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Abstract
The Multipath QUIC extension has enabled a growing class of
stream-aware schedulers that exploit QUIC’s multiplexed streams,
mixed reliable and unreliable delivery, and explicit control frames.
Progress on these ideas is bottlenecked by an interface inherited
fromMultipath TCP, in which the scheduler is a function called dur-
ing packet generation to pick a path. This coupling yields invasive,
library-specific scheduler implementations, hinders application-
steered scheduling, and makes fair cross-scheduler comparison
impractical. We present an up-front, token-based MPQUIC schedul-
ing interface designed primarily for research use, guided by three
design choices: unified up-front decisions that address path selec-
tion, stream assignment, and duplication jointly; inspectability of
scheduling policy as persistent data structures; and mechanism
safety through a boundary that preserves protocol invariants. The
scheduler reads transport state through a mediating ConnState ob-
ject and writes policy into per-path, multi-level queues of abstract
tokens that the library drains into packets. We prototype the inter-
face in Cloudflare’s quiche, reproduce published scheduler behavior,
and demonstrate a new degree of freedom—explicit control frame
routing—that reduces median stream completion time by 138ms in
our evaluation.
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1 Introduction
Multipath QUIC (MPQUIC) [18] is on track for standardization
as QUIC’s [14] multipath extension, bringing simultaneous use of
multiple network paths to the growing QUIC ecosystem. Unlike
Multipath TCP [7], whose single ordered byte stream makes sched-
uling a question of which path carries the next packet, MPQUIC
inherits QUIC’s richer frame model: multiplexed STREAMs with pri-
orities [22], unreliable DATAGRAMs [23], and explicit control frames
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that must themselves be scheduled. A growing body of stream-
aware MPQUIC schedulers [11, 20, 24, 25, 27] derives decisions
from frame and stream priority, not just from path state, and draws
on cross-layer signals such as device-level link state.

In practice, progress on these ideas is bottlenecked by how to-
day’s MPQUIC libraries expose scheduling. The scheduler is in-
jected into the packet-generation pipeline and consulted once per
outgoing packet to pick a path; the interface inherited from MPTCP
is insufficient to fully explore MPQUIC’s richer decision space.
Three consequences follow. First, integrating a new scheduler re-
quires invasive, library-specific modifications that must accom-
modate each library’s internal structure and state representation;
some libraries additionally make scheduling sub-decisions, such
as which stream to draw from next, before the scheduler is even
consulted, constraining which policies can be expressed. Second,
injecting application-provided signals typically requires further
invasive changes, because the interface offers no access to the
scheduler. Third, because implementations do not port across li-
braries, fair cross-scheduler comparison on a common substrate is
largely absent from the literature.

We design an MPQUIC scheduling interface primarily for re-
search use, guided by three design choices. Unified, up-front deci-
sions: a single scheduler invocation addresses path selection, stream
assignment, duplication, and reinjection jointly, rather than split-
ting them across layered per-packet callbacks. Inspectability: sched-
uling decisions are expressed as persistent data structures rather
than as control flow during packet generation, making the intended
policy visible as a single object.Mechanism safety: the data-structure
boundary gives the scheduler full control over sending decisions
while letting the library enforce protocol invariants without ex-
posing its mutable state. The scheduler is an ordinary program
with unconstrained computation, not a domain-specific script [8].
Guided by these choices, we present the following contributions:
(1) A scheduling interface for MPQUIC that decouples scheduling

policy from transport mechanism (§3). On each invocation, the
scheduler reads a mediating ConnState object (a view of path,
stream, datagram, and control frame state), and expresses its
policy by populating two per-path structures: a control frame
queue and a multi-level token queue holding abstract Stream
and Datagram tokens. The library drains these structures in
priority-level order to assemble packets, transparently enforc-
ing protocol constraints. Unlike per-packet interfaces, a sin-
gle scheduler invocation specifies policy for many subsequent
packets: the token queues persist across sending rounds and
are edited only when the policy’s inputs change.

(2) A survey of the MPQUIC/MPTCP scheduler design space (§2)
and a series of case studies (§4) showing that our interface
expresses per-packet, up-front, redundancy-based, and cross-
layer schedulers under one abstraction.
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(3) A prototype of the interface in Cloudflare’s quiche [2, 4] that
reproduces published scheduler behavior and reveals a new de-
gree of freedom — explicit control frame routing — that reduces
median stream completion time by 138ms in our testbed (§5).
The implementation is available as open-source [10].

