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Abstract — Live video streaming is a major source of to-
day’s Internet traffic, yet its delivery through CDNs incurs
massive bandwidth costs from both CDN edge traffic (to
users) and internal traffic (between CDN nodes). To un-
derstand these costs, we conduct a large-scale measurement
study of ByteDance’s global in-production live CDN. It re-
veals two opportunities to reduce CDN bandwidth cost: (i)
lowering average edge price by incorporating cost-effective
best-effort infrastructure into the CDN edge, and (ii) improv-
ing CDN tree efficiency via finer-grained stream scheduling,
accounting for detailed stream characteristics such as non-
uniform popularity, heterogeneous stream formats, which
amplify internal traffic on cache misses in our prior CDN.
To exploit these opportunities into a practical system while
addressing challenges in scheduling strategy management
and user quality of experience, we design, implement, and
deploy HCDN. It comprises (i) an augmented CDN edge
with cost-effective best-effort nodes and multihomed nodes,
(ii) the OPENTIGA scheduling framework, which coordi-
nates strategies through modular orchestration and proactive
client-side Quality-of-Experience (QoE) assurance, and (iii)
a set of redirection-based stream scheduling strategies. Over
four years of incremental deployment across more than 500
edge clusters, HCDN reduces relative bandwidth cost by
36% while incurring modest overhead and preserving QoE.
We further report the deployment experience of HCDN.

1 Introduction

Live video streaming constitutes a major share of today’s In-
ternet traffic, with platforms serving billions of users [1-8].
Under this scale, these platforms rely on content delivery net-
works (CDNs) to deliver the live videos. CDNs organize
servers into geographically distributed nodes (i.e., clusters)
to cache and deliver live streams [9-11], which incur over
$100 million annually in network bandwidth costs [12].

In live streaming CDNs, video delivery is organized
around distribution topologies (CDN trees) [9-11]: before
reaching viewers, these live streams are transported through
intermediate CDN nodes. This motivates us to investigate
bandwidth cost through the following three key factors: (i)
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Edge price, determined by the cost of delivering a byte to
viewers from the CDN edge (i.e., leaf nodes in the CDN tree
structure); (ii) Tree efficiency, which measures how much
CDN internal traffic is induced per unit of CDN edge band-
width; and (iii) Internal price, determined by the cost of
delivering a byte to the CDN edge from the video source.
To this end, we conduct a large-scale measurement study in
ByteDance’s global CDN, and our analysis uncovers the fol-
lowing two key opportunities to lower the relative bandwidth
cost, focusing on edge price (§2.3) and tree efficiency (§2.5).

e The average edge price can be reduced by integrating
cost-effective best-effort edge nodes into the architec-
ture, which has been proven effective in traditional (i.e.,
not designed for live video streaming) CDNs [11,13-15].

e The tree efficiency can be reduced by finer-grained
stream aggregation strategies. To reduce internal traf-
fic, prior work aggregates streams onto fewer edge nodes
based on global hotness (total online viewers) of each
stream [16]. We show that aggregation must account for
finer-grained characteristics than global hotness alone.
(i) Hot streams can still exhibit low tree efficiency at
nodes where they are locally cold due to nonuniform
viewer geography. (ii) Frozen streams (i.e., extremely
cold streams) are too sparse across regions and ISPs
for aggregation to be effective [16], motivating nodes
that support cross-ISP or cross-region delivery [17-19].
(iii) Substreams and patch streams are common in live
CDNs [14, 20, 21], constitute ~ 30% of streams in our
CDN, and incur 1.72 ~ 5.76 x higher internal traffic ef-
ficiency than full streams because a cache miss still trig-
gers an upstream fetch of the full stream.

These findings suggest a guideline we can follow to re-
duce bandwidth cost: augmenting the CDN edge with new
node types, such as cost-effective best-effort nodes and cross-
ISP or cross-region-capable nodes, and scheduling streams
to map requests to suitable nodes with fine-grained strate-
gies. However, realizing this guideline into practical system
raises the following two key challenges.

e QoE Concerns. While DNS-based scheduling [22] and
anycast [23,24] are too coarse-grained and slow to sup-
port stream-level scheduling, HTTP redirection enables
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fine-grained, fast-converging control [16, 25, 26], where
nodes redirect matching requests and clients retry at the
target. However, redirection adds an extra RTT and con-
nection setup overhead, which Akamai describes as ac-
ceptable only for large downloads [22]. Our experiment
in §3.2.1 confirms that such redirections decreases QoE
in terms of startup delay and playback stalls.

e Long-Term Strategy Management. Over 4 years
of operation, we integrate new node types and iden-
tify new optimization opportunities (e.g., non-uniform
stream hotness), which requires continuously adding new
strategies and revising existing ones. At production
scale, uncoordinated ad-hoc patches can create strategy
conflicts and unmaintainable technical debt, and strat-
egy development often requires production code changes
and cross-team coordination. Moreover, fine-grained
scheduling decisions, if not carefully designed, can im-
pose substantial control-plane overhead in edge memory,
central memory, and control bandwidth.

We present HCDN, our in-production hybrid CDN which
fully exploit the opportunities while addressing the practical
challenges. The system design comprises three components.
First, we augment our prior CDN architecture with two new
types of edge nodes: multihomed edge nodes, which serve
frozen streams that sparsely span ISP-region partitions, and
alternative edge nodes, which leverage cost-effective best-
effort infrastructure to lower the average edge price. Second,
we design the OPENTIGA scheduling framework to address
the two practical challenges and enable coordinated stream
scheduling at scale. To avoid user QoE degradation, it lever-
ages client-side assistance [27,28] to achieve Proactive QoE
Assurance, which identifies upcoming streams directly from
the recommendation system and proactively performs redi-
rection, connection establishment, and stream pulling in ad-
vance. To perform long-term strategy management, it acts
as a central orchestrator that manages multiple strategies.
It enables modular development and lightweight coordina-
tion by decoupling rapidly evolving strategies from stable
mechanisms. When new opportunities are discovered, the
orchestrator allows developers to safely add or tune strate-
gies without destabilizing the core system. Third, we apply
four scheduling strategies that exploit opportunities to reduce
bandwidth cost: (i) offloading frozen streams to multihomed
edge nodes, (ii) aggregating cold streams onto a small subset
of regular edge nodes, (iii) migrating hot streams from cold
regular nodes to hot ones, and (iv) offloading hot streams
from hot regular nodes to alternative edge nodes.

Over the past four years, we have migrated from the prior
CDN architecture to HCDN, now operating across more
than 500 production edge clusters. This large-scale deploy-
ment demonstrates that HCDN reduces relative bandwidth
cost by 36%, with modest overhead (< 270 MB controller
memory and < 150 Mbps control bandwidth) for production
scale, while maintaining user QoE through proactive qual-
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Figure 1: Our prior CDN architecture.

ity assurance. We also demonstrate the impact of individual
strategies along the incremental deployment timeline. More-
over, we report our experience from the deployment.

