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ABSTRACT
Emerging video applications require more bandwidth than
single-path transmission can deliver reliably.Multipath trans-
mission aggregates bandwidth acrossmultiple network paths,
yet introduces packet reordering caused by data and ACK
path heterogeneities. We propose CROSS, a dual-sided sched-
uling framework for efficient multipath video streaming.
CROSS features (a) client-driven data scheduler that assigns
parallel requests to dedicated paths to mitigate reordering
and when bandwidth is insufficient, falls back to minRTT
scheduling and (b) link-state-aware ACK scheduler that in-
telligently routes ACK traffic via two-stage scoring. Imple-
mented atop XQUIC and evaluated with real-world network
traces, CROSS increases transport throughput by up to 38%,
boosts cached data by up to 24%, and reduces rebuffering
time by as much as 52% across diverse network conditions.
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1 INTRODUCTION
With the increasing popularity of 4K/8K ultra-high-definition
(UHD) videos and immersive applications such as virtual
and augmented reality (VR/AR), single-path transmission is
becoming insufficient to meet the growing bandwidth de-
mands. For instance, 4K video streaming typically requires
up to 100 Mbps[20]. To meet such bandwidth demands, mul-
tipath transport protocols—MPTCP[1] and MPQUIC[6]—are
now deployed in production, powering Apple Siri[3], Huawei
LinkTurbo[5], and Alibaba’s live-streaming platforms[21].
While multipath transmission enhances available band-

width, it introduces extra challenges. Due to the heterogene-
ity across different paths in terms of bandwidth, latency,
and link type, packets sent simultaneously over multiple
paths often arrive out-of-order at the receiver, thereby se-
verely degrading throughput. As a result, mitigating packet
reordering is the key goal of multipath scheduling. Existing
schedulers[7, 8, 13, 14, 18, 19] primarily focus on sender-side
data scheduling to mitigate this reordering. However, we
argue that data scheduling alone is insufficient. To fully ad-
dress the performance issues in multipath transmission, it is
essential to jointly consider both data and ACK scheduling.

In multipath transmission, data and ACK path heterogene-
ity introduce distinct yet interconnected bottlenecks. (a) On
the data path, bandwidth and latency mismatches across
paths lead to out-of-order arrivals, which block in-order
delivery and stall flow control. (b) On the ACK path, con-
tention (e.g., on Wi-Fi) and bandwidth asymmetry (e.g., on
LTE) cause delayed data arrival and feedback, which further
exacerbate the packet reordering rate. These challenges on
both side highlight the necessity of jointly optimizing data
and ACK scheduling—what we refer to as dual-sided sched-
uling—to fully realize multipath transmission efficiency.
We present CROSS, a dual-sided multipath scheduling

framework for high-bandwidth video streaming. It unifies
two complementary components: (a) Client-Driven Data Sched-
uler : the receiver sends parallel HTTP requests, each fixed
to a single path to eliminate cross-path reordering; when
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Figure 1: An example of out-of-order delivery

the chosen path under-delivers, a QoE-driven fallback tem-
porarily relaxes this binding to avoid stalls. (b) Link-State-
Aware ACK Scheduler : ACKs are steered by a two-stage path
score—baseline QoS (bandwidth, latency, loss rate) refined
by link characteristics (Wi-Fi contention, LTE uplink bottle-
neck)—to avoid feedback congestion. By jointly optimizing
data and ACK scheduling, CROSS enables efficient multipath
transmission in dynamic and heterogeneous environments,
significantly enhancing throughput and QoE.
We implement CROSS atop the open-source MPQUIC

stack XQUIC[9], extending both the sender and receiver logic.
For evaluation, we integrate CROSS with the mpshell[16]
emulator and test it using diverse real-world Wi-Fi and LTE
traces. Extensive experiments show that CROSS significantly
improves transport throughput by up to 38% and video QoE
by up to 24% and 52% under diverse network conditions.

