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Abstract—Large-scale scientific installations generate volumi-
nous amounts of data (or big data) every day. These data
often need to be transferred using high-speed links (typically
with 10 Gb/s or more link capacity) to researchers located
around the globe for storage and analysis. Efficiently transferring
big data across countries or continents requires specialized
big data transfer protocols. Several big data transfer protocols
have been proposed in the literature, however, a comparative
analysis of these protocols over a long distance international
network is lacking in the literature. We present a comparative
performance and fairness study of three open-source big data
transfer protocols, namely, GridFTP, FDT, and UDT, using a 10
Gb/s high-speed link between New Zealand and Sweden. We find
that there is limited performance difference between GridFTP
and FDT. GridFTP is stable in terms of handling file system
and TCP socket buffer. UDT has an implementation issue that
limits its performance. FDT has issues with small buffer size
limiting its performance, however, this problem is overcome by
using multiple flows. Our work indicates that faster file systems
and larger TCP socket buffers in both the operating system and
application are useful in improving data transfer rates.

I. INTRODUCTION

Large scientific installations such as the Large Hadron Col-

lider (LHC) and the Square Kilometer Array (SKA) produce

huge amounts of raw data every day. These data (often referred

to as ‘big data’) are processed locally and distributed to

researchers all over the world for data preservation, storage,

and analysis. For example, the LHC transfers about 30 PB

of data every day through the LHC Computing Grid due to

storage limitations1. These research sites are often equipped

with high-speed Internet connectivity (10 Gb/s or more) to

facilitate the transfer of big data.

Standard data transfer protocols (e.g., TCP) do not ade-

quately utilize the large transfer capacity of such networks.

Traditional TCP’s maximum achievable throughput is rela-

tively low compared to the available capacity, even without

any exogenous packet losses, since TCP takes substantial time

after a packet loss to restore its congestion window size [1].

Another approach is to use UDP as a transport layer protocol,

and develop congestion and reliability control algorithms at

the application layer. Compared to TCP with its slow-start

and congestion window algorithm, the UDP-based protocol’s

congestion control algorithm could be more flexible in terms

of aggressiveness.

1http://wlcg.web.cern.ch/

These approaches can be further improved by using spe-

cialized big data transfer protocols such as FDT [2] and

GridFTP [3]. They optimize transport protocol to accom-

modate large data size with parallel streams using multiple

sockets. They strip data across sockets, and use multiple

threads to transfer data between the local file systems and the

network sockets. These enhancements improve the utilization

of high-speed links while transferring large datasets.

In this paper, we present a comparative analysis of three big

data transfer protocols, namely, GridFTP, FDT and UDT. We

measured their performance and fairness in a long distance

intercontinental 10 Gb/s link between Australasia and Europe.

From our analysis we find that GridFTP showed the best

performance because of its implementation stability and ability

to set large TCP socket buffer size. FDT was not able to

finish data transfer with large TCP socket buffer, however, this

problem is overcome by using multiple flows. We also find

that to fully utilize a long distance link, it is essential to keep

the congestion window size as large as possible. Faster file

systems and larger TCP socket buffers in both the operating

system and application are useful in improving performance.

To the best of our knowledge, this is the first comprehensive

analysis of three major open-source big data transfer protocols

in an international link. Our trace-driven analysis provides

detailed insights into the functioning of these protocols. These

insights can be used by researchers and developers to tune

or improve performance and fairness of the protocols. Our

results can be used by scientists to choose the most suitable

transfer protocol based on their logistical needs and network

connectivity.

The rest of the paper is organized as follows. Section II

provides an overview of the big data transfer protocols and

TCP congestion algorithms. Section III discusses our experi-

mental setup and trace collection methodology. Comparative

analysis of the big data transfer protocols based on transfer of

single flow and multiple flows are presented in Section IV and

Section V, respectively. Section VI discusses implications of

our results. Section VII discusses related work. Section VIII

concludes the paper.