Contributions.

e We identify opportunities to reduce bandwidth cost based
on measurement and analysis of our large-scale in-
production live video streaming CDN (§2).

e We design, implement, and deploy HCDN, which
combines augmented CDN infrastructure, a scheduling
framework, and a set of stream scheduling strategies to
minimize CDN bandwidth cost (§3~4).

e We demonstrate that HCDN reduces relative bandwidth
cost with modest overhead while preserving user QoE
through our production deployment (§5), and share our
lessons learned from deployment (§6).

Ethical claims. All data statistics used in this work were
collected with explicit consent and anonymized to protect
privacy. This study raises no ethical concerns.

2 Background and Motivation

2.1 Our Prior CDN

Our prior live streaming CDN (Fig. 1) serves streams (i.e.,
content-level channels such as a concert broadcast or a gam-
ing livestream) on multiple CDN nodes. On each node, users
access a stream via individual sessions, each corresponding
to one user pulling the stream. Users request streams through
the LivelO client: the recommendation system provides a
stream ID, the client resolves it via DNS to the default node
IP, then connects to the node to receive the stream.

CDN Nodes. The CDN nodes are divided into two main
types: (i) origin nodes (purple in Fig. 1) that connect to
content providers to ingest live video uploads, and (ii) edge
nodes (gray in Fig. 1) that connect to users to directly serve
their requests. Some origin nodes are organized in a flat cir-
cular topology (purple nodes connected by black arrows in
Fig. 1), similar to recent industry designs [9], where nodes
simultaneously serve downstream requests and relay traffic.
Other origin nodes operate in a standalone mode. This struc-
ture also applies to edge nodes: some form a flat circular
topology, while others remain isolated.

CDN Traffic. When a client requests a live stream, the edge
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node serves it directly if available locally. This delivery from
CDN edge nodes to users constitutes egress traffic (also re-
ferred to as edge traffic). Otherwise, if the node belongs to
a circular topology, it forwards the request to peers in the
same group. If no peer can provide the stream, or if the
node is standalone, the edge initiates midgress to fetch the
stream from the origin. This internal data transmission be-
tween CDN nodes (including origin-to-edge and inter-edge
relay) constitutes midgress traffic.

CDN Controller. The controller provides basic control-
plane functionality. It periodically pushes configuration up-
dates to origin and edge nodes, detects node failures, and
performs load balancing across peer groups.

2.2 Understanding CDN Bandwidth Cost

In a typical live streaming CDN, the total bandwidth cost C
is the sum of the egress cost Cr and the midgress cost Cyyiy:

C =Cg +Cypia = Pz -BWe -1 + Pagia - BWagia - 1h0g (1)

where BWg and BW),;; denote the total egress and midgress
bandwidth. Because CDN bandwidth is billed by peak us-
age (P95) [29,30], the equation includes r%s and r?wsl. 4» Which
represent the 95th-percentile utilization factors for egress
and midgress bandwidth. And Pz = Cg/BWp is the average
egress price, and Pyiy = Cpiq /BWysiq is the average midgress
price. We focus on the cost effectiveness of CDN bandwidth,
captured by the relative bandwidth cost P, defined as the ra-
tio of the total cost to the egress bandwidth:

F:L:E-r%5+%~MER~rgfid )
BWg

where MER is the overall midgress-egress ratio, defined as
MER = BWj;;;/BWE. As Eqn. 2 shows, CDN bandwidth
cost-effectiveness depends on three key factors: (i) the aver-
age egress price Pg, (ii) the average midgress price Py;q, and
(iii) the midgress-egress ratio (MER). These three metrics
map directly to the conceptual factors introduced in §1: Pg
determines the average Edge Price, MER quantifies the Tree
Efficiency, and Py represents the average Internal Price. In
the following sections (§2.3-2.5), we analyze each factor to
identify opportunities for reducing the overall relative cost.

2.3 Understanding the Average Egress Price Pz

There exist different types of edge nodes for CDNs, and the
average egress price Pz depends on the types of edge nodes
they use. A common idea in traditional CDNs to reduce P is
to leverage cost-effective edge resources [13, 14,31]. To ex-
plore similar opportunities in live streaming CDNs, we first
examine the available edge node types.

Cost-effective ISP edge nodes can potentially reduce Pz.
In Tab. 1, we compare the available types of edge resources,
including multihomed nodes [17-19], regular CDN nodes,
ISP edge nodes [31], and P2P CDN (PCDN) nodes [13, 14,

21]. Regular nodes offer high QoE but are expensive; ISP
edge nodes are cheaper while still maintaining high QoE;
PCDN nodes are the cheapest but degrade QoE. A promis-
ing approach is to leverage ISP edge nodes as best-effort re-
sources, thereby reducing the average egress price Pg.

Challenges. However, the integration of best-effort edge
nodes introduces two challenges that must be addressed.

e Additional Midgress to Best-Effort Nodes. Best-effort
nodes serve as an intermediate layer between users and the
existing CDN. When a request is redirected to a best-effort
node but the requested stream is not available locally, the
node must fetch the stream from an upstream CDN edge
node, adding an additional midgress hop to the delivery path.
Compared with current practice, where users directly access
CDN edges, this extra hop increases midgress traffic and may
partially offset the cost benefits of best-effort deployment.

e Lack of HTTP Compatibility. The low cost of best-effort
resources stems from their limitation of serving only on non-
standard (non-80) ports, rather than the default HTTP port
supported by browsers, players, and middleboxes. While
such non-80 deployment reduces infrastructure and opera-
tional cost, it breaks the assumption of HTTP compatibility
in the existing live streaming ecosystem. Therefore, support-
ing these nodes requires explicit client-side operations.

Finding 1: Pz can be reduced by leveraging best-effort
edge nodes, but this introduces additional midgress and
HTTP compatibility issues that must be addressed.

2.4 Understanding the Average Midgress Price Py,

The average midgress price Py, defined as Cygig/BWyias
depends on the unit prices of the midgress data links.

Flat CDN Architecture. Recent work in industry and
academia explores flat CDN architectures [9, 32,33], where
CDN nodes form a flat circular topology and interconnect
directly. Each node simultaneously acts as (i) an edge node
serving users, (ii) an origin node ingesting streams from
providers, and (iii) a relay node forwarding streams to peers.
This design enables midgress traffic to traverse inter-node
links instead of higher-tier nodes. As we observe in our
operation, these links exhibit lower unit costs compared to
cross-tier links, allowing nodes to fetch streams from peers
to effectively lower the average midgress price Pyiq

Our Deployment. In our production system, flat architec-
ture is already in use but deployed incrementally rather than
as a full replacement, due to the scale of existing infrastruc-
ture. As discussed in §2.1, the current system is therefore
hybrid, combining elements of the traditional hierarchical
overlay with flat, circular topologies.
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Resource Type Price QoE Capacity Public IP Address Cross-Partition Capability

Compatibility

Multihomed nodes [17-19] High High Large
Regular nodes High High Large

ISP edge nodes [31] Medium High Small
PCDN nodes [13,14,21] Low Low Small

ERNENEN

Standard (port 80/443 allowed)
Standard (port 80/443 allowed)
Restricted (non-HTTP(S) ports only)
Restricted: (non-HTTP(S) ports only)

*x X X N

Table 1: Comparison of edge resources
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Figure 2: Cold streams have Figure 3: Reducing midgress
inefficiently high MER. by stream aggregation.

