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Abstract—With Netflix and YouTube accounting for more than
50% of North American, fixed network peak download traffic
in 2015, video streaming is a significant source of Internet
traffic. Dynamic Adaptive Streaming over HTTP (DASH) is a
recent standard for live and on-demand video streaming services,
where clients adapt their behaviour on-the-fly to match regularly
updated estimates of network capacity. Consumer DASH streams
are likely to be bottlenecked by last-mile ISP links, and impacted
by emerging active queue management (AQM) schemes being
deployed to counter bufferbloat. We experimentally characterise
and evaluate the impact of bottlenecks utilising PIE, FQ-PIE,
CoDel and FQ-CoDel AQM schemes on DASH streams. We
show that PIE’s higher burst tolerance provides better streaming
quality for single DASH stream over moderate to high RTT paths
and when coupled with a FlowQueue scheduler’s flow isolation
capabilities, FQ-PIE protects DASH streams in the presence of
cross-traffic.

Index Terms—DASH, TCP, AQM, PIE, FQ-PIE, CoDel, FQ-
CoDel

I. INTRODUCTION

A typical Internet-enabled home sees a range of applications
competing for the last-mile link connecting the home to the
outside world. Many applications rely on Transmission Control
Protocol (TCP) to ensure reliable delivery with reasonable
sharing of network capacity. However, the last-mile is also
a bottleneck. In recent years vendors have sought to minimise
packet losses by oversizing the packet buffering in their
home gateway products, leading to a phenomenon known
as bufferbloat [1]. Since loss-based TCP flows cyclically fill
and drain buffers of bottleneck nodes, bufferbloat leads to
significantly inflated round trip times (RTTs) for all traffic
concurrently sharing a bottleneck point. To mitigate the effects
of bufferbloat, new active queue management (AQM) schemes
allow bottlenecks (such as home gateways) to support short
bursts of traffic while keeping long-term queuing delays low.
PIE (Proportional Integral controller Enhanced [2]), CoDel
(Controlled Delay [3]) and FQ-CoDel (FlowQueue-CoDel [4])
are three specific schemes being developed in the IETF AQM
working group [5]. PIE is already part of the DOCSIS 3.1
standard for cable modems [6], and FQ-CoDel is being heavily
promoted for embedded Linux gateways.

Video streaming has become a significant source of In-
ternet traffic, with companies such as Netflix and YouTube
accounting for more than 50% of the peak download traffic
on fixed networks in North America in 2015 [7]. Streaming
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services are predominantly layered on top of HTTP to improve
traversal of firewalls, NATs and other middleboxes. Dynamic
Adaptive Streaming over HTTP (DASH) is a recent ISO
standard for content delivery [8], with Netflix and YouTube
adopting DASH-like streaming strategies [9]. DASH offers
content streaming from commodity web servers or caches,
while adapting to a heterogeneous community of client devices
and dynamically varying network conditions.

HTTP typically runs over TCP!, so an end-user’s experience
of content streaming critically depends on how well DASH
adaptive bitrate (ABR) algorithms respond to TCP’s own util-
isation of the network path between the server and client. This
in turn depends on the choice of server-side TCP algorithm,
the server-client RTT, and how competing network traffic flows
are handled at bottlenecks along a network path. AQMs are
emerging as important regulators of congestion and fairness
at bottlenecks. Despite the significant work already done on
client-side ABR, there has been only limited exploration of
how DASH traffic interacts with modern AQMs.

In this paper we make the following key contributions:

« Evaluate the impact of PIE, FQ-CoDel and a novel “FQ-
PIE” hybrid AQM scheme on DASH-based multimedia
streaming traffic over a range of network RTTs

o Show that FQ-CoDel and FQ-PIE can protect DASH
streams from collateral damage by cross-traffic, and com-
bining FlowQueue scheduling with PIE’s burst tolerance
allows FQ-PIE to provide better DASH performance

The rest of this paper is structured as follows. Section II
provides background on DASH, TCP, AQMs and their likely
interactions. We describe our use case model and testbed setup
in Section III. Section IV evaluates the impact of different
AQMs on DASH streams across links with various path
characteristics. Section V concludes and outlines future work.

II. BACKGROUND AND RELATED WORK

In this section we summarise the technologies involved in
DASH-based content streaming into home environments.

A. DASH

Modern Internet video streaming technologies have adopted
DASH-like streaming strategies. In DASH systems, multi-

'With QUIC an emerging alternative, https:/www.chromium.org/quic
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media content is first encoded into multiple versions at dif-
ferent discrete bitrates (representation rate), with each ver-
sion then fragmented into small multi-second video segments
(chunks) [10]. Chunks encoded at different bitrates are aligned
in the video time line so that the client can smoothly switch
representation rates at chunk boundaries. Chunks are served
using standard HTTP servers, while the underlying TCP layer
regulates actual transmission of packets within each chunk.

