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Abstract

The rapid expansion of live streaming services in recent years
has introduced new cost challenges for Content Delivery Net-
works (CDNSs). Unlike conventional Video on Demand (VoD)
streaming, where CDNs can utilize the off-peak hours to
preload video content on edge nodes, live streaming requires
real-time delivery across CDN nodes before reaching end
users, significantly increasing midgress bandwidth costs for
service providers. Characteristics such as real-time content
generation and consumption, strict requirements for service
quality, and systems that need to scale with diverse resources
to support the increase in large-scale users, make it difficult
to optimize live-streaming midgress traffic with traditional
DNS-based and redirection-based methods.

At ByteDance, we have successfully implemented a
substream-based CDN architecture to minimize midgress
bandwidth for our commercial live streaming services. By
dividing a video stream into multiple sub-streams and assign-
ing each to a different edge node, the system can substantially
reduce midgress traffic while adapting to the increasing scale
of the system and live-stream users. We present Medley, a
production-grade substream delivery system, and validate its
efficacy through a large-scale, real-world deployment. Run-
ning on one of the largest live streaming platforms, Medley
handled up to 0.85 million concurrent viewing requests per
minute during peak hours. Our evaluations show that Med-
ley reduces midgress costs by 76.83%, while maintaining
consistent Quality of Experience (QoE).

1 Introduction

At ByteDance, we operate one of the world’s largest live
streaming (LVS) systems , where the escalating financial
burden of content delivery has become a critical challenge.
Our LVS system follows a typical hierarchical CDN de-
sign [17,18,23,35], as illustrated in Fig. 1. The overall band-
width cost consists of two components: egress traffic, which
flows from L2 node clusters to viewers and grows roughly lin-
early with the audience size, and midgress traffic, which flows
from source data centers to L1 node clusters and then from
L1 to L2. Although decades of live streaming research have
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Figure 1: Traditional CDN with a single stream vs. Medley,
which splits the same stream into multiple sub-streams (two
sub-streams in this figure).

pioneered architectures such as overlay networks [3, 5, 39]
and multipath sub-streams [16] to enhance performance and
robustness, the challenge of minimizing midgress costs within
modern CDNs remains significantly under-explored. In LVS,
each live viewer requires a real-time streaming connection
from L2 to L1 and the source, contributing 41.56% of total
egress traffic during peak hours in our production systems.

Reducing midgress costs in commercial LVS is inherently
difficult since user requests are highly dispersed. Conven-
tional CDNs rely on DNS-based load balancing [24,26] to
spread traffic across a large number of L2 nodes, each requir-
ing its own copy of streams even serving only a few viewers.
To mitigate this, we have adopted several optimizations. First,
servers within the same L1/L2 cluster share streams via free
intra-cluster traffic, avoiding redundant upstream requests.
However, this approach doesn’t extend across numerous geo-
graphically distributed clusters. Second, we deploy a central-
ized controller similar to VDN [23], to redirect viewers of the
same stream to fewer L2 nodes [19,38] (as shown in the left of
Fig. 1). In practice, however, this approach is constrained by
the limited capacity of L2 resources and the massive volume
of stream requests during peak periods. Moreover, the rapid
growth of LVS has led us to integrate smaller-capacity edge
resources with lower bandwidth cost [36,37], which further
exacerbates the midgress problem.

This paper introduces a "split-and-merge" sub-stream ap-
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proach to reduce midgress traffic at scale. As shown in the
right of Fig. 1, each video stream is split into multiple sub-
streams. A viewer reconstructs the original video by connect-
ing to multiple L2 nodes, retrieving all sub-streams, and merg-
ing them locally. This design significantly lowers midgress
costs: each L2 node only delivers a sub-stream instead of
replicating the whole stream. In general, splitting a stream
into K sub-streams can theoretically reduce midgress traffic
by a factor of up to % Conceptually, this is equivalent to
combining K nodes into a virtual cluster, enabling them to
collectively serve all viewers up to capacity while requiring
only a single upstream copy.

However, despite the idea of sub-stream has been exten-
sively utilized in delivery systems for decades [9, 16, 28], how
to utilize sub-stream to optimize midgress traffic is non-trivial.
Prior works on sub-stream splitting are mainly designed for
transmission acceleration, such as aggregating bandwidth and
reducing latency via multipath routing [27, 30, 40], recover-
ing packet loss through joint multipath sub-streaming and
network coding [16,21], and tolerating single-point failures
and packet losses with erasure coding [16,28,41]. In contrast,
leveraging sub-stream for midgress optimization in a large-
scale commercial LVS system presents several unique chal-
lenges. First, how should a sub-streaming system be designed
to optimally split and elastically schedule live video, ensuring
it can scale to massive real-world traffic while fully realizing
its cost-saving potential? Second, multi-node delivery is more
vulnerable to performance degradation: the delay or failure of
any sub-stream disrupts the entire video. Ensuring that sub-
streaming preserves the same Quality of Experience (QoE)
as traditional delivery is critical for commercial viability (see
§2.3 for details).

We present Medley, the first production-grade substream-
based live video delivery system optimized for midgress band-
width. Medley is fully integrated into ByteDance’s large-scale
video service (LVS) platform. It incorporates three fundamen-
tal system designs to enable sub-stream delivery and reduce
midgress costs without compromising QoE.

Sub-stream Splitting: Choosing the sub-stream number of K
in the large-scale system needs to be careful (§3.1). Although
splitting the video stream into K sub-streams can theoretically
reduce midgress traffic by up to a factor of 1/K, however, it
will also proportionally increase the connection overhead and
system unreliability. This raises several questions. First, how
should K be chosen to optimally balance bandwidth cost and
system overhead? Second, how can K be made elastic to adapt
to stream popularity change and CDN load? To address these
problems, we model the selection of K as an optimization
problem that minimizes midgress cost, system overhead, and
unreliability. On top of the model, we propose a sub-stream
scalable algorithm to make elastic sub-streams scheduling
decisions to well adapt to live streaming dynamics(§4.2).

Sub-stream Transmission: Splitting live streams into mul-
tiple sub-streams can introduce two forms of blocking at

receiver-side transmission (§3.2): intra-sub-stream blocking,
where a missing or delayed frame blocks data transfer within
its own sub-stream; and inter-sub-stream blocking, where
delays in one sub-stream propagate to block others. These
blocking issues increase the risks of rebuffering and first-
frame delays. To address this, we implement a buffer-driven
fast frame requests that proactively retrieve missing frames in
the application buffer while suppressing false recovery trig-
gers to reduce redundancy. This ensures multi-node streaming
achieves the same smoothness as single-stream (§4.3.2).
Sub-stream Generation: When generating sub-streams con-
tent, a naive allocation of video frames to sub-streams might
cause the traffic and frame rate imbalance, given with different
frame types (P/I/B)(§3.3). To avoid imbalances that reduce ef-
ficiency, we propose a hybrid Weighted Round-Robin (WRR)
strategy which considers frame type and size variation to
ensure a balanced sub-stream generation(§4.3.1). We also
integrate the sub-stream generation workflow into CDN deliv-
ery pipelines with minimal change to existing CDN services.
Medley has been deployed at scale in ByteDance’s live
streaming system, serving up to 0.85 million concurrent view-
ers per minute. Large-scale A/B testing shows that Medley re-
duces midgress bandwidth cost by 76.83% for sub-streaming
traffic without degrading user QoE. While Medley introduces
an additional average end-to-end (E2E) delay of 0.155s com-
pared to a single-stream CDN baseline (i.e., redirection), our
A/B tests confirm that this increase has a negligible statistical
impact on QoE, given that the expected E2E constraint in com-
mercial live streams is approximately ~2-3 seconds [4,29].
In summary, we make the following contributions:

e Based on our analysis of midgress bandwidth cost in live
production, we argue for a fundamental shift in addressing
midgress cost at scale. To this end, we present Medley, the first
streaming system that splits streams for midgress optimiza-
tion and demonstrate its benefits in a large-scale production
deployment serving millions of users (§2).

e Medley proposes three fundamental designs for its real-
ization: choosing the optimal sub-stream number K, content-
aware sub-stream generation that avoids imbalance, and a
buffer-based solution to mitigate intra- and inter-sub-stream
blocking without excessive false recovery (§3 & §4).

e A large-scale evaluation of Medley, including deployment
experience, shows that it reduces midgress bandwidth cost by
76.83% without degrading viewer QoE (§5).

