

source i via relay r is calculated as n Pn
ir × Cir.

§3 Performance Evaluation
This section presents a performance evaluation of the SA algorithm and

the SU algorithm. The two algorithms have been simulated upon Network Simu-
lation 2 (NS2, more details see http://www.isi.edu/nsnam/ns/). The simulation
was aimed to emulate a Grid environment of a medium scale with a common
networking condition of Grid environments in practice. In the experiments, we
assume that there are 200 nodes in the Grid environment and the maximum
sending rate of each source is 1 Mbps. For the experiments with multiple source
nodes, the number of source nodes has been fixed to 20, which represents the
situation that the whole Grid environment is neither too busy nor idle. All
candidate relays of a source are indexed with an integer (initialized as 1). The
bandwidth via the jth relay from the source to the destination is proportional
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to 1/jβ , where β is the skew factor and is subject to 0 ≤ β ≤ 1. When β = 0, all
the relays have the same bandwidth. As β increases, the bandwidth distribution
among the relays becomes even more asymmetric. This represents the situation
in which although some links have a high bandwidth, the overall networking
performance is still poor. Here we use a normalized sending rate as the criteria
to evaluate the performance of data transfer under different conditions. The
maximum rate at which a source node/destination node sending/receiving data
to/from the underlying physical network is exactly determined by the bandwidth
available to the direct link via which the node connects to the Internet. From
the perspective of a source node i, the utilization rate of its direct link to the
Internet can be denoted by the ratio of it current sending rate csri against the
direct link’s bandwidth Bi. When multiple sources send data simultaneously,

their normalized sending rate are written as
∑

i

(csri/
∑

i

Bi), which reflects the

average utilization rate of all source nodes’ directs links to the Internet.
These simulation experiments have been carried out to compare the nor-

malized sending rate of the SA algorithm and the SU algorithm when there exist
a single data source or multiple data sources. Another objective is to study how
fast the two candidate algorithms can identify the appropriate relays to optimize
the data transfer procedure eventually (the convergence rate). Different values
of β (0.25, 0.5, 0.75 and 1) have been used in the simulation experiments. The
experimental results are presented in Fig. 2 in the case of a single data source.
The results indicate that both algorithms can approach the maximum sending
rate in a short time (5 and 8 rounds for the SU algorithm and the SA algorithm
respectively) when β has a small value (0.25). In contrast, when β increases,
the convergence rates of both algorithms decrease (27 and 35 rounds for the
SU algorithm and the SA algorithm respectively when β is 1). This is because
when the network becomes more asymmetric, both algorithms need more time
to detect the most appropriate relays. Besides the above, the normalized sending
rates of both algorithms decrease when β increases. The network becoming more
asymmetric (i.e., the value of β increases) means there will be less relays offering
high bandwidths. The results indicate that the performance of the algorithms
is directly affected by the network condition.

Fig. 2 Normalized Sending Rate with Single Sending Source and
Different Values of β
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Fig. 3 Normalized Sending Rate with Multiple Sending Sources and
Different Value of β

The experimental results for multiple source nodes are presented in Fig. 3.
With the same values of β specified, the normalized sending rate obtained from
the experiments with multiple concurrent data transfers is less than that with
only one source node. This is because multiple sending sources may compete for
the same relay and cause congestion. It can also be observed that the difference
between the results for the two algorithms becomes less when the value of β
increases. As the value of β increases, congestion will occur as sources are likely
to compete for a single relay. As a result, the relay cannot provide enough
bandwidth as expected.

§4 Conclusions
In this paper, two data transfer algorithms in the Grid environment have

been proposed, namely the SU algorithm and the SA algorithm. Both algorithms
select some nodes as the relays to form multiple paths for data transfer between
a pair of nodes. The SA algorithm requires each node being aware of the status
that it connects to other nodes. In contrast, this is not required by the SU
algorithm, and it can still adapt to dynamic network conditions. Experiments
have been carried out to evaluate the performance of the algorithms in a Grid
environment of medium scale. The results indicate that the SA algorithm holds
a higher convergence rate than that of the SU algorithm.

For the future work, more experiments about extra-cost evaluation and
performance comparison with GridFTP will be conducted to clearly quantify
the potential benefits of the proposed algorithms. Secondly, we need to address
how to apply the algorithms to the real systems in practice, in which a variety
of sizes of source data need to be handled properly.
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