The server provides a Media Presentation Description
(MPD) file to describe the available chunks and associated en-
coding (representation) rates for each offered piece of content.
DASH clients may implement a variety of adaptive bitrate
(ABR) algorithms to retrieve chunks encoded at the highest
representation rate (RR) believed supportable by recently
observed network conditions.

To minimise the number of stalls in content playback
(rebuffering events) and associated degradation in end user
experience [11], a DASH client will typically pre-fill a local
playout buffer with multiple chunks before initiating local
playback. After the buffer pre-filling phase, the client enters a
steady-state, periodic ON-OFF chunk retrieval phase, request-
ing video chunks every x seconds (x is typically the chunk
size). Adaptive chunk retrieval helps maintain a backlog of
content in the playout buffer as network conditions fluctuate.

The fundamental objective of an ABR is to select the
RR of future chunks to maximise user-perceived Quality of
Experience (QoE) [12] given estimated network conditions.
Frequent or sudden changes in RR, mid-stream re-buffering
events and a long start-up time all degrade QoE.

Although crucial to positive end-user experience in a het-
erogenous Internet ecosystem, the DASH specification does
not recommend any particular ABR algorithm. Consequently,
ABR designers have explored many strategies for good user
experience under varying network conditions. Most existing
ABRs are based on one of the following three strategies:

o Throughput: The achieved rate (AR)? estimated from
recent chunk downloads drives selection of the next
representation rate, as long as network conditions do
not change. For example, when AR is high, the client
retrieves future chunks encoded at a higher RR to improve
end-user video quality. When AR is low, the client
retrieves future chunks encoded at a lower RR to avoid
playout-buffer under-run [13], [14], [15].

e Buffer occupancy: Select RR of next chunk based on
application layer playout buffer occupancy [16], [17].

o Control theory: Complex, hybrid algorithms that use both
throughput estimates and buffer occupancy as indicators
of network conditions, and repeatedly (re)solve a control
theory/stochastic optimal control equation for selecting
the representation rate to satisfy user preferences [18],
[19], [20], [21].

Regardless of ABR strategy, QoE ultimately depends on
how DASH interacts with the underlying network.

2Length of a chunk divided by the time taken to receive it (essentially an
estimate of per-chunk TCP throughput).
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B. Impact of TCP under DASH

The timeliness (rate) of chunk delivery can vary widely
depending on the speed of bottleneck links along the server-
to-client path, the RTT of the path, the queue management at
any bottlenecks and the nature of other short-term or long-term
flows (cross-traffic) competing for path capacity. The use of
TCP also means a DASH stream may cause collateral damage
to other traffic sharing a network layer bottleneck [22].

The DASH server’s TCP stack maintains a running estimate
(the congestion window, cwnd) of how many bytes can be ‘in
flight’ and unacknowledged at any given time. cwnd starts
low?, grows as packets are received and acknowledged by the
client, and shrinks when packets are lost or the connection
goes idle for too long [23]. A DASH client’s chunk retrieval
process means TCP sends repeated bursts of packets followed
by idle periods. If cwnd is too low, or fails to grow quickly
enough, the DASH client experiences low AR per chunk.
If cwnd grows beyond the path’s bandwidth-delay product
(BDP) it starts filling bottleneck queues and inflicting addi-
tional queuing delays on all flows sharing the bottleneck.

Much work has been done to model and understand how ap-
plication rate-limited traffic affects TCP behaviour. Recently,
a revised proposal on congestion window validation (CWV)
has been submitted to IETF (RFC7661 [24]). DASH traffic
is a classic example of application rate-limited traffic with a
bursty nature, creating an ON-OFF traffic pattern. Nazir et al.
[25] evaluated the effects of TCP CWV and TCP pacing on
DASH transport.

Huang et al. [26] dissected the interactions between TCP
and adaptive video traffic by analysing traffic generated by
major streaming services, and identified a vicious cycle they
named a “downward spiral”. During multi-second OFF pe-
riods, TCP resets cwnd to its initial value due to inactivity
longer than the current retransmit timeout (around 200ms in
their experiments). Consequently cwnd ramps up in slow start
mode to retrieve each new chunk. With no competing flows,
the client still selects the highest sustainable RR. However,
competing flows fill the bottleneck buffer during OFF periods,
causing high packet loss and low video throughput (low AR)
for subsequent chunks. As AR drops further, the client requests
chunks of lower RR and shorter length. As chunks get shorter,
TCP has less time to reach its fair share before it finishes
downloading each chunk, leading to further underestimation
of available capacity — a detrimental downward spiral.