This work raises no ethical concerns; all data are anony-
mous and do not contain personally identifiable information.

2 Background
2.1 ByteDance’s Live Streaming CDN

CDN Architecture. Our live streaming service is built on a
hierarchical CDN architecture designed for scalability and
cost efficiency [15,43]. As shown in Fig. 1, the uplink begins
when a user publishes a video to a nearby cluster, which
relays the stream to the source data center. At the source, the
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video is processed for distribution, including transcoding into
multiple bitrates for adaptive bitrate (ABR) streaming.

The distribution network typically follows a tree structure
with multiple layers. At the leaf level are L2 nodes (also
known as edge cluster [23]), which are geographically dis-
tributed and by default assigned via DNS to serve users in
their respective regions. If an L2 node cluster does not have
the requested live stream, it forwards the request to an upper-
level L1 node (also known as reflector [23]), which in turn
retrieves the video from the source data center on a cache miss.
L1 clusters thus act as intermediaries between the source and
the numerous L2 clusters, preventing tens of thousands of L2s
from directly querying the source to ensure scalability.

The system also implements a centralized scheduling con-
troller with global network visibility, similar to [18,23]. While
requests are initially resolved by local DNS to the nearest L2
node, the controller may redirect traffic to other nodes (even
geographically farther ones) before the session starts, for op-
timizing service quality and resource utilization, e.g., local
nodes are overloaded.

CDN Overall " I o
System MER 8 : ’
LVS w/ DNS 0.416 19— Bandwidth
LVS w/ Redirect 0.236 (') 5'0 1 (')0

Node Bandwidth (Gb/s)

Table 1: The MER in the Figure 2: The bandwidth

commercial CDN system
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Figure 3: The number of viewers & MER on each L2 node of
stream with popularity of 130 during peak time 21:00-21:05

Midgress Cost Problem. Bandwidth cost constitutes roughly
90% of CDN operational expenses, spanning both egress (traf-
fic from L2 nodes to end users) and midgress (traffic between
the source, L1, and L2 nodes). As noted in prior work [31],
midgress traffic constitutes a substantial bandwidth overhead
in conventional VoD CDNs. This problem becomes even more
severe in live streaming scenarios, where each L2 node is re-
quired to subscribe to streams from upstream L1 nodes and
the source in real time. Unlike in VoD systems, this overhead
cannot be effectively mitigated by prediction or pre-caching.

To quantify this, we define the Midgress—Egress Ratio
(MER) as the ratio of midgress to egress bandwidth. MER
measures the internal efficiency of a CDN system (or a single
cluster): a lower MER indicates that the midgress traffic is

shared across more viewers, achieving lower cost. Table |
summarizes the overall MER of our production LVS CDN
systems. The system using only DNS-based load balancing
achieves an MER of 0.416, nearly half the total bandwidth,
incurring tens of millions of dollars in annual costs.

The elevated LVS midgress cost arises from scattered user
requests and the requirement for real-time delivery. Fig. 3
presents a snippet from our production dataset to illustrate
this dispersed request pattern: an unpopular stream, which has
~130 concurrent viewers, is distributed via the default DNS
policy to nearby nodes based on user location. Even for this
relatively small stream, the system requires 52 nodes to repli-
cate upstream traffic, with nearly half of these nodes serving
fewer than two users”. This dispersion results in redundant
midgress traffic and an inflated MER.

2.2 Limitations of Existing Optimizations

Existing Cost Saving Methods. A variety of approaches have
been proposed to lower LVS cost, but few directly address
midgress traffic. Techniques such as super-resolution [14],
novel codecs [10], and ABR [13,32], aim to reduce the bitrate
of each stream, thereby lowering both egress and midgress
traffic. Other solutions, such as offloading traffic to cheaper
PCDNSs [36], mainly reduce egress cost. While effective in
their respective domains, these methods do not directly reduce
the MER and are largely orthogonal to our approach.

In practice, several mechanisms are commonly employed
to reduce midgress traffic, and we have deployed them in
our production system for cost efficiency. First, intra-cluster
sharing ensures the video stream can be shared via free intra-
cluster traffic, which is typically excluded from midgress cost.
Therefore, for each video stream, a cluster as a whole only
sends one request to the upper-layer for subscription. How-
ever, this optimization cannot extend across clusters, since
inter-cluster traffic is billed as midgress. Second, L1 and L2
nodes automatically stop retrieving streams from upper layers
once there are no active subscribers, avoiding unnecessary
traffic. Most importantly, redirection [19,38] has proven to be
the most effective method: with assistance from the central-
ized controller, users are redirected from local DNS-assigned
nodes (often "cold" nodes) to alternative clusters (often "hot"
nodes) already serving the requested stream. This aggregation
reduces midgress traffic because fewer L2 nodes subscribe
to streams from upper L1. As shown in Table 1, enabling
redirection lowers the overall MER from 0.416 to 0.236.
Limitations of Redirection. Ideally, redirecting all the view-
ers of the same stream to a single L2 node would minimize
midgress cost. In practice, however, this is infeasible in a
system serving millions of streams to hundreds of millions of
viewers. In our production, redirection successfully applies to
only 61% of requests. The primary bottleneck is edge cluster
capacity and highly concurrent stream requests. Over years of

*Notably, some L2 nodes exhibit an MER exceeding 1, as they temporar-
ily retain streams from upper-layer nodes following the exit of all subscribers.
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operation, our LVS infrastructure has evolved to add a large
number of medium-sized edge clusters to offload traffic from
large-capacity data centers to support the rapid growth of
traffic scale. Since cluster bandwidth costs are billed at peak
usage and do not scale linearly, it is more cost-efficient and
quality-friendly to distribute traffic across multiple medium-
sized clusters closer to users than serve them with a single
large data center’. Fig. 2 shows the CDF of bandwidth across
L2 clusters: the median is only 1.9 Gbps—insufficient to
serve a medium-popular online stream with 3000 viewers. In
practice, most L2 clusters are already heavily utilized during
peak hours, serving hundreds of concurrent streams, and lack
spare capacity to absorb redirected user requests at scale.
Another limitation is that only new sessions can be redi-
rected. Ongoing sessions cannot be moved without disrupting
playback, which would significantly degrade QoE. Conse-
quently, nodes serving only a small number of users cannot
be reclaimed until all sessions naturally end, delaying reallo-
cation and reducing efficiency. These limitations underscore
the need for new approaches that reduce midgress traffic more
effectively, while making full use of existing infrastructure.