2 MOTIVATION
Multipath transmission faces the following two challenges:
Challenge 1: Data path heterogeneity causes reorder-
ing and throughput degradation. In multipath transmis-
sion, heterogeneity across paths often results in out-of-order
packet arrivals. As illustrated in Fig.1, Path 1 and Path 2 have
RTTs of 10ms and 100ms, respectively. When packets 1, 2, 5,
6 and 7 are scheduled on the faster path (Path 1) and packets
3 and 4 are scheduled on the slower path (Path 2), packets 3
and 4 arrive late and cannot be delivered in order, causing
packet reordering. Such reordering not only stalls timely
data delivery to the application, but also limits the growth of
the flow control window, ultimately degrading throughput.
Challenge 2: ACK path heterogeneity causes ACK bot-
tlenecks, further degrading throughput. ImbalancedACK
traffic across heterogeneous paths might introduce ACK bot-
tlenecks, indirectly constraining data transmission. (a) In
contention-based links such as Wi-Fi, where uplink and
downlink share the same wireless medium, excessive ACK
transmissions compete directly with data transmissions for
limited channel resources, thereby reducing throughput. As
shown in Fig. 2a, our iperf3-based emulation of Wi-Fi re-
veals that increasing ACK traffic decreases data throughput.
Fig. 2b demonstrates such a case, when both data packets
(e.g., packet 4) and a burst of ACKs (ACK for packets 1, 2, 3
and 5) are transmitted concurrently over the Wi-Fi link, they
compete for the same channel, leading to queue buildup and

RTT increase. (b) In asymmetric links such as LTE, uplink
bandwidth is typically much lower than downlink. Sched-
uling a large number of ACKs through such constrained
paths leads to ACK path congestion and delayed feedback.
As shown in Fig. 3a, analysis of real-world LTE traces based
on mahimahi[15] reveals that in more than 10% of samples,
downlink bandwidth exceeds uplink bandwidth by at least
10×. Fig.3b demonstrates such a case: the Wi-Fi link provides
100Mbps bandwidth, while the LTE link offers 10Mbps for
data and only 1Mbps for ACKs. A burst of ACKs, all routed
through the LTE path, leads to ACK path congestion, pre-
venting the sender from promptly detecting packet losses
(e.g., packet 4), thereby delaying loss recovery.

In summary, both data and ACK path heterogeneity inmul-
tipath transmission lead to reordering, collectively degrading
transport throughput. To maintain efficient transport, dual-
sided scheduling is essential.

(a) Contention inWi-
Fi Links.

(b) ACKs competewith data for chan-
nel access on Wi-Fi.

Figure 2: ACK bottlenecks caused by Wi-Fi

(a) Asymmetry in
LTE Links.

(b) ACK path congestion delays feed-
back and loss recovery on LTE.

Figure 3: ACK bottlenecks caused by LTE

3 DESIGN
3.1 Overview
CROSS introduces two key components tailored for mul-
tipath transmission: client-driven data scheduler and link-
state-aware ACK scheduler, which operate on the receiver
and sender sides. As illustrated in Fig. 4, the receiver and
sender adopt the following complementary strategies:
Receiver: The video player proactively initiates two parallel
HTTP requests, enabling stream-path assigning at the sender.
To guide ACK scheduling, the receiver continuously evalu-
ates the ACK path using QoS metrics in combination with
link type characteristics. A two-stage scoring mechanism is
used to select the optimal path for each ACK. Additionally,
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Figure 4: The Overview of CROSS

the receiver extracts real-time QoE feedback from the video
player and embeds it into ACKs, providing the sender with
fine-grained insight into playback conditions.
Sender: Upon receiving multiple parallel requests from the
receiver, the sender assigns each stream in the request to
a dedicated path, which ensures that packets belonging to
the same request are transmitted over a single path, thereby
eliminating cross-path packet reordering and improving in-
order delivery efficiency. Moreover, when QoE degradation
is detected from receiver feedback, the sender incrementally
falls back to the minRTT scheduling to ensure the timely
completion of the primary request.