C. Active Queue Management (AQM)

The proliferation of oversized first-in-first-out (FIFO)
buffers in network devices (aka bufferbloat [1]) has recently
reinvigorated IETF interest in new AQM schemes [5], revis-
iting an idea present since at least the late 1990s (e.g. RFC
2309 [27]). AQM schemes generally aim to provide congestion
notifications* long before the queue fills, greatly reducing the

3The default was 2 packets, but some recent OSes now start TCP connec-
tions with a window of 10 packets.
“By packet drops or Explicit Congestion Notification (ECN) marking.
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queuing delays introduced by classical FIFO (or tail drop)
queue management.> Here we briefly summarise PIE, CoDel,
FQ-CoDel and a novel FQ-PIE hybrid.

1) PIE and CoDel: These two schemes operate on sin-
gle queues, and differ from earlier AQM schemes (such as
RED [27]) in that they explicitly aim to keep queuing delays
low, rather than simply aiming to keep queue occupancy low.

With PIE an average dequeue rate is estimated based on
the standing queue size. The latest PIE [2] has an initial burst
allowance of 150ms which allows any number of packets
that arrive within the first 150ms to be served successfully.
After the initial burst, up to T}qrges (default 15ms) of queuing
delay is allowed in the queue at any time. Dequeue rate is
recalculated as every packet leaves the queue, and is used to
calculate the current delay, which is then periodically used to
calculate the probability that a packet is dropped (or marked)
on arrival. This probability is adjusted based on the trend of
the delay (up or down). When the probability exceeds 10%,
packets are dropped even if Explicit Congestion Notification
(ECN) marking is enabled.

CoDel uses the local minimum packet-sojourn time T}qrget
(default 5ms) in the queue as a measure of the stand-
ing/persistent queue. As long as the minimum queue delay
is less than an acceptable queue delay target, or the buffer
contains fewer than one full-size packet worth of bytes,
packets are not dropped (or ECN marked). When the minimum
queue delay has exceeded the target for a time greater than a
specific interval Ty tervar (default starting at 100ms), CoDel
enters a dropping mode where packets are dropped/marked
according to a control law aimed at producing a linear change
in TCP throughput. Once the minimum delay goes below the
target, packets are no longer dropped or marked.

2) FQ-CoDel: This scheme combines flow-classification,
per-queue CoDel AQM, and scheduling. Flows are hashed into
one of (usually) 1024 different queues, with CoDel separately
managing the sojourn times of packets passing through each
queue. The queues are serviced by a form of deficit round
robin scheduling, where priority is given to queues with
packets from new or “recently seen” flows.

An FQ-CoDel bottleneck achieves latency reductions (due
to CoDel) and relatively even capacity sharing with minimal
prior configuration (due to the fixed hashing function). It
provides isolation for low-rate traffic (such as DNS, web, and
video conferencing traffic) while keeping queue lengths short.

3) FQ-PIE: A novel contribution of our work is evaluat-
ing the recently released FreeBSD implementation of “FQ-
PIE” [28]. Whilst the idea was alluded to PIE’s original
developers, [28] is the first well documented combination of
the FlowQueue aspect of FQ-CoDel with PIE’s individual
queue management. FreeBSD’s FQ-PIE hashes flows into one
of N queues, applies PIE on a per-queue basis and (as with
FQ-CoDel) services the queues with a form of deficit round

SLarge variations in queuing delays occur as TCP’s cyclical capacity
probing fills and drains bufferbloated FIFO queues.

SPIE and FQ-CoDel are emerging from IETF consideration as deployment
candidates on ISP/consumer links. FQ-PIE blends their beneficial properties.
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robin scheduling, prioritising queues with packets from new
or “recently seen” flows.

An FQ-PIE bottleneck achieves the latency reductions and
burst tolerance of PIE, with relatively even capacity sharing
and flow isolation similar to FQ-CoDel. We expect its burst
tolerance may provide better support than FQ-CoDel for ON-
OFF traffic like DASH.

D. DASH and AOM

The impact of AQMs in residential settings has been studied
in [29]. A DASH system is controlled by two control loops,
i.e, the inner TCP congestion control loop that reacts to
network conditions thus regulating its sending rate, and the
outer client adaptive bitrate selection loop that reacts to TCP
sending rate and tries to match the video bitrate to the average
TCP rate. The likely deployment of modern AQMs at the
last-mile bottleneck further complicates matters, particularly
the interaction between bursty DASH traffic and the burst-
tolerances of different AQM schemes. To the best of our
knowledge, the intricate interactions between these three layers
have not been studied and evaluated experimentally in detail.