2.3 From Single-stream to Sub-stream

Bring Substream into CDN. We propose a novel approach
to optimize the midgress cost. Instead of delivering a com-
plete video stream, the system divides the video into multiple
parts (i.e., sub-streams), which are distributed across different
L2 nodes. At the client side, these partial components are
aggregated to reconstruct the original stream. To illustrate
the potential gains, consider a video stream with bitrate F'
served to 5 viewers, where ach L2 node has only 3F band-
width available (Fig. 1). Using the traditional single-stream
delivery, it requires at least two L2 nodes to accommodate
all 5 viewers, generating a total midgress traffic of 2F, and
an MER of 0.4. In contrast, the sub-stream method splits the
video into two sub-streams, with each L2 subscribing to only
one sub-stream (%F ). All 5 viewers need to connect to both
L2 nodes and retrieve all sub-streams to restore the original
video, resulting in total midgress traffic of F', and an MER of
0.2—a 50% reduction compared to the single-stream solution.
Note that in this case, the MER reduction is achieved without
using additional capacity as each L2 node only needs %F to
deliver sub-streams to all 5 viewers.

Theoretically, we model the midgress cost of a substream-
based CDN and show that splitting a stream into k substreams
can reduce midgress traffic by a factor of 1/k for the same
egress volume. We provide the formal proof in Appendix A.1.
Limitations of Existing Splitting Schemes. While the theo-
retical benefits of substreams are compelling, realizing them
in a production live-streaming environment is non-trivial.
Prior research on substream-based transmission primarily fo-

Constructing large-scale data centers demands ISPs deploy dedicated
network routes and entails substantial operational costs, while small-scale
clusters can acquire third-party servers and utilize existing infrastructure.

cuses on two paradigms: Network Coding(NC) and Multipath.

o Network Coding Systems [16,21,34] employ erasure cod-
ing to partition a live stream into k data substreams and m
parity substreams as redundant protection. This approach en-
sures robust delivery where the receiver can reconstruct the
original stream by fetching any k out of the k + m substreams,
providing resilience against unpredictable network losses.

o Multipath Systems [3,16,27,33,40] schedule video pack-
ets across multiple paths to aggregate bandwidth and reduce
transmission latency. These systems often rely on content
redundancy, such as packet duplication [3, 16, 42] and re-
injection [40], to mitigate tail latencies and improve QoE.

Despite their effectiveness in reliability and speed, existing
frameworks are ill-suited for midgress traffic management
due to two fundamental limitations: First, existing schemes
are inherently redundancy-oriented. NC-based and multipath-
based approaches intentionally inflate traffic to combat packet
loss or jitter. For instance, network coding increases the to-
tal egress traffic by a factor of 7 for encoding packets. In

a CDN environment, this overhead typically outweighs the
bandwidth savings gained from midgress reduction, render-
ing such methods impractical for large-scale deployment. For
midgress optimization, a redundancy-free splitting strategy
is essential. Second, existing mechanisms are performance-
oriented rather than cost-oriented. In prior work, the number
of substreams k is often a static parameter dictated by the avail-
able physical paths. However, as our analysis in §A.1 demon-
strates, k is a critical decision variable that directly governs
the midgress-to-egress ratio (MER) and must be dynamically
optimized. Furthermore, a practical splitting strategy must
jointly consider the complexities of content distribution and
global load balancing across edge nodes. In summary, lever-
aging substreams for midgress optimization in large-scale
CDNs remains an unexplored and unvalidated design space.
Medley’s Challenges. To our knowledge, Medley is the first
system to introduce substreams into a large-scale CDN specif-
ically for midgress optimization. Unlike prior work, Medley
employs a redundancy-free splitting strategy to maximize
cost savings without incurring egress overhead. To ensure re-
liability without parity packets, we leverage extended server-
side caching and proactive upstream re-fetching to handle
losses. Scaling this mechanism to millions of concurrent users
presents two fundamental challenges: (C1) determining the
optimal splitting number of sub-streams K to trade off cost
and overhead, and elastically scheduling them across CDN
nodes with varying load demands; and (C2) designing stream
transmission solutions that mitigate both intra-sub-stream
and inter-sub-stream blocking, avoiding rebuffer and ensuring
QoE. We detail the design principles of Medley in §3.

3 Design Pillars of Medley
3.1 The Implication of Splitting K Sub-streams

Splitting live streams into K sub-streams seems simple in
concept but is complex in practice.
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Tradeoff between Cost and System Overhead. Consider a
live streaming scenario as depicted in Fig. 4, where a 2Mbps
stream is watched by 400 viewers. Each L2 node has 200Mbps
of bandwidth to serve this stream, meaning that four such
nodes are required to serve all users. While simplified, this
example clarifies key concepts. With a single stream (K =
1), midgress traffic is 2 x 4 = 8Mbps. Splitting into K = 2
sub-streams reduces midgress traffic to 1 x 4 = 4Mbps, a 50%
reduction, and increasing to K =4 further reduces traffic to 0.5
x 4 = 2Mbps, yielding a 75% gain. This raises the question:
can K be increased indefinitely?

While larger K values potentially reduce midgress costs,
they also increase system overhead equally. For example, with
K =2, each L2 node must serve 200 user connections instead
of 100, and each viewer must connect to two nodes instead of
one to reconstruct the full stream. This doubles the connec-
tion overhead and introduces a critical reliability concern: if
any L2 node fails, the stream cannot be reconstructed on the
user device. Hence, the question becomes how to select K to
balance bandwidth cost, system overhead, and reliability?
Embracing the Elasticity for K. During live streaming, the
subscriber counts of streams can fluctuate dynamically, and
the optimal K changes accordingly. When this occurs, the
centralized scheduler should reassign the number of L2 nodes
allocated to the sub-streams and adjust the splitted sub-stream
content on nodes. This adjustment can result in streaming
failures and user interruptions.

Consider the case in Fig. 4(c) where the viewer population
drops from 400 to 200, indicating K changes from 4 to 2 to
minimize splitting overhead since two nodes are enough to
handle such traffic. This also prompts the scheduler to reduce
the number of active L2 nodes from four to two. However,
the scheduler is unaware that serving states of users, simply
drops the nodes from four to two and informs L1 nodes to
redistribute content to 2-sub-streams and flush L2 node cache.
These changes result in connection failures for the sub-stream
system. In a single-stream system, users can seamlessly con-
tinue downloading without being affected by content flushing
since the replicated content on nodes is identical. In contrast,
with sub-streams, users previously connected to four L2 nodes
suddenly lose access to data from two of them, resulting in
incomplete stream construction. Similarly, when the nodes
are increased from two to four, i.e., the value of K increases,
viewers need to connect to two additional nodes to receive
a complete stream, instead of the previous two nodes. These
dynamics introduce significant complexity in maintaining
seamless streaming with sub-streams. This raises the second
design choice, how to make K elastic?

Medley’s design. The optimal tradeoff between cost and over-
head can be achieved by designing a utility model that jointly
captures both factors to determine the optimal number of
sub-streams, K. In Section §4.2, we detail how this model
is constructed and optimized. To further support elasticity,
we adopt a control-plane/data-plane decoupled design: the

2Mbps @ @ 0. 5Mbps

X .:,... leg
FO6p o 99
Users 'é\ ﬁ @\ ;&
Num. 100 100 100 100 4
(a) k=1 (b) K=2 (c) k=4

Figure 4: Increasing # of sub-streams (K) from 2 to 4 reduces
cost from 4 Mbps to 2 Mbps (50% gain).
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control plane initially partitions streams into a fixed number
of sub-streams and dynamically adjusts them based on node
availability and stream popularity, while the data plane simply
forwards sub-streams following the scheduling decisions.