II. BACKGROUND

There are two major categories of big data transfer proto-

cols: TCP-based and UDP-based. TCP-based protocols [2], [3]

depend on the existing TCP congestion avoidance algorithm,
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TABLE I
OVERVIEW OF BIG DATA TRANSFER PROTOCOLS

Protocol Version Transport Congestion Multiple
used protocol control transfer flows

GridFTP 6.0 TCP TCP CUBIC Supported
FDT 0.19.2 TCP TCP CUBIC Supported
UDT 4.7 UDP D-AIMD Not Supported

and focuses on optimizing it. UDP-based protocols [4], [5] use

their own congestion control algorithm.

Table I summarizes the key features of the three protocols

evaluated in this paper. GridFTP [3] is a free software im-

plementation, which provides extensions to FTP. It provides

enhancements such as parallel data transfer, data striping,

and TCP socket buffer optimization. FDT [2] is a platform-

independent software implementation that uses TCP to provide

parallel data transfer, socket buffer optimization, and multiple

I/O threads. UDT [4] is an UDP-based connection-oriented

data transfer protocol with its own congestion control algo-

rithm, called Decreasing Increases AIMD (DAIMD).

We used CUBIC TCP [6] for GridFTP and FDT. CUBIC

TCP uses a cubic function for increasing its congestion win-

dow instead of a square function. CUBIC’s congestion window

size t seconds after a congestion event is W = C(t−K)3+

Wmax, where K =
√

Wmax∗β

C
and β is its ‘decreasing factor.’

CUBIC’s increasing function is not dependent on Round Trip

Time (RTT) to have better fairness among flows. The W is

calculated and applied when current window size is smaller

than Wmax(1 − β) + 3 β

2−β
t

RTT
. CUBIC has been further

optimized with Hystart, replacing the traditional slow-start

with a new algorithm to reduce slow-start overhead [7].

UDT [4] aims to provide TCP-friendly congestion control

on top of UDP, using decreasing AIMD and rate control to

achieve high throughput over long fat networks. Its sending

rate increasing parameter is related to the current sending

rate. As the current sending rate nears the maximum available

capacity (measured by packet pair estimation), the sending rate

increases more slowly to probe the optimal throughput. UDT

decreases its sending rate by 1/8 when consecutive packets

are lost, so as to tolerate exogenous packet losses.

III. METHODOLOGY

Our experimental setup consisted of two machines located in

Queenstown, New Zealand and Stockholm, Sweden. Figure 1

shows the network path between Queenstown and Stockholm.

Traceroute revealed that there were 13 hops in the network

path, and the average RTT for the path was 323 ms during the

experiment, without any experimental traffic injected.

The Queenstown side of network was operated by RE-

ANNZ2, and NORDUnet3 operated the Stockholm side. There

are Internet24 and GEANT5 operated links in between them.

2http://www.reannz.co.nz/
3https://www.nordu.net/
4http://www.internet2.edu/
5http://www.geant.net/

Fig. 1. Path between the experiment machines

The transmission capacity of the link between the two ma-

chines was at least 10 Gb/s. We conducted our data transfers

during off-peak hours, so as to minimize the impact of our

experiments on other network users. We also did not notice

any major route changes during the experiments.

There are many scientists who need to send large volumes

of scientific data (e.g., astronomical or biological data) to

colleagues in Europe from Australasia. The large RTT is

thus not extreme (and rather common) when seen from the

perspective of residents of Australasia. In addition, the RTT

may be longer if any part of the link involves a satellite link,

which some current research sites may have.

The two machines were set up with 10 Gb/s Ethernet

interfaces and the Linux operating system. Table II shows

the details of sender and receiver used in the testbed. We

installed GridFTP, FDT, and UDT on these machines. We

chose GridFTP, UDT, and FDT because they are well-known

high-speed data transfer protocols using TCP or UDP.

We surveyed the open-source protocols that large-scale

distributed research projects are using for high-speed trans-

fers, and chose the above-mentioned protocols to provide a

meaningful contribution to the high performance computing

community. We do not consider SCP and FTP because they

do not focus on high-speed big data transfers (link speed ≥ 10

Gb/s). Other high-speed transfer protocols, such as Tsunami

and HPN-SSH, are not considered because of their poor

performance and stability problems during prior experiments

conducted in our local 10 Gb/s testbed [8].