In [30] the authors evaluated the performance of various
traffic workloads, including HAS (DASH-like HTTP Adaptive
Streaming), FTP, VoIP and web traffic, using ns-2 to model a
variety of AQMs (FIFO, Adaptive RED, CoDel and PIE) in a
downstream DOCSIS 3.0 environment. They found that when
five HAS flows compete with a varied number of FTP flows,
AQM significantly improves HAS performance compared to
drop-tail based schemes on the video playback rate. The results
further suggest that CoDel leads to higher HAS adaptation
rates. They also observed that PIE maintains the target queue
latency more reliably than CoDel, and conjectured that dif-
ferences in the burst tolerances of PIE and CoDel contribute
to observed differences in client adaptation rate. (Table 12
in [30] shows that PIE achieves a slightly higher throughput
than CoDel when competing with up to 11 FTP flows.)

We would expect FQ-CoDel and FQ-PIE’s flow separation
to help prevent the previously noted “downward spiral” effect
by isolating DASH traffic from competing TCP flows.

III. EVALUATION METHODOLOGY

Here we describe our use case, experimental testbed and
performance measures.

A. Consumer home network environments

Our use case involves home users accessing remote content
across their ISP’s (usually asymmetric) broadband last-mile
link — commonly the bottleneck for traffic both towards the
home (downstream) and away from the home (upstream). Con-
tent servers may be located domestically (with low intrinsic
RTTs) or internationally (with larger intrinsic RTTs).

1) Sharing the last-mile bottleneck: A challenge for DASH-
based streaming occurs when competing traffic overlaps in
time, whether due to explicit action of the end-user(s) or
automated background activities launched by in-home devices.
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Whether brief or long-lived, the competition for last-mile
resources degrades the quality of the DASH-based service.

Competing downstream traffic directly reduces bandwidth
available for inbound DASH traffic. Upstream traffic reduces
the bandwidth available to carry TCP Acknowledgement
(ACK) packets from the DASH client to the server, which in
turn reduces the achievable DASH download rate. Examples
of competing in-home traffic sources include smartphones and
tablets downloading ‘app’ updates or synchronising data out
to ‘the cloud’, PCs pulling down OS updates, users sending
video and photos via email, and so forth.

2) Representative network conditions: The typical home
will have connections to both domestic (local/intra-ISP and
off-net/inter-ISP) and international end points. We represent
this with base RTTs ranging from 20ms to 240ms. For
competing (cross-)traffic experiments, we fix the base RTT of
DASH flow(s) to 40ms and vary the base RTT of the cross-
traffic from 20 to 240ms. This represents DASH traffic being
served from a domestic content distribution network (CDN)
while competing traffic originates from diverse locations.

Broadband last-mile services vary significantly around the
world, with the majority not yet using any form of AQM. We
chose to explore two scenarios — a service offering 4Mbps
down / 1Mbps up (4/1Mbps), and a service offering 12Mbps
down / 1Mbps up (12/1Mbps). These represent mid-range
broadband services that would benefit from AQM schemes at
either end of the last-mile link. The 12/1Mbps case provides
capacity well in excess of the highest RR in our chosen DASH
dataset (Section III-B2) while 4/1Mbps provides capacity
almost equal to the highest available RR, making the DASH
client far more sensitive to changes in network conditions.

B. Experimental Setup

Figure 1 shows our experimental TEACUP-based
testbed [31]. The router uses either 64-bit openSUSE 12.3
Linux (kernel 3.17.4 running at 10kHz) or 64-bit FreeBSD
10.1-RELEASE to provide a configurable bottleneck between
client(s) on 172.16.10.0/24 and server(s) on 172.16.11.0/24.
Hosts run either 64-bit openSUSE 12.3 (kernel 3.17.4) or
64-bit FreeBSD 10.2-RELEASE-p7.

Data and control server
|| DHCP+TFTP server

Control Network @~ ™
"~ 1041.1.0/24

1 (Linux, netem/tc
1FreeBSD, ipfw/dummynet) “\V/
—i—, Bottleneck Router/™

\;‘172.16.10.0/24 _%— 172.16.11.0/24

Experiment Networks

Fig. 1. Testbed overview

1) Emulating network conditions: Linux netem and tc
modules provide FIFO, PIE, CoDel and FQ-CoDel queue

management schemes and emulate Section III-A2’s RTTs and
bottleneck bandwidths.” For our FQ-PIE experiments, the bot-
tleneck runs FreeBSD, with a patched ipfw/dummynet [28]
providing rate limiting, base RTT and FQ-PIE AQM. In all
cases, baseline RTT is emulated by independent delay of
RTT/2 each way. Note: FQ-PIE is based on the latest PIE
spec [2] while the current Linux PIE is based on an earlier
draft [32], with some differences in traffic burst handling.?