3.2 Client-Driven Data Scheduler
3.2.1 Stream-Assigned Schedule. Stream-assigned sched-

uling repeats four phases: (a) Parallel Request: After parsing
the Media Presentation Description (MPD) file, the DASH
player[2] issues two concurrent HTTP requests. 1 (b) Stream
Assigning: The sender assigns each request to a separate
path; all packets of that request follow the assignment. (c)
Single Stream: When one request finishes, the sender can
utilize all available path resources to send the remaining
request. (d) New Stream: Upon FIN, the receiver launches
the next request on the freed path, and the system re-enters
the stream assigning to continue the scheduling cycle. This
design is motivated by two key considerations:
Why issue parallel requests from the receiver? Parallel
requests maximize coordination between the sender and
receiver, enabling best-effort transmission. Specifically: (a)
Parallel requests provide greater scheduling flexibility at the
sender, laying the foundation for stream-path assigning. (b)
They eliminate idle periods that occur under traditional serial
request models, which introduces a gap of one RTT between
the end of one request and the start of the next, resulting in

1We use DASH only as a common segment-based workload; the method is
protocol-agnostic and works unchanged with any segmented streaming.

Figure 5: Timeline of QoE-driven fallback.
suboptimal link utilization. In contrast, the parallel model
allows the sender to seamlessly switch to the other active
request upon completion, improving bandwidth utilization.
Why assign streams to specific paths? Stream-path as-
signment is essential for preventing cross-path packet re-
ordering. When a single stream is transmitted across differ-
ent paths, path heterogeneity can cause packet reordering
(Fig. 1). By enforcing a fixed stream-to-path mapping, CROSS
ensures that packets within each request are delivered over
the same path, which significantly reduces reordering. More-
over, since requests map to independent streams, each can be
delivered separately to the application layer without waiting
for other streams, further improving transport efficiency.

3.2.2 QoE-Driven Fallback. While stream-assigned sched-
uling increases bandwidth utilization and mitigates reorder-
ing, it may lead to suboptimal performance if the assigned
path lacks sufficient bandwidth and the playback buffer is
close to starvation. In particular, the primary request—i.e.,
the one the player is currently consuming—may be confined
to a single path with insufficient bandwidth, thereby delay-
ing its completion and triggering playback stalls. To address
this, CROSS introduces a QoE-driven fallback mechanism.
CROSS incrementally falls back to the minRTT-based sched-
uling when QoE degradation is detected. As illustrated in
Fig. 5, CROSS first estimates the available delivery window
for the primary request as 𝑡a = 𝑡3 − 𝑡1 and cached playing
time 𝑡b = 𝑡2 − 𝑡1, where 𝑡1 is the current playback timestamp,
𝑡2 denotes the timestamp up to which video content has
already been buffered, and 𝑡3 corresponds to the expected
buffered position after the current request completes. The
required throughput to meet this deadline is 𝑏𝑤need =

𝑑𝑎𝑡𝑎
𝑡a

.
Given the observed bandwidth of the assigned path (𝑏𝑤path)
and the other path (𝑏𝑤other), CROSS computes the fallback
ratio 𝛼 and the buffer compensation factor 𝛽 as:

𝛼 = min
{
1, 𝛽 ·

𝑏𝑤need − 𝑏𝑤path

𝑏𝑤other

}
, 𝛽 =

𝑡a

𝑡b
. (1)

Here, 𝛼 is the share of primary-request packets sent via
minRTT scheduling, and an equal share of the other request’s
traffic is withheld to keep the two paths balanced.

3.3 Link-State-Aware ACK Scheduler
CROSS adopts a two-stage scoring mechanism that leverages
both QoS metrics and link-type characteristics to dynami-
cally select the most suitable path for ACK transmission.
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3.3.1 QoS-Based Path Initial Scoring. CROSS first evalu-
ates the ACK path delivery capability by three QoS metrics:
Bandwidth (𝑏𝑤𝑖 ): A path with higher available bandwidth
is generally more capable of handling ACK traffic without
introducing congestion. Paths with greater 𝑏𝑤𝑖 are preferred
to mitigate feedback delays and reduce queuing effects.
ACKOne-WayDelay (𝑎𝑐𝑘_𝑜𝑤𝑑𝑖 ): The one-way delay (OWD)
an ACK experiences while traveling back to the sender di-
rectly determines feedback timeliness. Paths with smaller
𝑎𝑐𝑘_𝑜𝑤𝑑𝑖 are therefore preferred, as they deliver quicker
feedback and improve overall responsiveness.
Packet Loss Rate (𝑝𝑖 ): ACKs are sensitive to packet loss;
thus, paths with lower packet loss rates are preferred.
CROSS then defines a Throughput–Latency Score model

that combines effective throughput and responsiveness:

