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Figure 15: Reed-Solomon versus Layered Interleaving

covers singleton losses almost immediately and exhibits
latency spikes whenever the longer loss burst occurs.

6 Related Work
A significant body of work on application and TCP/IP per-
formance over high-speed long-distance networks exists
in the context of high-performance computing, grids and
e-science. The use of parallel sockets for higher through-
put in the face of non-congestion loss was proposed in
PSockets [38]. A number of protocols have been sug-
gested as replacements for TCP/IP in such settings —
XCP [25], Tsunami [43], SABUL [13] and RBUDP [17]
are a few — but all require modifications to end-hosts
and/or the intervening network. Some approaches seek
to differentiate between congestion and non-congestion
losses [8].

Maelstrom is a transparent Performance Enhancing
Proxy, as defined in RFC 3135 [7]; numerous implemen-
tations of PEPs exist for improving TCP performance on
satellite [42] and wireless links [9], but we are not aware
of any PEPs that use FEC to mask errors on long-haul op-
tical links.

End-host software-based FEC for reliable communica-
tion was first explored by Rizzo [36, 37]. OverQOS [40]
suggested the use of FEC for TCP/IP retransmissions over
aggregated traffic within an overlay network in the com-
modity Internet. AFEC [34] uses FEC for real-time com-
munication, modulating the rate of encoding adaptively.
The use of end-host FEC under TCP/IP has been explored
in [30].

A multitude of different FEC encodings exist in liter-
ature; they can broadly be categorized into optimal era-
sure codes and near-optimal erasure codes. The most
well-known optimal code is Reed-Solomon, which we de-
scribed previously as generating c repair packets from r

source packets; any r of the resulting r + c packets can be
used to reconstruct the r source packets. Near-optimal
codes such as Tornado and LT [29] trade-off encoding
speed for large data sizes against a loss of optimality —
the receiver needs to receive slightly more than r source
or repair packets to regenerate the original r data pack-
ets. Near-optimal codes are extremely fast for encoding
over large sets of data but not of significant importance
for real-time settings, since optimal codes perform equally
well with small data sizes. Of particular relevance are
Growth Codes [24], which use multiple encoding rates for
different overhead levels; in contrast, layered interleaving
uses multiple interleaves for different burst resilience lev-
els without modulating the encoding rate.

The effect of random losses on TCP/IP has been stud-
ied in depth by Lakshman [28]. Padhye’s analytical model
[33] provides a means to gauge the impact of packet loss
on TCP/IP. While most published studies of packet loss
are based on the commodity Internet rather than high-
speed lambda links, Fraleigh et al. [12] study the Sprint
backbone and make two observations that could be ex-
plained by non-congestion loss: a) links are rarely loaded
at more than 50% of capacity and b) packet reordering
events occur for some flows, possibly indicating packet
loss followed by retransmissions.

7 Future Work
Scaling Maelstrom to multiple gigabits per second of traf-
fic will require small rack-style clusters of tens of ma-
chines to distribute encoding load over; we need to de-
sign intelligent load-balancing and fail-over mechanisms
for such a scheme. Additionally, we have described lay-
ered interleaving with fixed, pre-assigned parameters, and
the next step in extending this protocol is to make it adap-
tive, changing interleaves and rate as loss patterns in the
link change.

8 Conclusion
Modern distributed systems are compelled by real-world
imperatives to coordinate across datacenters separated by
thousands of miles. Packet loss cripples the performance
of such systems, and reliability and flow-control protocols
designed for LANs and/or the commodity Internet fail to
achieve optimal performance on the high-speed long-haul
‘lambda’ networks linking datacenters. Deploying new
protocols is not an option for commodity clusters where
standardization is critical for cost mitigation. Maelstrom
is an edge appliance that uses Forward Error Correction
to mask packet loss from end-to-end protocols, improv-
ing TCP/IP throughput and latency by orders of magni-
tude when loss occurs. Maelstrom is easy to install and
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Figure 16: Latency Histograms for I=(1,11,19) — Burst Sizes 1 (Left), 20 (Middle) and 40 (Right)
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Figure 17: Latency Histograms for I=(1,19,41) — Burst Sizes 1 (Left), 20 (Middle) and 40 (Right)

deploy, and is completely transparent to applications and
protocols — literally providing reliability in an inexpen-
sive box.

Acknowledgments

We would like to thank our shepherd Robert Morris and
the other reviewers for extensive comments that signifi-
cantly shaped the final version of the paper. Danny Dolev,
Lakshmi Ganesh, T. V. Lakshman, Robbert van Renesse,
Yee Jiun Song, Vidhyashankar Venkataraman and Vivek
Vishnumurthy provided useful comments. Tom Boures
provided valuable insight into the quality of existing fiber
links, Stanislav Shalunov provided information on loss
rates on Internet2, and Paul Wefel gave us access to Tera-
Grid loss measurements.

Notes
1Rateless codes (e.g, LT codes [29]) are increasingly popular and

used for applications such as efficiently distributing bulk data [31] —
however, it is not obvious that these have utility in real-time communi-
cation.
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