3.2 Stream Buffer to Solve intra-inter Blocking

Once we move from single-stream to sub-streams, an im-
portant question arises: how do we transmit with multiple
sub-streams and handle sub-stream blocking without affect-
ing user QoE? Since sub-streams are delivered by different L2
nodes over separate connections to users, a missing frame can
cause blocking within its own sub-stream (intra-sub-stream
blocking) or across different sub-streams (inter-sub-stream
blocking). This problem is analogous to Head-of-Line (HoL)
blocking observed in multipath transport [9, 30].

As illustrated in Fig. 5, consider a two-sub-stream system
where Frame 1 is lost. This loss first blocks the forwarding
of subsequent frames of sub-stream 1 into the stream buffer,
a phenomenon we refer to as intra-sub-stream blocking. Fur-
thermore, the missing Frame 1 blocks the transfer of frames
of sub-stream 2, such as Frame 2, from the stream buffer
to the decode buffer due to decoding dependency, resulting
in a rebuffer. We refer to this as inter-sub-stream blocking.
A similar blocking occurs with the loss of Frame 4, which
prevents Frame 6 and Frame 8 from being pushed forward.
As the number of sub-streams K increases beyond two, the
probability of inter-sub-stream blocking rises.

Although Frame 1 can be recovered in sub-stream buffer
and eventually pushed into the stream buffer, the issue remains
unresolved if Frame 4 is still missing, as it continues to block
progress from the stream buffer. This scenario increases recov-
ery latency, requiring simultaneous recovery across multiple
sub-streams. What’s more, if Frame 1 and Frame 4 belong
to the first GOP, the blockage will also affect the first-frame
latency, which is easily noticed by users and degrades QoE.
Medley’s design. Whether intra-stream or inter-stream block-
ing, the stream buffer—being the last hop before the appli-
cation layer—provides the most accurate vantage point. It
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Figure 6: The generation of sub-streams (1-RR/2-RR denotes
round-robin allocation of every/every two frames)

can directly measure blocking, detect missing frames, and
trigger recovery. To leverage this, we adopt a unified solution
that pushes sub-stream frames in the same way as a single
stream, and employ a fast frame-request algorithm to avoid
these blocking issues discussed above(§4.3.2).

3.3 Content-aware Sub-stream Generation

Finally, we need to generate sub-stream content to enable sub-
stream-based CDN delivery. This process entails determining
how to allocate video frames to multiple sub-streams and
where to generate them.

Consistent Stream Construction. Suppose we implement
the sub-stream generation at L1 nodes, which distributedly
split sub-streams to L2 nodes. Consider that local scheduling
is performed independently at Node A& B (L1 node) as il-
lustrated in Fig. 6a. Nodes A and B implement a round-robin
scheduler, but do so without awareness of the other node’s
assignments, which can lead to inconsistent sub-stream gen-
eration results and incomplete streams at the client. Node A
assigns Frame 3 to Node C, while Node B assigns Frame 3
to Node F. When the user downloading the stream connects
to Nodes D and E, and fails to reconstruct the stream without
Frame 3. A similar issue arises when L1 nodes join the live
stream at different times. As shown in Fig. 6b, if Node A joins
the stream at time 7; (starting from key Frame 1) and Node B
joins at T;41 (starting from key Frame 4), users connected to
Node D and E cannot reconstruct the complete stream.
Content-aware Frame Allocation. A further challenge arises
when the schedulers allocate sub-streams without considering
frame size variability. In live streaming, [-frames can be an
order of magnitude larger than P-frames, and two orders larger
than B-frames. The sub-stream allocation cannot break the
load balance of the CDN. In the example of Fig. 6a, where
orange blocks represent I frames and others are P frames,
Node A overloads Node C by allocating too many I frames,
while Node D remains underloaded—an inefficiency that does
not occur in single-stream scenarios.

Medley’s Design. Instead of generating sub-streams in a dis-
tributed manner at L1 nodes, we implement a universal sub-
stream generation mechanism. This ensures consistent sub-
stream generation and integrates seamlessly into the CDN
delivery pipeline. Additionally, a content-aware scheduler can
better capture frame variations and produce a more balanced
allocation of video frames (detailed in §4.3.1).
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Figure 7: Medley System

4 Medley as a System

4.1 System Overview

Medley has three core components: (1) sub-stream number
and scheduling decision, (2) sub-stream content generation,
and (3) multi-node transmission. Since Medley is designed to
operate analogously to traditional single-stream live stream-
ing, its components are integrated into both the control plane
(centralized controller) and the data plane (including CDN
node delivery and client-side mechanisms in the downlink).

Fig. 7 illustrates how these components are realized within
the Medley architecture. The control-plane logic begins with
the centralized controller, which invokes the sub-stream de-
cision model to determine the number of sub-streams (K).
Based on this decision, the controller uses the sub-stream
scaling module to adjust the sub-stream number and uses the
subnode selection module to allocate the appropriate set of
subnodes. These nodes are returned to users to subscribe and
indicate L1 nodes to distribute the original stream across the
selected subnodes to form K sub-streams.

On the uplink path, when a publisher starts a live stream,
the stream is first pushed to the source data center. The in-
coming stream is processed by the frame partition module
and annotated with sub-stream metadata, enabling it to be
split independently across nodes. Specifically, the L1 nodes
perform sub-streams separation by respectively forwarding
them to the designated L2 nodes chosen by the control plane.
Node management maintains all real-time telemetry and user
information, which the controller uses for subnode selection
and dynamic adjustment during live streaming.

On the downlink path, when a client subscribes to a stream,
it first sends a request to the central controller, which re-
turns the list of nodes selected for all sub-streams of that
stream. The client then fetches the sub-streams from these
nodes. The client’s stream management module retrieves
these sub-streams in parallel, manages both intra-stream and
inter-stream blocking, and reassembles them into a single,
synchronized playback stream. By embedding Medley’s logic
into both the CDN infrastructure and the client, the system en-
ables coordinated, end-to-end sub-stream management. This
tight integration ensures that splitting, scheduling, and play-
back are fully aligned, enabling high-quality live streaming
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while optimizing midgress cost.

In Medley, the system is hybrid with single-stream and sub-
stream. The subscription between the L1 layer and the source
data center still uses single-stream, as the MER of this layer is
already low. We enable sub-streams for L1-to-L2 delivery to
reduce L2 layer midgress. Additionally, streams determined
by the model to use K=1 are equally to use single-stream -
these are typically cold streams that already achieve optimal
midgress with the existing method. Medley also streams the
first GOP via single-stream to ensure fast startup and serve as
a backup for sub-stream delivery. The centralized controller
carefully manages them to provide system efficiency.

4.2 The Scheduling Controller

Here, we describe how Medley splits sub-streams, by model-
ing K, making it elastic, and scheduling them across nodes.

4.2.1 Modeling the Optimal K for Sub-streams

We formalize the problem as the minimization of midgress
bandwidth B(k), management overhead M (k), and system un-
reliability R(k) for a selected k value, which is operationalized
through the utility function U (k) as defined in Eq. 1.

