Lean: Saving OSS Network Cost by
Application-Infrastructure Coordination

Qiankun Yue, Kun Qian’, Jiashi Lu, Xue Li, Qingchao Luo, Weibin Yan, Zhihong Li, Jianyao Sun,
Junping Liang, Yuyao Chen, Liefeng Rong, Jing Zhang, Ensheng Xu, Boyu Ying, Fanghu Zheng,
Guangren Chai, Erci Xu, Yuanchao Su, Dennis Cai
Alibaba Cloud

Abstract

Network is the single largest line item in a hyperscale Object
Storage Service (OSS), consuming roughly 40% of an annual
infrastructure bill measured in hundreds of millions of dol-
lars. Two tiers dominate: the access network, where client
traffic is locked into expensive in-region EdgePoPs despite
2-5% cheaper off-region bandwidth being widely available;
and the intra-region network, where 3AZ replication ampli-
fies every write into massive cross-AZ traffic that dominates
the overall network bill.

We present Lean, a dedicated system that breaks through
this barrier via application-infrastructure co-design, using
SRv6 as a single unifying primitive to enable three capabil-
ities: lightweight ingress units deployable at any EdgePoP,
arbitrary traffic steering, and physical isolation of OSS traffic.
In production for 4 years serving O(1B) objects and O(10K)
enterprise customers, Lean has cut the OSS network bill by
55.6%, saving hundreds of millions of dollars annually.
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1 Introduction

Layered abstraction lets a service scale fast; but coordinating
across those layers lets the scaled service save.

Every major cloud runs an Object Storage Service (OSS) [2,
8, 13] that absorbs the bulk of its unstructured data: photos,
model weights, training sets, backups, and logs. At hyper-
scale, a single provider’s OSS sustains exabytes of capacity,
tens of millions of requests per second, and an annual infras-
tructure bill measured in billions of dollars. The network is
the single largest line item, at roughly 40% of that bill. A one-
percent network saving is therefore worth tens of millions of
dollars per year, making network cost the highest-leverage
optimization target in all of OSS.
A cost paradox. A careful look at the OSS network bill re-
veals a paradox: cost runs inverse to physical distance. The
bandwidth that crosses thousands of kilometers of long-haul
fiber is the cheapest tier in our stack (~15.4% of the bill); the
bandwidth that does not even leave the metro contributes
significantly to the bill (~33.3%); and the access tier, which
carries the smallest traffic volume, commands the highest
cost. Two structural pathologies are responsible. First, at the
edge, client traffic is locked into the most expensive BGP [32]
transit even though much cheaper candidates exist. Second,
inside a region, OSS can actually use only ~ 17.5% of the in-
tra-AZ capacity it pays for: half is held back as failover head-
room for dual-plane redundancy, and most of the rest must
sit as advance buffer for the next expansion cycle: laying
new fiber takes months, so the expansion-trigger watermark
has to be set below the operational cap.
The straightforward fixes don’t work. For the access tier,
we deployed a cloud-relay scheme on ECS VMs in available
regions, forwarding client traffic into OSS via the price dif-
ferential, but the ECS compute bill exceeded the bandwidth
saving, turning the optimization cost-negative. The first re-
quirement is therefore R1 (Any EdgePoP deployment):
the forwarding logic must live inside the router itself, with
no on-site compute. Once forwarding lives in the router,
R2 (Arbitrary traffic steering) becomes inescapable: the
application must steer client packets to and from a chosen
entrance, reverse legs included, since naive designs lose re-
sponses to carrier-side anti-spoofing ACLs [35] along the
default egress path.

For the intra-region tier, conventional QoS classes cannot
fully prevent cross-business traffic interference; even after
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we co-designed a dedicated Silver class with the network
infrastructure team, production incidents showed that busi-
nesses sharing the same scheduler still block each other the
moment capacity drops. The resulting uncertainty forces
a conservative utilization watermark, leaving most provi-
sioned bandwidth idle. The third requirement is therefore
R3 (Inter-business QoS isolation): OSS traffic must travel
on physically disjoint resources so that isolation does not
depend on a scheduler at all.

Both failures share the same root cause: the bandwidth

we want is already there, but the application has no way to
reach it. The conventional layered abstraction, where the
application consumes the network as a black box, is precisely
what prevents OSS from accessing the cheaper capacity that
sits just beneath the API boundary.
Lean: application-infrastructure coordination. Our key
insight is that unlocking stranded bandwidth requires co-
ordinated co-design between the application layer and the
network infrastructure: the application must be able to select
ingress points, pin bidirectional forwarding paths, and claim
physically isolated capacity, none of which the conventional
network API exposes. We adopt Segment Routing over IPv6
(SRv®6) [10, 11], which encodes each forwarding instruction
as a Segment Identifier (SID), as the enabling primitive: it is
the thinnest mechanism that provides wide deployment (R1),
source-routed path selection (R2), and customized traffic iso-
lation (R3) at once, using only features already shipping in
every network device.

On top of this primitive, Lean layers three integrated
co-designs, one per requirement. The Mini Core Backbone
Router (MCBR, §5.1) turns the smallest off-region site, often
two routers in a leased rack with no on-site operations team,
into a viable off-region EdgePoP by stripping the conven-
tional Region PoP down to a stateless lights-out aggregator.
Arbitrary Traffic Steering (§5.2) pins both the forward and
reverse legs of a request to the chosen EdgePoP through a
coordinated workflow spanning BGP, the Application Load
Balancer, an OSS-kernel TCP Option Address (TOA) mod-
ule, and a kernel-module SRv6 wrap on egress, sidestepping
the carrier-side anti-spoofing ACLs that silently drop naive
return paths. Inter-business QoS Isolation (§5.3) achieves phys-
ical isolation without duplicating the network by descending
one layer below the conventional network abstraction: it
steers OSS traffic onto a dedicated subset of 100 Gbps Egress
Service Router (ESR) ports, a dedicated Optical Transponder
Unit (OTU) [21] board, and a dedicated DWDM [20] wave-
length block, all on shared data-comm (ESR) and OTN gear.
The slogan is “shared facility, dedicated channel”
Deployment and impact. Lean is built and operated by
Alibaba Cloud’s OSS and network infrastructure teams. Lean
has been in production for 4 years, serving the OSS ser-
vice across 7 regions and 75 EdgePoPs. It has reduced the
OSS-attributed network bill by 55.6%, saving hundreds of
millions of dollars annually.
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Figure 1. End-to-end access of OSS.

Contributions. This paper makes following contributions:

1. A counter-intuitive structural finding from our produc-
tion cost analysis: in OSS, network cost runs inverse to
physical distance, and the root cause is that large pools of
already-paid bandwidth are stranded behind conventional
layered abstractions (§3).

2. Lean, a deployed system that unlocks stranded bandwidth
through application-infrastructure coordination (§4, §5).
Three cross-product co-designs (OSSxEdgePoP for MCBR,
OSSxALB for Arbitrary Traffic Steering, and OSSXOTN
for Inter-business QoS Isolation) each combine applica-
tion-layer knowledge with a different infrastructure layer,
exposing capabilities invisible at the standard API bound-
ary. SRv6 serves as the common enabling primitive, intro-
ducing no new network node type.

3. Production deployment results at hyperscale (§6): a 55.6%
reduction in OSS network cost, saving hundreds of mil-
lions of dollars annually.

4. Operational experience (§7), including lessons on general-
ity across different clouds, global egress cost optimization,
and a control-plane/data-plane consistency pitfall in traf-
fic isolation.