We performed two types of data transfers between the

machines using GridFTP, FDT, and UDT. For disk-to-disk

transfers, the sender transferred a zero-filled synthetic 30 GB

data file ten times. The receiver wrote the transferred data to its

file system. For memory-to-memory transfers, the sender sent

streamed data from /dev/zero (to avoid disk read overhead)

ten times to the receiver’s /dev/null (to avoid disk write

overhead). When analyzing performance of multiple flows, we

used one through eight transfer flows for GridFTP and FDT.

In our study, we define big data as data large enough that

transferring it over a network keeps link utilization high for

significant amount of time so as to affect other network flows.

The actual volume of data differs based on RTT and the link



TABLE II
HARDWARE USED IN THE EXPERIMENTS

Location Model CPU Memory NIC OS

Queenstown, New Zealand Gigabytes X79-UP4 Intel Core i7 4820K
3.70GHz

32 GB Intel 82599EB 10-Gigabit
SFI/SFP+

Ubuntu 12.04

Stockholm, Sweden Dell PowerEdge R310 Intel Celeron G1101
2.27GHz

2 GB Intel 82599EB 10-Gigabit
SFI/SFP+

CentOS 5.10

TABLE III
GOODPUT MEASURED FOR PROTOCOLS USING A SINGLE FLOW

Protocol Transfer method Goodput (Gb/s)

GridFTP
Disk-to-Disk 0.49

Memory-to-Memory 3.13

FDT
Disk-to-Disk 0.37

Memory-to-Memory 1.00

UDT
Disk-to-Disk 0.20

Memory-to-Memory 0.20

capacity. In our case, we use a 10 Gb/s network with 320 ms

RTT. A data file larger than 8 TB would take more than 100

seconds to transfer, which is equivalent to 312.5 ms RTT and

we regard this as a big data transfer.

The Queenstown machine used an EXT4 filesystem, and the

Stockholm machine used an EXT3 filesystem to perform file

reads and writes. We chose the Queenstown machine as our

receiver because it had a faster file system for writing files

to disk. The Stockholm machine was the sender. Host TCP

tuning for each machine was done as described in ESnet Linux

Tuning Guide6. We used CUBIC TCP for our congestion

control algorithm. We did not increase the TCP sender’s buffer

size for FDT because it was implemented in Java. We found

that changing the Java Virtual Machine’s maximum memory

size, and that of FDT’s TCP socket buffer made FDT unstable.

For GridFTP, we set our TCP sender’s buffer size to an

arbitrary 180 MB.

For all our experimental file transfers, we recorded packet

traces using tcpdump. We developed custom analysis pro-

grams to investigate performance and fairness related to the

three big data protocols on the international network. GridFTP

and FDT optimize their high-speed transfers using parameter

tuning and other features such as multiple I/O threads and

data pipelining. However, we found that there was no sig-

nificant improvement in either goodput and throughput using

such other features, while tuning TCP provided significant

improvement. Therefore, we further analyzed each protocols

on how they tune their TCP.

To measure fairness of the big data transfer protocols, RTT

changes in the link during the data transfer can be observed.

Through the observation, we can compare potential impact

on the network while using the protocols and how much it

will cost to transfer data using the protocols in terms of RTT

increases experienced by other flows in the same network.

IV. SINGLE DATA FLOW ANALYSIS

We performed several intercontinental experiments between

the sender and receiver hosts. We first report on results when

transferring data through a single flow using the three big data

transfer protocols.

A. Performance

We measured the single-flow performance of each protocol.

GridFTP was most efficient at reading and writing via the

EXT4 file system, compared to the other protocols. Although

these protocols have different measured goodput values, their

transfer rates are all less than 0.5 Gb/s.

After removing the file system I/O performance bottleneck,

GridFTP goodput improves 600% and FDT goodput improves

270%. UDT shows no significant difference when the file

system I/O limitation is removed. We found that UDT reported

many lost packets within a few seconds after the transfer

started. The packet loss is observed regardless of the amount

of available bandwidth and causes UDT’s congestion control

algorithm to malfunction and to dampen its packet sending

rate.