2 Scheduling in Multipath QUIC
Multipath QUIC (MPQUIC) lifts the single-bytestream assumption
that defined a decade of multipath scheduling research. We first
survey the resulting design space of MPQUIC schedulers and then
argue that current implementations cannot accommodate it: inte-
grating a new scheduler requires invasive, per-librarymodifications,
no framework enables fair cross-scheduler comparison, and appli-
cations have no first-class way to influence scheduling decisions.
Multipath Transport in QUIC. QUIC [14] multiplexes concur-
rent streams into a single connection and identifies connections
by Connection IDs rather than 4-tuples, enabling migration across
network changes. The Multipath QUIC extension [18] generalizes
this by letting endpoints use multiple active paths simultaneously,
each with its own congestion controller and packet number space.
A QUIC packet carries one or more frames: reliable data in variable-
length STREAM frames, unreliable data in DATAGRAM frames [23], and
everything else in what we call control frames. Most control frames
can be sent on any path (e.g., ACKs, MAX_DATA); PATH_CHALLENGE
and PATH_RESPONSE are the notable exceptions and are bound to
the path they validate. This frame model is a qualitative departure
from MPTCP [7], which carries a single ordered byte stream per
connection and folds control information into the TCP header. The
influential body of MPTCP scheduling work [6, 13, 15, 17] is ac-
cordingly packet-level. MPQUIC’s multiplexed streams, prioritized
data, mixed reliable/unreliable delivery, and explicit control frames
make the data-agnostic view insufficient: scheduling decisions now
depend on frame type, stream identity, and stream priority [22],
not just path state.
The MPQUIC Scheduler Design Space. The richer frame model
has led to a diverse set of MPQUIC schedulers that differ along two
largely orthogonal axes, which we summarize in Table 1: when they
decide and what they decide over.

Along the temporal axis, schedulers are either per-packet or up-
front. Per-packet schedulers select a path (and occasionally a stream)
for the immediate next packet. Up-front schedulers instead derive
an abstract assignment that is reused for many packets and only
revisited on notable events such as a new stream or a significant
path change. DAPS [15] generates a schedule spanning the least
common multiple of forward delays, PStream [27] allocates data
volume per stream according to priority, and MuSher [26] probes
for a throughput-optimal ratio between paths.

Along the granularity axis, schedulers decide at the level of paths,
streams, or stream ranges. Path-granularity schedulers pick a path
per packet and ignore content. Stream-granularity schedulers ad-
ditionally pick which stream should fill that packet. Stream-range
schedulers go further and address specific byte ranges indepen-
dently of QUIC’s ordinary transmission logic: SR-MPQUIC [20] and
EdAR [9] duplicate prioritized ranges across paths to improve reli-
ability, while XLINK [31] and Chorus [19] re-inject inflight ranges
on alternate paths before QUIC’s loss detection would trigger.

Table 1: MPQUIC/MPTCP schedulers span two largely or-
thogonal axes (invocation mode and decision granularity)
with a third emerging axis (information source). A uniform
interface must accommodate all three.

Scheduler Mode Granularity Info. source

ECF [17] per-packet path transport
BLEST [6] per-packet path transport
STTF [13] per-packet path transport
Peekaboo [30] per-packet path transport
QAware [28] per-packet path below-transport
STORM [11] per-packet path below-transport
SA-ECF [25] per-packet stream app (priority)
Monty [24] per-packet stream app (utility)
XLINK [31] per-packet stream range app (QoE)
Chorus [19] per-packet stream range app (ABR)
DAPS [15] up-front path transport
MuSher [26] up-front path transport
PStream [27] up-front stream app (priority)
SR-MPQUIC [20] up-front stream range app (priority)
EdAR [9] up-front stream range transport

A third, emerging axis is information source. Classical schedulers
use only transport-layer signals (RTT, congestion window). Stream-
aware schedulers lift upper-layer, application-provided information
into the transport through HTTP priorities [25, 27], redundancy-
protected streams [20], and custom utility functions [24]. Oth-
ers reach below the transport: QAware [28] reads device driver
queue occupancy to detect congestion at sub-RTT granularity;
STORM [11] tracks wireless SNR to promptly deactivate failing
paths. A uniform scheduling interface must therefore not only
expose transport state but also provide access to cross-layer infor-
mation.