Packets sit in a 1000-packet buffer while being delayed, then
sit in a separate, configurable bottleneck buffer while being
rate-shaped to the bottleneck bandwidth. The bottleneck buffer
is 340 packets for FIFO experiments (to exceed each path’s
bandwidth delay product) and 1000 packets for PIE, FQ-PIE,
CoDel and FQ-CoDel experiments.

2) Creating DASH flows and competing flows: Our DASH
traffic flowed from a 1ighttpd version 1.4.35 web server’
(with persistent HTTP connections enabled) to a BSD-licensed
DASH client based on dash.js v2.0.0!°. Our dash. js
client uses a throughput-based ABR strategy, where the next
RR is based on the average ARs of the previous three chunks.
Long-lived competing flows were created using iperf.

We used FreeBSD and NewReno on the DASH server host
(inspired by FreeBSD in Netflix’s OpenConnect platform'!
and NewReno being similar to the default TCP in Apple’s
OSX and older Microsoft servers), and FreeBSD for our
DASH clients We used Linux and TCP CUBIC to generate
bulk transfer (iperf) flows, as many online services run
on Linux and CUBIC is known for its effective bandwidth
utilisation (which provides a good stress test for DASH’s
adaptive behaviour). All hosts disable ECN and enable both
receive buffer auto-tuning and TCP window scaling.

TABLE I
REPRESENTATION RATES AVAILABLE IN 2-SEC DATASET

Resolution | Encoding Level Representation Rates |
320x240 1-3 46, 89, 131kbps
480x360 4-8 178, 222, 263, 334, 396kbps
854x480 9-10 533, 595kbps
1280x720 11 - 14 0.8, 1.0, 1.2, 1.5Mbps

1920x1080 15 - 20 2.1, 25, 3.1, 3.5, 3.8, 4.2Mbps

We used the ITEC-DASH BigBuckBunny dataset'? [33],
selecting a subset with content encoded in 2-second chunks
of video (inspired by Netflix using 2-second chunks). Chunks
were available at 20 different encoding RRs ranging from
approximately 46kbps to 4.2Mbps as shown in Table I. We
ran experiments for 400 seconds to ensure sufficient 2-second
samples were collected.

7See Section IV-B of [31] for details on how TEACUP appropriately
configures netem and tc for this purpose.

8Linux PIE has not changed between kernel 3.14 to the current 4.5, http:
/Nxr.free-electrons.com/diff/net/sched/sch_pie.c?diffvar=v;diffval=3.14

9http://www.lighttpd.net/

10https://github.com/Dash-Industry-Forum/dash.js/wiki

!https://openconnect.netflix.com/software

2Full-length video sequences encoded at different bitrates, reso-
lution and quality. Online at http://www-itec.uni-klu.ac.at/ftp/datasets/
DASHDataset2014/BigBuckBunny
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C. Performance indicators

Traffic was captured using t cpdump on all host and router
interfaces. This data was then processed by Synthetic Packet
Pairs (SPP) [34] to construct per-packet network-layer RTT
measurements, RRs were extracted by parsing the client’s
HTTP GET requests, and per-chunk ARs were calculated
using payload lengths extracted from HTTP response headers
and the time taken to transfer packets making up each chunk.

We calculated a Smoothed AR (SA) — the average of the
AR from the last three chunks — to mimic the signal used
by dash. js to select the next chunk’s RR. Users have been
shown to be sensitive to frequent and significant representation
rate switches [35], [36], [37], so we used the extracted RRs
to derive the number of RR transitions and calculate the
following instability index as defined in [15]:

k—1
> bat-d — beg—a1|w(d)
d=0

S bea-w(d)

Our instability index is obtained by calculating the weighted
sum of the number of encoding level (Table I) transitions
within the last k£ = 10 video chunks (where b, ; is the encoding
level retrieved at time t¢), which is then normalised to a value
between 0 and 1 by dividing it by the weighted sum of all
encoding levels observed in the last 10 chunks (corresponding
to 20 seconds of video). The weight function w(d) = k—d is
used to add a linear penalty to the more recent RR switches.
We then slide the window in steps of one, re-calculating the
instability index for each window.