Compared to our previous study in a smaller in-lab

testbed [8], all the protocols achieved significantly lower

throughput. This decreased performance was due to large RTT

and small TCP socket buffer sizes. Compared to our national

testbed [9] (RTT was 10 ms), the international testbed has an

RTT 30 times longer. This large RTT causes CUBIC TCP to

take longer to increase its congestion window size, as well as

for UDT to increase its sending rate after packet losses. The

TCP send buffer size also limited the performance of each

protocol.

We also measured how much data is in transit across the

network for both GridFTP and FDT. UDT was not considered

in this analysis because of its poor performance. Figure 2

shows the amount of data in transit (‘on the wire’) during

the transfer. Even though GridFTP and FDT were using a

single TCP socket to deliver data via the transport layer, their

behaviours differ. FDT is not able to carry more than 50 MB

of unacknowledged data at any time, while GridFTP is able

to carry more than 170 MB.

Note that we had to use a smaller sender TCP socket

buffer size for FDT compared to GridFTP because of the FDT

performance problem. We tried to allocate the same buffer size

as GridFTP, but found that FDT would not work properly with

a large buffer size. FDT was not able to write the transferred

data to the output socket. We also tried to set the TCP socket

6http://fasterdata.es.net/host-tuning/linux/
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Fig. 2. Amount of data in transit (left axis) and packet resends (right axis) for GridFTP and FDT
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Fig. 3. Data rate (left axis) and packet resends (right axis) for GridFTP and FDT

buffer size in FDT, but found that FDT was not able to flush

some streams well and paused for long periods.
Figure 3 shows the average data rate of flows per 5 ms

interval. We observe that GridFTP’s TCP send buffer size

is high enough to settle at a rate of about 4.2 Gb/s. FDT’s

smaller buffer size causes the data rate to vary around lower

rates. These fluctuations in rates most likely arise from the

TCP socket’s waiting time. FDT’s 50 MB TCP socket buffer

causes it to wait on further acknowledgement packets until

its unacknowledged data is reduced to less than 50 MB.

Performance of FDT is degraded compared to that of GridFTP

because of the TCP socket wait time. Note that it does not

necessarily mean that FDT is less efficient than GridFTP.

This is because we were not able to make a fair comparison

pertaining to implementation problem (as described above).

B. Impact on RTT

In our experiments, we transferred large data files through

the globally-routed path between Queenstown and Stockholm.

We were concerned about the fairness of such transfers, and

decided to use increases in the path’s RTT as an indication of

any path congestion that they caused.

Figure 4 shows a microscopic view of RTTs observed during

the flow, measured from arrival times of packet pairs, i.e., data

packets and their corresponding acknowledgement packets.

There are several peaks shown in RTT during the flow,

especially when there are packet losses for FDT. However, the

relationship between packet resends and RTT peaks is weak.

The interval between packet loss events are closer for FDT

and rapid increase in congestion window appears several times

between 20 s and 70 s, with multiple packet losses. Bursts of

packets sent within a short time frame from FDT causes peaks

in RTT, while the bursts are more spread out for GridFTP, and

has less impact on the RTT increases.

For FDT, there is a series of packet losses between 40 s and

60 s, which causes significant RTT increase in the network

path although overall throughput is low. This is because there

are bursts of packets injected within a short time intervals

(between 40 s and 60 s) as visible in Figure 2. These bursts

may have caused the queues in routers to build up quickly. As

a result, the RTT increased during the period, and remained

high for another 20 s, then settling back to around 322 ms.

There are a few more spikes at 80 s that may have been caused



310

320

330

350

390

 0  50  100  150  200
 0

 50

 100

 150

 200

 250

 300

R
T

T
 (

m
s
)

P
a
c
k
e
t 
R

e
s
e
n
d
s

Elapsed Time (s)

(a) GridFTP

RTT (ms)
Packet Resends

310

320

330

350

390

 0  50  100  150  200
 0

 50

 100

 150

 200

 250

 300

R
T

T
 (

m
s
)

P
a
c
k
e
t 
R

e
s
e
n
d
s

Elapsed Time (s)

(b) FDT

RTT (ms)
Packet Resends

Fig. 4. RTT changes (left axis in log scale) and packet resends (right axis) for GridFTP and FDT

by the rapid increase in data in the network path.