U(k) = w1 -B(k) +wy-M(k) +w3 - R(k) (1)

The coefficients wy, wy , w3 allow tuning of the tradeoffs in
production, with their implications discussed in the imple-
mentation §A.2. The corresponding optimization problem is
therefore expressed as a minimization problem P1.
Pl: minilfnize U (k)
st.  k>1,
where B(k)=1b- “ ‘Q’J]
M(k)=vwv-k
R(k)=1—d*

Here, B denotes the bandwidth of L2 nodes, and »n denotes
the number of streams that a node can serve. b represents the
bitrate of the stream with vv viewers.

e Midgress cost B(k). The midgress cost can be calculated by
the traffic of each sub-stream (%) multiplying serving nodes
number( [ LVL‘; ] 1) as well as sub-streams number(k). The curve
isa monotorfically non-increasing function of k.

e Management overhead M (k). After splitting sub-streams,
the number of connections in the system will be k times of
the viewers count (vv), which grows linearly with K.

o System Unreliability R(k). Suppose the probability of a
single connection operating normally is d, then the probability
that all connections operate normally is d. The unreliability
probability introduced by sub-streams is calculated as 1 — d*.

In production, the model takes real-time system metrics
from the monitoring module as input and makes a K-value
decision at the stream level. This K-value result is then used
to guide node selection for sub-stream scheduler and client
transmission. To ensure stable system operation, we update

EalSy !

the model output at a 5-minute granularity. Popularity and
other input metrics are calculated based on the average of
statistics collected within each 5-minute interval.

4.2.2 The Elastic K for Sub-streams

As discussed in our design section §3.1, stream popularity in
live streaming systems is dynamic, and this dynamism leads
to varying K values optimized by the sub-stream model. To
support sub-streams across a variable number of nodes, we
design a sub-stream pre-partitioning and dynamic merging
mechanism, which decouples K from the dynamics of user
subscription status and ensures its elasticity.

Elastic K via Pre-Partition and L1 Forwarding. We use
a constant m to pre-partition streams into sub-stream units
{1,2,...,m}, which is defined as the basic unit of sub-stream
generation. These m sub-stream units are non-overlapping
yet collectively form the original video stream. This enables
adjusting the number of sub-streams to any K by reorgani-
zation of units, eliminating the need for repartitioning and
flushing L2 node cache states. L2 nodes are configured as sim-
ple forwarding units, with the controller making assignment
decisions and communicating them to viewers via downlink.
As the number of sub-streams and L2 nodes changes, new
viewers receive updated node lists and K values, while ex-
isting users can continue viewing without interruption. This
ensures connectivity continuity during K adjustments.
Achieving Elasticity with Merge. As shown in Algorithm 1,
we use a simple yet effective merging algorithm to combine
m pre-partitioned units into K sub-streams, where the target
K < m. Let S; denote the list of unit IDs (sids) belonging to
merged sub-stream i where 0 < i < K. Given the target K,
the algorithm calculates how many sids to group into each
sub-stream (Lines 3-7). The units of merged sub-streams are
treated as a single sub-stream: they are assigned to the same
node (instead of different nodes) for users and subscribed to
via a single connection (instead of multiple). This scaling
method enables dynamic adjustment of sub-streams number
— eliminating the need to re-partition sub-streams in the data
plane while remaining compatible with both existing requests
(using the old K) and new requests (using the updated K).

4.2.3 Node Selection for K Sub-streams
Once the K decision is made and optimized, Medley needs to
select K nodes from the CDN node pool. Node selection is
a prerequisite for solving K or making it elastic and follows
a set of rules. The scheduler first prioritizes nodes already in
the sub-stream’s service list to maximize utilization of current
midgress nodes. When these service-list nodes are full, the
scheduler selects additional nodes from the pool using two
simple criteria for rapid decision-making: (1) nodes in the
same region and ISP, to preserve the time sensitivity of live
streaming; and (2) nodes with sufficient bandwidth, exceeding
the required capacity, to allow room for expansion.

To ensure reliability within sub-streams, each selected node
is provisioned with multiple backup server IPs. If a primary
node IP or connection fails, the client can fetch sub-streams
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from these backup IPs. They are also used by clients to re-
cover missing frames. The backup IPs correspond to different
machines within the same L2 node cluster, enabling clients to
switch without incurring additional midgress traffic and while
preserving time sensitivity. Finally, the information about all
allocated nodes for the sub-streams is compacted into a single
response packet sent to the user.

4.3 The Data Transmission

In this section, we first introduce how Medley generate sub-
stream content, and then discuss client-side transmission han-
dling with intra-sub-stream and inter-sub-stream blocking.

4.3.1 Content Aware Sub-stream Generation
Content-aware WRR. We propose a scheduler integrated
with Weighted Round Robin (WRR), leveraging a key in-
sight: frame size variations exist but are relatively stable
within each type—all I-frames, for example, have similar
sizes, as do P-frames and B-frames. We construct separate
sub-stream queues for each frame type and apply independent
WRR scheduling across sub-streams for each type. Same-type
frames are assigned to sub-streams to balance traffic (ensured
by WRR), while per-type independent allocation balances the
frame rate. This design, termed the Content-aware Weighted
Round Robin (CWRR) scheduler, is detailed in Algorithm 2.
Lightweight Sub-stream Generation. We implement a
lightweight sub-stream generation mechanism to ensure gen-
eration consistency. The CWRR scheduler is integrated into
the source datacenter, which assigns frames into sub-streams
as required (i.e., m pre-partitioned sub-stream units). Each
frame is marked in its metadata with sid indicating which sub-
stream it belongs to—this tag stays the same no matter how
the frame is distributed within the system. Next, tagged frames
of all sub-streams are sent to L1 nodes, which simply check
the sid tags and forward the frames to the downstream L2
nodes that have subscribed to the corresponding sub-stream.
L2 nodes are only responsible for sub-stream-level subscrip-
tions for users. This simple yet universal mechanism allows
sub-streams to be consistently delivered in different nodes
within the CDN system, ensuring that any L2 nodes request-
ing sub-streams will receive identical content.

4.3.2 Multi-Node Sub-streams Transmission

The client employs a multi-node transmission framework
to subscribe to sub-streams from different nodes in parallel
and merge them to reconstruct the original video. Given that
the first-frame delay is perceptible to users, Medley uses the
single-stream to accelerate first-GOP delivery. It also desig-
nates single-stream as a fallback for sub-stream transmission
failures. To mitigate sub-stream blocking in a dynamic net-
work, we introduce two additional key optimizations.
Mitigation of Intra and Inter Sub-stream Blocking. To mit-
igate intra-sub-stream blocking, we implement a UDP-based
unreliable transport that delivers data to the application layer
at the frame level rather than as a continuous stream. We avoid

Algorithm 1: Sub-stream Scaling Algorithm

Input: The runtime sub-stream decision number K,
pre-partitioned number m
Output: The sub-stream merge result S
1 // Dynamic Scaling: Maintain K substream sets S;,
each initialized as an empty set. The algorithm
uniformly aggregates m partition units into these K
substream sets.
2 §S=®,s5id=0
3 foreachiin [0, K-1] do
4 for each jin[1, %] do
5 S; + sid++
6 if sid >= m then
7 | break
8 end
9 end

Algorithm 2: Frame Scheduler Algorithm

Input: Incoming frame F with size of m
Output: Decide the sid tag for F/
1 // Initialization: Maintain three per-frame-type queues

for each substream i. Let Q,-/ be the queue j €

{1,P,B} of substream i, and w! be its traffic weight,
calculated as the cumulative size of all frames in the
queue.
2 for eachiin [0, k] do
3 for each jin [I, P, B] do
4 ‘ Ol =@, wl =0;
5 end
6 end
7 // Per-frame Allocation: assign the incoming frame F
to the substream sid with the minimum traffic load.
8 j' < typeof(F), sid < min{w!},i € [0,k];

' i
Qsjd = Qs/zd UF;
Joo_ .
10 W, =Wy, +m;

-

QUIC or TCP due to their inherent reliability mechanisms,
which are unnecessary for our design. Once the sub-stream
transport receives all packets of a completed frame, it directly
moves the frame from the sub-stream buffer to the application
buffer, delegating frame recovery to the application layer.