𝐺𝑖 =
𝑏𝑤𝑖

𝑏𝑤max
(1 − 𝑝𝑖 ), 𝐿𝑖 =

𝑎𝑐𝑘_𝑜𝑤𝑑min

𝑎𝑐𝑘_𝑜𝑤𝑑𝑖
, 𝐶𝑖 = 𝐺𝑖 + 𝑘 · 𝐿𝑖

(2)
where𝑏𝑤max = max𝑗 {𝑏𝑤 𝑗 } is the largest available bandwidth
among all active paths and 𝑎𝑐𝑘_𝑜𝑤𝑑min = min𝑗 {𝑎𝑐𝑘_𝑜𝑤𝑑 𝑗 }
is the smallest ACK one-way delay observed. Here, 𝐺𝑖 and
𝐿𝑖 represent the normalized goodput and responsiveness of
path 𝑖 , while 𝑘 (empirically set to 2) balances bandwidth
efficiency and feedback timeliness. The composite score 𝐶𝑖

is then used as the initial priority for ACK scheduling.

3.3.2 Link-Type-Aware Refinement. After the initial scor-
ing based on QoS metrics, CROSS further refines path selec-
tion by incorporating link-type-specific characteristics. In
particular, CROSS defines distinct correction strategies for
two representative types of access networks: LTE and Wi-Fi.
LTE (Reverse Bottleneck Link): LTE links often exhibit
asymmetry between uplink and downlink bandwidths, with
theACKpath beingmore constrained. To capture this, CROSS
introduces a bottleneck correction term to penalize ACK path
congestion. The refined path score 𝑆𝑖 is defined as:

𝑆𝑖 = 𝐺𝑖 + 𝑘𝐿𝑖 − 𝛿𝑠 ·
max(0, 𝑎𝑐𝑘_𝑜𝑤𝑑 − 𝑑𝑎𝑡𝑎_𝑜𝑤𝑑)
min(𝑎𝑐𝑘_𝑜𝑤𝑑,𝑑𝑎𝑡𝑎_𝑜𝑤𝑑) (3)

where 𝑎𝑐𝑘_𝑜𝑤𝑑 and 𝑑𝑎𝑡𝑎_𝑜𝑤𝑑 denote the measured OWD
in ACK and data traffic, respectively. A larger value of the
correction term indicates a more congested ACK path.
Wi-Fi (Bidirectional Contention Link): Wi-Fi links carry
data and ACK traffic over the same wireless medium. Exces-
sive ACKs may congest the channel and negatively impact
data delivery. To address this, CROSS adjusts the score 𝑆𝑖
according to the data path queuing delay as follows:

𝑆𝑖 = 𝐺𝑖 + 𝑘𝐿𝑖 − 𝛿𝑠 ·
𝑑𝑎𝑡𝑎_𝑜𝑤𝑑 − 𝑑𝑎𝑡𝑎_𝑜𝑤𝑑min

𝑑𝑎𝑡𝑎_𝑜𝑤𝑑
(4)

where 𝑑𝑎𝑡𝑎_𝑜𝑤𝑑 is the current OWD of the data path, and
𝑑𝑎𝑡𝑎_𝑜𝑤𝑑min is the historically observed minimum OWD
under no queuing. The difference represents the degree of
data path congestion. As queuing delay increases, the path’s
score is penalized to avoid data-ACK contention.
In summary, CROSS performs link-aware refinement by

penalizing paths prone to ACK path congestion (e.g., LTE)
or data-ACK contention (e.g., Wi-Fi). The tuning parameter
𝛿𝑠 (empirically set to 0.05) controls the sensitivity of the
correction, allowing CROSS to adapt to network conditions
and application demands.