We observe that RTT during GridFTP transfer is relatively

stable, because the bursts are more distributed. Packets are

lost at 20 s, 60 s, and 95 s, but there are no series of packets

lost throughout the transfer. This results in less impact on the

network path, and leads to more stable change in RTT. From

140 s onwards, there are some peaks. This may have been

caused by the large amount of traffic injected as congestion

window size increased, building up routing queues in the path.

These bursts of traffic are part of TCP CUBIC’s effort

to find optimal throughput over the long distance network,

however, the different size of TCP’s socket buffer caused

the performance difference for the two applications. The

characteristics of each flow depend on many factors, such as

other TCP socket parameters and exogenous packet loss.

V. MULTIPLE DATA FLOW ANALYSIS

We measured the performance and fairness of multiple

parallel data flows of GridFTP and FDT. For each test, multiple

flows started and terminated at the same time using memory-

to-memory transfer. We do not analyze UDT because it does

not support multiple data transfer flows.

A. Performance

We found using multiple flows increases goodput for both

GridFTP and FDT. The goodput increases from 3.2 Gb/s to

5 Gb/s when 5 flows are used for GridFTP. For FDT, the

goodput increases from 1 Gb/s to 5.4 Gb/s when 6 flows are

used. More than 6 flows did not increase the goodput for both

protocols. Compared to our national testbed study [9], there is

a significant increase in transfer speeds as the number of flow

increases for both GridFTP and FDT.

The goodput for both protocols increases with increasing

number of parallel data flows until it reaches a maximum (5

Gb/s for GridFTP and 5.5 Gb/s for FDT), where it remains

stable. The goodput of FDT increases more rapidly compared

to that of GridFTP, and the effect of using multiple flows

appears higher.

When multiple flows increase their congestion window size

at the same time at similar rates, the aggregate congestion

window increase rate is much higher than that of a single flow.

Even though there is a higher chance of losing packets for

the aggregated flow, the recovery time to reach the maximum

congestion window size is reduced. Along with TCP CUBIC,

which steadily increases congestion window size when it is

near a previously determined maximum, the shorter recovery

time allows both protocols to increase their goodput with

multiple flows in the long-haul network.

This behaviour was also observed in our national network

study [9], which had shorter RTT, however, the recovery time

was shorter compared to that of the longer international path.

The benefit of having shorter recovery time by using multiple

flows diminishes with small RTTs, because the recovery time

for a single flow is almost as small as the recovery time for

the multiple flows.

Another benefit of using multiple flows is to have more

aggregated socket buffer resource. With a limited buffer size

per socket, using multiple sockets increases the available buffer

size, however, having a TCP socket with large socket buffer

size would be as efficient.

Figure 5 shows the amount of data injected in transit from

each of the five parallel flows for GridFTP and FDT. Most

flows in both GridFTP and FDT are synchronized, thus loosing

packets at the same times. This is expected behaviour because

an exogenous packet loss is caused when too many packets are

sent within a short time interval, overloading packet queues

at one or more hops along the transfer path. Such dropped

packets are likely to be distributed among the flows because

each flow will increase its sending rate until it looses a packet.

When the network path is overloaded, flows that have not

yet lost a packet will keep sending bursts of packets while

other flows are on hold (eventually these flows will also notice

packet losses).

Recall that in Figure 2 we observed TCP’s buffer limit of

50 MB was the major reason for FDT’s lower performance.

Using multiple flows (each with a 50 MB buffer) allows FDT
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Fig. 5. Amount of data in transit (left axis) and packet resends (right axis) with multiple flows for GridFTP and FDT. Each flow has a unique color. Red
represents the aggregated flow.
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Fig. 6. Data rate (left axis) and packet resends (right axis) with multiple flows for GridFTP and FDT. Each flow has a unique color. Red represents the
aggregated flow.

to use greater aggregate buffer space. This improves FDT

performance overall compared to the single flow, and lowers

the performance gap between GridFTP and FDT.

