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Abst ract

Thi s docunent presents Fl ow Queue Proportional Integral controller
Enhanced (FQ PIE), a hybrid packet schedul er and Active Queue
Management (AQVM) algorithmto isolate flows and tackle the probl em of
bufferbloat. FQ PIE uses hashing to classify incomng packets into
di fferent queues and provide flow isolation. Packets are dequeued by
using a variant of the round robin scheduler. Each such flowis
managed by the PIE algorithmto maintain high link utilization while
controlling the queue delay to a target val ue.

About Thi s Docunent
This note is to be renoved before publishing as an RFC

The latest revision of this draft can be found at
https://nmohittahiliani.github.io/draft-tahiliani-tsvwy-fqg-pie/draft-
tahiliani-tsvwg-fg-pie.htm. Status information for this docunent
may be found at https://datatracker.ietf.org/doc/draft-tahiliani-

tsvwg-f g- pi e/ .

Di scussion of this docunent takes place on the Transport and Services
Worki ng Goup Wrking Goup nmailing list (mailto:tsvwg@etf.org),
which is archived at https://mailarchive.ietf.org/arch/browse/tsvwy/.
Subscribe at https://wwietf.org/mailmn/listinfo/tsvwy/.

Source for this draft and an issue tracker can be found at
https://github. com mohittahiliani/draft-tahiliani-tsvwg-fqg-pie.

Status of This Meno

This Internet-Draft is submtted in full confornmance with the
provi sions of BCP 78 and BCP 79.

Internet-Drafts are working docunments of the Internet Engineering
Task Force (I ETF). Note that other groups may also distribute
wor ki ng docunents as Internet-Drafts. The list of current Internet-
Drafts is at https://datatracker.ietf.org/drafts/current/.
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Internet-Drafts are draft documents valid for a maxi num of six nonths
and may be updated, replaced, or obsol eted by other docunents at any
time. It is inappropriate to use Internet-Drafts as reference
material or to cite themother than as "work in progress."

This Internet-Draft will expire on 8 January 2026
Copyright Notice
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Thi s docunent is subject to BCP 78 and the | ETF Trust’'s Lega
Provisions Relating to | ETF Documents (https://trustee.ietf.org/
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1. I nt roduction

Fl ow Queue Proportional Integral Controller Enhanced (FQ PlIE)

conbi nes flow queuing with the PIE (Proportional Integral controller
Enhanced) [ RFC8033] Active Queue Managenent (AQM algorithmto
provide flow isolation and reduce bufferbloat by controlling queue
delay. This is simlar to how Fl ow Queue Controll ed Del ay (FQ CoDel)
[ RFC8290] integrates flow queuing with the CoDel (Controlled Del ay)
AQM al gorithm [ RFC8289].
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When a packet is enqueued, it is classified into different queues to
ensure isolation between flows. Wile the goal of flow queuing is to
assign a uni que queue to each flow, flows can instead be hashed into
a set of buckets using a hash function, where each bucket corresponds
to its own queue. The PIE AQM operates independently on each of

t hese queues, enabling each flow to receive appropriate congestion
signals either inplicitly (via packet drops) or explicitly (via
mechani sms such as Explicit Congestion Notification (ECN) [RFC3168]).
For dequeuing, FQ PIE enploys the Deficit Round Robin (DRR) based
schedul er described in [RFC8290], which ensures fair packet
schedul i ng across the different queues.

FQ PI E has been incorporated into the mainline Linux kernel as a
queui ng discipline (qdisc) [LINUX-FQ PIE] and is supported by severa
Li nux distributions, and has al so been incorporated into FreeBSD

[ FREEBSD- FQ- PIE]. Additionally, an inplenentation of FQPIE is
available in the ns-3 network sinmulator [ns-3-FQ Pl E].

2. Term nol ogy

Thi s docunent uses the terns defined in Section 1.1 of [RFC3290] and
Sections 4 and 5 of [ RFC8033].

3. Conventions and Definitions

The key words "MJST", "MJST NOT*, "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMMENDED', "NOT RECOMVENDED', "MAY", and
"OPTIONAL" in this docunent are to be interpreted as described in
BCP 14 [ RFC2119] [RFCB174] when, and only when, they appear in all
capitals, as shown here

4. The FQ PIE Al gorithm

The FQ PIE al gorithmconsists of two main conponents: (i) flow

queui ng, which isolates conpeting flows by treating flows that build
queues differently fromthose that do not, and (ii) the PIE AQM

al gorithm which nanages each queue and naintains a target queue
del ay (recomended as 15 ns in [RFC8033]). Flow queuing works by
classifying incom ng packets into different queues during the enqueue
phase and t hen schedul i ng out goi ng packets fromthese queues during

t he dequeue phase. The PIE algorithm however, only operates during
enqueue.

The details of flow queuing and the PIE al gorithmare not covered

here; for nore information, please refer to [ RFC8290] and [ RFC8033],
respectively.
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4.1. Enqueue

The packet enqueue process is described as follows: first, the

i ncom ng packets are classified into different queues by hashing the
5-tupl e, which includes the protocol nunber, source and destination

| P addresses, and source and destination port nunbers, simlar to the
approach used in FQ CoDel

Next, the packet is passed to the PIE algorithm which uses a drop
probability to determ ne whet her the packet should be enqueued or
dropped, as outlined in [ RFC8033]. This drop probability is updated
periodically (every 15 ns, as per [RFC8033]) based on the current
queue delay’ s deviation fromthe target delay and whether the del ay
is trending up or down.