4 IMPLEMENTATION

OWD Measurement. CROSS’s ACK scheduler relies on
accurate estimation of OWD to evaluate link state and detect
congestion. However, QUIC does not contain timestamp in-
formation, making direct OWD measurement infeasible. To
address this, CROSS introduces a lightweight extension: after
receiving an ACK, the sender sends an additional frame con-
taining the ACK’s packet number and its current timestamp.
The receiver, using the cached timestamp of the original
ACK, then derives both data and ACK path OWDs.

Since the sender and receiver clocks may be unsynchro-
nized, raw OWD measurements can be biased. CROSS esti-
mates the clock offset Δ𝑡 using the minimum observed RTT
and the minimum data OWD as follows:

Δ𝑡 =
minRTT

2
− 𝑑𝑎𝑡𝑎_𝑜𝑤𝑑min, (5)

where 𝑑𝑎𝑡𝑎_𝑜𝑤𝑑min is the minimum OWD measured at the
receiver with clock bias. Theoretically, half of minRTT ap-
proximates the ideal OWD without clock bias[10]. Thus, Δ𝑡

serves as an estimate of the clock skew.
Evaluation Testbed. We integrate CROSS into the open-
source MPQUIC stack XQUIC[9]. To emulate video streaming,
we build XPlayer, a virtual DASH player atop the XQUIC
client. XPlayer parses MPDs and fMP4 headers to locate
segment byte ranges, enabling parallel requests and fine-
grained per-frame tracking, while a separate thread con-
sumes buffered data in real time to emulate playback.

For evaluation, we integrate CROSS with the mpshell[16]
in mahimahi, using real-world LTE and Wi-Fi traces to sim-
ulate network conditions. The implementation involves ap-
proximately 1000 new lines of C code, with a total codebase
modification of around 5000 lines, encompassing both sched-
uling logic in the protocol stack and player-side extensions.
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5 EVALUATION
5.1 Setup

Video Source.CROSS is optimized for high-bandwidth video
streaming. We use Tears of Steel [4], a UHD-resolution video
released in DASH format (H.264, fMP4 segments), as the test
source, enabling fine-grained scheduling evaluation.
Baselines. We compare CROSS with the following three
QUIC-based transport baselines: (a) SP : QUIC transport on a
single network path without multipath support. (b) MinRTT :
The default scheduler in MPQUIC. (c) XLINK : reflects the
best transport performance of XLINK’s native re-injection[9,
21], serving as an upper bound for retransmission-based
strategies by unlimited re-injecting in the last RTT.
CROSS Variants. To evaluate the contribution of each com-
ponent in CROSS, we further include two ablated versions:
(d) DataSched: A CROSS variant that enables only the data
scheduler, without the link-state-aware ACK scheduling. (e)
ACKSched: A CROSS variant that enables only the ACK
scheduler, without the client-driven data scheduling.
Network Traces. We evaluate under a diverse set of real-
world network conditions. Specifically, we collect 8 Wi-Fi
traces, 4 in stationary scenarios and 4 in moving scenarios
(e.g., walking). For LTE, we collect 17 LTE traces under a
range of conditions (e.g., stationary, walking, driving, and
subway commuting). During testing, traces from stationary
and moving network conditions are paired to form represen-
tative combinations, emulating heterogeneous conditions.

5.2 Result
Transport Performance: CROSS demonstrates the best
transport performance under the continuous request pattern
of video streaming. We measure the end-to-end throughput
for transmitting ten 20 MB files under both stationary and
moving conditions. As shown in Fig. 6, CROSS consistently
outperforms XLINK, increasing throughput by 25% in station-
ary and by 38% in moving scenarios, highlighting CROSS’s
superior ability to efficiently utilize available bandwidth.
Moreover, both ablated variants, DataSched and ACKSched
outperform MinRTT, but remain inferior to CROSS, high-
lighting the necessity of joint data and ACK scheduling.
Video Cached Data. We evaluate the video cached data
of each scheme using XPlayer. Fig. 7 shows the normal-
ized cached data (relative to SP) at different playback time
points, under both stationary and moving network condi-
tions. CROSS consistently achieves the highest cached lev-
els throughout the session, which is attributed to its supe-
rior transport performance. Compared to XLINK, CROSS
increases video cached data by 20% and 27%, demonstrating
improved playback performance and user QoE.