2 Background
2.1 Accessing OSS

OSS is an archetypical cloud service [2, 8, 13] that provides
scalable, durable, and cost-effective object storage to a wide
range of applications. An outstanding feature of OSS is its
geo-distributed access, which allows clients to read and write
objects not just from cloud internal networks but also from
the public Internet.

Figure 1 illustrates the end-to-end path of an OSS request.
A client resolves the bucket URL through intelligent DNS,
which directs the request to the nearest EdgePOP within
its coverage area (e.g., a province) [28]. The EdgePOP for-
wards the request over the cloud’s internal cross-region back-
bone to the target region, where a regional load balancer
distributes it to an OSS server. The OSS server then looks
up object metadata via the indexing layer (KV) and reads
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Figure 2. The 3AZ architecture of OSS.
Table 1. Network amplification of 3AZ OSS operations.

Scheme Amplification
3-Replica i:ié (San}l; R.e gl;) n)
0SS Write ross fegion
EC 2.5X (Same Region)
2.83% (Cross Region)
OSS Read  Standard Read 0.66X

or writes data chunks from chunk servers that are spread
across three availability zones (AZ1-AZ3).

2.2 Maintaining OSS

Like many storage service, OSS is required to provide strong
durability guarantees. Major vendors (including ours) usually
replicate data across three availability zones (3AZs) within
a region (Figure 2). Each AZ has independent power, cool-
ing, and networking, making correlated multi-AZ failures
exceedingly rare. These properties yield “11-12 nines" of
durability and 99.95-99.995% availability [2, 5, 8, 13].
However, 3AZ redundancy comes at the cost of significant
traffic amplification as shown in Table 1. For writes, an
OSS server in one AZ must distribute data chunks to servers
in all three AZs. Due to differences in inter/intra-region
traffic, the write amplification can be 2.67-3X under 3AZ
replication [36], and 2.5-2.83% under erasure coding [19].
Fetching data does not introduce additional traffic. Table 1
counts bytes crossing AZs, not storage overhead. A write
moves its data to a proxy once and to storage F times (Fig-
ure 2). With even placement each transfer crosses AZs with
probability 2/3, giving 2(1+F) /3, or 1+2F/3 for ingress from
another region, whose first hop always crosses. Replication
has F = 3, and EC has F = 2.75: a 24+18 stripe plus the syn-
chronous 4+4 write counted once. Note that OSS workloads
are write-dominated, occupying 83.1% of the overall traffic.
The dominance is an effect of amplification rather than the
workload itself. As a result, the high write amplification of
3AZ redundancy is the primary driver of network cost.

3 Motivation
3.1 Understanding Network Costs in OSS

OSS’s annual infrastructure bill can reach over billions of
dollars, in which 40% goes to network (Figure 3a). That frac-
tion is one of our largest costs and growth is fast as well.
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Figure 3. Network traffic volume and cost distribution.

Table 2. Normalized traffic volume and cost.

Traffic Volume Overall Cost

Access Network 1 10
Cross-region Network 2.2 3
Intra-region Network 27.1 6.5

Specifically, intra-region traffic alone has increased by 6.25x
over the past few years (Figure 3b), driven in large part by the
rapid growth of Al training and inference workloads: check-
points, model weights, and training datasets now account for
a substantial and fast-growing share of intra-region storage
I/O. At this scale, even a modest percentage reduction in
network spending translates into saving tens of millions of
dollars annually.

Table 2 shows that the overall network cost of OSS can be
broken down into three categories, Access Network (i.e., the
external-facing bandwidth between clients and EdgePoPs),
the Cross-region Network (i.e., backbone between regions)
and Intra-region Network (i.e., network among the three AZs
within a region). Both columns are normalized to the access
tier. The cost column reports OSS’s share of our network’s
amortized capital and operating costs, billed internally as
operating charges rather than a separate capital outlay.

Interestingly, the above three tiers reveal a paradox where
the cost (dollars) runs in inverse proportion to distance (me-
ters). The access tier carries only 1x of the traffic volume
but is the most expensive per byte, because client traffic is
locked into uncontrollable BGP. The cross-region tier, despite
spanning thousands of kilometers of long-haul fiber and de-
manding the strictest reliability among all internal links, is
the cheapest tier (only ~ 15.4% of network spend), because
it runs over a self-built backbone whose amortized capex
replaces the per-byte tariff of any external carrier (§3.3). Yet
the same redundancy philosophy applied within a single
region produces the opposite outcome: the intra-region tier
carries 27.1X the volume at the cost share of 33.3%, with
effective bandwidth utilization driven as low as 17.5% by
reliability over-provisioning (§3.4).

The rest of this section examines three categories in turn:
the access network (§3.2), the cross-region network (§3.3)
and the intra-region network (§3.4).



5.05

B In-Region EdgePoP
I Off-Region EdgePoP

S

Normalized Cost
N~

=

PN oL JroL) PN L oL L) Lo ) Lo
S ‘\,\ke"s‘o‘\ \‘\X&\‘a‘c‘\ %X&%‘oﬁ 6,?&%‘0‘\ Q&X&%‘(’“ 6)&@%‘00 6}6%‘0‘\ 6&6@"“
[€) (&) &) (¢

<
\‘\X\ A\ [§) &)

Figure 4. Access network cost in different EdgePoPs.

3.2 Access Network

The access network tier carries client traffic over the pub-
lic Internet and is by far the most expensive on a per-unit
basis. Internet Service Providers charge a uniform BGP tran-
sit price that is significantly higher than the unit cost of
internal cloud bandwidth, as shown in Table 2. Moreover,
the conventional access strategy is nearest-entry: intelligent
DNS resolves each client to the geographically closest in-
region EdgePoP (one co-located with an opened cloud region),
minimizing unpredictable public-network hops and thereby
optimizing end-user latency. A direct consequence is that the
access-network cost is tightly coupled with the geographic
distribution of users: regions with denser client populations
naturally consume more expensive edge bandwidth.

However, as Figure 4 shows, using the public-Internet
bandwidth directly from in-region EdgePoPs is neither the
only option nor the cheapest. Across various provinces and
areas, there exist abundant off-region bandwidth pools at sites
with cheap static bandwidth but no cloud region presence,
whose unit cost is 2-5X% lower than that of in-region sites.
These cheaper pools are hosted at off-region EdgePoPs scat-
tered across the country; the catch is that they sit in locations
too small to justify a full region-grade build, and conven-
tional access architectures have no way to direct client traffic
into them. The bandwidth is available and already paid for;
what is missing is a minimal deployment unit that can turn
each of these off-region sites into a usable ingress point.
Insight. The forwarding path between a client and an Edge-
PoP is determined hop-by-hop by BGP [32] across autonomous
systems along the way. Neither the cloud provider nor the
application can influence which EdgePoP the traffic enters,
so clients are always routed to the nearest in-region EdgePoP,
even when a 2-5X cheaper off-region alternative is nearby.
Fledgling solution: Cloud Relay. As a cloud-native appli-
cation, we naturally explored whether existing cloud prod-
ucts could help bridge the cost gap. After an extensive survey,
we identified a relay-based approach: by deploying light-
weight proxy instances on Elastic Compute Service (ECS)
virtual machines, client traffic can be first routed to these
relay nodes and then forwarded over cheap internal links to
the target OSS region, exploiting the in-region vs. off-region
price differential shown in Figure 4.