Although an instability index close to zero indicates a more
stable system, the instability index cannot be used alone to
determine a DASH flow’s likely QoE. The instability index
must be considered in the context of corresponding median
RRs, with users potentially valuing one over the other. For
example, a DASH flow experiencing high instability with
higher median RR might provide better experience than a
DASH flow with low instability at lower median RR. A DASH
flow that self-limits itself to a lower range of RRs might
present as “low instability” but in fact, is a “consistently bad
(low RR)” experience for the user.

To ensure their relevance to long-term viewing, we calculate
SA and RR statistics after the playout buffer is pre-filled.

IV. RESULTS AND ANALYSIS

First we explore a single DASH flow being streamed into
the home from different locations, then consider a DASH flow
being streamed from a local CDN while competing with two
upstream or two downstream bulk TCP transfers.

A. Impact of AQM and base RTT on a single DASH flow

Here we consider the results of a single DASH flow retriev-
ing content from increasingly distant servers (RTTs from 20ms
to 240ms), over either a 4/1Mbps or 12/1Mbps last-mile link
and using FIFO (standard drop-tail queue management), PIE,
CoDel, FQ-CoDel and FQ-PIE queue management schemes.
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We do not present the CoDel results, as they are similar
to FQ-CoDel’s results in single-flow scenarios.!*> Our FIFO
trials exhibited the usual, significant additional queuing delays
consistent with previous observations around bufferbloat [1],
so we will also not present them here.

1) DASH SA and RR: Figure 2 shows how Smoothed AR
(SA) and median'* RR of a single DASH flow varies with RTT
to the content source, and how this variation is influenced by
choice of AQM and available downstream last-mile capacity.

In all cases, SA drops off as RTT increases — due both to the
time it takes cwnd to ramp up after packet loss on high RTT
paths, and the delay-mitigation of all three AQMs essentially
presenting TCP with a ‘small buffer’ bottleneck (leading to
link under-utilisation). Both PIE and FQ-PIE achieve very
similar SA and RR as base RTT increases. However, due to
its tighter delay tolerance (and hence smaller effective queue),
FQ-CoDel consistently achieves a lower SA than either PIE
or FQ-PIE, which translates to lower RRs.

<o
—— PIESA
PIE RR

—%— FQ-PIESA —=— FQ-CoDel SA
-% FQ-PIERR -—#— FQ-CoDel RR

Median Rate (Mbps)

2‘0 3‘0 4‘0 5‘0 S‘ﬂ 7‘0 B‘O 9‘0 I"JD H‘D 12‘0 Ii‘iﬂ 1;0 15‘0 Iéﬂ 1;0 1é0 I;D 2&0 21‘0 2;0 2(;0 2“30
Base RTT (ms)
(a) 4/1Mbps: PIE, FQ-PIE and FQ-CoDel all drop off as RTT increases, with
FQ-CoDel consistently achieving lower SA and RR figures.

—— PIESA —%— FQ-PIESA —=— FQ-CoDel SA

1 PIE RR -% FQ-PIERR -—#— FQ-CoDel RR
\—‘
* —p m—

B e = Ko A K A X X=X

L S
~-a—n

Median Rate (Mbps)
0 2 4 6 8 10 1

2‘0 3‘0 4‘0 5‘0 S‘ﬂ 7‘0 B‘O 9‘0 I&D H‘D 12‘0 Ii‘iﬂ 1;0 15‘0 Iéﬂ 1;0 1g0 1;0 2&0 21‘0 2&0 2(;0 2“30
Base RTT (ms)
(b) 12/1Mbps: PIE, FQ-PIE and FQ-CoDel achieve the highest RR up to
RTT=170ms. FQ-CoDel’s median SA then drops, dragging down the RRs.

Fig. 2. Median SA and RR for a single DASH flow vs base RTT

Figure 2a (the 4/1Mbps case) shows all three schemes
achieving SAs below the peak RR offered by our content
source, ensuring the median RRs track downwards as median
SAs drop with increased RTT. Figure 2b (the 12/1Mbps case)
shows all three AQMs achieving sufficient SA for the client
to be regularly requesting the highest available RR, until RTT
reaches 170ms. Once RTT exceeds 170ms, FQ-CoDel’s SA
drops below the content source’s highest available RR, forcing
the client to select lower RRs. {FQ-}PIE continues to achieve
an SA above 4Mbps, so the client continues requesting the
highest RR.