At the stream buffer in the application layer, we employ a
fast frame request algorithm that proactively requests missing
frames in the buffer to prevent rebuffering. The algorithm in-
troduces a sub-stream out-of-order degree metric, d,,,, Which
quantifies the severity of frame blockage by measuring the
gap between the maximum received frame number and the
largest consecutive frame in the buffer. A high d,,,, indicates
persistent gaps that require urgent recovery. Backup nodes
are leveraged for rapid frame recovery.

In the stream buffer, the client calculates two parameters:
000mqx (Eq. 2 ) and d,,, representing the maximum tolerable
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out-of-order delay before rebuffering and the degree of disor-
der, respectively. 0004y 1s calculated as the remaining buffer
length, which equals the maximum buffer threshold (7, s fer
minus the current end-to-end delay and retransmission time
(Eq. 2). It triggers an immediate retransmission request for
the first blocking frame if d,,, exceeds 000,,,:. The request
is routed to the sub-stream’s backup node, avoiding the poten-
tially congested primary node.

000max = (Tpuffer —€2e —RTT) - FPS 2)

Turning off the False Triggers. If some sub-streams are
always left behind others, we might see that the inter-sub-
stream blocking always exists and clients generate a huge
amount of frame recovery in order to avoid rebuffering. Note
that this case of blocking is not caused by lost frames in some
sub-stream; it is caused by the late arrival of sub-stream where
the delay difference of the fastest sub-stream with the late
sub-stream exceeds the buffer length threshold 7y, ¢.,. This
causes unnecessary waste of data. Hence, we also need to
manage the delay of sub-stream to let the delay difference
of sub-stream be less than the buffer threshold. The client
will periodically monitor the sub-stream delay difference and
proactively switch the sub-stream to backup nodes if the delay
is significantly larger than the fastest sub-stream.

5 In-Production Evaluation

The Medley system has been deployed in the large-scale pro-
duction environment of ByteDance. The total bandwidth ca-
pacity of CDN nodes in Medley is approximately 15 Tbps.
These nodes are widely distributed to serve all viewers in
China. Since March 2023, Medley has begun serving real-
world users. Now, its scale has expanded to handle an average
user traffic of 10 Tbps at peak time, where the number of
concurrent viewing users reaches 0.85 million.

We evaluate Medley from two aspects: i.e., cost reduction
and user QoE. Specifically, we compare Medley with tradi-
tional CDN through real-world A/B experiments. For tradi-
tional CDN, we consider two widely-used baselines: CDN-
DNS and CDN-redirection. CDN-DNS primarily relies on
DNS to allocate users to the nearest node cluster; while CDN-
redirection, which is also the online version of our commer-
cial system, whenever new requests arrive, the centralized
scheduling controller determines whether requests need to
be migrated to another node for aggregation (instead of fol-
lowing DNS recommendations). All baselines incorporate
practical optimizations that deliver top-tier live streaming ex-
periences to billions of users worldwide. The three solutions
are compared through rigorous A/B tests adhering to industry
standards. Each testing cycle involves tens of millions of real-
world users daily and typically runs for several weeks until
results stabilize. To ensure experimental fairness, we fairly se-
lect user traffic such that live streams assigned to each testing
group exhibit similar popularity and viewer distributions.

5.1 Midgress Cost Reduction

We use the MER metric to evaluate how much the midgress
cost can be reduced by Medley. The MER metric is calculated
as midgress bandwidth divided by egress bandwidth.
Overall Midgress Cost. Fig. 8 illustrates the average peak-
hour (21:00-22:00) MER of the entire system across the three
solutions over a full week. Note that while the actual A/B test
spanned several weeks, we selected one week of data here to
demonstrate how this metric fluctuates over time. The average
MER values for Medley, CDN-redirection, and CDN-DNS
are 0.0547, 0.2361, and 0.4156, respectively. This indicates
that for the same number of viewers (i.e., identical egress
traffic), Medley reduces midgress costs by 76.83% compared
to CDN-redirection (the state-of-the-art midgress reduction
solution) and by 86.83% compared to CDN-DNS.
Node-level Midgress Cost. We further computed the node-
level MER to assess the per-stream unit midgress cost at
individual nodes. This metric is calculated as the ratio of
a stream’s midgress bandwidth consumption to the egress
bandwidth at a node. Figure 10 illustrates the CDF of node-
level MER for Medley (employing sub-streams) and the CDN-
redirection baseline (utilizing single-streams). The results re-
veal a substantial reduction in unit midgress cost with Medley:
the 50th-percentile MER for the single-stream CDN stands at
0.240, while it decreases to 0.049 for the sub-stream-based
Medley. This confirms that the reduction in midgress achieved
by adopting sub-streams stems from its ability to lower the
per-stream unit midgress cost at nodes effectively.

Deep Dive into Medley’s Substream Splitting. We further
assess the efficiency of sub-stream splitting in Medley system.

o Sub-stream scaling. Figure 11 shows the distribution of sub-
stream counts in Medley. Approximately 68% of streams use 5
sub-streams, while the remaining 32% are dynamically scaled
down to 1-4 by the controller as their popularity decreases to
varying extents. This result confirms that Medley’s scalability
effectively adapts with popularity dynamics to minimize the
overhead of splitting.

o Sub-stream splitting. We also evaluated whether Medley
balances split live streams into sub-streams by measuring two
metrics: the frame max-min ratio and the traffic max-min ratio.
These ratios are calculated as the average frame rate/traffic
of the largest sub-stream divided by that of the smallest sub-
stream. In production, the average traffic max-min ratio is
1.11 and the frame max-min ratio is 1.03, confirming that
sub-streams are split in a balanced way.

5.2 User QoE

We conducted A/B experiments and long-term user engage-
ment experiments to validate that Medley has no impact on
user QoE compared to single-stream-based CDN baselines.

Streaming Quality. As shown in Fig. 9, we use four metrics
to evaluate the streaming quality of Medley and baselines. /)
First-Frame Delay. The average first-frame delays of Med-
ley and CDN-DNS are nearly identical (315ms vs 316ms),
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as Medley leverages single-stream for first-GOP delivery. In
contrast, CDN-redirection exhibits a significantly higher de-
lay of 442ms due to the additional network hop introduced
by redirection. 2) Rebuffer Rate. The rebuffer rate of Medley
is 2.81%, slightly higher but comparable to CDN-DNS with
2.46%. The CDN-redirection, however, experiences a much
higher rebuffer rate of 3.88%, 1.5 times that of CDN-DNS.
This is because redirection aggregates traffic to specific nodes,
and given the highly dynamic nature of traffic patterns, these
nodes are prone to overload, leading to quality degradation. 3)
Bitrate. There is no significant difference in bitrate across all
solutions. 4) E2E Delay. Medley increase E2E delay by 397ms
compared to CDN-DNS, and increased by 155ms compared to
CDN-redirection. The additional delay in Medley arises from
the stream buffer implemented on user devices to mitigate
sub-stream blocking. This delay is tightly controlled, ensur-
ing the E2E delay remains within our product’s 3-second re-
quirement. Notably, media delivery and interactive messages
utilize separate pipelines: sub-streams are exclusively applied
to non-interactive media delivery, making minor E2E delay
increases imperceptible to users *. While Medley increases

*Interactive messages (e.g., comments, purchases) continue to use tradi-

GOP and fallback traffic

latency by 0.155s compared to the redirection baseline—i.e.,
the existing solution running in production, the substantial
cost benefits it delivers render this trade-off fully acceptable
for a super-large-scale production system. Furthermore, we
also conduct long-term experiments to confirm that Medley
exerts no negative impact on user engagement and business
metrics (discussed in the following part).

