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ABSTRACT
Data center network (DCN) design has been actively researched for over a decade. Solutions proposed range from
end-to-end transport protocol redesign to more intricate,
monolithic and cross-layer architectures. Despite this intense activity, to date we remark the absence of DCN proposals based on simple fair scheduling strategies. In this
short paper, we evaluate the effectiveness of FQ-CoDel in
the DCN environment. Our results show, (i) that average
throughput is greater than that attained with DCN tailored
protocols like DCTCP, and (ii) the completion time of short
flows is close to that of state-of-art DCN proposals like pFabric. Good enough performance and striking simplicity make
FQ-CoDel a serious contender in the DCN arena.

Categories and Subject Descriptors
C.2.2 [Computer Communication Network]: Network
Protocols

Keywords
Data Center Network, Design, Performance

1.

INTRODUCTION

In the last decade, data center networks (DCNs) have increasingly been built with relatively inexpensive off-the-shelf
devices. DCNs are frequently assumed to be highly specialized environments, owned by a single entity that has full
control over both the network architecture and its workload. DCN transport research has consequently explored
a larger design space than that of the Internet, leading to
designs that generally do not focus on a single layer of the
protocol stack but are more typically cross-layer. Proposed
transport solutions may, for instance, integrate application
information, use explicit or implicit rate control, incorporate
routing and load balancing, or rely on an omniscient oracle.
Freedom in the DCN design space translates into a relatively crowded landscape of proposals, each of which is
typically designed and tweaked with a specialized application and workload scenario in mind. Considered applications include, for instance, query-response [5, 7], mapreduce jobs [10, 11], or packet-size access in a CloudRAM [6].
Rarely, if ever, is a DCN design tested with a workload other
than the one the system was explicitly designed for.
Beyond any reasonable doubt, the single-tenant assumption will be severely challenged in the near future. Increased
user reliance on Cloud applications will require DCNs to
evolve toward multi-tenant systems with a significantly more
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heterogeneous set of applications and workloads. For instance, DCN owners could handle several types of VM-based
or container-based applications in their infrastructure as
they enter new lines of business, or as they rent resources
to third-parties. The DCN workload will thus evolve beyond a typical mixture of short transactions and fat elastic
transfers, as frequently considered today, to include a significant fraction of rate-limited flows with strict latency requirements as produced by gaming applications [1], instant voice
translation [26] and augmented reality services, for example. The exact flow mix will also be highly variable in time,
depending both on the degree to which applications rely on
offloading to the Cloud (e.g., streaming gaming meta-data
for local rendering or streaming Cloud-rendered videos) and
on the accessibility of the Cloud that varies due to device
capabilities, battery life, connectivity opportunity, etc. [8].
As DCN resources are increasingly shared among multiple
stakeholders, it is necessary to question the appropriateness
of frequently made assumptions. How can one rely on all
end-systems implementing a common, taylor-made transport protocol like DCTCP [5] when end-systems are virtual
machines under tenant control? How can one rely on applications truthfully indicating the size of their flows to enable
shortest flow first scheduling as in pFabric [7], when a tenant can gain better throughput by simply slicing a long flow
into many small pieces? Future DCN usage clearly threatens these assumptions and is likely to erode the benefits of
fragile DCN designs that rely upon them.
Given these premises, we remark an obvious yet surprising
omission in the explored DCN landscape, namely a scheduling mechanism providing fairness among flows, coupled with
active queue management (AQM) to upper-bound delay. We
believe an obvious candidate is FQ-CoDel [25, 16] that has
recently been developed in another context with, however,
aims that largely coincide with the requirements of the DCN.
Our preliminary comparison with state of the art proposals,
demonstrates that FQ-CoDel:
• enables throughput with plain TCP that is greater
than that obtained with a tailored end-to-end solution
like DCTCP [5]
• limits the latency of very short flows to values close to
those obtained using pFabric [7]
We believe its ‘good enough’ and future-proof performance,
coupled with a striking deployment simplicity, make FQCoDel a particularly appealing solution for multi-tenant DCNs.
In the reminder of the paper, after overviewing the related
effort (Sec. 2), we describe our proposal (Sec. 3) and present

Table 1: Taxonomy of recent data center network design.
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simulation results of our comparison (Sec. 4), based on which
we conclude the paper (Sec. 5).