We implemented this cloud-relay scheme and deployed it
in production. Two structural limitations emerged.
Limitation 1: Limited cost-saving. A relay node’s compute
footprint forces it to run inside a region we have already

opened. But the regions we have opened are, by selection, the
ones with the highest cloud demand, and those are precisely
the in-region sites where bandwidth tends to be most expen-
sive (Figure 4). The relay can therefore only steer traffic onto
an already-pricey subset of the candidate ingress locations;
the cheaper off-region EdgePoP pools remain structurally
out of reach, and the savings ceiling is still bounded.
Limitation 2: Poor performance. We deployed the scheme in
production and ran the math. The result was unkind: the ECS
compute bill for forwarding traffic ate the entire bandwidth
saving, and then some, turning the optimization cost-negative
overall (a detailed unit-economics comparison appears in Ta-
ble 4). The mechanism behind this number is straightforward:
ECS instances are general-purpose virtual machines not de-
signed for high-throughput packet forwarding. Even with an
aggressively optimized data path on a 4-core instance, each
VM can only sustain at most 15 Gbps of relay throughput;
scaling to full access traffic (typically 500-600 Gbps) would
require dozens of instances, whose compute cost exceeds the
bandwidth saving by the margin above. Kernel bypass could
lower relay cost, but ECS remains unavailable at cheaper
EdgePoPs without a cloud region.

Ideal solution for access network. The analysis above
points to two requirements:

[R1] Any EdgePoP deployment. The solution must be
deployable at any EdgePoP, including the smallest EdgePoPs
that may consist of only one or two racks without a full
datacenter facility. Only by reaching all available EdgePoPs
can we fully exploit low-cost bandwidth.

[R2] Arbitrary traffic steering. Despite its efficiency
shortcomings, the cloud-relay approach demonstrates a valu-
able property: a fully software-defined forwarding plane en-
ables completely customizable routing decisions. An ideal so-
lution must preserve this ability to perform application-level,
cost-aware traffic steering while eliminating the per-instance
throughput bottleneck.

3.3 Cross-region Network.

In contrast to the access tier, the cross-region network, which
connects geographically distributed cloud regions through
a long-haul optical backbone, is the cheapest tier in the en-
tire stack, contributing only ~ 15.4% to the OSS network
bill (Table 2) despite spanning thousands of kilometers and
meeting the strictest reliability targets among all internal
links. We include this tier in the discussion not as an open
optimization problem but as an instructive counter-example:
if strict reliability can be provided cheaply across regions,
why is the intra-region network so costly?

The reliability architecture. The bedrock of the cross-
region tier is a Dual-Plane Triple-Route redundancy architec-
ture (Figure 5), designed to absorb the single-cable failures
that are far from rare in operational practice. Municipal con-
struction accidents that sever fiber, pole collapses caused
by natural disasters, and similar hazards are ever-present.
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Figure 7. Typical flow trends and capacity expansions.

To this end, two transport planes (Plane A and Plane B)
each deploy an independent cluster of Optical Transport
Network (OTN) [21] equipment with fully separate optical
amplifier chains and Dense Wavelength-Division Multiplex-
ing (DWDM) [20] channels. Plane A is further provisioned
along two geographically disjoint fiber routes (e.g., one along
a southern corridor and the other along a northern corridor,
as illustrated in Figure 6), so that end-to-end three physically
independent optical paths are formed in total. This design
provides dual-failure tolerance: even when any two of the
three optical routes are simultaneously cut, traffic can still be
carried on the remaining route without service interruption.
Why redundancy stays cheap here. The decisive factor
is that the cross-region backbone is self-built: rather than
purchasing wholesale bandwidth from telecom carriers at a
per-byte tariff, Alibaba Cloud owns and operates the under-
lying long-haul infrastructure end-to-end: dark fiber, right-
of-way, OTN equipment, and DWDM channels. The cost
paid per delivered byte is therefore the amortized capital and
operating cost of this infrastructure.

3.4 Intra-region Network.

Counter-intuitively, the intra-region network, physically the
shortest tier in the entire stack, is a significant cost contribu-
tor, accounting for roughly 33.3% of the total OSS network
spending (Table 2). The arithmetic underneath is brutal: in a
typical region, OSS pays for 38.4 Tbps of provisioned intra-
region capacity but uses only 6.72 Tbps of it.
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Figure 6. Path separation.

Why the cost is so high. Two factors compound to drive
up the bill. The first is intrinsic to OSS itself: as discussed in
Section 2.2, every object is replicated across three AZs, so a
write amplification of up to 3x lands almost entirely on cross-
AZ links. The second, and more surprising, factor is that the
intra-region network itself is heavily over-provisioned along
two orthogonal dimensions to satisfy stringent reliability re-
quirements.

(a) Dual-plane low-watermark redundancy. As in the cross-
region backbone, cross-AZ traffic is carried by two physically
independent planes (Plane A and Plane B), whose equipment,
optical paths, and fiber routes are kept strictly disjoint. The
operational watermark on each plane is then capped at 50%
of its provisioned capacity, so that even after a worst-case
incident such as a severed fiber or a major router failure, the
surviving plane alone can absorb the entire traffic.

(b) Coarse capacity-expansion granularity. On top of the 50%
runtime cap, lead-time considerations push the effective wa-
termark substantially lower (Figure 7). A single optical fiber
has a hard physical capacity limit (i.e., 19.2 Tbps), and any
expansion requires civil construction, new equipment in-
stallation, and the laying of additional fiber, an end-to-end
process that takes months. To preserve enough lead time, the
expansion-trigger watermark is therefore set at only 35%. For
example, starting from a 19.2 Tbps deployment, OSS must
request an expansion once its regional bandwidth usage
reaches 6.72 Tbps; the expansion doubles the total capacity
to 38.4 Tbps, dropping the effective watermark to a mere
17.5%. Because the expansion is attributed to OSS, the amor-
tized cost of the entire newly built capacity is charged back
to OSS, even though the bulk of that capacity now sits idle
as reliability headroom rather than serving OSS traffic.

The combined effect is striking: a substantial fraction of
the intra-region cost attributed to OSS does not pay for bytes
actually delivered by user traffic, but for bandwidth that sits
idle as a reliability buffer for dual-plane redundancy and the
next expansion cycle.

Insight. The key observation is that OSS itself already pro-
vides AZ-level fault tolerance at the application layer through



3AZ replication: when a cross-AZ path between two AZs
goes down, the remaining replicas keep the service avail-
able. OSS therefore does not actually need the highly fault-
tolerant, guaranteed-delivery service that the underlying
infrastructure provides; a best-effort intra-region forwarding
service would already match its true reliability profile, and
at a fraction of the cost. The remaining question is how to
grant OSS access to that idle, lower-reliability bandwidth
without forcing it to pay for the full reliability guarantee.
Fledgling solution: QoS-based differentiation. The most
natural answer is to differentiate via QoS classes [6]. The
infrastructure network team had already provisioned two
priority levels, Gold (high) and Copper (low), sharing each
link via Weighted Round Robin (WRR) at a 40:1 ratio.
Unsuccessful attempt 1: All OSS traffic on Copper. The simplest
approach was to remap all OSS traffic to the Copper class. In
production, however, this produced heavy packet loss and an
effective throughput far below expectation. Two structural
issues compounded. First, Copper is the first class dropped
under any network incident, so its capacity is unbounded
from below. Second, Copper is already heavily consumed by
other business lines whose demand we cannot bound from
above. Meanwhile, OSS front-end traffic cannot tolerate the
disordered packet loss that Copper produces, so the class is
fundamentally mismatched with OSS’s reliability profile.
Unsuccessful attempt 2: A new Silver class. We then worked
with the infrastructure network team to introduce an inter-
mediate Silver class. After extensive testing, the WRR ratio
was tuned to 40:8:1 for Gold:Silver:Copper, a balance be-
tween giving Silver enough share to absorb OSS’s traffic and
keeping it small enough not to starve Gold under contention.