The different SAs can be attributed to different burst tol-
erances and queue delay targets. Being based on [2], FQ-
PIE has Tiqrget = 15ms, allows an initial burst of 150ms
and includes drop probability autotuning and de-randomisation

13CoDel’s authors also prefer deployment efforts focus on FQ-CoDel.
14The statistical spread of these measures is minimal, so we exclude this
information due to space constraints.
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(to minimise clustering of drops). Linux PIE (based on [32])
sets a default Ty,.get = 20ms, allows a shorter initial burst
of 100ms and lacks drop probability autotuning and de-
randomisation. FQ-CoDel’s burst tolerance starts at 100ms
and it uses Tqrget = Sms, meaning an even smaller effective
queue than PIE or FQ-PIE and hence greater loss of throughput
at higher base RTTs.

Note that the best SA in Figure 2a is lower than 4Mbps
because our 4/1Mbps link rate limits at the IP layer while SA is
based on the TCP layer ‘goodput’ (payload bytes successfully
transferred after taking into account congestion control and
retransmission of lost packets). Even at low RTTs, the AQMs
trigger frequent packet losses to keep queuing delays low.

2) Induced queuing delays: Figure 3 shows the induced
queuing delays due to each AQM for the trials shown in
Figure 2. All three provide significant improvement over the
hundreds of milliseconds of delay experienced using FIFO
queue management. In general we see FQ-CoDel producing
the lowest queuing delays and FQ-PIE the highest (even while
FQ-PIE is generally the better option based on median SA).
FQ-PIE’s higher delay results are likely a consequence of [2]’s
drop probability autotuning and de-randomisation — FQ-PIE
drops fewer packets than Linux PIE over any given trial'>,
leading to longer average queue length.

PIE @ 4/1Mbps
FQ-PIE @ 4/1Mbps
FQ-CoDel @ 4/1Mbps
PIE @ 12/1Mbps
FQ-PIE @ 12/1Mbps
FQ-CoDel @ 12/1Mbps
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Fig. 3. Median additional RTT vs base RTT due to queuing delays: FQ-PIE,
PIE then FQ-CoDel in descending order of induced queuing delays. Level of
queuing delay also drop as SAs drop with increasing RTT.

3) RR and instability index: Figure 4 shows the instability
index vs RTT (calculated using RRs collected after the local
playback buffer was prefilled). Not surprisingly, PIE and FQ-
PIE in the 12/1Mbps scenario score reveal low instability
throughout the RTT range, due to achieving SA above the
content’s highest RR. All three AQMs become unstable at high
RTTs in the 4/1Mbps scenario, as the achieved SAs cause the
DASH client to frequently switch among various intermediate
RRs. A similar problem afflicts FQ-CoDel in the 12/1Mbps
scenario after RTT=170m:s.

B. DASH and cross-traffic (bulk TCP transfers)

Here we evaluate a single downstream DASH flow when
competing with cross-traffic in the form of two bulk down-
stream TCP connections or two bulk upstream TCP connec-
tions. As noted in Section III, we fixed the DASH flow’s base
RTT to 40ms while the simultaneous cross-traffic connections
(using iperf and TCP CUBIC) have base RTTs ranging from

Direct inspection confirmed FQ-CoDel had the highest drop rate, followed
by PIE then FQ-PIE for all trials. Not included due to space constraints.
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Fig. 4. Median instability index vs base RTT

20ms to 240ms to represent a diverse range of upload and
download services.

1) DASH SA and RR: Figure 5 (4/1Mbps case) and Figure 6
(12/1Mbps case) shows the impact of FQ-CoDel, PIE and FQ-
PIE on DASH SA and RR as a function of the downstream
or upstream cross-traffic’s base RTT. In all trials, the bulk
TCP flows either competed directly (when using single-queue
PIE) or shared relatively equally (when using FQ-CoDel and
FQ-PIE). There was some evidence of the bulk TCP flows
suffering some drop-off in utilisation at higher RTTs due
to all three AQMs essentially presenting TCP with a ‘small
buffer’ bottleneck. But overall the cross-traffic did not suffer
significant degradation.

Figure 5a shows that PIE achieves higher SA and RR
than FQ-PIE and FQ-CoDel, peaking at ~2Mbps at 240ms
RTT. This is due to the fact that FQ-PIE and FQ-CoDel’s
FlowQueue (FQ) scheduler enforces equal capacity sharing
between all the flows presence, hence capping the maximum
attainable bandwidth by DASH to a third of the bottleneck
speed, ~1.3Mbps. When cross-traffic is generated upstream, as
shown in Figure 5b, the FQ scheduler applies its equal capacity
sharing in the upstream direction, impacting the upstream
TCP ACKs from the DASH client. Due to limited upstream
bandwidth (1Mbps), capacity sharing proves to be beneficial
for DASH in the presence of upstream cross-traffic. TCP
ACKs regulates the transmission speed and cwnd growth of
the sender, so it is beneficial that both FQ-PIE and FQ-CoDel
allow the ACKs to be forwarded in a timely manner. On the
other hand, ACKs traversing a PIE queue must compete with
the more aggressive bulk transfers, causing these ACKs to be
delayed or dropped and hence reduce DASH’s SA and RR.