2.

BACKGROUND

We report an incomplete yet instructive view of DCN research in Tab. 1, illustrating several important trends. We
follow the common assumption that DCNs have the leafspine topology (e.g., [7, 4, 9, 30]) derived from the seminal
FatTree proposal [2].
DCN research was initially confined to a single layer of the
protocol stack. For instance, starting with pioneering work
on DCTCP [5], the community recognized that specific designs were needed for TCP to cope with the high bandwidth
and low delay properties of DCNs. This led to the design of
new protocols such as HULL [6]. Note that state of the art
tuning of DTCP variants in DCN is still a subject of active
research [18].
Alternative proposals for an improved network fabric include Hedera [3] and Orchestra [10] that rely on a centralized
oracle to deal with routing, load balancing, congestion avoidance and fault tolerance. Starting with pFabric [7], which
has become the de facto standard for comparing the performance of new DCN proposals, a number of papers have
promoted a cross-layer design. These DCN designs jointly
impact explicit [33, 17, 22, 30, 23] or implicit [35, 7] endsystem congestion and flow control, flow scheduling [33, 17,
7, 13, 22, 11, 27, 9, 30], routing [35, 7, 4, 27, 19, 30] and
oracles [11, 27]. Recent exceptions to the above trend is
represented by pHost [15] (that introduces a mechanism for
requesting/granting transmission tokens and operates solely
at transport level) and RepFlow [34] (that opportunistically
replicates packets of short flows, and thus operates at a
higher load).
Application-layer information has been gradually integrated
into decision logic (either explicitly as a priority level [35, 7],
or implicitly via a flow deadline [33, 17] or flow size [33, 17,
34]). This trend was recently exacerbated by moving from

network-oriented to service-oriented metrics, e.g., Varys [11]
and RAPIER [30] use co-flow completion time while Baraat
[13] uses task completion time. In contrast to the implicit
rate control of pFabric, [13, 22, 11, 27, 30] all employ explicit
rate control with either a distributed or a centralized arbitrator. Recent proposals such as NUMFabric [23] still employ
explicit rate control, though coupled with a Weighted Fair
Queueing (WFQ) approach, whose weights are dynamically
set via a distributed eXplicit Weight Inference (xWI) algorithm. While NUMFabric is flexible in the bandwidth allocation schemes it can enforce (e.g., minimize FCT, achieve αfairness or enforce bandwidth functions) it however requires
modification a the host (Swift control, xWI) and switches
(xWI price computation) and protocols (the message passing algorithm requires 5 additional header fields).
This rapid survey reveals the wide range of research on
DCN architectures and it is all the more surprising that a
technique as simple and potentially effective as FQ-CoDel,
to our knowledge, remains unexplored.

3.

FAIRNESS IN THE DCN

We argue that the advantages of decoupling rate control
from scheduling, put forward in the pFabric proposal [7],
would similarly derive from implementing per-flow fair scheduling on bottleneck links.

3.1

Be fair to flows!

Fair queuing. Starting with the original proposal of Nagle [24], per-flow fair scheduling has often been advocated as
a means to make Internet bandwidth sharing more robust
and efficient. However, the need has never been considered
sufficiently compelling to warrant widespread implementation. An exception is the recent work on bufferbloat, notably
on home routers [32], where the preferred solution has been
to perform fair queuing on the user access line, in association
with the CoDel queue management algorithm [25, 16].
Per-flow scheduling on the user access line ensures low

latency for packets of delay-sensitive flows like VoIP while
allowing bulk data transfers to fully utilize residual bandwidth. Scheduling is generally unnecessary on Internet links
beyond the access line since these are rarely a bottleneck:
flow rates are limited by the access bottleneck and the combined rate of flows in progress on a network link is typically less than its capacity. This is not the case in data
centers, however, where single flows can readily saturate an
upstream or downstream link between a server and its topof-rack switch.

θ would be broadly similar.