Video Rebuffering Time. To assess the effectiveness of
the QoE-driven fallback mechanism in CROSS, we simulate
bandwidth-limited conditions by accelerating the video play-
back speed to 2.5×, thereby increasing the risk of buffer star-
vation. We compare four schemes: MinRTT, XLINK, CROSS,
and CROSS+NoFB—a variant of CROSS without the fallback
mechanism. As shown in Fig. 8, CROSS consistently achieves
the lowest rebuffering time across both stationary and mov-
ing network conditions. Specifically, CROSS reduces rebuffer-
ing time by 22% and 27% compared to CROSS+NoFB, and by
37% and 52% compared to XLINK, respectively. These gains
can be attributed to CROSS’s ability to detect playback stalls
and proactively reroute traffic to the primary request via
minRTT scheduling, ensuring timely delivery of the primary
request and avoiding playback stalls and improving QoE.

6 FUTUREWORK

Exploring the InteractionBetweenACKandData Sched-
uling. Although CROSS already improves throughput and
QoE, ACK and data schedulers still influence each other—for
example, delayed ACKs skew congestion-window and RTT
estimates. We plan to conduct more extensive experiments
to investigate the complementarity between data and ACK
scheduling to further validate the CROSS design principles.
CROSS-based Request Scheduling for Short Video. In
short-video applications, user swipes can invalidate prefetched
segments. While CROSS improves network utilization, it also
complicates request scheduling by introducing uncertainty
in future playback. We plan to add a lightweight predictor
that reorders or cancels requests in real time, preserving
bandwidth for segments most likely to be viewed.

7 RELATEDWORK

Multipath Data Scheduling. Packet reordering is a key
performance bottleneck in multipath scheduling. Prior work
falls into two main categories: path selection and scheduling
policy. The first includes OTIAS[18], which selects pathswith
minimal transmission time, and BLEST[7], ECF[13], which
avoid congested paths by predicting delays. The second in-
cludes STMS[19], which adapts interleaving based on delay
gaps, and DEMS[8], which splits segments to synchronize ar-
rival. These methods primarily rely on sender-side control.
In contrast, CROSS adopts a client-driven approach that as-
signs streams to specific paths at the receiver, fundamentally
mitigating cross-path reordering.
Multipath ACK Scheduling. ACK scheduling in multi-
path transmission remains underexplored. Commercial sys-
tems like XLINK[21] adopt simple minRTT-based strategies,
while most prior work focuses on single-path ACK optimiza-
tion. For example, TACK[12] improves wireless feedback
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Figure 6: Transport throughput
for sequential requests.

Figure 7: Cached data (relative to SP) in sta-
tionary (left) and moving (right) conditions.

Figure 8: Rebuffering time under
bandwidth-limited conditions.

via adaptive periodic and byte-counting mechanisms, simi-
lar to earlier efforts like HACK[17] and ABC[11]. However,
none address the unique scheduling challenges of multipath
transmission. CROSS bridges this gap by enabling link-state-
aware ACK scheduling tailored for multipath transmission.
Multipath Dual-Sided Scheduling. XLINK[21] is a widely
deployed dual-sided scheduler for multipath transmission.
For data scheduling, it utilizes minRTT as the default sched-
uler, enhanced by a QoE-driven reinjection mechanism. For
ACK scheduling, it similarly relies on minRTT heuristics.
In contrast, CROSS introduces a client-driven data sched-
uler coupled with a link-state-aware ACK scheduler. Our
evaluation under diverse network conditions demonstrates
that CROSS consistently outperforms XLINK in terms of
transport throughput and QoE.

8 CONCLUSION
We propose CROSS, a dual-sidedmultipath scheduling frame-
work for high-bandwidth video streaming that tackles two
key challenges: cross-path packet reordering and ACK bot-
tlenecks. CROSS introduces a client-driven data scheduler
and a link-state-aware ACK scheduler. By assigning requests
to fixed paths, it reduces reordering at the source, while its
two-stage ACK scheduler ensures efficient and adaptive feed-
back. Experiments show that CROSS significantly improves
throughput and QoE across diverse network conditions.
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