Remark: Flat CDN architectures already lower Py;; and
have been adopted in our system, so we focus on the
other two factors: Pz and MER.

2.5 Understanding the Midgress-Egress Ratio (MER)

MER reflects the efficiency of midgress traffic. A higher
MER indicates more cache misses and thus greater band-
width cost. While a rich body of prior work reduces midgress
through cache management in traditional CDNs [34-36] and
stream aggregation in live streaming CDN5s [16], our analysis
of over 1 million production logs reveals overlooked ineffi-
ciencies as well as limitations of existing aggregation strate-
gies, driven by the distribution characteristics of live streams.

Analysis Methodology. We analyze MER using global logs
from our production CDN. Each record represents a stream
s served at a CDN edge node n, reporting statistics such as
session counts, midgress bandwidth, and egress bandwidth,
as well as metadata such as region, ISP, and request format.

2.5.1 Cold streams have high MER.

Cold streams (i.e., streams with very few viewers), generate
multiple midgress transfers but little egress traffic, leading
to inefficient midgress and inflating MER. We quantitatively
confirm this observation in our analysis.

Most streams are cold. To quantify how “hot” a stream is,
we define the stream hotness of stream s as the number of
active sessions pulling s, denoted 4(s). As shown in Fig. 2,
we group streams into hotness intervals and plot the normal-
ized number of streams in each interval (red bars). The re-
sults show that most streams are cold, with over 80% of all
streams having hotness A(s) < 100.

Cold streams incur inefficient midgress. We analyze
midgress efficiency across hotness intervals. In Fig. 2, we

h(s,n) € [1, 10%) h(s,n) € [102, 103)

0T 71 h(s,n) € [10%,10%) h(s,n) > 103 o
T O w
221.0» ; 20=
TS 0.8} ﬂ 169
§Eost f 123
£Z04t 0.84
(I)Tf;oz, N n \/ 404§
“6%00 . ‘ . . “ 4oL ML T N - = 009
#4 1 10T 102 103 10* « 1 10T 102 103 10* = &

Stream Hotness h(s)

Figure 4: Hot streams are cold on some nodes, where they
exhibit high MER.

plot the average MER (i.e., the ratio of total midgress to to-
tal egress bandwidth of all streams in that interval) of each
interval with blue bars. The results show that cold streams
incur much higher MER than others, with streams of hotness
h(s) < 10 averaging 1.7 and those with 10 < h(s) < 100 av-
eraging 0.32, compared with MER under 0.26 for streams
with A(s) > 100. Since cold streams dominate the stream
population, their high MER substantially raises the overall
MER and inflates total bandwidth cost.

Aggregating cold streams to reduce MER. A straightfor-
ward way to reduce the MER of cold streams is to aggregate
them onto a subset of edge nodes [16] (target nodes), as il-
lustrated in Fig. 3. New requests are then served only by the
target nodes. As existing sessions on other nodes (source
nodes) end, they stop fetching the stream via midgress,
thereby reducing midgress traffic and lowering the MER.

2.5.2 Hot streams have high MER on “cold nodes”.

Hot streams are cold on some nodes. We further examine
hot streams across all nodes that serve them. We define the
stream-node hotness of stream s on node n, denoted A(s,n),
as the number of online sessions pulling s from 7. In the left
panel of Fig. 4, we group streams by A(s), and within each
group of streams, we classify corresponding stream-node
pairs by h(s,n). Even hot streams are cold on many nodes,
where streams with 1000 < k(s) < 10000 and A(s) > 10000
have 77% and 27% of nodes with h(s,n) < 10, respectively.

Hot streams incur inefficient midgress on cold nodes. We
analyze midgress efficiency across intervals of stream-node
hotness /(s,n). In the right side of Fig. 4, we plot the average
MER of each group of stream-node pairs, grouped first by
stream hotness /(s) and then by stream-node hotness i (s, n).
Hot streams on cold nodes exhibit high MER, indicating in-
efficient midgress. For example, when A(s,n) < 10, streams
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Figure 5: Substreams and Figure 6: Frozen streams span
patch streams have higher sparsely across partitions, mak-
MER than full streams. ing them hard to aggregate.

with 1000 < h(s) < 10000 and A(s) > 10000 have average
MER values of 0.90 and 0.87, respectively. These values are
even higher than the average MER of much colder streams
(10 < h(s) < 100), which is only 0.32 (§2.5.1). Since hot
streams are cold on a substantial fraction of nodes, this inef-
ficiency significantly inflates the overall MER.

Hot stream MER requires fine-grained aggregation. The
MER of hot streams on cold nodes can also be reduced by
aggregation (Fig. 3), which consolidates hot streams onto a
smaller subset of nodes. However, for these streams, if hot
nodes were selected as aggregation source, they would take
a long time to drain, and midgress would persist. Thus, ag-
gregation must proceed from cold nodes toward hot nodes,
requiring finer-grained aggregation decisions.

2.5.3 Substreams and patch streams have high MER.

Substreams and patch streams account for a considerable
proportion. Recently, substreams and patch streams [14,20,
21], initiated by CDN tenants, are emerging in live video
streaming CDNs. A substream is a subset of a full stream
for multi-source parallel downloading. A patch stream is a
repair flow requesting missing frames to fill substream gaps.
In our CDN, full streams (F'S), substreams (SS), and patch
streams (P S) account for 71%, 15%, and 13% of all streams,
respectively, as shown by red bars in Fig. 5.

Substreams and patch streams incur inefficient midgress.
We plot the average MER of different stream types in Fig. 5.
Full streams show low average MER of 0.25, whereas sub-
streams and patch streams exhibit much higher values (0.68
and 1.69, which are 1.72 and 5.76 x higher than full streams,
respectively). Substreams are inefficient because a midgress
request for one substream fetches the entire stream when the
cache is missing or the corresponding original stream is cold.
Patch streams contain even smaller units (e.g., a single GoP
frame), which still fetches the entire stream on midgress,
making the MER even higher. These inefficiencies can be
also mitigated by stream aggregation, but with more aggres-
sive aggregation (e.g., lower thresholds for aggregation).