Priority fair queuing.
The DRR-based “FlowQueue
Controlled Delay” (FQ-CoDel) scheduler [16], originally proposed for fighting bufferbloat, does in fact more than just fair
scheduling: it incorporates a priority mechanism to further
reduce the packet latency of low rate flows. A fair queuing
scheduler maintains a list of flows that currently have backlogged packets. It can therefore recognize packets that come
from flows that are not currently backlogged. In the DCN,
such flows will include single packet queries as well as any
flows emitting packets at a rate less than the current fair
rate. FQ-CoDel dequeues these packets with priority, minimizing their latency without undue impact on the throughput of backlogged flows. This can be done without keeping
per-flow state, and it has been shown to be highly scalable
in [20]

Incast.
Imposing fair sharing has a similar impact on
incast as DCTCP [5] since fair sharing between the fannedin flows is guaranteed. The fair rate during incast would
likely still be high enough that packets of any streaming or
gaming flow sharing the bottleneck link would be handled
with priority.

Controlling queue delay.
In FQ-CoDel, packets can
be dropped on applying the CoDel [25] AQM algorithm to
each flow queue. Packets are also dropped from the flow with
the biggest backlog when the shared buffer would otherwise
overflow. Longest queue drop might in fact be a sufficient
AQM (see [29, 21], for instance) though it is simpler to
adopt FQ-CoDel since this is already implemented in the
Linux kernel.

3.2

Suitability for DCN

Flow identity. In our evaluation we identify flows by the
usual IPv4 5-tuple. However, it may in practice be more
appropriate in a DCN to use other criteria like the origin
and destination servers or virtual machines, or to identify
co-flows belonging to a single task. Note that the proposal
is to apply lightweight, egalitarian fair sharing as opposed
to weighted fair sharing. The latter would incur additional
complexity to determine the weight from local state or a
header field. Simple fairness is arguably sufficient for a
DCN: it ensures low latency for short and low rate flows and
largely decouples bandwidth sharing from the implemented
transport protocol.
Quantum size. The default DRR quantum size in FQCoDel is one 1500 byte MTU. This implies the packets of
any flow emitting less than 1500 bytes in a DRR cycle are
handled with priority. In the data center environment, it
may make more sense to increase the quantum size, to ensure all packets of a short query are handled with priority,
for instance. It is interesting to note that the Baraat [13]
scheduler has similar behavior to FQ-CoDel with a particular choice of quantum. Baraat handles flows in FIFO order
until they are observed to have emitted more than a given
number of bytes θ. They are then required to fairly share the
link bandwidth under the end-to-end control of RCP [14].
The result of applying FQ-CoDel with a quantum equal to

Rate-limited flows. The workloads considered in pFabric [7] and Baraat [13] do not include flows whose rate is
intrinsically limited. Such flows exist in any data center
supporting streaming applications or gaming, for instance,
and would benefit from the low latency provided naturally
by FQ-CoDel. For example, packets of a 10 Mbps flow on
a 10 Gbps link would not suffer significant delay until the
number of concurrent flows exceeds 1000.

Stability.
As in the evaluation of pFabric [7], we envisage a simple stochastic demand model where flows arrive according to a Poisson process. For such workloads fair
sharing is known to be stable as long as the overall offered
load is less than 1 on every link. On the other hand, as
noted in [7], “size-based traffic prioritization may reduce the
stability region of the network ” with respect to the maximum capacity attained by fair sharing. This phenomenon
impacts both pFabric and FQ-CoDel. It remains to more
thoroughly evaluate the capacity reduction under a relevant
range of workloads. It was not significant for the workloads
considered here or in [7].

4.

EVALUATION

We describe the scenarios used to evaluate the performance of FQ-CoDel in the data center (Sec.4.1) before discussing calibration of protocol parameters (Sec.4.2) and reporting our results (Sec.4.3).