Even this carefully calibrated scheme fell short in pro-
duction. The failure mode was cross-business interference
within the Silver class itself. An illustrative incident: on a
100 Gbps link, business A was sending 35 Gbps of Silver traf-
fic; business B was sending 30 Gbps. A failure halved the
link. Both businesses started losing packets, even business B,
which was nowhere near its share. The QoS class promised
fairness when there was enough to go around; the moment
there was not, it delivered neither fairness nor isolation.
Ideal solution: [R3] Inter-business QoS isolation. Every
QoS scheme we tried sliced the same shared pool more finely.
But the interference came from the sharing, never from the
slicing. Both attempts above failed at the same point: the
moment a failure shifted demand, businesses in the same
Silver (or Copper) queue blocked each other, regardless of
how carefully their nominal allocations had been calibrated.
The missing primitive is not a finer class but a wall: a for-
warding resource on which OSS’s bytes travel and that no
other business can address.

The ideal solution should deliver the deterministic re-
source isolation for OSS while continuing to amortize the
capex of the existing shared facility across all businesses.

4 Basic Idea

Key insight: coordinate, don’t just consume. Our cen-
tral observation is that the stranded bandwidth cannot be
unlocked by improving any single layer in isolation. No
amount of application-level cleverness can bypass BGP’s
routing decisions; no network-level QoS weight can substi-
tute for physical separation. The savings come only when the
application and the infrastructure jointly expose and exploit
structure that neither side can access alone.

This “application-infrastructure coordination” principle
materializes as three co-designs, each fusing OSS’s application-
layer knowledge with a different infrastructure layer. We
adopt SRv6 [10, 11] as the unifying primitive because it is
the thinnest mechanism that delivers all three capabilities at
once, using only features already shipping in our production
routers with no new node type introduced.

¢ R1: Any EdgePoP deployment (OSS x EdgePoP, §5.1).
The cheap bandwidth is scattered across dozens of off-region
sites too small for a conventional Region PoP. Because
SRv6 forwarding is a native router function, OSS can turn
each such site into a usable ingress point without deploy-
ing any on-site compute.

o R2: Arbitrary traffic steering (OSS x ALB, §5.2). Reach-
ing off-region sites is useless unless return traffic can be
pinned back through the same entrance. By coordinating
across the load balancer, the OSS kernel, and SRv6 source
routing, the system steers both forward and reverse legs
through any chosen EdgePoP.

e R3: Inter-business QoS isolation (0SS x OTN, §5.3).
Scheduler-based QoS repeatedly failed because the un-
derlying resource was still shared. By coordinating with
the optical-transport layer, OSS obtains a physically dedi-
cated forwarding channel on shared infrastructure, which
we call “shared facility, dedicated channel”

SRv6 as the unifying primitive. SRv6 [10, 11] is a stan-
dardized network-layer service differentiation mechanism
that makes all three co-designs deployable on existing infras-
tructure: every router executes SRv6 natively in its hardware
fast path (R1); cloud products such as ALB can encode and
consume SRv6 segments through a standard IPv6 extension
header (R2); and every switch in the forwarding chain (ToR,
aggregation, and core) can correctly identify and forward
SRv6-marked traffic onto dedicated physical resources (R3).

5 Design
5.1 Any EdgePoP Deployment

Satisfying R1 (an ingress unit deployable at every off-region
EdgePoP offering low-cost static bandwidth, without on-
site compute) required us to replace the conventional “one
Region PoP per in-region site” model with a much lighter unit
purpose-built for off-region cheap-bandwidth aggregation.
We call this unit the MCBR.



Table 3. Feature comparison be-
tween Region PoP and MCBR.

Region PoP MCBR
Scrubbing Self-built Carrier-side
DNS v X
Routing v v
En-/De-cap d d Figure 8. The MCBR
Size 36U 4U device.
Cost 100 1

MCBR design. The legacy solution is relying on a feature-
complete unit bundling a chassis-based Core Backbone Router
(CBR), a self-built DDoS scrubbing cluster, an Anycast DNS
resolver, a cloud network access gateway, and private-line ag-
gregation, totaling 36U of rack space (Table 3). An off-region
site, however, has a single mission: aggregate local public-
Internet bandwidth and backhaul it to our cloud.

As Table 3 shows, the MCBR retains only the essential
functions, and offloads DDoS scrubbing to the upstream
carrier rather than hosting it on-site, eliminating DNS, cloud
network access, and private-line aggregation entirely. The
result is a 4U footprint (Figure 8) deployable at any off-region
site, including sites that consist of only one or two racks with
no datacenter facility, at a 100X cost reduction.

Backhaul to the Region runs over a private Optical Trans-
port Network (OTN) provisioned in the same Dual-Plane
Triple-Route topology described in §3.3. An MCBR termi-
nates no application sessions and holds no per-flow state
of its own; it is, by design, a stateless aggregation device.
This minimal control-plane and operations footprint is what
makes the MCBR deployable at arbitrarily many off-region
EdgePoPs, closing the gap that R1 (§4) demanded: every
off-region EdgePoP with a favorable static-bandwidth tariff
is now a usable ingress point, at a marginal cost that is a
small fraction of opening a Region PoP.

5.2 Arbitrary Traffic Steering

The Any EdgePoP design of §5.1 solves the deployment
problem: off-region sites can now accept client traffic. How-
ever, deployment alone is not enough: the return path must
be actively managed. Each carrier enforces anti-spoofing
ACLs [35] that only permit packets whose source address
matches the local EdgePoP’s advertised prefix; responses
that exit through a different EdgePoP are silently dropped,
rendering the service unavailable.

This subsection describes how we achieve arbitrary traffic
steering that pins both the forward and reverse legs of a
request to the same EdgePoP (Figure 9).

Client to ALB: finding the correct entrance. Each Edge-
PoP is associated with a dedicated EdgePoP-anchored Virtual
IP (vip) range that fronts the OSS service. Before a vip range
goes live, capacity for it is provisioned on the ALB cluster

behind that EdgePoP, and ALB begins advertising the corre-
sponding route; ordinary BGP carries the advertisement out
through the EdgePoP and the public Internet re-learns it hop
by hop. When a client resolves the OSS service name, DNS
returns one of these EdgePoP-anchored vips as the destina-
tion address. The client’s packet therefore enters the public
Internet with a destination that is, by construction, already
pinned to a specific EdgePoP, and standard BGP forward-
ing delivers it to that EdgePoP, which hands it on to the
correponding ALB instance.

ALB to OSS server: cross-product integration. At ALB
the destination address must change: the packet has to reach
the actual OSS server, which is reachable only via an internal
address, not the public vip. A conventional load balancer
would rewrite the destination and discard the original. That
discard is precisely what breaks R2. Once the packet arrives
at the OSS server, it can no longer tell which EdgePoP it
entered through. We solve this by treating ALB and OSS as
a single, jointly designed pipeline rather than two opaque
products.

(i) ALB stashes the vip in a TCP option. When ALB rewrites the
destination address from the public vip to the OSS server’s
internal address, it does not simply throw the vip away.
It copies the original destination into a reserved TCP op-
tion field on the same segment, so the rewrite preserves the
ingress identity instead of erasing it.