Figure 6 shows the impact of FQ scheduler’s capacity
sharing across a 12/1Mbps bottleneck. FQ capped the max-
imum attainable bandwidth to ~4Mbps, whereas PIE allows
the client to achieve a maximum rate of ~5.5Mbps as seen
in the 240ms RTT scenario, allowing a higher RR selection.
The same principle applies to the upstream case, where FQ-
PIE and FQ-CoDel provides better SA than single-queue PIE.
The higher burst tolerance of FQ-PIE, when coupled with FQ
scheduler, enables DASH traffic to achieve a higher SA. As in
the 4/1Mbps case, having an FQ scheduler allows the DASH
flows ACK stream to attain a reasonable share of upstream
capacity in the face of cross-traffic, and hence allows high SA.
However, once the SA is regularly higher than the content’s
highest RR we see little impact on the selected RR. Even
PIE achieves acceptable results for RTT > 60ms (when the
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(a) DASH + 2 downstream: FQ-PIE and FQ-CoDel SA is < 1.5Mbps due to
FQ link sharing, while PIE allows DASH to achieve higher SA and RR.
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(b) DASH + 2 upstream: Cross-traffic impacts DASH ACK flow, and hence
SA and RR when using PIE. FQ-PIE and FQ-CoDel achieve better results
as FQ scheduler protects DASH ACK streams.

Fig. 5. Median SA and RR vs RTT in the presence of cross-traffic, 4/1Mbps

competing iperf bulk transfer flows begin to cede some
capacity).
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(b) DASH + 2 upstream: Although FQ scheduler protects DASH ACK
streams, all three AQMs show similar median RRs as their SAs are well
above the content’s highest RR.

Fig. 6. Median SA and RR vs RTT in the presence of cross-traffic, 12/1Mbps
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2) Instability index: Figure 7 shows the impact of AQMs on
DASH instability index when faced with bulk transfer cross-
traffic. In the competing downstream case, all three AQMs
across 4/1Mbps and 12/1Mbps show very low instability index.
As the cross-traffic’s base RTT increases (and performance
decreases), the DASH flow is able to consistently obtain the
capacity it requires. The instability index is also relatively low
for the upstream scenarios, but does increases somewhat when
using PIE in the 4/1Mbps upstream scenario due to the DASH
flow’s ACK streams having to compete with the cross-traffic.
FQ-PIE and FQ-CoDel shows low instability index due to
their flow isolation capabilities, protecting the ACK stream
and ensuring the DASH flows achieve more consistent (and
reasonably high) SA and RR.
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(b) DASH + 2 upstream: High instability index for DASH across plain PIE

due to its ACKs competition against bulk transfer traffic.

Fig. 7. Median instability index vs RTT in the presence of cross-traffic

V. CONCLUSION AND FUTURE WORK

The likely deployment of modern AQM schemes in home
gateways and ISP borders will complicate the relationship be-
tween DASH-based stream services and other user-generated
cross-traffic. Using a controlled experimental testbed, we have
evaluated the potential impact of PIE, FQ-CoDel and a new
hybrid FQ-PIE AQMs on DASH-based content delivery in
the presence of cross-traffic. Part of the challenge is the ON-
OFF nature of DASH traffic, and the other is the effective
small bottleneck buffer exhibited by modern AQM schemes.
We have shown that PIE’s greater burst tolerance and higher
delay targets will lead to better performance for single DASH
streams than FQ-CoDel. Moreover, we also show that FQ-
CoDel’s inter-flow capacity sharing leads to more predictable
behaviour in the face of cross-traffic (and avoidance of the
“downward spiral” effect when competing with cross-traffic).
The most useful insight is that we see best overall results
when the bottleneck link implements a hybrid of FQ-CoDel’s
FlowQueue scheduling algorithm and PIE’s individual queue
management. We demonstrate this using a recently released
FreeBSD implementation of “FQ-PIE”.

Future work includes investigation of how buffer occupancy
or control-theory ABR schemes interact with FQ-CoDel and
FQ-PIE, and whether any benefits may accrue from running
DASH over delay-based TCP or hybrid delay/loss-based TCPs.
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