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Abstract
Over the last two decades, with the advent of mobile com-

puting and Internet streaming, Apple has expanded its user
base and services significantly. With this growth, we have seen
an increased volume and diversity of data storage, ranging
from backups, personal photos and videos, to music libraries,
TV shows, and live streaming. In this paper, we present ACOS,
Apple’s object store designed to meet the specific require-
ments of user-facing and internal services, by accommodating
a wide range of content and access patterns. ACOS has been
in production for over a decade, storing several exabytes of
objects and serving billions of requests per day. With its geo-
replicated architecture using both local and regional replica-
tion mechanisms, ACOS is cost-efficient and highly scalable,
available, and durable. The evaluation of our production de-
ployment shows its throughput and latency performance as
well as its resilience to hardware and data center failures. This
paper presents the design and evolution of ACOS, evaluates
its performance in production, and demonstrates its capacity
to scale and support Apple’s current storage needs and future
growth.

1 Introduction

Within Apple, services such as iCloud, and more recently
Apple TV require a robust storage infrastructure. Hundreds
of millions of users globally depend on these services daily,
to create, share, and consume a wide range of digital content.
As such, Apple needs a geographically distributed storage
system capable of managing objects in a cost-efficient and
scalable manner.

Storing and serving these objects presents unique chal-
lenges. First, the system must efficiently handle extreme vari-
ance in object sizes, ranging from small metadata and thumb-
nails (tens of KBs) to large videos (several GBs). Second, the
growth in Apple’s user base translates into an ever-increasing
amount of data stored and rate of requests. This rapid growth
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amplifies the need for a scalable system, able to seamlessly
add capacity and throughput with minimal overhead, without
performance degradation or prohibitive cost. Finally, users
expect their data to be safe and always accessible, requiring
the system to be secure, highly durable, and available.

Companies that need to store large amounts of objects have
generally relied on large-scale object stores [3, 6, 9, 10, 16, 28,
29]. To ensure data availability and durability, these object
stores rely heavily on various data replication mechanisms,
including full object replication as well as erasure coding
schemes such as Reed-Solomon and Local Reconstruction
Codes (LRC). While most of the object stores are deployed
in a single region, some large companies use geo-replication
across multiple regions [9, 13, 28, 29], which provides in-
creased availability and durability.

This paper describes the design and implementation of
two consecutive versions of ACOS, Apple’s production ob-
ject storage system that has operated for more than ten years,
managing multiple exabytes of data while handling billions
of daily requests. ACOS accommodates diverse data types,
including user-generated content like photos and videos along-
side internal datasets for analytics purposes. The system was
engineered with three primary objectives: (i) ensuring high
availability and data durability to maintain uninterrupted data
access and safeguard against multiple failure scenarios, (ii) op-
timizing cost-effectiveness to economically manage massive
data volumes while maintaining low operational overhead,
and (iii) providing scalability to seamlessly handle ongoing
expansion in both storage requirements and traffic demands.

ACOS 1.0 lays the foundation of the geo-replicated
architecture by leveraging local and regional replication
mechanisms to guarantee availability and durability of
the stored objects. Local replication relies on distributed
(12, 2, 2) LRC [16] — and more recently on (20, 2, 2) LRC —
to ensure failure resilience to disks, hosts, and racks within
a data center. Regional replication relies on full object repli-
cation to ensure resilience to data center failures. ACOS 2.0
enhances regional replication by using XOR coding, a more
storage-efficient replication scheme than full object replica-



tion, resulting in an overall replication factor of 1.5. With its
unified deployment architecture, ACOS 2.0 can seamlessly
scale to multi-exabyte capacity and accommodate the growth
of Apple services. Our contributions in this paper include:

• The design of two successive generations of ACOS, a
geo-replicated object store at exabyte scale with cost-
efficient two-layer encoding (local LRC and regional
XOR parity).

• An evaluation of ACOS after a decade of production de-
ployment, including a performance comparison between
the two generations.

• Lessons learned in seamlessly migrating data between
the two generations, optimizing latency, and operating
an object store at scale.

We organize the remainder of this paper as follows. Sec-
tion 2 provides details about the different workloads at Apple.
We describe ACOS’s successive designs and implementations
in Section 3 and 4. Section 5 compares the performance of
1.0 and 2.0 in terms of request latency and durability and
availability mechanisms, demonstrating that ACOS meets our
design goals. In Section 6, we present discussions on latency
optimizations, the migration between the two ACOS genera-
tions, and the availability and durability cost tradeoff. Finally,
we present the related work in Section 7 and conclude this
paper in Section 8.

2 Workloads

Apple has end-users who use a wide range of services with
diverse storage needs such as iCloud, Apple Maps, Apple TV,
and Apple Music to name a few. For instance, a user might
be storing photos in iCloud or streaming an Apple TV series.
These different use cases are workloads of ACOS, which
directly or indirectly serves content for end-users, as well as
internal platforms or services.

ACOS operates in Apple’s data centers and is part of an
ecosystem of cloud services that stores and distributes con-
tent to end-users as shown in Figure 1. While ACOS does
not provide a caching mechanism, some requests, such as
downloading an object, might go through a Content Delivery
Network (CDN) and therefore, will interact only indirectly
with ACOS. Other requests, such as uploading an object, e.g.,
a photo, will directly interact with ACOS. Additionally, some
Points of Presence (PoPs) might interact with ACOS to pro-
cess and serve latency-sensitive content close to the end-user,
e.g., video transcoding.