Because the RTT is high, it takes 322 × 3 ms to notice

a packet loss. During this time, the TCP flow will keep

sending packets as long as the congestion window size allows.

TCP congestion window will grow when it receives the first

acknowledgement packet, but not after it gets three duplicated

acknowledgement packets. In this case, the number of packets

sent before noticing the packet loss is larger than for flows

with shorter RTT, which contributes more to the congestion

(i.e., increase in RTT). Loss probability is proportional to a

flow’s throughput, so flows with higher throughput will be

more likely to lose a packet. Although a flow with longer

RTT will send more packets, flows with shorter RTT (that are

likely to have higher throughput) will suffer greater packet

losses, from which they will recover faster.

For multiple flows with the same RTT, a packet loss in

one of the flows causes less packets to be sent during the

period before it notices that packet loss. At the same time,

the probability of packet loss for other flows will increase,

again proportional to the throughput of the flow. If the other

parallel transfer flows get packet losses, then their window

size reductions will be similar, and the recovery time for the

aggregated flow will be shorter compared to the single flow

case, as shown in right hand side of Figure 5. Otherwise, the

recovery time will be the same, but the aggregated congestion

window size will be still higher compared to the single flow

case.

In a network with shorter RTT (e.g., our national network

testbed [9]), the benefit of using multiple flows is further

reduced. With its smaller Bandwidth Delay Product (BDP)

link, a smaller buffer size allows more throughput. With a

small packet error rate, the effect of faster recovery gets

diminished, and a single flow with moderate buffer size will

be as efficient as multiple flows because the recovery time for

any flow is relatively short.

Figure 6 shows the data rate of each flow in GridFTP and

FDT. GridFTP flow data rates show less variation than those

of FDT. This is because the GridFTP flows used a larger



TCP socket buffer size, allowing some flows to reach larger

congestion window sizes before losing packets. That happens

shortly before a packet is lost in a flow, but TCP CUBIC’s

congestion control uses the congestion window size before the

last lost packet as the local maxima of the concave region of

its congestion window size function. This means that GridFTP

flows with a small burst before the packet loss have faster

congestion window growth, and leads to more stable data

transfer rates.

In contrast, flows in FDT do not allow their congestion

window size to be larger than 50 MB, hence their local maxima

is also limited to 50 MB. That causes some of the FDT

flows to have packet loss while others do not, therefore they

show less synchronized-flow behaviour. When the congestion

window size for some flows reaches the limit, they have to

wait for some data-acknowledging packets to arrive, stopping

the flow for some time and thereby producing flow data rate

fluctuations. These factors all contribute to the variability of

the data rate of FDT flows, as we can see in Figure 6.

B. Impact on RTT

We measured RTTs while using GridFTP and FDT by

measuring baseline RTT before running the experiment and

then during the experiment using the ping command. We

calculated the average time difference between the baseline

RTT and observed RTT during the experiments for each

protocol with varying number of flows to investigate the effect

of congestion caused by the protocols building up queues at

the routers in the path.

We found the average change in RTT increases as the num-

ber of flows increases. The average RTT change for two to five

flows for GridFTP is higher, although it has high variability.

Thus, it has more impact on RTT than FDT. GridFTP is able to

generate greater aggregated traffic compared to FDT, and as

a result, its impact on the network path is higher. Because

both protocols use the same underlying congestion control

algorithm, an increase in goodput for either protocol leads to

an average increase in RTT change. Overall, the average RTT

increase is higher with multiple flows because more traffic is

injected by the multiple flows.

Figure 7 shows RTT during the flow, measured from arrival

times of packet pairs, when five flows were used for the file

transfer. Compared to RTT changes with a single flow, RTT

increased more with five flows. Multiple data transfer flows

have more aggregate throughput in our experiment, therefore

more resources are required to process the packets. This causes

network routers to take more time and it leads to an increase

in RTT. RTTs in GridFTP flows show more peaks and spikes,

because there are more bursts of traffic in GridFTP. The bursts

of traffic overload the network path leading to instability in the

network. When there are more bursts, RTT increases for both

protocols. There was a steady increase of RTT between 80 s

and 120 s in FDT for all flows. It was caused by the larger

number of packets injected from multiple flows, causing the

queues in routers to build up, increasing RTT for all the flows.