(ii) OSS recovers the vip via TOA. On the OSS server, the TOA
kernel module parses the TCP option on connection estab-
lishment and exposes the original vip to the OSS business
stack. At response time, the server emits a packet whose
destination is the client IP (cip) and whose source is the vip
advertised by ALB, restoring the exact address pair the client
first observed.

OSS server to client: returning through the correct exit.
Restoring the source address in step (ii) is necessary but
not sufficient. The response will only survive the carrier-
side ACLs if it actually egresses through the EdgePoP that
advertised that source address. The OSS server now holds
the correct address pair but, speaking at the application layer,
has no way to dictate which physical EdgePoP the network
uses on the way out. We bridge that final gap by lifting the
ingress vip one more time, from in-stack metadata into an
SRv6 segment in the IPv6 header, so the underlay can route
on it directly.

(iii) OSS server encapsulates the response in SRv6. On egress
from the OSS server, a kernel-module hook consults the
vip— SID table (each SID encodes the exit EdgePoP) popu-
lated by the Lean controller and encapsulates the packet
with an SRv6 header whose SID identifies the originating
EdgePoP (Figure 10). The vip encodes which EdgePoP to exit
through, and the SRv6 header translates that intent into a
routable segment that the underlay can act on directly.

(iv) ESR forwards based on SRv6 SID. At the ESR, the SRv6
SID is resolved to the matching forwarding entry, and the
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Figure 9. End-to-end arbitrary traffic steering.

packet is steered out through the same EdgePoP the request
originally entered.

Why this integration scales. The forward path relies on
native BGP; the return path is steered entirely by an SRv6
header attached at OSS egress. Nothing in between holds
per-flow state, and the customization footprint is confined to
three small touchpoints: a TCP-option write at ALB, a TOA
parse at the OSS server, and a SRv6 wrap kernel-module.

5.3 Inter-business QoS Isolation

The two failed QoS attempts in §3.4 share a single structural
root: both partition a single shared pool into ever finer service
classes (Gold, Silver, Copper), and rely on a scheduler to me-
diate access among businesses. As long as the pool is shared,
however, no scheduling weight can prevent one business’s
burst from spilling into another’s. The missing primitive is
therefore not a finer class; it is physical separation between
OSS and other business.

A naive reading of “physical separation” would suggest

provisioning OSS its own routers, OTN frames, and fiber, in
effect a parallel private network whose cost would erase ev-
ery saving we set out to capture. The crux of our design is that
physical separation can be achieved without duplicating the
facility. We worked with our network infrastructure team to
take apart the full forwarding chain end to end, and isolated
two points where the hardware exposes enough internal
granularity for OSS to own a dedicated slice: the entrance
(the ESR uplink) and the transmission (the data-comm/OTN
stack between AZs).
Entrance: from one logical node to independent phys-
ical ports. The standard mental model treats the ESR as a
single logical node: every business stream that arrives fun-
nels into the same forwarding engine and is multiplexed
onto the same uplink, with WRR weights being the only
knob that separates them, making cross-business interfer-
ence unavoidable.

The model is, however, an abstraction. As shown in Fig-
ure 5, a production ESR is in fact a chassis exposing 256
functionally-equivalent 100 Gbps physically independent up-
link ports. We leverage SRv6 to exploit this physical structure
for isolation. A lightweight control-plane pipeline tags every
cross-AZ OSS packet with an SRv6 SID:

T
SID (16 Bytes) l&—— Locator

Function Argument —>|

Figure 10. The SRv6 packet format.

(i) SID acquisition. The Lean controller pulls the (AZ, SID)
mapping and stores it as the OSS SID Table, which maps each
AZ to the SRv6 SID.

(ii) Server registration. Each OSS server periodically heart-
beats its own (IP, AZ) tuple to the Lean controller, building
a global IP to AZ Table that records which AZ every server
belongs to.

(iii) Encap Config generation. The Lean controller joins the
two tables to produce a per-server Encap Config Table, and
pushes both the IP to AZ Table and the Encap Config Table
to the SRv6 kernel modules on every OSS server.

(iv) Packet encapsulation. On the egress data path, the SRv6
module looks up the destination IP in the IP to AZ Table
to obtain the destination AZ. If the destination AZ equals
the local_AZ, the packet is forwarded without encapsulation;
otherwise, the module wraps the packet in an SRv6 header
using the destination AZ’s SID.

Transmission: isolation across data-comm and OTN.
An OSS packet still has to cross the same data-comm boxes,
the same OTN frames, and the same long-haul fiber that
carry every other intra-region business. We therefore extend
the same “dedicated slice on shared facility” principle down
three further layers of the transmission stack, each layer
chosen because it exposes a hardware primitive fine-grained
enough to slice without provisioning a parallel facility:

(v) Dedicated port groups. On the ESR, a dedicated OSS Virtual
Routing and Forwarding (VRF) matches arriving packets by
their SRv6 SID and hashes them to a reserved subset of the
256 uplink ports, so OSS and non-OSS traffic part company
at the first forwarding decision, physically separating them
from that point onward.

(vi) Dedicated OTU boards in dedicated chassis slots. On the
OTN side, each OSS uplink lands on its own Optical Transpon-
der Unit (OTU) [21] board, occupying a reserved slot of the
OTN chassis with its own client-side gray-light ports and its
own line-side coherent modules.

(vii) DWDM wavelength slots. At the optical layer, OSS is
assigned a contiguous block of DWDM wavelength slots on
the ITU-T G.694.1 frequency grid [20] (e.g., A1—Az), strictly
disjoint from the wavelengths that carry shared-business
traffic (e.g., A3). Two services may now share the same fiber
cable while occupying disjoint photons.
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Composing the three layers yields a property that the QoS
schemes of §3.4 could not deliver: an OSS packet traverses
dedicated data-comm ports, a dedicated OTU board, and a
dedicated wavelength from entrance to egress, without any
additional equipment cost.

A natural concern is the bandwidth stranded by dedicating
physical ports, and the 256-port granularity is what makes
this negligible. Each port carries 1/256 of the ESR’s uplink,
roughly 0.39% of total capacity, so reserving a port count
that matches OSS’s actual share of the regional bandwidth
wastes essentially nothing in practice.

Why this satisfies R3 where QoS could not. We summa-
rize the property as “shared facility, dedicated channel” OSS
reuses the same infrastructure as every other business. But
the packets themselves travel on a slice of that facility that
no other business can address. The bandwidth guarantee
OSS enjoys is therefore determined by physics, not by a
scheduler, and is consequently equivalent to what a fully-
private parallel network would provide. This is precisely the
business-level isolation that R3 demanded.

Determining the headroom under physical isolation.
Inter-business isolation guarantees that OSS traffic never
contends with other businesses, but OSS’s own capacity must
still be right-sized. We outline how to compute a safe oper-
ating watermark systematically. In this part, we use write
traffic as the running example (the watermark calculation
for read traffic follows the same logic).

In the fault-free state, the total intra-region write traffic
is D. Because the three AZs split the load evenly, each AZ’s
egress demand is 1/3D. After inter-business isolation the
underlying network no longer provides redundancy protec-
tion for OSS; we must therefore dimension the dedicated
channel to absorb an AZ failure. When one AZ goes down
the surviving two AZs absorb the full load, raising per-AZ
egress to 1/2D (a 50% increase). To ensure the channel is
never overloaded post-failure, the normal-case utilization
must stay below 66.6%. In practice we also reserve headroom
for background tasks such as garbage collection and data
rebalancing. In production we therefore set the operating
watermark at 50%.