User QoE. To assess whether Medley affects user experi-
ence—particularly whether the slight increase in end-to-end
delay influences user engagement—we conducted a long-term
observational experiment comparing Medley with the single-
stream CDN system (i.e., CDN-DNS) to evaluate user QoE.
A six-month A/B test was conducted, with each experimen-
tal group accounting for 860,000 daily views. We employed
two key industry-standard metrics to measure user QoE: user
viewing duration, which reflects users’ willingness to continue
watching the live stream, and purchase proportion, which in-
dicates the proportion of users making purchases during their
viewing session. Table 2 presents the long-term observation
results. The average user duration differed by -0.42%, and
the proportion of users making purchases differed by +0.05%.
All these metric variations fall within the range of normal
fluctuations with very small p-values. These results confirm
that Medley maintains a user experience comparable to that
of the single-stream CDN system.

Deep Dive into Medley’s Delivery. We further assess the
transmission efficiency of sub-stream delivery in Medley.

o Substream delay heterogeneity. Fig. 12 presents the distri-
bution of sub-stream latency differences across network types.
Averages are minimal: 60ms (WiFi), 34ms (5G), 85ms (4G).
Even at the 95th percentile, differences remain insignificant

tional protocols and remain unaffected by Medley.
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(121-392ms). These are far smaller than multi-path delay
difference [40], as we connect nodes within the same ISP and
network interface, avoiding cross-ISP/interface issues.

o First-GOP and fallback traffic. Fig. 13 presents the daily
distribution of traffic ratios for first GOP and fallback traffic
fetched via the single-stream mechanism, with respective av-
erages of 3.41% and 2.72%. This indicates that the majority
of traffic is handled by sub-streams.

o Fast Frame request. Fig. 14 shows application-level frame
request traffic ratio: 4G (2.73%), 5G (2.59%), Wi-Fi (3.20%).
This discrepancy reflects Wi-Fi’s greater loss proneness than
cellular networks. We also observed 1.34% average data
redundancy in client buffers, likely from network dynam-
ics causing substream RTT variations and false loss detec-
tions—delayed (not lost) packets arriving post-request in-
troduce redundancy. Overall, redundancy is acceptable with
optimization potential in the future.

5.3 System Performance

We validate that the system performance of Medley meets the
required standards with an acceptable increase in connections
and resources with the adoption of sub-streams.
Connection Number Increase. As shown in Tab. 3, com-
pared to single-stream CDN, the average number of connec-
tions processed per node in Medley increased from 1.125k
to 4.19k (increased by 272%). This is because Medley uses
multiple connections to support sub-streams delivery. The
average CPU rate of nodes also increased by 1.97% in Medley
in order to handle more connections. However, the average
egress bandwidth per node of Medley is still comparable to
single-stream CDN. This shows that the increased number of
connections doesn’t affect the node serving performance.
User Device Energy Consumption. We also evaluated the
performance overhead on user devices for transmitting with
multiple connections. We measured the CPU utilization and
device temperature. As shown in Table 3, compared to the
single-stream CDN, Medley exhibited increases of 0.73% in
CPU utilization and 2.83% in temperature, respectively. These
increases are insignificant and acceptable to users.

Playing Failure Rate. We use the playing failure rate to
evaluate the system’s unreliability, which is calculated as the
proportion of user sessions that fail to see the playing of
pictures and exit the live stream session. As shown in Table 3,
the failure rate of Medley is +0.80% compared to traditional
CDN. This increase is not significant, and validate Medley
still meets the system reliability standard.

Controller Performance at Scale. To evaluate the response
latency of the centralized scheduler after integration with Med-
ley’s logic, we measure the 50th and 99th percentile query
latency, which is defined as the time from receiving the re-
quest to the result returned at the controller. These 99th la-
tency metrics assess worst-case response latency. As shown
in Fig. 15, the 50th latency of query requests remains around
2ms in both peak and non-peak periods. The 99th latency is

Medley v.s. CDN User Duration | Purchase Proportion
Value Diff(%)/P-value -0.42/0.30 +0.05/0.90

Table 2: The Key User Engagement Metrics in Business

Midgley Node | Node | Egress Dlif/fi:e Dlif/fi:(r:e Fail
. P Traffi R
CDN Conn. | CPU raffic CPU | Tempe. ate
Diff(%) | +272 | +1.97 | +0.07 | +0.73 | +2.83 | +0.80

Table 3: System Performance Metrics and Failure Rate

23ms during non-peak times but rises to 70-90ms at peak
times. This increase stems from prolonged node selection un-
der higher QPS, particularly since Medley must select nodes
for K sub-streams. However, the response time still remains
acceptable for second-level live streaming scenarios.

6 In-Controlled Study of Medley

To validate the optimization efficacy of Medley’s design, we
constructed a Mininet-based testbed to facilitate controlled
experiments, which cannot be conducted in online environ-
ments, as untested designs may degrade user experience. This
testbed integrates all core components of Medley, including
concurrent clients, CDN nodes, and a centralized schedul-
ing controller, enabling the emulation of a small-scale live
streaming system operating with sub-streams, supporting tens
of nodes and hundreds of clients.

The Optimization of Sub-stream Number Decision. To
evaluate whether Medley’s decision-making of sub-streams
number K optimizes cost and performance, we compare Med-
ley’s decision model and scaling mechanisms with several
straightforward strategies to decide K: 1) static-K1 method,
which uses the traditional single-stream method; 2) static-K8
which uses a fixed value of 8 sub-streams, a value determined
based on experience, with no adjustments for changes during
service; 3) statuc-K16 which are same with static-K8 but use
16-sub-streams; 4) optimized-K which adopts a fixed K, where
this value is derived by Medley’s model using the peak popu-
larity of the stream; 5) elastic-K which dynamically adjusts K
through Medley scaling method, where K is determined by the
model based on the stream’s real-time popularity. We ran with
two groups of settings of viewing patterns: stable popularity
where the viewership of streams remains the same during
experiments, and varying popularity where the viewership of
streams changes over time. We compare the overall MER and

system overhead of all strategies. The default crash rate of a
network link is set to 0.01.

o Setting-1: Stable popularity. We pushed four live streams
into the system, with each stream configured to tens to hun-
dreds of viewers and run for 30 minutes. The number of
concurrent viewers remained static throughout the experi-
ment. Fig. 16a presents the overall MER versus failure rate
under different strategies. Since failure rate and connection
overhead are similarly affected by the parameter K, we only
plot the failure rate in this figure for clearer illustration—note
that both the optimized-K and scaled-K strategies still in-
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Figure 17: Transmission performance in dynamic network

corporate connection overhead into their decision-making
processes. Evidently, the optimized-K strategy achieves the
optimal trade-off between midgress cost and overhead. In con-
trast, static-K1(i.e., single-stream) incurs the highest midgress
cost; static-K8 and static-K16 adopt excessively large num-
bers of sub-streams, leading to high overhead.

o Setting-2: Varying popularity. Building on the above setup,

we further introduced variability to the concurrent viewer
count of live streams: half of the clients exited every 10 min-
utes during streaming. Fig. 16b presents the test results un-
der this dynamic popularity pattern. Clearly, scaled-K out-
performs optimized-K and all static strategies, as it adjusts
the number of sub-streams to minimize utility cost in line
with popularity dynamics—this adaptability allows Medley to
adapt with system changes effectively.