4.1

Methodology

Terms of comparison. We compare FQ-CoDel against
two representative alternative DCN designs: (i) DCTCP [5],
a distributed end-to-end design that exposes a general transport service through an L4 abstraction, and (ii) pFabric [7],
a clean-slate cross-layer design that optimizes flow completion time performance. The first is already implemented in
production data centers [18], while the second represents an
ideal that may only be attained in a particular protected
data center environment where end-systems are compliant.
The code of both designs is available in ns2 and has been
used in our evaluation.
Network and workload. We adopt a downscaled version
of the pFabric network scenario of [7] with 32 instead of 144
hosts interconnected by a Leaf-Spine topology with the same
delay characteristics. We adopt the pFabric “data mining”
workload, presented in Fig. 4b in [7]. Flows arrive according
to a Poisson process and have a size drawn independently
from an empirical distribution in which half the flows are
single packet while 95% of bytes are in flows larger than
35 MB.
Note that this workload does not include any rate limited
flows as arise in streaming and gaming applications, for instance. To account for the growing impact of such flows in
the DCN, we tweak the data mining scenario by controlling
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Performance measures. We compare the performance of
the considered DCN designs through the realized flow completion time (FTC). For single packet flows this coincides
with the packet latency. For long flows we actually report
the mean flow throughput defined as the ratio of size in bits
to FCT in seconds.

4.2

Calibration

Since we consider the pFabric scenario (i.e., workload,
topology, capacities, etc.), we retain the transport protocol settings of [7] and make appropriate adjustments for
DCTCP and FQ-CoDel to make the performance comparison as fair as possible.
Local AQM tuning. For DCTCP, queue management is
standard DropTail FIFO and we experiment with two buffer
sizes, 100 and 1000 packets. FQ-CoDel uses a stochastic
fair queuing implementation of deficit round robin (DRR)
and relies essentially on three parameters: the number of
FQ hash buckets (we retain the default value of 1024), the
CoDel target delay (default 5ms) and the inference interval
(default 100ms). The default CoDel settings were meant to
counter bufferbloat in the access network where timescales
are orders of magnitude larger than what is reasonable for
the DCN environment. Considering that the RTT propagation delay between any two host in our DCN scenario is
12 µs and packet transmission time is 1.2 µs, we downscale
CoDel settings by a factor of 1000. While these settings
work well in practice, a more careful tuning might improve
performance further [12]. We do not use packet spraying
with FQ-CoDel so that our results may be considered conservative.
End-to-end TCP tuning. To perform a fair comparison
it is necessary to specialize transport protocol parameters
to the DCN environment [18]. Tab. 2 contrasts the pFabric
settings with default TCP values. The DCN environment
clearly requires an increase in timestamp precision [31], significantly reduced time-related parameters (such as delayed
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Figure 1: Impact of pFabric TCP tuning on DCTCP
and FQ-CoDel: comparison with default settings overall, per category, and per cc sub-category.

Small flows FCT reduction rate [%]

the percentage of single packet flows. We argue that this is
a sufficiently accurate representation of the traffic of flows
whose rate is just a small fraction of the link rate (e.g., a 10
Mbps flow on a 10 Gbps link). Packet latency for such flows
in FQ-CoDel is determined by the random arrival process of
packets with similar priority and this is locally Poisson, as
when modelled as a process of single packet flows. We let the
overall volume of single packet flow vary between 0.01% and
10% of the overall offered traffic and proportionally reduce
the occurrence of all the other flows sizes.

xc
ma

+99.5%

+99.3%

~

~

5

5

0

0

5
10

5
fct
bps
All

Retransmission (rtx)

Receiver (rx)

Congestion (cc)

10

Large flow throughput increase rate [%]

rx‡

param

Mean FCT reduction [%]

rtx†

Categories

30

Table 2: pFabric TCP tuning

Figure 2: Flow size breakdown of pFabric TCP tuning impact on DCTCP (FCT of single packet flows,
throughput of long flows).