Architectural Limitations of Current MPQUIC Stacks. De-
spite this diversity, prevailing MPQUIC libraries [1, 3–5, 12, 29]
are structured around a single assumption inherited from MPTCP:
the scheduler is a function called during packet creation that picks
a path. Schedulers are therefore tightly coupled to the library’s
packet-generation pipeline, so that new schedulers require inva-
sive, library-specific modifications. Libraries differ in their state
representation and perform state modifications at different stages
of the sending loop, e.g., selecting which stream to draw from next
before the scheduler is even consulted. Therefore, a scheduler writ-
ten for one library does not translate to another without substantial
re-engineering. The absence of a shared interface has made direct
comparison across schedulers effectively impossible. Reported re-
sults are entangled with implementation choices of the host library,
and to our knowledge no independent, cross-scheduler comparison
exists in the literature. Finally, applications cannot participate in
scheduling without either patching the transport library or working
around it above the library. Monty [24], for example, works around
the library by selectively delaying writes to the library to enforce a
priority scheme. Patching the library, in turn, tightly couples the
application with a specific customized dependency, hindering the
migration to other QUIC implementations.
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Figure 1: The ConnState object mediates access of the
application-controlled scheduler to the QUIC state.

Related Work. The closest prior work is ProgMP [8], which en-
ables MPTCP scheduler programming in a kernel-resident DSL
with a fixed vocabulary of path properties, helper functions, and
queues (send, in-flight, reinjection). We share ProgMP’s goal of a
centralized scheduling specification but differ on three points that
are forced by the move from MPTCP to MPQUIC. ProgMP reasons
over opaque packets; MPQUIC scheduling must distinguish STREAM,
DATAGRAM, and control frames and address stream ranges directly.
ProgMP restricts expressiveness via DSL semantics to remain safe
in the kernel; we target user-space libraries and let the scheduler be
an ordinary program. ProgMP channels the access of applications
to schedulers through integer registers and custom packet proper-
ties; we build on the full expressiveness available from a user-space
scheduler. Other notable efforts include the early-stage eBPF-based
MPTCP schedulers in the Linux kernel [21], which are constrained
by the eBPF runtime and operate on MPTCP.

3 A Token-Based Scheduling Interface
Our interface separates scheduling policy from transport mech-
anism. The scheduler is an application-provided object that, on
each invocation, expresses its policy by populating two data struc-
tures per path: a control frame queue and a multi-level token queue.
The MPQUIC library then drains these structures to produce pack-
ets, handling all protocol-level concerns (flow control, congestion
control, frame packing, encryption) transparently. The scheduler
never constructs frames or directly touches QUIC state; it reads
connection state through a mediating ConnState object and writes
decisions as abstract tokens that the library translates into STREAM
and DATAGRAM frames. Figure 1 shows the resulting architecture
and Table 2 the token vocabulary; we walk through both below.
Invocation. QUIC implementations run a state machine where
state changes are triggered by incoming packets, application writes,
and timeouts; each trigger may require sending new frames. Our
scheduler is invoked after such a state change but before the li-
brary generates the next batch of outgoing packets. Concretely, it
is called on events that may change what should be sent, including
congestion window updates (from ACKs or losses), new application
writes, and PTOs. Scheduling is only performed for Application-
epoch packets; handshake packets are produced by the library’s

Table 2: The six modes of a Stream token with a fixed
stream_id. Symbol ∅ denotes the empty value.

offset length Behavior

∅ None Emit one STREAM frame from the lowest queued offset;
drop.

∅ 𝑁 Emit up to 𝑁 bytes from the lowest queued offset;
requeue with decremented length, drop at 0.

∅ ∞ Emit from the lowest queued offset; always requeue
until stream termination (used by MinRTT).

𝑂 None Emit one STREAM frame starting at𝑂 ; drop.
𝑂 𝑁 Emit frames covering [𝑂,𝑂+𝑁 ) ; if bytes at𝑂 have

already been ACKed, offset advances to the smallest
buffered offset below 𝑂+𝑁 . Requeue with updated
offset/length, drop on 𝑁 = 0.

𝑂 ∞ Traverse the stream from 𝑂 ; offset advances past
ACKed bytes; persists until stream terminates.

Table 3: The behavior of the Datagram token depending on
its count parameter.

count Behavior

𝑁 Emit up to 𝑁 datagrams from the send queue; requeue with
decremented count, drop at 0.