The limit generalizes into a simple bound on the balance
between cost and reliability. With N AZs that must tolerate
f failures and load spread evenly, the surviving AZs must
absorb the demand of the lost ones, which keeps the utiliza-
tion watermark W at or below (N — f)/N; our deployment
is N =3, f = 1, hence the 66.6% ceiling above. Once demand
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Figure 12. Normalized network cost across three tiers.

and unit prices are fixed, the capacity OSS pays for scales
as 1/W, so the watermark, not the traffic volume, is what
determines the intra-region bill.

6 Evaluations in Production

Lean serves Alibaba Cloud’s OSS across all regions for 4
years, covering 75 EdgePoPs across 7 regions, supporting
0O(10)Tbps bandwidth, O(1B) objects, and O(10K) enter-
prise customers. We first present the overall cost saving
achieved by Lean in production (§6.1), and then drill into the
three design pillars of §5: Any EdgePoP deployment (§6.2),
Arbitrary Traffic Steering (§6.3), and Flexible QoS (§6.4).

6.1 Cost Saving in Production

Overall cost reduction. Figure 11 reports the overall net-
work cost reduction in production. Measured against the
legacy system at 2026 production traffic volumes, Lean re-
duces total network cost by 55.6%, with Access Network
costs down by 41.5% and Intra-Region costs down by 62.2%.
Cross-region costs also decrease owing to the extension
of inter-business QoS isolation to the cross-region domain.
Legacy is the network we would run today without Lean,
so none of the saving comes from traffic growth, and both
follow the accounting of Table 2.

Each tier maps to one pillar. The access saving comes from
R1 and R2 moving ingress onto off-region EdgePoPs whose
bandwidth costs 2-5x% less (Figure 4). The cross-region cost
falls the most in relative terms, but from the smallest base.
The intra-region saving combines two effects: isolation lifts
usable utilization by 1.8x (Figure 16), which removes about
44% of the provisioned capacity, and the balance is expansion
headroom that §3.4 charged to OSS but the dedicated channel
no longer needs.

In total, Lean saves hundreds of millions of dollars annu-

ally for our OSS business.
Cost reduction in different tiers. Figure 12 compares the
legacy network cost (without Lean) against the optimized
cost (with Lean) for each of the three tiers (access, cross-
region, and intra-region) from 2023 to 2026. The access tier
shows a widening gap as more off-region EdgePoPs come
online and absorb traffic that would otherwise flow through
expensive in-region EdgePoPs. The intra-region tier shows
the most dramatic divergence, consistent with the physical
isolation reclaiming over-provisioned headroom that would
otherwise grow linearly with capacity expansion.
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Table 4. Per-device capability and unit cost.

ECS Relay (VM) MCBR
Throughput / device 15 Gbps 6.4 Tbps
CapEx / device $5700 $7100
All-in cost / Tbps $380K $1.1K

6.2 Any EdgePoP Deployment

The Any EdgePoP design (§5.1) makes two quantifiable claims:

that an MCBR can turn off-region sites, where deploying
a full in-region Region PoP is uneconomical, into usable
off-region EdgePoPs, and that it can carry production-scale
ingress at a small fraction of the per-bit cost of the ECS-relay
alternative we rejected in §3.2.

Off-region EdgePoP vs. in-region Region PoP. Figure 13
compares the number of off-region EdgePoPs against in-
region Region PoPs, broken down by geographic area. Across
all seven areas, 75 off-region EdgePoPs have been deployed
versus 27 in-region Region PoPs, a 2.8 expansion of the
overall ingress footprint. The gain is most pronounced in
areas where cheap static bandwidth is abundant but cloud-
region demand is too low to justify an in-region deployment.
Deploying an off-region EdgePoP also takes 1-3 months,
against 6-12 months for an in-region Region PoP.

MCBR vs. ECS relay. Table 4 compares an MCBR to the
ECS-relay data path of §3.2 along three axes. A single MCBR
sustains 6.4 Tbps, over 400x the 15 Gbps ceiling of a typi-
cal ECS relay VM, while their capital costs are in the same
ballpark ($7100 vs. $5700). The resulting all-in cost per Tbps
of relay capacity is $1.1K for an MCBR versus $380K for
the ECS path, a 345x reduction that turns a cost-negative
scheme into a substantial net saving.

Latency of off-region ingress. Requests steered to an Edge-
PoP outside the target region and backhauled over our back-
bone do not inflate latency. For a typical cross-region ac-
cess pattern in production, request latency under Lean is
25.3/45.1 ms at p50/p99, against 27.8/55.8 ms under Legacy.
The gain comes from replacing a long carrier segment with
our own backbone, which is faster and more predictable.

6.3 Arbitrary Traffic Steering

The central question in this part is whether the state and
compute footprint introduced by our solution grows slowly
enough to support arbitrarily many EdgePoPs. We evaluate

Table 5. ALB routing-table size.

Reg.1 Reg.2 Reg.3 Reg4d Reg.5 Reg.6

Table Size 235 174 140 133 26 66
Percent (%) 11.75 8.70 7.00 6.65 1.30 3.30

Table 6. Consumed number of SRv6 SIDs.

Reg.1 Reg.2 Reg.3 Reg.4 Reg5 Reg.6

#SID 72 57 45 42 24 24
Percent (%)  0.11 0.09 0.07 0.06 0.04 0.04

four measurements covering state, control-plane load, and
data-plane overhead.

ALB routing-table size. Table 5 reports the number of
routing-table entries an ALB instance maintains for the Edge-
PoP-anchored vip ranges, broken down by regions. As ex-
pected, the table size grows linearly in the number of Edge-
PoPs covered by each ALB. Across the six representative
regions, the largest ALB (Region-1) holds only 235 entries,
accounting for merely 11.75% of the available routing-table
capacity, while the smallest one (Region-5) uses just 26 en-
tries (1.3%). The total footprint across all six regions stays
well below 12% of any single ALB’s capacity, leaving ample
headroom for adding many more EdgePoPs.

IPv6 address-space cost of scaling. A subtler scaling cost
is the IPv6 prefix consumed by SRv6 SIDs. Table 6 reports,
for the same six representative regions, the number of SIDs
allocated and the corresponding fraction of the assigned
IPv6 segment consumed by the SID encoding. Even in the
largest region (Region-1) only 72 SIDs are allocated, occupy-
ing merely 0.11% of the available IPv6 segment. The average
IPv6 footprint stays well under 0.5% of any single segment.
Lean controller CPU utilization. Figure 14 plots the CPU
utilization of the active Lean controller over a representative
2-day window. Throughout the 48-hour observation period,
CPU utilization remains below 0.5%, with the vast majority
of samples staying under 0.1%. This confirms that the Lean
controller is far from being a bottleneck and leaves ample
headroom for scaling.

Data-plane overhead: SRv6 encapsulation. The encap-
sulation prepends a 40-byte IPv6 header to each outgoing
IPv4 packet (standard IPv4-over-IPv6 tunneling, no SRH ex-
tension header) and the in-kernel encapsulation cost stays
below 10 ps, negligible against the ~1.5 ms cross-AZ RTT.
The metric that actually matters in production is its target
serving throughput.