2.5.4 Frozen stream sparsely distribute across partitions.

In large-scale CDNs serving global users, streams may be
delivered by edge nodes across different regions and ISPs.
Since cross-ISP and cross-region traffic is restricted [37-40],
typical designs treat different ISPs and regions differently

(e.g., using different parameters or algorithms), including
stream aggregation [16].

Frozen streams distribute sparsely, making them hard to
aggregate. We analyze the distribution of streams across
partitions, where a partition corresponds to a region-ISP
pair. For each stream, we measure the number of parti-
tions it spans and the average number of sessions per par-
tition, and then aggregate the results by stream hotness in
Fig. 6. We find that frozen streams distribute extremely
sparsely: streams with h(s) < 10 average fewer than two
sessions in each partition they appear in. Frozen streams ex-
hibit high MER and ideally should be aggregated (§2.5.1),
but their sparsity renders within-partition aggregation inef-
fective, while cross-partition aggregation incurs undesirable
cross-ISP or cross-region midgress. Thus, frozen streams
call for techniques beyond aggregation to reduce MER.

Offloading frozen streams to multihomed nodes. As
shown in Tab. 1, multtihomed CDN nodes with cross-
partition connectivity can offload entire frozen streams,
even when they are sparsely distributed across nodes. Al-
though multihomed nodes are more expensive than regu-
lar edge nodes, they connect directly to the CDN origin
without introducing additional midgress. In contrast, serv-
ing frozen streams from regular nodes typically incurs sig-
nificant midgress traffic (§2.5.1). Thus, offloading frozen
streams to multihomed nodes can be cost-effective overall.

Finding 2: Cold streams dominate the population and
incur inefficient midgress. Aggregating them onto fewer
nodes effectively reduces MER (§2.5.1).

Finding 3: Hot streams are cold at some nodes, and incur
high MER, requiring finer-grained aggregation (§2.5.2).
Finding 4: Substreams and patch streams have high
MER, requiring more aggressive aggregation (§2.5.3).
Finding 5: Frozen streams, which also incur inefficient

midgress, cannot be mitigated by aggregation-based ap-
proaches. Multihomed nodes can be helpful (§2.5.4).

3 HCDN Design Guideline

3.1 Augmenting the CDN edge and scheduling streams

The findings in CDN bandwidth analysis (§2.2~2.5) imply
two elements to further reduce relative CDN bandwidth P:

Augmenting the CDN edge nodes. We can augment the
CDN edge with two types of nodes: (i) Best-effort edge
nodes, which lower the average egress price Pz (Finding 1),
and (ii) Multihomed nodes, which provide cross-partition
routing flexibility, thereby enabling the offloading of frozen
streams to reduce the inefficiently high MER (Finding 5).

Scheduling streams. We can schedule streams to carefully
aggregate them onto a smaller subset of CDN edge nodes to
serve (Findings 2~4), as well as offloading them to the newly
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Figure 7: Redirections introduce small but non-trivial QoE
degradations. All three metrics use normalized values.

introduced best-effort nodes and multihomed nodes (Find-
ings 1 and 5). In industry practice, CDN stream scheduling
is often realized through HTTP redirection for its fast, fine-
grained control, in contrast to the coarser and slower adapta-
tion of DNS-based [22] or Anycast [23,24] methods.

Putting both together, we can conclude the guideline: Aug-
menting the CDN edge with best-effort nodes and multi-
homed nodes, and scheduling streams to map requests to
suitable nodes, including those newly added.

3.2 Challenges towards Practical Deployment
3.2.1 QoE Concerns

Redirections underpin our design but can degrade QoE by
introducing an extra client—server roundtrip: the client first
receives a redirect, then issues a second request. This added
step increases latency in live video streaming, potentially
leading to higher playback delay and more stalls. We eval-
uate this impact using an end-to-end online A/B test that
measures first-frame delay, stall count, and stall time. As
shown in Fig. 7, the experiment spans two ISPs: ISP1)
and ISP2. For each ISP, we select two edge servers in the
same node with comparable traffic and record QoE metrics
over ten adjacent days. The A/B test begins on day three
(marked “Experiment” in Fig. 7): one server enables redirec-
tion (+Redirection), while the other disables it. Before
the experiment (days O ~ 3), QoE metrics for each server
pair remain closely aligned, confirming a controlled envi-
ronment. During the experiment (days 3 ~ 10), redirection
increases first-frame latency by 2.0 ~ 12.3% on China Mo-
bile and 6.5 ~ 11.4% on China Telecom. It also raises stall
counts by 1.8 ~7.5% and 0.3 ~ 6.9%, and extends stall du-
rations by 1.9 ~ 6.0% and 0.3 ~ 3.8%, respectively. In short,
redirections introduce modest but non-trivial QoE degrada-
tions that must be carefully mitigated.

3.2.2 Long-Term Strategy Management

Over the past four years, our strategy set has continuously
evolved. We add new strategies and refine existing ones
as we introduce new node types and uncover new ineffi-
ciencies. At the production scale, both the development
and refinement of strategies are costly, as scheduling affects
clients, edge servers, and the central control plane, and ev-
ery change must pass rigorous testing and review. This is
further complicated as multiple strategies may apply to the
same stream—node pair, leading to overlapping or conflict-
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Figure 8: The HCDN architecture.

ing decisions. Additionally, for our production across 500+
clusters, scheduling can incur substantial control-plane over-
head in (i) edge memory, (ii) central memory, and (iii) con-
trol bandwidth. Therefore, strategy management a persistent
challenge in large-scale, in-production CDNs.

4 HCDN Design

The HCDN system consists of three parts. First, as the
guideline suggests, we augment the CDN edge by incorpo-
rating new edge resources (§4.1). Second, to address the
challenges and enable practical CDN-scale deployment, we
design and implement the OPENTIGA scheduling framework
to coordinate stream scheduling strategies as well as client
support (§4.2). Third, building on this framework, we de-
sign and implement the stream scheduling strategies (§4.3).

4.1 HCDN Architecture

As shown in Fig. 8, the HCDN extends our prior CDN ar-
chitecture (§2.1). First, it augments the CDN edge by intro-
ducing an alternative edge that leverages cost-effective best-
effort resources, and a multihomed edge consisting of nodes
connected to multiple ISPs. For clarity, we denote the orig-
inal CDN edge as layer I, the alternative edge as layer 0.5,
and the multihomed edge as layer 1.5. Second, it augments
the control plane by integrating the OPENTIGA framework
into both the CDN controller and the LivelO client.

4.1.1 Augmented CDN Edge Nodes

Alternative Edge (Layer 0.5). The alternative edge lever-
ages low-cost resources, such as low-end servers operating
on non-standard ports. They vary in type and provide differ-
ent levels of service quality. For privacy and quality reasons,
our CDN does not use any PCDN node. Instead, we use ISP
edge nodes. They handle part of the traffic to reduce cost and
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improve efficiency. If a requested stream is unavailable at the
alternative edge, it is fetched via midgress from the CDN.