ack and retransmission timers [31]), and increased windowrelated parameters. Overall, the pFabric settings reduce the
mean FCT by a factor of more than 2 compared to that
provided by pFabric used with standard TCP settings.
To verify that pFabric settings do not play against DCTCP
and FQ-CoDel, we activate features progressively and evaluate incremental differences in latency (i.e., single packet
FCT) and throughput. Results presented in Fig. 1 reveal
that activating all parameter updates yields roughly a 30%
reduction in mean FCT for DCTCP and 20% for FQ-CoDel.
The breakdown per rtx/tx/cc categories of Tab. 2 shows
that time-related parameters play a paramount role, as expected. On the other hand, we see that congestion-related
parameters have a limited impact on DCTCP and even a
negative impact on FQ-CoDel. It follows that, by enabling
pFabric parameters without any further tuning, our results
are slightly more favorable for pFabric, and provide a conservative estimate of FQ-CoDel performance.
Fig. 2 further breaks down the impact of rtx/tx/cc parameters on latency and throughput metrics for DCTCP.
Here again it can be seen that, while the single packet flow
FCT benefits from the combined settings, the throughput of
long DCTCP flows suffers slightly.Selective parameter tuning would be hard, however, since performance metrics are
impacted differently (e.g., cc parameters have a negative impact for short flows and a positive impact for long flows).
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Figure 3: Comparative performance with original
pFabric “data mining” scenario, load 0.6.
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Tweaked data-mining scenario. Robust DCN designs
should maintain their performance across scenarios. We
perform a very simple yet insightful sensitivity analysis by
increasing the volume of byte-wise traffic generated by single packet flows (a similar approach was adopted in [15]).
To limit the simulation duration required for reliable statistics, we cap the maximum flow size at 105 packets1 . It is
clear from Fig. 4 that the performance penalty of FQ-CoDel
with respect to pFabric is reduced significantly as the relative intensity of single packet flows (or rate limited flows)
increases. On the other hand, the large gap between pFabric
and DCTCP performance is not reduced.

5.

A FAIR STATEMENT

This paper addresses multi-tenant DCN: contrarily to the
specialization trend, with designs that need to tightly control many aspects of the DCN at several layers of the stack,
we argue that DCN design would benefit from an increased
generalization: by this, we mean reliance on well understood
mechanisms, provided as network services, that require as
few as possible assumptions on the DCN workload.
Specifically, we have argued that fair scheduling coupled
with a mechanism to explicitly controlling the queue size
constitutes an appealing traffic management solution for
multi-tenant DCN. In the light of our results, we believe
it is fair to say FQ-CoDel achieves “good enough” perfor1

DCTCP
FQ-CoDel
pFabric

Performance comparison

Original data-mining scenario. We first consider the
original pFabric scenario where single packet flows represent
a significant fraction of flows but only account for a negligible portion of the traffic volume in bytes. Average throughput and single packet flow completion time are reported in
Fig. 3. Results confirm that pFabric exhibits outstanding
performance for both metrics. However, they also show that
FQ-CoDel comes second. Specifically, single packet flow latency for FQ-CoDel is very close to that of pFabric while
throughput for long flows is higher than that of DCTCP
though still significantly lower than pFabric. Fairness thus
appears as a potentially interesting alternative combining
simple implementation with performance that may be qualifies as “good enough”.

This tweak is in fact favorable to pFabric as the gap between pFabric and FQ-CoDel for 0.01% in Fig. 4 is larger
than in Fig. 3.
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Figure 4: Impact of single packet flow intensity:
tweaked pFabric scenario, load 0.6.

mance while being “simple enough” for rapid deployment.
It is surprising that this simple yet effective approach has so
far been neglected in DCN research and our main aim in this
paper has been to raise awareness of this omission. Hopefully, since FQ-CoDel implementations are readily available
in the Linux kernel, raising awareness of its expected benefits can possibly lead to its deployment in DCN, and especially to comparison with already deployed techniques such
as DCTCP, whose performance however fall well below that
of FQ-CoDel.
Clearly, much remains to be done. For instance, FQCoDel should be compared against DCTCP in a real deployment to prove that benefits are immediately and painlessly
achievable in today DCNs. While FQ-CoDel is already available in the current Linux kernel release, however it remains a
significant challenge to design and perform the experimental
campaign that is necessary to confirm the expected advantages under realistic conditions. More broadly, it is also
interesting to better understand how FQ-CoDel would be
combined with further key DCN developments (like co-flow
identification and the use of packet spraying).
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