Transmission Performance in Dynamic Network. We val-
idated the necessity of Medley’s transmission designs: first-
GOP acceleration and fast frame request. We used the TC
tool [12] to simulate different weak network conditions: D1
and D2 represent fluctuated RTTs scenarios; L3 and L4 repre-
sent lossy links scenarios; and M5 and M6 represent mixed
loss and delay scenarios. First, we assessed the first-GOP
completion time using single-stream and 5-sub-stream trans-
mission under different network conditions. As shown in
Fig. 17a, downloading the first GOP via sub-streams results
in longer completion times than using a single stream(1912ms
vs. 2156ms on average)—especially under heterogeneous de-
lay conditions. This confirms the need for Medley’s design of
transmitting the first GOP via a single stream.

Next, we measured the rebuffer rate and redundancy rate
with and without Medley’s fast frame request algorithm (de-

noted as FR) under different weak networks. As shown in
Figure 17b, enabling fast frame requests significantly reduces
the average rebuffer rate, effectively handling network dynam-
ics. We also confirmed that increased redundancy typically
occurs with dynamic sub-stream delays: D1 and D2 show a
much higher redundancy rate compared to pure lossy weak
network conditions (L3 and L4).

7 Related Work

Cost Reduction. While egress optimization is well-studied,
midgress efficiency remains largely overlooked. Bitrate-
reduction techniques like super-resolution [11,20] and ad-
vanced codecs [6, 10] are orthogonal to midgress efficiency,
as they reduce total volume without improving the MER. Of-
floading frameworks [36,37] shift traffic to cheaper resources
but cannot reduce midgress demand. ABR schemes [13,32]
may even counter-intuitively exacerbate midgress costs. By
forcing L2 nodes to fetch multiple bitrate variants of the same
stream, these methods fragment popularity and degrade MER.
Redirection-based Optimization. Request redirection is
a standard technique to reduce midgress costs by leverag-
ing existing content at forwarding nodes. While modern
CDNs [7,8,19,22] and major cloud providers [2] offer redi-
rection to adapt to dynamic traffic, this approach often incurs
significant QoE penalties. Furthermore, its effectiveness re-
mains constrained by edge bandwidth volatility in large-scale
live streaming environments.

Substream-based Transmission Framework. Multipath
transport [3, 27, 33, 40] and network coding-based ap-
proaches [16,21, 34] leverage similar substream concepts,
focusing on optimizing packet scheduling and data encoding
to maximize delivery performance and reliability. In con-
trast, Medley employs substreams to minimize midgress over-
head within CDNss, prioritizing cost-oriented splitting and the
global-scale orchestration of substreams.

8 Conclusion

In this paper, we presented Medley, a new design for reduc-
ing midgress cost in large-scale LVS systems. To the best
of our knowledge, Medley is the first production system to
demonstrate the effectiveness of stream splitting to reduce
midgress bandwidth at scale. Our deployment results show
that sub-streaming can substantially lower bandwidth costs
without compromising QoE, making it a promising approach
for the next generation of commercial LVS platforms.
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A Appendix
A.1 Single-Stream Cost vs Sub-Stream Cost

We use a model to explains how splitting a video stream into k
sub-streams, can theoretically reduce MER by a factor of 1/k,
without requiring additional bandwidth resources. Consider
b as the bitrate of the video stream and B as the available
bandwidth of an edge node. Assuming B > b, an edge node
can serve |B/b| users at a given time. If there are n users
requesting the video, the system requires at least {ﬁ—‘
edge nodes. The egress traffic remains n- b, while the midgress
traffic is { “ —‘ -b. The MER of the system can be calculated

|B/b]
using Eq. 3.

When the video stream is divided into k sub-streams, each
with a bitrate of b/k, each edge node can serve |k-B/b] users.
However, since each user must connect to k nodes, the system

MERsinglefstream =

requires h ken 1 edge nodes to serve all n users. The MER

TeB/b]
of such a sub-stream system is calculated as in Eq. 4:

[ Uﬁé?b ] W ’ %
M ERsuleream = b “4)
n

We compare MERsingle_stream -k with MERsub_stream~

h.( n ] ( n -l
L. MERsinglefstream = 1B/o] | _ 1B/B]

bl esm) _ (s
2. k- MERp stream = bn =

n

The numerator of MERingle stream 15 [UR”W—‘ -b while that

of k- MERp, stream 18 Hk B/bﬂ -b. The key comparison lies

in the denominators inside the ceiling functions, i.e., | B/b]
and |k-B/b]. leen the property that |k-B/b] > k- |B/b|, it
follows that LkB/hJ < LB/’?J

Therefore, given that |k-B/b| > k- |B/b], we can con-
clude:

MERsub_stream S % 'MERsingle_stream (5)
A.2 Implementation of Medley

Model Parameter Selection. We first introduce coefficient
parameter selection for the sub-stream model in § 4.2.1. The
three components—midgress cost B, system reliability R, and
management overhead M—are first scaled to the same value
space to enable additivity. We empirically set the parameters
wi, wo, and wz to 0.7, 0.1, and 0.2, respectively, with midgress
assigned the highest weight (as bandwidth costs dominate
expenses), followed by system reliability (as it influences the
system SLLA) and management overhead.

Sub-stream Pre-partition and Buffer Control. In the pro-
duction, we set the pre-partitioned constant m as 5. This is
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0.81 — w=1000 w=10000
— w=2000

0.0 1K=

2 4 6 8 10 12 14 16
K

Figure 18: The decision curve of the sub-stream model, with
popularity and system statistics sampled from online as input

offline derived by the model using the different popularity
sampled from online system statistics as shown in Fig. 18,
where the most optimal K values of different popularity are
less than or equal to 5. The buffer threshold 7, s, at the
client is set to 3s since in our system, where we deliver live
streaming service with 3-second end-to-end latency.
Integrate with Mobile APPs. The basic protocol stack of
Medley is implemented based on UDP. We have implemented
unreliable transport and a multi-connection transmission
framework. On top of it, we implement the user-level sub-
stream recovery strategies. The transport layer SDK is written
in C language and can be integrated into different mobile apps
(a live stream application of ByteDance). Test packages are
released on the client every two weeks, enabling users with
updated versions to use the Medley service.

Deploy in Edge Servers. The Medley server is written in
C language (implementing UDP-based transmission with
Medley client) and deployed on CDN servers with a multi-
processor architecture. The function of requesting sub-
streams from CDN is implemented based on HTTP-FLV
[1,25] which is compatible with existing CDN architecture.
Transport Protocol and ABR Interaction. Medley utilizes a
lightweight UDP-based transport protocol aligned with QUIC.
The individual connections between the client and an L2 node
employ BBR as the default congestion control algorithm to
ensure high throughput and low latency. We do not explic-
itly optimize for inter-flow competition or fairness, as these
challenges are orthogonal to our architecture and have been
extensively addressed by prior research on multipath conges-
tion control. The substream mechanism is designed to be
transparent to the live ABR (Adaptive Bitrate) logic. In a
traditional single-stream deployment, a bitrate switch triggers
the client to terminate its current session and initiate a new
request for a different Flow ID from an L2 node. Medley
extends this workflow to the substream level: a bitrate tran-
sition requires the client to concurrently re-subscribe to the
corresponding set of substreams for the target bitrate across
multiple L2 nodes.
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