Multihomed Edge (Layer 1.5). Multihomed nodes that
connect to multiple ISPs, mainly accounting for frozen
streams, which exhibit high MER (§2.5.1) but are too
sparsely distributed to benefit from aggregation (§2.5.4).
Multihomed nodes bypass these restrictions through their
cross-ISP and cross-region capability [17-19]. By connect-
ing directly to the CDN origin, this approach mitigates the
high MER of frozen streams despite their sparsity.

4.1.2 Augmented Controller and Client.

The CDN controller and LivelO client are augmented to
accommodate the OPENTIGA scheduling framework (§4.2)
and the scheduling strategies (§4.3).

Controller. The controller is extended to incorporate the
OPENTIGA orchestrator (§4.2.1) and enforce all scheduling
strategies (§4.3). It collects system statistics from the CDN
(e.g., hotness h(s,n), load of CDN nodes), and feeds them to
the OPENTIGA orchestrator. The orchestrator periodically
recalculates scheduling decisions, which the controller then
distributes to the layer-1 CDN edge nodes.

Client. The client is extended to incorporate the OPENTIGA
client (§4.2.2), which implements proactive QoE assurance
techniques and supports non-standard nodes in layer 0.5.

4.2 OPENTIGA Scheduling Framework

As shown in Fig. 9, the OPENTIGA scheduling framework
consists of two components: (i) OPENTIGA central orches-
trator (§4.2.1) and (ii) OPENTIGA client (§4.2.2), integrated
into the HCDN controller and the LivelO client, respec-
tively. The orchestrator coordinates multiple scheduling
strategies and periodically generates scheduling decisions,
while the client applies quality assurance techniques and en-
sures compatibility with heterogeneous edge resources.

4.2.1 OPENTIGA Central Orchestrator

The orchestrator, as shown in Fig. 9a, resides in the con-
troller of HCDN. It periodically collects required state statis-
tics from CDN edge nodes (e.g., as stream hotness, node hot-
ness, node capacity, and load) and feeds them into the cor-
responding strategies. Once the scheduling decisions (i.e.,
redirection rules) are derived, the orchestrator distributes
them to the relevant CDN edge nodes.

Unified Abstraction. The orchestrator defines a unified ab-
straction, which is shared by all scheduling strategies:

1| // Get states from a subset of streams.

2| Func get_stream_states (void);

3| // Split a stream’s nodes into partitions.
4+|Func get_partitions (void);

s|// Select a subset of streams to schedule.
6| Func select_streams (partition);

7| // Sources and targets for redirection.

8| Func get_src_and_tgt (stream, part);

Each strategy exposes four primitives, corresponding to
the main steps of scheduling: (i) State collection, which
retrieves states from a subset of streams. The overhead is
reduced by restricting state collection to only a subset of
streams. (ii) Node partitioning, which divides CDN edge
(layer-1) nodes into partitions (e.g., ISPj-Region;). (iii)
Stream selection, which determines the streams to sched-
ule within each partition; (iv) Source and target derivation,
which specifies the source and target nodes for redirection.

Periodic Scheduling. The orchestrator periodically executes
all scheduling strategies in sequence at a 15-second interval.
Each scheduling iteration proceeds as follows:

1|ON timer_tick():
FOR s in strategies:
stats <- s.get_stream_states();

)

w

4 FOR p in s.get_partitions{():

5 FOR st in s.select_streams(p):

6 decisions = {};

7 src, tgt <- s.get_src_and_tgt(st, p);
8 for sr in src:

9 decisions|[st,sr] <- select (tgt)

10 FOR (st,sr), tg in decisions:

11 send_decision(sr, rule(st, tqg));

For each strategy s, the orchestrator invokes all its methods
as defined by the unified abstraction. It first collects states
of streams specified by the strategy (line 3). Then, it parti-
tions all layer-1 CDN edge nodes into groups according to
the strategy (line 4). Partitioning is sometimes trivial, since
certain strategies operate globally (e.g., frozen stream aggre-
gation, as described in §4.3.1). Then, for each stream st in
each partition p, the strategy derive source nodes and target
nodes for redirection (line 7). The orchestrator then gener-
ates a set of redirection rules, each mapping a stream from
a layer-1 CDN edge node to a target node in layer-0.5~1.5
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(lines 8~9). Finally, it distributes the resulting scheduling
decisions to the corresponding source nodes (lines 10~11).

Managing Strategies. The unified abstraction handles the
possible conflicts of strategies. Under the unified abstraction,
each strategy implements the standard set of methods. The
orchestrator inspects each strategy’s implemented methods,
focusing on their parameters and outputs, to check whether
the resulting selections and and (stream, source node) pairs
intersect across strategies. If any intersection is detected, the
orchestrator suppresses overlapping redirection rules, ensur-
ing that the final decision set remains disjoint.

Modular Strategy Development. The unified abstraction
enables modular strategy development by decoupling evolv-
ing scheduling policy from the stable core mechanism. In
our earlier practice, introducing or updating a strategy re-
quired coordinated changes across client logic, edge servers,
and the control plane (§3.2.2). By contrast, strategies are
now implemented as lightweight Lua [41] scripts that invoke
the exposed APIs. This design transforms strategy develop-
ment from invasive codebase modifications into safe script-
ing tasks, allowing operators to sustain operational agility
and iterate on logic without destabilizing the underlying in-
frastructure. Consequently, we can readily instantiate new
stream scheduling strategies and update them based on ob-
served production performance.

Reducing Control Data Overhead. The fine-grained state
statistics are required for fine-grained stream aggregation.
This is suggested by the MER analysis of hot streams, which
are cold on certain nodes yet hot on others, leading to in-
efficiently high MER and requiring aggregation from cold
nodes onto hot nodes (§2.5.2). However, cold streams, which
are the majority, do not require fine-grained statistics. Hot
streams, although spanning many nodes and needing detailed
records, account for only a small fraction of streams over-
all. Therefore, we coordinate hot-stream and cold-stream
aggregation strategies by carefully configuring thresholds so
that cold streams rely only on coarse-grained state, while hot
streams require fine-grained state but remain small in count,
keeping the total overhead low.