∞ Emit a datagram if the send queue is non-empty; always re-
queue until connection termination.

native path. Our presentation assumes a single-threaded library in
which triggers, scheduling, packet assembly, and transmission are
sequential, but the interface does not inherently rely on this.
ConnState. ConnState is the scheduler’s sole view of the con-
nection. It exposes per-path state (RTT, congestion-window oc-
cupancy, in-flight frames, PTO status), per-stream state (open send-
ing streams, byte ranges queued for sending, acked ranges, flow-
control limits), and per-connection datagram state (number and
size of queued datagrams). It additionally surfaces the list of con-
trol frames that the library has determined must be sent in this
round; the scheduler must assign all of them and must not intro-
duce others, a property the library can verify. The path-specific
PATH_CHALLENGE and PATH_RESPONSE frames are assigned auto-
matically to the corresponding paths. ConnState is the only ob-
ject the scheduler mutates: it exposes the per-path control frame
queues and multi-level token queues as write targets, along with
helper functions that, e.g., estimate the congestion-window cost of
a queued Stream token (accounting for QUIC and crypto overhead).
This allows per-packet schedulers to simulate sending decisions
without replicating the library’s packet-accounting logic.
Token Queues and Levels. Each path carries two structures. The
control frame queue holds the path-assignable control frames the
scheduler has routed to that path; a frame may be duplicated across
paths, since duplicates are silently dropped by the peer as part of
ordinary QUIC deduplication. The multi-level token queues hold
Stream and Datagram tokens keyed by an integer level. Levels de-
fine priority classes that impose ordering both within and across
paths: when the library produces packets, it repeatedly selects the
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lowest level that contains an available token on any path and pro-
cesses that token. Ties (the same lowest level available on multiple
paths) are broken by path identifier. Within a level, processing is
round-robin: a token at the head of the queue is either consumed
and dropped or, depending on its length (Table 2), requeued at
the tail. Each queued token carries an availability flag. A token is
marked unavailable when it cannot presently produce a frame, e.g.,
if all queued data has been sent, or if the path’s congestion window
is exhausted, and is skipped until the condition clears. When every
token in a level is unavailable, the library advances to the next
higher level.

Control frame queues are cleared before every scheduler invo-
cation because their contents (ACK ranges, flow control updates)
go stale across rounds; the scheduler reassigns them each time.
Token queues, in contrast, persist across invocations. This is the
central design choice that makes the interface up-front: a sched-
uler can install a policy once and have it honored over many send
rounds, revisiting it only when conditions change (new streams,
RTT reordering, etc.).

Data Tokens.A Stream token carries a mandatory stream_id and
two optional fields, offset and length, whose combinations yield
six transmission modes (Table 2). The two fields are orthogonal.
Field offset chooses where emission begins: ∅ delegates to the
library’s send queue (picking the lowest queued offset, either a
retransmission or unsent data), while a concrete value 𝑂 addresses
an explicit byte offset. Field length controls how much data is
emitted and the token’s lifetime (∅: dropped after use; 𝑁 : bounded;
∞: persistent until the stream terminates). Persistent tokens are the
idiom for a standing policy; explicit-offset tokens enable duplication
and targeted reinjection.

A few points are not reflected in the table. A Stream token is
dropped when its stream is closed (finished or reset), regardless
of mode; persistent tokens for that stream are not requeued. For
explicit-offset tokens, the library may find that the data at offset
has already been acknowledged and discarded. In that case, offset
is advanced to the smallest buffered offset below the token’s upper
bound offset + length. If the range is entirely acknowledged,
the token is dropped. The requeued token reflects what actually
remained to send. For example, consider a token with offset 1000
and length 3000. If bytes 0–2000 of its stream are already acknowl-
edged, and only 500 B of the remaining range fit into the current
packet, the token is requeued with offset 2500 and length 1500.
When offset is∅ and a retransmission is pending, the library sends
exactly the queued range needed to cover the loss; data beyond that
range is no longer buffered and is not re-read.

A Datagram token is specified with a count parameter that con-
trols how many DATAGRAM frames it will emit. The token is flagged
as unavailable if the datagram send queue is currently empty. The
token is requeued with a decremented count until it reaches 0.