OSS delivers two server tiers in production. Standard
servers are equipped with Mellanox ConnectX-4 (CX4) NICs
and targeted at 20 Gb/s of serving throughput per server,
while Premium servers use Mellanox ConnectX-6 (CX6) NICs
and targeted at 40 Gb/s. Each tier’s planned throughput is
jointly determined by disk performance, memory size, CPU
core count, and the OSS software stack. Table 7 reports single-
core throughput across the two tiers.



Table 7. Single-core throughput under SRv6 encapsulation.

Tier / NIC Target (Gb/s) Configuration  Tput (Gb/s) vs. target
SRv6, MTU 1500 17.6 —-12%
Standard / CX4 2 SRv6, Jumbo 7000 30.4 +52%
. SRv6, MTU 1500 48.0 +20%
Premium / CX6 40 SRv6, Jumbo 7000 488 +22%

Standard tier (CX4). Naively enabling SRv6 with the default
1500 B MTU drops throughput to 17.6 Gb/s, which fails the
delivery bar. The root cause is that CX4 cannot actually per-
form TCP Segmentation Offload (TSO) on IPv4-over-IPv6
encapsulated packets despite reporting TSO as enabled. To
mitigate this, we deploy jumbo frames (MTU =7000): enlarg-
ing the per-packet payload reduces software-segmentation
calls by ~80%, recovers throughput to 30.4 Gb/s.

Premium tier (CX6). CX6 recognizes the encapsulation for-
mat and performs hardware TSO normally, leaving software
checksum as the only remaining per-packet cost. As a re-
sult, every configuration in Table 7 comfortably exceeds the
40 Gb/s targeted throughput.

Operational complexity. Routing entries and SIDs grow
with the number of EdgePoPs and AZs, and server regis-
trations with the number of servers, but none of this state
grows with flows or customers. No SRv6 policy is written
by hand, since the controller joins the AZ—SID and IP—AZ
tables and generates each server’s encapsulation configu-
ration automatically (§5.3). The complexity we did pay is
organizational: moving the OSS server fleet to dual-stack
IPv4/IPv6, agreeing on the SID scheme across teams, and
bringing each new EdgePoP into service.

6.4 Inter-business QoS Isolation

We evaluate the Inter-business QoS design (§5.3) along two
dimensions: whether the isolation eliminates cross-business
interference and whether it lifts effective OTN utilization.
Cross-business interference: before vs. after isolation.
Figure 15 illustrates the effect of Lean’s QoS isolation on
a production cross-AZ link. Before Lean, OSS traffic was
assigned the Copper class and consumed the majority of
the link’s capacity (Figure 15a, left). When Silver-class traffic
surged, the aggregate demand exceeded the link’s serviceable
bandwidth; both the Silver and Copper queues suffered heavy
packet loss (Figure 15b, left). The incident damaged OSS
throughput and, worse, disrupted the more SLO-sensitive
Silver business, exactly the cross-class interference that the
Gold/Silver/Copper WRR scheme of §3.4 was supposed to
prevent. After Lean is deployed, OSS traffic is physically iso-
lated from all other businesses, and experiences zero packet
loss (Figure 15b, right). At the same time, removing OSS
from the shared pool lowers the overall utilization for the
remaining businesses, so the Silver class likewise sees no
loss, a gain for both sides that scheduler-based QoS could
never deliver.
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Figure 15. Case study for inter-business QoS isolation.
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OTN utilization headroom recovered. Figure 16 compares
the effective OTN utilization on cross-AZ links before (Legacy)
and after (Lean) the QoS-isolation rollout across three rep-
resentative regions. Under the legacy shared-QoS regime,

utilization ranges from 19.8% to 25.8% because the dual-plane

failure-tolerance budget forces a conservative watermark.
After isolation, utilization rises to 38.2-43.8%, roughly a 1.8x

improvement, because the recovered capacity comes from a

dedicated slice that OSS owns, not from the shared schedul-
ing pool that the dual-plane budget protects.

7 Experience
7.1 Generality of Lean

The experience we most want to share is that the design of
Lean is intentionally general-purpose: every building block
relies on commodity hardware, standardized protocols, or
cross-team integration patterns that are reproducible in any
major cloud provider. Our key takeaway is that cross-layer
coordination within a cloud, where application teams and
infrastructure teams co-design interfaces, yields substantial
cost and performance gains that compound across every
pillar of the system.

Three principles behind these mechanisms travel beyond
our deployment. First, do not pay for fault tolerance twice
at different layers: OSS already tolerates the loss of an AZ,
so holding network-level capacity to survive the same event
duplicates protection the application never asked for. Second,
provision the network to the failures the application already
tolerates, not to those a generic service might see; this is
what turns reserved headroom into billable saving. Third,
when a shared scheduler cannot promise predictable service,
escalate from QoS classes to physical isolation while reusing
the facility underneath.

MCBR. The MCBR definition captures the minimal capa-
bility set of an access device. Our reference deployment fits
in the 2U+2U commodity-off-the-shelf appliance, meaning



virtually any standard rack-mount hardware can serve as an
MCBR without specialized silicon or proprietary firmware.
Arbitrary Traffic Steering. The coordinated routing de-
sign between OSS and ALB (§5.2) is an internal integration
that every cloud provider can replicate within its own control
plane. The only piece of cross-team coordination that this co-
design demands is asking the ALB team to stash the original
vip into a TCP option on rewrite (§5.2). Mainstream cloud
ALBs are software-defined [9, 31], so a fixed-logic option-
write hook adds neither a new packet-processing stage nor
a new state machine. It is a localized patch to the existing
rewrite path with no additional engineering barrier.
Inter-business QoS Isolation. The forwarding-plane cus-
tomization between OSS and the underlying network fabric
is likewise an intra-cloud integration. The more aggressive
ingredient here is descending below IP to carve out dedicated
OTU boards and DWDM wavelength blocks for a single busi-
ness, a practice we are not aware of any other cloud having
deployed at scale. The encouraging finding is that no new
optical or networking primitive is needed: the entire isola-
tion is realized by composing two long-standardized features,
SRv6 and VRF.

7.2 Serving Other Applications with Lean

This paper focuses on OSS, but the Lean architecture is
equally applicable to other cost-sensitive cloud services that
generate heavy cross-AZ traffic, including Elastic Block Stor-
age (EBS), message queues (MQ) and container image reg-
istries. OSS uses all three (R1/R2/R3) because it serves public
clients, while internal-only businesses (EBS and MQ) typi-
cally need only R3.

The Lean controller is multi-tenant: each onboarded busi-
ness is allocated a dedicated SID range, a quota of ESR uplink
ports, and a DWDM wavelength block, all registered through
the same control plane. These tenants are cloud services, not
the O(10K) enterprise customers of OSS. Lean keeps no state
for individual customers, since a SID encodes an AZ or Edge-
PoP, never a customer. Three classes of shared resources
have ample headroom for many such tenants: the Lean con-
troller stays below 0.5% CPU (Figure 14), ALB routing tables
are at most 11.75% full (Table 5), and SRv6 SID consumption
is under 0.11% (Table 6). The hard constraint is the num-
ber of physically independent ESR uplink ports (Figure 5).
In practice, a production ESR exposes 256 equivalent ports,
more than sufficient to isolate the handful of top-tier appli-
cations. EBS is already in production on Lean. Dedicating
traffic resources does not remove failures of the shared equip-
ment itself: when a chassis fails, every business on it is hit,
and surviving that remains the job of each service’s own
redundancy, as with the 3AZ design of §2.2.

7.3 Optimizing Global Access Cost

While §3.2 focused on ingress access cost, the same arbitrary
traffic steering capability (R2) also unlocks optimization of

Table 8. Number of different global carriers per area.