4.2.2 OPENTIGA Client

Proactive Quality Assurance. In the default workflow of
live video streaming, the client must sequentially perform the
following steps on the critical path: (i) DNS resolution. The
client resolves the stream’s domain name into the IP address
of a CDN node. (ii) Redirection. The client sends a request
to this node, which either returns a server address directly or
issues a redirect to another CDN node. (iii) Connection es-
tablishment. The client then establishes a transport connec-
tion with the assigned server’s address. (iv) Stream pulling.
Finally, the client requests the video stream, triggering con-
tent fetching and delivery. Since all four stages occur only
after the user initiates playback, they directly add to startup
latency and increase the probability of stalls. To mitigate

this issue, we adopt a client-CDN co-design approach that
aligns with common industry practices [27,28]. Specifically,
the OPENTIGA client leverages the recommendation feed
commonly integrated into live streaming applications, which
presents streams in a deterministic order. The client follows
this feed to identify the upcoming stream and proactively
executes the above stages in advance. As Fig. 9b shows,
DNS resolution, redirection, and connection establishment
are shifted off the critical path, and a pre-pull request ensures
that video content is cached or warmed up at the edge. Con-
sequently, when playback starts, the stream begins with min-
imal delay, and proactive quality assurance significantly re-
duces startup latency while lowering the likelihood of stalls,
thereby improving overall QoE. Furthermore, to ensure ro-
bustness against failures of target nodes, the client immedi-
ately aborts the attempt and falls back to the default DNS-
resolved node if the target node is unresponsive.

Compatibility for Non-Standard Edge Resources. Al-
though cost-effective, some best-effort edge nodes operate
on non-standard ports rather than the default HTTP/HTTPS
ports. Ultilizing these ports faces practical ecosystem con-
straints, as strict ISP firewalls or middleboxes often block
non-standard traffic or flag non-standard HTTPS as un-
trusted. To ensure seamless connectivity, the OPENTIGA
client extends its connection management to support arbi-
trary port numbers. Specifically, the client (i) parses and
stores port information contained in the CDN’s redirection
response, (ii) establishes transport connections over the in-
dicated non-standard ports, and (iii) ensures security policy
compliance through protocol and certificate validation. Un-
like standard HTTP requests that rely on default ports with-
out port authentication, our method explicitly integrates port
specification and certificate verification to enhance reliabil-
ity and security. This approach enables safe and compatible
utilization of heterogeneous edge resources.

4.3 Scheduling Strategies

As shown in Fig. 10, we deploy four strategies: (i) frozen
stream offloading (8§4.3.1), (ii) cold stream aggregation
(§4.3.2), (iii) hot stream aggregation (§4.3.3), and (iv) hot
stream offloading (§4.3.4). All strategies operate on streams
served by layer-1 CDN edge nodes. Strategies (ii) and (iii)
aggregate streams within layer-1, whereas (i) and (iv) offload
them to layer-1.5 and layer-0.5 edge nodes. We now describe
each strategy in detail, including the design considerations
and scheduling steps under the unified abstraction.

4.3.1 Frozen Stream Offloading

We offload frozen streams to layer-1.5 multihomed edge
nodes (strategy 1 in Fig. 10) to reduce inefficient midgress
leveraging the cross-partition capability of layer-1.5 nodes.

Scheduling Steps.

e State Collection. The strategy relies on stream hotness /(s)
for all streams and CPU/memory load of layer-1.5 nodes.
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Figure 10: Stream scheduling strategies in HCDN.

® Node Fartitioning. Because layer-1.5 CDN edge nodes are
multihomed, the strategy treats streams across ISPs and re-
gions as a single group. Node partitioning is therefore trivial,
with one partition containing all layer-1 CDN edge nodes.

e Stream Selection. 1t selects frozen streams by a hotness
threshold &1, selecting all streams s such that i(s) < k;.

e Source and Target Derivation. Frozen streams migrate
from /; single-homed layer-1 edge nodes to m; multihomed
layer-1.5 nodes, where /| and m are pre-defined parameters.
Targets are further selected as nodes whose CPU and mem-
ory loads remain below thresholds cpu; and mem;.

4.3.2 Cold Stream Aggregation

The cold stream aggregation strategy redirects each selected
cold stream from the layer-1 CDN edge nodes that serve it
onto a small subset of these nodes (strategy 2 in Fig. 10).

Coarse-grained Aggregation. Following the coordination
method of OPENTIGA (§4.2.1), this strategy aggregates
streams using only their hotness Ai(s). Source and target
nodes are selected based solely on their CPU and mem-
ory load. This simplification is justified because, for cold
streams, most nodes exhibit low A(s,n), and random selec-
tion of sources and targets can still achieve substantial gains.

Handling Heterogeneous Stream Types. Substreams re-
quire more aggressive aggregation (§2.5.3). To accommo-
date this heterogeneity, we apply distinct threshold config-
urations for different stream types. Specifically, we assign
lower hotness thresholds for substreams, marking them as
cold earlier and enabling more aggressive aggregation.

Scheduling Steps.

e State Collection. The cold stream aggregation strategy
collects stream hotness A(s) for streams. It also collects
CPU/memory load of all layer-1 CDN edge nodes.

e Node Fartitioning. The strategy partitions layer-1 CDN
edge nodes by ISP and province.

o Stream Selection. The strategy applies to cold streams (ex-
cluding frozen ones), identified using a per-partition hotness
threshold & (p) and the global frozen-stream threshold ;. It
selects all streams s such that k; < h(s) < ka(p).

e Source and Target Derivation. For a cold stream s within
partition p, we randomly select /,(p) nodes from the set of
nodes hosting s in p as redirection sources, and then select
my(p) nodes from the remaining nodes as redirection targets.

4.3.3 Hot Stream Aggregation

We aggregate and migrate hot streams from ‘“cold nodes”
to “hot nodes” that already serve them within layer-1 CDN
edge nodes (strategy 3 in Fig. 10).

Finer-Grained Aggregation. This strategy addresses inef-
ficient midgress caused by hot streams served on their “cold
nodes” with low stream-node hotness %(s,n) (§2.5.2). Unlike
cold stream aggregation, it does not treat all nodes serving a
stream as identical. Instead, it leverages stream-node hot-
ness h(s,n) to distinguish between “cold” and “hot” nodes,
and migrates streams from the former to the latter. By con-
solidating requests onto hot nodes, future requests are served
by fewer nodes, allowing cold nodes to drain and become
idle, thereby reducing midgress overhead. Similar to cold
stream aggregation, this strategy also accounts for heteroge-
neous stream types and partition-level midgress imbalance.

Scheduling Steps.

e State Collection. Following the OPENTIGA framework’s
method of reducing control data overhead (§4.2.1), the strat-
egy first collects coarse-grained stream hotness A(s) for all
streams, and then fine-grained stream-node hotness h(s,n)
only for hot streams with h(s) > ky(p). This threshold
is identical to that for cold stream aggregation, to achieve
seamless inter-strategy coordination.

e Node Partitioning. Hot stream aggregation also partitions
all layer-1 CDN edge nodes into ISP-province pairs.

e Stream Selection. This strategy targets hot streams, com-
plementing cold stream aggregation so that together the two
strategies cover the full hotness range. Thresholds for hetero-
geneous stream types are aligned with those in cold stream
aggregation to ensure seamless coverage.

e Source and Target Derivation. For each stream s, the strat-
egy selects the coldest I3(p,s.type)% of nodes hosting s as
source nodes, and the hottest m3(p, s.type) % as target nodes.
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Thresholds are further adapted to stream type: substreams
are assigned higher /3(-) and lower m3(-) values, enabling
more aggressive aggregation as suggested by §2.5.3.