Packet Generation. Once the scheduling function returns, the
library iteratively builds packets by selecting the path whose token
queue holds the lowest available level. It first emits that path’s
pending control frames, then draws tokens from the level queue and
converts them into STREAM and DATAGRAM frames until the packet
is full. Each token is then dropped or requeued per Tables 2 and 3,
potentially with its availability flag cleared. Protocol constraints
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Figure 2: Persistent token policy of stream-
aware MinRTT (fast path 0). Tokens are shown as
S<stream_id>-<offset>+<length>. Changing offset to
0 results in a fully-redundant scheduler.

are enforced during this conversion rather than being exposed
to the scheduler. If flow control prevents emitting stream data,
the offending Stream token is requeued as unavailable. If a path’s
congestion window becomes exhausted, every remaining token
on that path is marked unavailable in bulk, and packet generation
moves to the next eligible path.

Portability Requirements. The interface places two requirements
regarding stream data management on a host library: (1) a per-
stream accounting of byte ranges queued for sending (unsent data
and loss-recovery re-queues), and (2) the ability to read from ar-
bitrary offsets in the stream send buffer, including in-flight data
that has been sent but not yet acknowledged. Both follow from
the QUIC specification: loss recovery already requires tracking and
re-queuing outstanding ranges, and data must be buffered until
acknowledgement. How readily a library meets them depends on
its stream bookkeeping. The remaining integration work is in ex-
tracting connection state into ConnState and wiring the token-drain
loop into the packet builder. The effort likewise varies with library
internals: quiche, for instance, interleaves control-frame determina-
tion with packet assembly, which we had to separate. No changes
to congestion control, loss detection, or existing APIs (e.g., stream
priorities) are necessary.

Design Rationale. A scheduling interface can vary in the gran-
ularity it controls, when decisions are placed relative to packet
construction, and how they are expressed. We chose an up-front,
data-structure-based interface at frame granularity for three rea-
sons. First, the token queues capture the full scheduling policy as
a single, inspectable object rather than scattering it across many
per-packet decisions. Second, the interface unifies path selection,
stream assignment, duplication, and reinjection in a single deci-
sion made before the sending process starts. Current per-packet
interfaces split these concerns: the scheduler picks a path, stream
selection is library-internal, and duplication requires ad-hoc in-
tervention. Deciding up-front lets the scheduler reason over the
full connection state and address all concerns jointly. Third, the
data-structure boundary lets the library enforce protocol invariants
without exposing mutable state to the scheduler. Persistent queues
additionally amortize decision cost, and the simulation idiom (§4)
shows that per-packet policies remain expressible.



Tokens, Not Packets: Rethinking the Multipath QUIC Scheduling Interface ANRW ’26, July 20, 2026, Vienna, Austria

4 Interface Usage
We now show how the interface is used, building up from the
simplest case to progressively richer policies. We close by showing
that even a per-packet scheduler, the paradigm our up-front model
was not designed for, can be expressed via a short simulation idiom.
Stream-Aware MinRTT. The MinRTT scheduler sends on the
path with the lowest RTT and free congestion window. In MPTCP,
this is a per-packet path choice; in MPQUIC, a stream-aware Min-
RTT must additionally decide which stream fills each packet. We
express both the scheduling policy and the stream-awareness in
a single persistent token assignment, shown in Figure 2. For each
sending stream, we push one Stream token with offset ∅ and
length∞: the token draws from the library’s send queue (inherit-
ing its retransmission behavior) and is requeued after each emission
until the stream closes. The level mechanism unifies cross-path min-
RTT ordering and stream prioritization. Streams occupy sequential
levels on the faster path (sorted by priority, starting at level 1),
while the slower path mirrors this priority structure offset above
the faster path’s last level. Packet generation thus drains the faster
path’s queue (in priority order) before touching the slower path’s.
Same-priority streams are processed in round-robin order (§3).
Re-Invocation and Queue Freshness. The scheduler is invoked
on every significant state change. Naively rebuilding the token
queues on every invocation would break round-robin fairness by
pushing waiting streams back to the tail. However, because policies
like minRTT use persistent tokens, they only need to rebuild queues
during structural changes (new streams, paths, or priorities). Rou-
tine updates (ACK arrivals, congestion window growth) are handled
seamlessly by the existing queue state. Since structural changes are
infrequent, fairness is not meaningfully impacted. Schedulers that
must react to routine updates can avoid rebuilds by editing existing
tokens in place, though this increases complexity.
Redundant Transmission.Redundant schedulers duplicate stream
bytes across paths tominimize flow-completion time under loss. Full
redundancy is expressed by pushing a Stream token with offset 0
and length ∞ per stream on each path. Unlike MinRTT, where
offset ∅ delegates to the send queue to transmit bytes once, offset 0
addresses the stream directly. When requeued, the token’s offset ad-
vances past emitted or already-acknowledged bytes, ensuring each
path traverses the stream sequentially and natively skips ranges
the peer has received. Selective redundancy (e.g., SR-MPQUIC [20])
uses the same mechanism: push explicit-offset persistent tokens for
prioritized streams on all paths, and MinRTT-style queue-driven
tokens for the rest. Tokens express byte ranges rather than packets,
natively accommodating different path MTUs: the library auto-
matically fragments data into MTU-sized STREAM frames during
packet generation.
Selective Reinjection. Persistent tokens express standing policy;
bounded explicit-offset tokens express timely interventions. Con-
sider a lost stream frame that originally carried data at offset𝑂 with
length 𝑁 . When the library detects this loss, the range is requeued
for sending, and the MinRTT token’s next emission will naturally
carry the retransmission. A scheduler that wants the retransmission
to race across all paths to minimize HoL blocking, as in XLINK [31]
and Chorus [19], can push a bounded token explicitly targeting the
lost offset𝑂 and length 𝑁 on every path. Two conventions make