We have found that there are different baseline RTTs

for each flow, one on top of another. We identified with

traceroute that there is a load-balancer in the path that

causes flows to be forwarded into different links for a part

of their route. This produces the slight difference in RTT for

each flow.

VI. DISCUSSION

Our comparative analysis provided useful insights into

performance and fairness of big data transfer protocols. We

next discuss few important enhancements to file systems and

protocol parameters to improve data transfer rates.

Faster file system: The bottleneck for most transfer systems

lies in slow disk read/write rates. Although current mechanical

Hard Disk Drives (HDDs) have file read rates faster than 200

MB/s, it is not easy to maintain sequential read rates greater

than 100 MB/s over large files because of the mechanical struc-

ture of HDDs and file system overheads. Using multiple HDDs

with data striping along with the ZFS file system or hardware

RAID systems can provide significant improvements. Solid

State Drives provide better performance, however, they are

expensive.

Large TCP socket buffer size: Small TCP socket buffer

size in either operating system parameters or TCP socket

parameters limits the amount of data that can be sent at any

given time. With larger buffers, even a single TCP flow can

increase its congestion window size to an optimal point, and

thereby achieve better performance. On long-haul links, the

performance difference between GridFTP and FDT did not dif-

fer significantly, however, there are implementation problems

that can limit transfer performance. We found technical diffi-

culties with all the protocols we analyzed. GridFTP caused the

fewest implementation problems in our experiments. GridFTP

works better using both single flow and multiple flows in

our intercontinental network compared to the other protocols,

because it is able to set larger TCP socket buffer size.

Limited number of parallel flows: There are obvious benefits

of using multiple flows such as overcoming small buffer

size and reducing recovery time. The former benefit can be

achieved with larger buffer size, as discussed above. Given that

the monetary cost of the system memory is low, it is not hard to

allocate a reasonable amount to TCP socket buffers. Rarely, the

network link will have a BDP high enough to require multiple

flows, even with larger TCP socket buffers. But, it is possible

that high link speed can make the path’s BDP large. In such

cases, using multiple flows can be beneficial. In other cases,

having more than three multiple flows can increase the RTT,

causing more packets to be lost in the network path, reducing

transfer performance.

Comparison with Sneakernet7: It is interesting to compare

the performance of a high-speed network transfer with Sneak-

ernet, which transfers data by moving physical storage media

from one location to the other. Disregarding the need of disk

read/write such as real-time streaming, one can send multiple

7https://en.wikipedia.org/wiki/Sneakernet
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Fig. 7. RTT (left axis in log scale) and packet resends (right axis) with multiple flows for GridFTP and FDT. Each flow has a unique color.

HDDs via courier from New Zealand to Sweden. The fastest

courier delivery service will take at least 24 hours. In 24 hours,

a 10 Gb/s network can transfer 108 TB of data, if fully utilized.

With the recent 8 TB shingled magnetic recording HDD, it

would take at least 14 HDDs to hold the data. However, no

matter how fast the courier can deliver physical media from

one place to another, unless one’s disk read/write speed is

faster than 1.25 GB/s, transmitting over a 10 Gb/s network

will always be faster because copying data from one disk

to other will take longer than transferring data through high-

speed network.

VII. RELATED WORK

We present a discussion of prior research that have analyzed

big data transfer protocols in high-speed networks.

Ha et al. [10] compared various TCP implementations in a

400 Mb/s bottleneck link. They found TCP Reno, FAST TCP,

Scalable TCP, and Hamilton TCP had low utilization without

background traffic on a long distance link. However, they only

evaluated TCP implementations on a relatively slow bottleneck

link and they did not consider using multiple flows of the same

TCP variant to utilize more capacity.