4.3.4 Hot Stream Offloading

To fully explore the opportunity to reduce high bandwidth
cost at layer-1 CDN edge nodes (§2.3), we offload streams to
layer-0.5 alternative edge nodes (strategy 4 in Fig. 10). These
alternative nodes rely on cost-effective best-effort nodes to
lower the average unit price of egress bandwidth.

Only offloading hot streams to reduce additional
midgress traffic. When a user request is redirected to a
layer-0.5 node where the stream is not yet available, the
node must first fetch the stream from a layer-1 edge node
via midgress. Since cold streams generally exhibit higher
MER than hot streams (§2.5.1), offloading cold streams (or
cold stream-node pairs with low A(s,n)) incurs high addi-
tional midgress overhead. To mitigate this, we offload only
hot streams from hot nodes (i.e., stream-node pairs with high
h(s,n)), subject to layer-0.5 capacity constraints. This keeps
additional midgress traffic low while reducing egress cost.

Scheduling Steps.

e State Collection. The strategy collects stream hotness &(s)
for all streams and stream-node hotness A(s,n) for only hot
streams with hotness h(s) > ka(p).

e Node Fartitioning. We partition layer-1 CDN edge nodes
by ISP-province pairs in practice.

o Stream Selection. The strategy selects hot streams s with
h(s) > kj(p), where kj(p) is a predefined hotness threshold.

e Source and Target Derivation. For each selected stream s
in partition p, we first identify all layer-1 CDN edge nodes
hosting s and randomly select I4(p) of them as redirection
sources. We then choose my4(p) layer-0.5 alternative edge
nodes in the same partition as redirection targets.

4.3.5 Parameters for Stream Scheduling Strategies

The strategies involve a set of pre-defined parameters: ki, /1,
my, {ki(-) Y24, {Li(5) }iz2 3.4, {mi(-) }iz23.4, {cpuitiz=1 234,
{mem;}i—1 234, and kj(-). With hundreds of partitions (i.e.,
region-ISP pairs) globally, the number of parameters can
reach into the thousands. We configure these parameters
using data-driven techniques based on distributions of ses-
sion counts, bandwidth consumption, and CPU/memory uti-
lization from recent operational logs, then apply regression-
based modeling to update the parameters. The update pro-
cess runs periodically to adapt to shifting workload patterns.

S Evaluation
5.1 Implementation and Deployment

During the past four years, we have incrementally im-
plemented and deployed our system design, evolving our
prior CDN architecture into HCDN. We augment the CDN
edge with cost-effective best-effort nodes, implement the
OPENTIGA central orchestrator in the CDN controller in Go,
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and integrate the OPENTIGA client into the LivelO client.
The scheduling strategies are realized as Lua [41] scripts
built on the APIs of the OPENTIGA scheduling framework,
which simplifies updates and the addition of new strate-
gies. HCDN spans across > 500 nodes and supports major
live streaming events. This long-term, large-scale deploy-
ment allows us to evaluate its effectiveness in reducing CDN
bandwidth cost while remaining lightweight and maintaining
QoE (§5.2~5.4), and to share our lessons learned (§6).

Evaluation Methodology. We evaluate HCDN in our cur-
rent large-scale production environment, comparing it to the
prior architecture using online operation logs. Since we
have already migrated to HCDN, we use newly collected
logs from HCDN and historical logs from the prior archi-
tecture. Our study focuses on four aspects: (i) the reduction
of CDN bandwidth cost compared to the prior architecture
(§5.2), detailing the impact of individual strategies along the
incremental deployment timeline, (ii) the system overhead
incurred (§5.3), (iii) the preservation of user QoE (§5.4).

5.2 Bandwidth Cost Reduction

We quantify the reduction in bandwidth cost (Fig. 11).
HCDN lowers the average MER from 0.30 to 0.20, repre-
senting a 33% reduction compared to our prior CDN archi-
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Figure 13: System overhead.

tecture (Fig. 11a). The average edge unit price Pr decreases
by 32% (Fig. 11b). Overall, the relative bandwidth cost P
drops by 36% compared to the prior architecture (Fig. 11c).
These results demonstrate that HCDN’s augmented CDN
edge and stream scheduling strategies effectively reduce the
bandwidth cost. Notably, P decreases more than MER and
Pr, because the average midgress price Py;; also declines as
more nodes are migrated to the flat topology (§2.4).

Incremental Deployment. As shown in Fig. 12, we sum-
marize the incremental deployment and cumulative benefits
of the four stream scheduling strategies: cold stream aggre-
gation (CA), frozen stream offloading (FO), hot stream ag-
gregation (HA), and hot stream offloading (HO). The benefits
of introducing layer-0.5 alternative edge nodes and layer-1.5
multihomed edge nodes are captured by FO and HO, since
these strategies explicitly schedule streams to these nodes.

o Benefits in MER. The CA, FO, and HA strategies, which
aim to reduce MER, are deployed sequentially over the past
four years (Fig. 12a). Initially, when none of these strategies
is deployed, the MER averages 0.30. After sequentially de-
ploying CA, FO, and HA, the MER decreases step by step to
0.27, 0.24, and 0.20, with each new strategy contributing no-
ticeable improvements. Corresponding to the three deploy-
ment steps, the relative bandwidth cost P also decreases to
71%, 66%, and 64% of the initial value.

e Benefits in Pz. We incrementally deploy HO to reduce the
average egress price Pg by gradually adding layer-0.5 alter-
native CDN edge nodes (Fig. 12b). As we expand the de-
ployment of HO (i.e., progressively scheduling 3%, 11%, and
13% of the total traffic to layer-0.5), Pz decreases step by
step to 71%, 69%, and 68% of the initial value, while the
relative bandwidth cost P also drops correspondingly.

5.3 System Overhead

In Fig. 13, we demonstrate that the overhead incurred by our
system design is acceptable. This analysis is based on pro-
duction logs collected over 10 consecutive days.

Memory Overhead. The OPENTIGA central controller pri-
marily stores aggregated state statistics (e.g., hotness), along
with the scheduling strategies currently in effect. Since the
controller keeps fine-grained stream-node hotness only for
hot streams and coarse-grained hotness for others, the central
controller memory footprint remains moderate at 197 ~ 262
MB (Fig. 13a). Each edge node keeps only its local statistics
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and the subset of strategies relevant to its operation, incur-
ring only 0.42 ~ 0.60 MB per edge node (Fig. 13a).

Control Bandwidth Overhead. The control traffic involves
periodically transmitting state statistics from edge nodes to
the controller and disseminating scheduling decisions back.
As shown in (Fig. 13b), the traffic volumes are below 150
and 80 Mbps for states and decisions, respectively. This is
negligible compared to typical inter-datacenter capacity.