this fit cleanly into the rest of the schedule. First, we reserve level
0 for interventions: the scheduler’s standing policy uses levels ≥ 1,
and any token at level 0 is drained before anything else on any path.
Second, the scheduler does not have to track the token completion
since bounded tokens drop automatically after producing stream
range 𝑂 to 𝑂 + 𝑁 . The same pattern implements early reinjection
(send the duplicate before loss detection triggers) by pushing the
bounded token at a scheduler-chosen time, without waiting for the
library’s loss signal.

Control Frame Scheduling. In MPTCP, control information pig-
gybacks on every packet header; in MPQUIC, it lives in explicit
frames that the scheduler must route. The interface exposes the
library’s pending control frames (ACKs, MAX_DATA, etc.) through
ConnState and requires the scheduler to assign each frame to one
or more paths’ control frame queues. This enables control frame
routing decisions, e.g., sending acknowledgements on the matching
receive path or duplicating critical updates across paths.

Per-Packet Scheduling via Simulation. The idioms above are
natural fits for up-front scheduling. The potentially difficult case
is a scheduler like SA-ECF [25], whose decision for packet 𝑘 + 1
depends on the congestion window and stream state left by packet𝑘 .
We accommodate per-packet schedulers with a short simulation
idiom that reuses the up-front interface without modification.

Our SA-ECF implementation opens a scheduling round by read-
ing each path’s available congestion window from ConnState. It
then runs a per-packet loop against a simulated copy of that state:
each iteration picks the path minimizing stream completion time,
and appends one Stream token with offset ∅ and length ∅ (to
schedule a single frame) to that path’s queue at a strictly increasing
level, enforcing the simulation’s chosen packet order. The loop
decrements the simulated window by the token’s projected size
(including frame, QUIC, and crypto overhead) using a ConnState
helper, and terminates when every simulated window is exhausted.

The cost of this translation is bounded: the simulation performs
the same arithmetic the per-packet scheduler would have performed
anyway, just clustered into a single call rather than spread across
the sending loop. We quantify this in §5.

5 Implementation & Evaluation
We implement our scheduling design on top of an experimental MP-
QUIC fork [4] of Cloudflare’s quiche, written in Rust. The fork pre-
dates the latest MPQUIC draft, but no intervening change affects our
scheduling model. Our additions amount to ≈ 3500 LOC: roughly
2300 lines for the scheduler module (token queues, ConnState,
scheduling logic) and 1250 lines of integration with quiche’s send-
ing pipeline (hooking state changes, feeding tokens to the packet
builder, and surfacing connection state). A scheduler implemented
on the interface is considerably smaller; our MinRTT scheduler is
150 LOC. We implemented the schedulers from §4 (stream-aware
MinRTT, redundant, reinjection, ECF, SA-ECF) on our token-based
interface, and additionally MinRTT and ECF on a conventional per-
packet interface for comparison. We evaluate them in Mininet [16]
with two emulated 10 Mbps paths of varying RTT, using a cus-
tom iperf-like application that transfers 100 KB over 16 equally-
weighted streams. We report 30 runs per configuration.
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Figure 3: The runtime of per-packet and up-front implemen-
tations normalized by emitted packets.