Area #1 #2 #3 #4 #5 #6

#Global carriers 38 36 13 14 15 11

egress carrier cost at global scale. Public egress bandwidth is
a significant expenditure, and each carrier contract includes
a committed bandwidth floor: charges accrue at the commit-
ted level regardless of actual utilization. Under conventional
BGP routing, the application layer has no influence over
egress carrier selection. As customer coverage expands, new
carriers must be procured to maintain reachability, but each
introduces a fresh committed-bandwidth obligation. Table 8
shows the number of global carriers contracted per region.
Even moderately sized regions require over a dozen carri-
ers; the busiest areas exceed 35. If each carrier maintains an
independent bandwidth pool with its own committed floor,
the aggregate guaranteed minimum grows rapidly while per-
pool utilization remains low. This creates a compounding
fixed-cost problem: traffic is spread across an increasing num-
ber of contracts, utilization per carrier drops accordingly, yet
committed fees are paid in full per contract.

Our approach. The primary lever is not sourcing cheaper
carriers but fully utilizing the bandwidth already under con-
tract. Lean’s arbitrary traffic steering lets the application
layer directly control egress selection, steering traffic toward
underutilized carriers without protocol-level constraints. Be-
cause existing contracted bandwidth is not yet saturated, the
marginal cost of pulling additional traffic through Lean is
zero, whereas signing a new committed contract incurs a
fixed monthly expenditure, so improving utilization directly
defers procurement. In production, this strategy yields a
14.9% reduction in global access cost.

7.4 Exploiting Capacity After Expansion

As discussed in §3.4, OSS already provides AZ-level fault
tolerance through 3AZ replication, and therefore has a lower
fault-redundancy requirement than shared infrastructure,
allowing its isolated links to operate at a higher utilization
target. However, the underlying network follows a capacity-
doubling expansion model: when a link is upgraded, its capac-
ity doubles instantaneously, causing the utilization to drop to
half overnight (e.g., from 60% to 30%). This step-function ca-
pacity jump is an inherent property of the expansion model
and is unaffected by business-level isolation.

OSS pursues aggressive cost efficiency and cannot afford
to leave the newly added capacity idle. To compensate for this
gap, Lean performs proactive traffic rebalancing immediately
after an expansion event. Specifically, once the expansion
completes, Lean leverages its built-in scheduling engine to
migrate a portion of traffic from other AZs into the newly ex-
panded AZ, filling the fresh capacity headroom. For example,
the source AZ’s utilization may decrease from 55% to 40%,
while the expanded AZ’s utilization recovers from 27.5% to



45%, achieving dynamic global rebalancing and preventing
the new capacity from sitting idle over extended periods.

7.5 When the Network Fails

Over four years in production, Lean has handled over 100
access, over 15,000 cross-region, and over 100 intra-region
network failures annually without severe SLO violations.
We describe recovery in each tier below and a consistency
incident during rollout in §7.6.

Access. MCBRs run in 1+1 pairs, so a single-device failure
is transparent. The costlier case is losing a whole EdgePoP:
DNS withdraws its virtual IPs and clients re-converge to the
nearest remaining EdgePoP within seconds (§5.2).
Cross-region. Fiber cuts and device failures are routine,
but the Dual-Plane Triple-Route backbone (§3.3), with BGP
convergence and traffic replanning, absorbs them without
affecting users.

Intra-region. The typical failure is an unreachable AZ. OSS’s
3AZ redundancy already handles it (§2.2), and the 50% wa-
termark lets the two surviving AZs carry the full load (§5.3).

7.6 Beware of Inconsistency Pitfall

OSS uses a Raft-based [29] consensus protocol to coordinate
writes across AZs: the control plane determines which AZ
replicas are available, and the data plane carries the actual
object bytes. Isolating data-plane cross-AZ flows into a dedi-
cated channel delivered significant cost savings, yet during
the rollout we encountered a severe consistency incident.

When the isolated network path for a particular AZ experi-
enced a failure, the Raft consensus nodes remained unaware
of the outage and continued to consider the data nodes in
that AZ writable. In reality, write operations on the data path
were silently failing.

Through careful debugging we identified the root cause:
when applying SRv6 SID tags to mark OSS traffic for isolation,
only data-path flows had been tagged. The Raft control-path
traffic was still carried over the shared network alongside
ordinary traffic. As a result, the control plane could not sense
data-plane network state: Raft saw all three AZs as healthy
and continued dispatching writes, while the data plane to
one AZ was completely unreachable.

After diagnosing the issue, we performed a thorough audit
of all cross-AZ flows and applied the OSS SID tag uniformly
to every data-plane and control-plane flow, eliminating the
visibility gap between the two planes.

8 Related Work

Object storage systems. GFS [12], Azure Storage [8], Tec-
tonic [30], and f4 [27] address storage-layer architecture,
availability, and media cost reduction, treating the underly-
ing network as a provisioned resource. Lean is complemen-
tary: it optimizes the network cost of object storage, which
at our scale equals the storage cost in magnitude.

Cost-aware traffic steering. B4 [18, 23], SWAN [17], and
BwE [26] optimize inter-DC WAN utilization through cen-
tralized TE. Pretium [24] adds cost awareness; Entact [33]
selects among upstream carriers. At the edge, Espresso [37]
and Edge Fabric [34] enable fine-grained peering selection.
Each optimizes a single tier and treats applications as opaque
demands, whereas Lean spans heterogeneous tiers with dif-
ferent cost structures and requires co-design with the ap-
plication layer, jointly controlling ingress and egress paths
while extending isolation into the optical transport layer.
Segment Routing and SRv6. Segment Routing [11] and
its IPv6 instantiation [10] provide source-routed forwarding
without per-flow state at transit nodes. Prior deployments
use SR primarily for traffic engineering [16] or service chain-
ing [1]. SRv6 itself is standard, like DNS steering. Lean’s
novelty is using it not as a TE primitive but as an application-
infrastructure coordination primitive.

Network QoS and isolation. DiffServ [6] and IntServ [7]
define per-class and per-flow QoS within a shared network.
In the cloud context, Oktopus [3], SecondNet [15], and Silo [25]
offer tenants bandwidth guarantees through virtual net-
work abstractions. Network slicing [4] partitions physical
resources into logically isolated slices for different service
classes. All of these operate above the optical layer and rely
on scheduling to enforce isolation. Lean’s Inter-business
QoS Isolation descends below IP into the optical transport,
achieving physical rather than logical isolation.

Cloud network cost analysis. CloudCost [14] analyzes
cloud network TCO; Skyplane [22] optimizes cross-cloud
transfer cost via overlay paths. Lean contributes a comple-
mentary perspective: a structural cost analysis within a sin-
gle cloud’s object storage, revealing the counter-intuitive
inverse relationship between distance and cost, and a de-
ployed system that acts on it.

9 Conclusion

We presented Lean, a system that reduces OSS network cost
through application-infrastructure co-design using SRv6 as a
unifying primitive. Concretely, Lean instantiates three cross-
product co-designs: OSSxEdgePoP (MCBR), OSSXALB (ar-
bitrary traffic steering), and OSSXOTN (inter-business QoS
isolation). In production for 4 years across 7 regions and
75 EdgePoPs, Lean has cut the OSS network bill by 55.6%,
saving hundreds of millions of dollars annually. The broader
lesson is that layered abstraction lets a service scale fast, but
coordinating across those layers lets the scaled service save.
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