5.4 QoE Performance

We demonstrate that HCDN maintains user QoE despite its
redirection-based stream scheduling strategies. As shown
in Fig. 14, we evaluate three QoE metrics: first-frame de-
lay, stalls per session, and stall duration per session, under
three settings: (i) no redirection, (ii) redirection, and (iii)
redirection with proactive quality assurance (PQA) in the
OPENTIGA client. Redirection without PQA increases the
three metrics by 7.4%, 2.8%, and 3.2%, respectively, com-
pared to no redirection. By contrast, adding PQA reduces the
metrics by 9.2%, 21%, and 41% relative to redirection with-
out PQA. Even compared to the baseline without redirection,
redirection with PQA still achieves improvements of 2.6%,
18%, and 39%. These gains arise because PQA proactively
initiates the whole stream pulling process, which not only
masks the redirection delay by performing redirection in ad-
vance, but also reduces overall latency by initiating connec-
tion establishment and stream fetching beforehand (§4.2.2).

6 Lessons Learned

Fluctuating stream hotness distribution. In practice, the
distribution of stream hotness fluctuates significantly, not
only because individual streams vary in hotness but also be-
cause customers dynamically decide which streams to assign
to our CDN versus others. When mostly cold streams are al-
located, we observe a higher proportion of cold traffic, and
conversely, hot streams dominate when they are primarily
assigned. An excessive share of cold streams raises relative
cost due to high MER. To mitigate this, our data operations
platform continuously monitors the hot—cold ratio and adap-
tively adjusts scheduling parameters in a data-driven manner
to prevent performance degradation.

Scalability beyond CDN Capacity. Our evaluation shows
that the system overhead of HCDN is acceptable for
production-scale CDNSs, allowing it to scale effectively to
large deployments. When demand exceeds available band-
width, we selectively offload traffic to third-party CDNs
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through federated CDN infrastructures [42,43]. We lever-
age a capacity model built on physical resource constraints,
which continuously monitors resource utilization, and of-
fload traffic when the capacity risks are exceeded.

Falling Back to DNS Scheduling. During large-scale events
(e.g., the Asian Games or the World Cup), customers may
request that critical streams bypass redirection and instead
fall back to the default nodes determined by DNS to ensure
stability. However, popular streams often experience sudden
surges in viewership, causing extremely high instantaneous
concurrency at specific nodes. In practice, DNS caching de-
lays traffic migration, leaving overloaded nodes unable to ab-
sorb the surge and severely degrading service quality (e.g.,
reduced pull success rate). To address this, we integrate real-
time load detection and rapid traffic migration. When over-
load is detected, redirection-based scheduling immediately
diverts new traffic to non-overloaded nodes.

Adapting to Cross-Province Restrictions. In practice,
some ISPs charge for traffic exported across provincial
boundaries and cap cross-province traffic ratios (e.g., 70%).
To control cost, HCDN falls back to DNS-assigned default
nodes in affected provinces when caps are tight. Some ISPs
also impose QoE-based restrictions. In this case, we moni-
tor cross-province ratios and node connectivity (e.g., success
rates) in real time and dynamically reduce cross-province
redirections or disable low-quality nodes.

Midgress Persistence. Unlike traditional CDNs for video-
on-demand or web content, live video streaming CDNs
configure a midgress persistence time specifying how long
the midgress traffic stays active after streams become idle.
Longer persistence avoids reconnection, letting the edge
respond to returning viewers immediately and improving
startup quality, but also wastes bandwidth when no users are
present. Persistence time is thus a key knob — longer favors
QoE, shorter favors cost. In practice, we tune it conserva-
tively, reducing persistence after inactivity to save bandwidth
while maintaining acceptable user experience.

7 Discussion

Avoiding Negative Effects on QoE. In HCDN, the nega-
tive impact of redirection on QoE is mitigated by proactive
quality assurance in the OPENTIGA client (§4.2.2), which
leverages the recommendation system of the LivelO client.
However, in more general real-time streaming scenarios
(e.g., cloud gaming [44—47], VR [48,49], video conferenc-
ing [50,51]) where the client lacks the ability to predict the
next live stream, one must unfortunately trade off degraded
QoE against the benefits gained from redirection. In such
cases, it may be useful to model and predict the negative im-
pact of each redirection and selectively perform redirection.

Generalizing to Other Objectives. While we focus on
bandwidth cost in this paper, the HCDN architecture readily
supports other scheduling goals. Since its strategies are de-

fined through a unified abstraction in the OPENTIGA frame-
work, new objectives can be incorporated simply by instan-
tiating the same set of primitives with metrics tailored to the
desired goal. For example, HCDN can optimize latency
by integrating real-time measurements and enforcing strict
SLOs [52-55], or target other widely studied objectives such
as energy efficiency [56] and load balance [57].

8 Related Work

CDN Architecture Design. Early CDNs rely on hierarchi-
cal overlays [58, 59], which improve QoE by reducing path
stretch and ensuring stable delivery [60-62]. However, hi-
erarchy creates scalability and hot-spot issues, and flat re-
lay architectures [9, 32, 33] address this issue by organizing
nodes into a flat circular overlay where each acts as edge,
origin, and relay. HCDN is built on a hybrid of hierarchi-
cal and flat designs. Some works introduce cost-effective
edge nodes [11, 13-15, 20, 58, 59, 63] to reduce cost, which
we also integrate into HCDN as layer-0.5 alternative edge
nodes. HCDN’s alternative edge nodes serve as a specific
type of cost-effective edge nodes.

CDN Scheduling. DNS-based scheduling [22] maps users
to edge nodes by network location, while anycast-based
scheduling [23, 24] relies on BGP to steer traffic. Both are
network-centric and coarse-grained, ignoring fine-grained
application goals. Redirection-based scheduling [16] is
closer to our work. We extend it by: (i) augmenting its
strategies by new strategies redirecting requests to new types
of nodes and mitigating newly discovered inefficiencies,
and (ii) preventing negative effects of redirection on QoE.
Other scheduling paradigms are complementary to our de-
sign. Overlay scheduling [9,10,64] targets core paths instead
of the edge. C3 [65] assigns clients across multiple CDNs.

9 Conclusion

We present HCDN, a hybrid CDN architecture that mas-
ters the growing complexity and massive bandwidth costs
of large-scale live video streaming. By abstracting het-
erogeneous edge resources and fine-grained stream dynam-
ics into a unified scheduling framework, HCDN replaces
ad-hoc stream scheduling with principled, coordinated or-
chestration. Our multi-year production deployment demon-
strates that HCDN achieves substantial cost savings while
maintaining acceptable control overhead and video quality.
HCDN provides a practical case for robust, modular and
scalable stream scheduling in live video delivery.
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