Suresh et al. [11] evaluated throughput, fairness, and CPU

utilization of GridFTP, GridCopy, and UDT. They found that

UDT performed well compared to the rest of the tested proto-

cols. GridFTP also performed better, except when transferring

smaller files. While this study compared the performance of

GridFTP with UDT, their testbed was restricted to using a 2

Gb/s campus network.

Tierney et al. [12] compared performance of RDMA over

converged Ethernet, TCP, and UDP in ESnet’s 10 and 40

Gb/s link with 47 ms RTT. Since, this work focused on

comparing transport-layer protocols using a dedicated interface

for RDMA, we cannot compare the results directly with

our work. We use TCP or UDP over Ethernet and instead

characterize performance and fairness of different application

layer protocols. Furthermore, our experiments are performed

in a very high RTT link, which is typical for transfers between

New Zealand and Europe.

Cottrell et al. [13] compared TCP implementations with

UDP protocols using a 1 Gb/s and a 10 Gb/s network. They

found that Scalable, BICTCP, HTCP, and UDT performed well

in the 1 Gb/s network, while UDT is more CPU intensive

than the TCP implementations. In 10 Gb/s network, they

found two sender-receiver pairs are required to saturate 10

Gb/s link capacity. Their work only focused on measuring the

performance of transport layer protocols and did not consider

behaviour of application layer protocols using different TCP

parameters.

Zhaojuan et al. [14] compared UDP transfer protocols in

a short distance 1 Gb/s network. They found PA-UDP is the

most efficient and UDT is most convenient because it did not

need user configuration. Their work was limited to comparing

only UDP-based protocols in a limited capacity link.

Kissel et al. [15] developed an end-to-end measurement

framework for identifying bottlenecks in big data transfers

on multi-gigabit networks. Their system was able to monitor

network and disk hardware statistics, and produce reports

based on the data gathered through the monitoring process.

They evaluated their system components by analyzing appli-

cation and host metrics to understand bottleneck conditions

during big data transfers using GridFTP. Their work was

mostly focused on data collection for troubleshooting big

data transfers, rather than understanding performance of the

protocols themselves.

Yu et al. [8] compared GridFTP, FDT, UDT, and Tsunami in

a 10 Gb/s local testbed network with the goal of understanding

protocol behaviour over varying levels of emulated RTTs

and background traffic. They found that UDP-based protocols

were able to reach their maximum throughput much faster

than TCP-based protocols. In a follow-up work [9], Yu et al.

compared the fairness and performance of GridFTP, FDT, and

UDT in a national 10 Gb/s link established between Auckland

and Wellington. The analysis showed that GridFTP with jumbo

frames provided fast data transfers, and GridFTP was fair in



sharing bandwidth with competing background TCP flows.

Our work complements [8] and [9] by analyzing perfor-

mance and fairness of the big data transfer protocols in a

high-speed international 10 Gb/s link. We use packet traces

to provide detailed insights into the behaviour of each of the

protocols. Our results provide a better understanding of the

nuances of big data transfers using these open-source protocols

over high RTT links. Furthermore, we also provide several

recommendations on how to improve data transfer rates, which

can be utilized by protocol developers and regular users in their

own work. Note that an abridged (preliminary) version of this

work appeared in [16].

VIII. CONCLUSIONS

We analyzed the performance and fairness of three big data

transfer protocols, namely, GridFTP, FDT and UDT, in a long

distance intercontinental network.

We found that UDT had an implementation issue that

limited its performance, and FDT had problem working with

large TCP socket buffer size limiting its performance, however,

this problem is overcome by using multiple flows. To have

better performance, faster file systems and larger TCP socket

buffers in both the operating system and application are

required. Running multiple flows for a high-speed transfer was

beneficial, especially for FDT, where there was a practical

limit on the TCP socket buffer size. It also reduced recovery

time after packet loss events.

We did not find much difference between GridFTP and FDT

data transfer rates, but GridFTP was more stable in terms of

handling file system and TCP socket buffer. FDT is easier to

set up because it is implemented as a Java application, which

does not require a high level of system permission. However,

administrator privilege is necessary to optimize the machine

and TCP stack for improved performance.
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