Runtime Performance.We instrument scheduler invocations and
compare per-packet and up-front implementations of MinRTT and
ECF in Figure 3. Median execution times are 126/800 µs for up-front
MinRTT/ECF against 32/15 µs for their per-packet counterparts.
The per-packet scheduler runs many times per send round while
the up-front scheduler runs once; the figure therefore normalizes
by packet count. The two MinRTT variants have comparable per-
packet runtime (median 33 µs each), because the up-front MinRTT
performs minimal work per invocation: it checks for structural
changes and edits the token assignment only when paths reorder.
The ECF variants diverge more sharply: the up-front median is
only 40 µs higher, but its upper quartile reaches 786 µs and beyond,
reflecting the cost of the SA-ECF-style simulation idiom on long
send rounds. The runtime of the ECF variants diverges noticeably:
per-packet ECF is cheap (15 µs ) because it evaluates a single path-
selection formula per call, while up-front ECF runs the SA-ECF
simulation loop that iterates over the entire congestion window,
accumulating cost proportional to the send round length. This high-
lights that up-front MinRTT is a natural fit for the token model
(install once, reuse), while up-front ECF must simulate per-packet
decisions, paying the cost of the simulation idiom described in
§4. The overhead of ConnState indirection and up-front token as-
signment is real but bounded, and amortizes across packets within
a round. We have not optimized the implementation and expect
meaningful gains from caching ConnState views and specializing
the token-push path.
Scheduler Comparison. Figure 4a shows the stream completion
times (SCTs) of MinRTT, ECF, and SA-ECF with the RTTs of the
two paths set to 10 and 100 ms, respectively. ECF and SA-ECF share
their core path-selection algorithm, but SA-ECF’s stream-awareness
improves its SCTs by a median of 27 ms. MinRTT performs worst,
particularly because of tail SCTs that are up to 500 ms higher com-
pared to the other two schedulers. While the path RTTs were static,
queuing delay changed the RTT order of the paths, which forced
rebuilding the token queue.

Figure 4b isolates control frame scheduling with the RTTs of the
two paths set to 10 and 25 ms, respectively. We keep the underlying
MinRTT scheduler fixed and vary only the ACK assignment policy:
Same Path returns each ACK on the path that received the acknowl-
edged data, while Fast Path sends all ACKs on the lowest-RTT path.
The latter reduces median SCT by 138 ms, exposing a scheduling
axis that existing MPQUIC interfaces do not. We apply this schedul-
ing policy to both endpoints. Although the receiver sends no stream
data, it maintains path RTT estimates via occasional PING frames
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(a) (SA)ECF.
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(b) MinRTT ACK policies.

Figure 4: Demonstration of up-front (a) STREAM and (b) con-
trol frame schedulers.

that quiche bundles with its ACKs (following RFC 9000 [14] to limit
unacknowledged packets).

6 Conclusion & Future Work
We presented a token-based scheduling interface for Multipath
QUIC that decouples policy from packet generation, expresses
schedulers from across the design space, and treats control-frame
routing as a first-class concern. Our quiche-based prototype [10]
reproduces published scheduler behavior and demonstrates im-
provements through control-frame routing, a degree of freedom no
existing interface exposes.
Scope. The interface targets scheduling decisions at the frame level
above the packet boundary through the token abstraction. It does
not grant control over packetization, which remains with the li-
brary. This means, for example, that requiring fixed-size packets
for traffic analysis resistance would need a library-level PADDING
policy, which needs to be configured orthogonally to the schedul-
ing interface. Additionally, schedulers that must react on sub-RTT
timescales, for example to per-packet pacing events, need triggers
beyond our current set of ACKs, new writes, and PTOs.
Future Work.We are exploring WebAssembly-based modulariza-
tion so that endpoints can securely exchange custom schedulers
over an active connection without per-library modifications. Be-
cause scheduling decisions are data in the token queues rather than
control flow, they can be asserted on, diffed, and replayed, enabling
scheduler debugging and compliance testing. We are porting the
interface to other QUIC substrates and developing a compliance
test suite against a reference token-drain specification.
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Artifacts
Our implementation and supporting material is openly available at
https://github.com/hendrikcech/anrw26-tokens-not-packets [10].
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