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Index Terms— Testbed, flow control d) Recirculating optical loops can also emulate long
physical links with high delay. This approach is suitable
I. INTRODUCTION for studying physical-layer effects on single packets, but

It has recently become apparant that very high speg@nnot delay a continuous stream of packets, and hence
wide area networks (WANs) are pushing the limits ofire unsuitable for flow control experiments.

existing protocols, such as the transmission control protoG®l production networks are the ultimate testing ground
(TCP). This has led to many proposed replacements i new protocols, allowing “black-box” evalution through
TCP [1], [2], [3], [4], [5], [6], [7], [8], which must be |imited end-to-end measurements. This is suitable for tests
evaluated, optimized and eventually developed into the neyhich will not disrupt other traffic, but not for testing many

generation of TCP. Although initial design and testing cafilure modes, such as heavily overloaded networks, or
be performed using mathematical modeling and softwagguuipment failures.
simulation, there is ultimately a need to implement the
selected algorithms in real networks. This paper describes 1. HYBRID WAN IN LAB
a test _faC|I|ty called WAN-_ln-Lab, consisting of apomplete The aim of WAN-in-Lab is to provide a realistic but
WAN in a laboratory environment, which is available for . . . L

: . controlled environment, which enables detailed monitoring
use by the global networking research community.

o o ; of all aspects of protocol operation. This will allow an
After a description of the motivation for this approachrnte rated approach. where theorv develooment. implemen-
the specific hardware will be described, followed by ex- 9 PP ' y P » 1MP

amples of protocols that have already been tested on gon, experiments, and deployment inform and influence

facility. Finally, the future direction of the WAN-in-Lab each other intimately. WAN-in-Lab is an open resource,
will be outlined. intended for use by the entire networking community.

WAN-in-Lab is centred around an SDH/Sonet optical
Il. APPROACHES TO PROTOCOL TESTING backbone with four OC48 routers, with wireless and gigabit

. . . Ethernet access networks.
Developing protocols requires many forms of testing: Delay is provided by 24 spools of 100km of single-

Emstmg tools are I|s'ted bglow, in decreasing order of ab_ode fiber, which can be seen in the lower middle of the
straction. Except recirculating loops, all of these play a ro@llowing figure:

in developing congestion control protocols. However, ther@
is a big gap between emulation and production networks,
which WAN-in-Lab seeks to fill.

a) Mathematical modeling explores fundamental limits
of algorithms. It is the only tool that can explore infinite
classes of networks rather than specific instances, but
analysis requires simplification of actual protocols, ignoring
important implementation issues.

r

) ) ) ] ) To increase the delay, data traverses a spool four times.
b) Simulation is the most inexpensive way to test newy royter's 2.5 Gbit/s OC48 stream is multiplexed onto a
protocols, and is a useful first step. However, networfy Gpjt/s 0C192 stream, which is amplified and returned.
simulation is hundreds of times slower tha.n real-time, anghe returning stream is multiplexed onto a second OC192
slower for high-speed networks. Moreover, it does nc_>t "?‘”Og{ot, and the process is repeated. A single pass through each
actual prototype deployments to be tested and optimizedys| gives a delay of only 0.5 ms, but with multiple passes
c) Emulation of large delays and link impairments us-and the associated multiplexing delays, the round trip delay
ing Dummynet also works well for links below 1 Gbit/s.approaches 5ms per spool.

A successful example of this approach is EmuLab [9]. Currently, WAN-in-Lab has four Cisco routers, each with
Unfortunately, software emulation introduces artefacts intb single OC48 line card. This allows two links with an
the traffic, which become increasingly severe at higher lirdggregate delay of 100 ms, in steps of 5ms. More complex
rates. topologies can be created with short gigabit Ethernet (GbE)



links between the routers and the 20 high-speed serverse Remote reconfigurability using a 14444 port optical

Some of these servers are configured as Dummynets, while switch. This will allow topology changes between

others are software routers to test active queue management experiments or within an experiment. Rerouting is

(AQM) protocols. important for delay-based protocols such as FAST.

« Detailed monitoring of link traffic. This will allow the
gueue sizes at routers to be tracked, and the burstiness
of data to be monitored. Both of these factors play an
important role in the design of flow control protocols.

« Management tools to allow researchers to configure
the network easily, both rearranging the network topol-

A. MaxNet ogy and installing custom kernels on the servers.
MaxNet is a flow control algorithm which uses explicit As well as developing flow control protocols, WAN-in-

feedback from routers to set a sender’s transmission rat@b will be useful for benchmarking proposals. There have

Thus, it can only be tested in networks which provideeen proposals to establish a general benchmark for various

access to the bottleneck router, such as WAN-in-LabhCP algorithms. However, the difference in hardware setup

MaxNet encodes a congestion signal in the IP header;aiffects the benchmark results of a TCP algorithm. WAN-in-

the congestion level of a router is larger than the value bfb is an ideal standard hardware platform for comparing

an incoming packet, it overwrites the field. The sender thélifferent TCP algorithms with a benchmark suite. We are
adjusts its sending rate based on the indicated congesttirently porting a general suite of tests from an emulated
in a provably stable way. Dummynet framework to use WAN-in-Lab.

IV. PRELIMINARY RESULTS

To date, WAN-in-Lab has been used to test two proto-
cols: FAST [1], [2] and MaxNet [8], [10].

A four-node MaxNet network has been established on
WAN-in-Lab. Two additional servers are configured as
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B. FAST

Research into FAST TCP was the original motivation
for WAN-in-Lab. FAST determines a sender’s rate based
on the difference between the round trip time (RTT) when2]
queues are full and when they are empty. Thus it has
been important to investigate the impact of real-world[3
timing jitter, due to such things as operating system task
scheduling, on measuring the small queueing delay of a
high-speed network. ]

WAN-in-Lab has been used [11] to investigate the au-
tomated selection of the number of packets FAST shoulf!
buffer in the network, based on the interaction between loss
and delay. This issue is one of the important remainingg]
research issues for FAST. ]

(8]

(1]

V. FUTURE DIRECTIONS

WAN-in-Lab is still evolving. In the near future, we

expect it to have:

« A connection to the Ultralight 10 Gbit/s experimental/
production network [12]. This will allow the moni-
toring facilities of WAN-in-Lab to study real-world
traffic, allow studies of incremental deployment ol;
protocols, and increase the range of topologies avail-
able to WAN-in-Lab. s

« A richer set of topologies, through the acquisition ofi2]
additional line cards.

El

Waltsen, and Steven Yip of Cisco.
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