[ RFC8033] presents two nethods for calculating the current queue

del ay: one uses Little’ s Law, estimating delay based on the queue

I ength and the average dequeue rate; the other takes direct

measur enents using tinmestanps, as inplemented in CoDel and FQ CoDel
However, experinental studies on the PIE algorithm][REVISIT-PIE]
indicate that while the dequeue rate is intended to estimte the
transm ssion rate of packets over the outgoing link, it may instead
reflect the rate at which packets nove fromthe host stack (e.g.

Li nux qdisc) to the device driver’ s transmission ring. Additionally,
in FQ PIE, queue delay estimates fromLittle s Law can be unreliable,
as it’ s challenging to calculate an accurate per-queue dequeue rate.
Consequently, the FQ PIE al gorithm SHOULD cal cul ate the current queue
del ay using direct neasurenents with tinmestanps.

It is inportant to note that the tinmestanping approach provides a
"per-packet queue delay," while the drop probability is calcul ated
periodically (every 15 ns, as specified in [RFC3033]). Therefore,
the FQ PIE al gorithm MAY use the queue delay value fromthe nost
recently dequeued packet when cal culating the drop probability.

At the tine of witing this docunent, the Linux, FreeBSD and ns-3

i npl ementations use tinestanps to calculate the current queue del ay
and consider the neasurenents fromthe nost recently dequeued packet
when cal culating the drop probability. Additionally, these

i npl ementations offer an option to use the dequeue rate estination
techni que based on Little’ s Law
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Lastly, if an inconing packet arrives when the total nunber of
enqueued packets has al ready saturated the queue capacity, FQ PIE
drops the packet w thout further processing. |In contrast, FQ CoDel
identifies the queue with the largest current byte count (i.e., a
"fat flow') when the queue capacity is saturated and drops hal f of
the packets fromthis queue (up to a naxi mum of 64 packets, as
specified in Section 4.1 of [RFC8290]). FQ PIE does not adopt this
approach for the reasons expl ai ned bel ow.

Since CoDel perforns its queue control operations during the dequeue
phase and does not drop inconm ng packets until the queue is full, it
tends to fill its queues nore quickly than PIE, which drops packets
random y during the enqueue phase. This is especially true when
CoDel has just entered the dropping phase, as it takes time to ramp
up its packet dropping frequency. Therefore, the strategy of
dropping half of the packets froma fat flow s queue suits FQ CoDel
but is not appropriate for FQ PIE. Dropping packets in bul k m ght

|l ead to underutilization of link capacity, as FQ PIE al ready enforces
gueue control during the enqueue phase.

4.2. Dequeue

The packet dequeue process in FQPIEis simlar to that in FQ CoDel
where a DRR-based scheduler is used to dequeue packets from each
queue. The key difference is that in FQ CoDel, CoDel operates during
this phase, whereas in FQ PIE, PIE operates during the enqueue phase
The nethod for obtaining direct neasurenents of per-packet queue
delay is the same in both FQ PIE and FQ CoDel, and is perforned
during the dequeue phase.

4.3. ECN Support

FQ Pl E MAY support ECN by marki ng ECN- Capabl e Transport (ECT) packets
[ RFC3168] instead of dropping them in accordance with the
recomendations in Section 5.1 of [RFC8033]. The Linux, FreeBSD and
ns-3 inplenentations of FQ PIE conply with these recomendati ons at
the time of witing this docunent.

5. Scope of Experinmentation

The design of the FQ PIE algorithm as described in this docunent has
been a part of the Linux kernel since version 5.6 (released on March
29, 2020), FreeBSD since version 11.0- RELEASE (rel eased on Cct ober
10, 2016), and the ns-3 network sinulator since version 3.34
(released on July 14, 2021). The follow ng aspects can be expl ored
for further study and experinentation:
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8.

* The scenarios sinmlar to those sumarized in Figure 4 of [RFC7928]
MAY be considered for an in-depth experimentation of FQ PlIE

* |Interactions between flow queui ng and new congesti on control
al gorithms, such as Bottl eneck Bandwi dth and Round-trip
propagation time (BBR) [I-D.draft-ietf-ccwy-bbr].

* Different packet drop probability thresholds to switch from
mar ki ng packets to droppi ng packets.

* Eval uation of the enhancenents to the PIE al gorithm described in
Section 5 in [RFC8033] to decide which enhancenents are suitable
for deployment with FQ PlIE

* FEffectiveness of FQ PIE in ternms of providing isolation and
mnimal |latency for |ow volune traffic (short flows) such as web
applications, instant nessagi ng applications, interactive
applications and | oT applications.

* Different hashing nechanisns to inprove the overall working of
fl ow queui ng.

Security Considerations

The FQ PIE algorithmintroduces no specific security exposures. The
fl ow queui ng aspect of the FQ PIE algorithmis the sane as FQ CoDel,
and hence has simlar advantages fromthe security perspective as
outlined in Section 8 of [RFC8290]. The PIE aspect of the FQ PIE
algorithmis the sane as described in [ RFC8033] that does not have
any security exposures.

| ANA Consi derati ons
Thi s document has no | ANA acti ons.
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