As a multi-tenant system, ACOS is designed to meet the
diverse needs of both user-facing and internal workloads, all
of which require high availability and durability. Each of these
workloads has specific object size distribution and access
patterns in terms of upload (bytes), download (bytes), and
delete (operations), summarized in Table 1.

PoPs CDNs

ACOS workloads 

User-facing servicesInternal services

End-Users

ACOS deployment

Region 1 Region 2 Region 3 Region 4 Region 5

Figure 1: Using Apple devices or a browser, end-users can
access services that use ACOS either directly in data cen-
ters, or indirectly via Points of Presence (PoPs) or Content
Delivery Network (CDN).

Throughput ratios

GET PUT DELETE

iCloud 52.0% 27.0% 81.0%
Media Services 11.0% 6.0% 1.0%
Maps 20.0% 5.0% 1.0%
Misc. 17.0% 62.0% 17.0%

Table 1: Relative contribution of workloads to operation
type.

iCloud, a key workload of ACOS, needs to store a large
amount of end-user content, including photos, videos, mail,
and device backups [38]. The throughput and latency require-
ments vary depending on the type of content stored. For in-
stance, device backups are asynchronously processed on the
device with low throughput and latency requirements. On
the other hand, photos, and especially videos, require higher
throughput and lower latency. The access patterns are diurnal
and also vary depending on the period of the year, with peaks
across all types of content, e.g., when many photos are taken
during holiday periods. Outside of these events, photos and
videos have a high download and delete rate immediately
when stored, while backups are less frequently downloaded.

Media services such as Apple Music and Apple TV typi-
cally store large files, of several gigabytes (GB) or more, that
need to be broken down into multiple parts for efficient, con-
current upload and storage. The content stored from media
services only grows with size, as new media files are added.
The content is never deleted and is read infrequently since the
services use CDN to cache the content and reduce the latency
to the end-user.

Finally, Apple Maps has a wide variety of content, ranging
from map and 3D views to analytics workloads, with different
access patterns. The map and 3D views are behind a CDN, and
thus downloaded infrequently and almost never deleted, while
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Figure 2: Stamp layout in ACOS.

analytics workloads are deleted and downloaded frequently.
Other internal workloads range from analytics jobs to long-

term storage, and so have a wide diversity of access patterns.
Internal object storage at Apple stems from the necessity
to store large amounts of strategic data internally with low
latency within the same data center, ranging from legal docu-
mentation and manufacturing data to media data, including
image thumbnails. This initial requirement drove the design
of ACOS 1.0 presented in Section 3. However, in recent years,
the increase in storage capacity to support Apple’s growing
number of cloud services drove the need for ACOS 2.0, a
unified and cost-efficient solution presented in Section 4.

3 ACOS 1.0

ACOS 1.0 was the first iteration of a highly available and
durable object store at Apple, deployed in 2013. It exposes an
AWS S3-compatible API to internal services. The store op-
erates in paired, geographically separate regions in an active-
active configuration, where either region can receive read and
write requests from client applications. The system stores ob-
jects as blobs of data encrypted-at-rest on disk and distributed
across many nodes in the storage layer.

3.1 Store Overview
A store is a collection of two stamps in different geographical
regions, where each stamp is a standalone storage service
deployed in a data center. A store exposes a unique endpoint
for clients to store and retrieve data. The stamp consists of
a collection of racks, with compute and storage hosts. The
compute hosts run ACOS 1.0 applications, including request
handler, coordinator application, rate limiter application, and
load balancer. The storage hosts run the storage layer and are
connected to JBODs. Figure 2 presents the layout of a stamp
with its main components.

Different DNS endpoints target a specific stamp or both
stamps. DNS load balancing distributes client requests across
the load balancers. The load balancers are public-facing with
public IPs, distributing traffic evenly across all request han-
dlers in the stamp. Each load balancer acts as a public TLS
termination point before routing requests to a request han-
dler. This prevents Direct Server Return (DSR) as the request
handler must send responses through the load balancer. The
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(b) Sealed cluster with 12 data containers and 4 parities

Figure 3: Container cluster layout in ACOS for
(12, 2, 2) LRC codec layout.

request handler is a stateless service that accepts a subset of
AWS S3 APIs [1], responsible for checksum computation,
encryption/decryption. The request handler validates request
signatures against the authentication system and client quota
against the rate limiter application. The rate limiter is a dis-
tributed service protecting the stamp components by enforcing
per-client rate limits.

The request handlers are connected to the storage layer to
store and retrieve client objects. The storage layer is respon-
sible for writing and reading data to and from the disk. It
provides intra-stamp replication using erasure coding. The
coordinator application is responsible for the data placement,
detecting unhealthy nodes in the storage layer as well as initi-
ating and managing repairs and garbage collection processes.
Finally, the metadata system persists object metadata, includ-
ing its location within a node in the storage layer, replication
state, as well as client application-specific information. It is
backed by Apache Cassandra [39].

The connections between ACOS 1.0 applications are en-
crypted using TLS, and each application maintains a connec-
tion pool to other applications. This avoids re-establishing
connections and minimizes the amount of TLS handshakes
that incur high CPU overhead and adds network latency.

3.2 Storage Layer
The storage layer provides a stateful, persistent data storage
deployed on dedicated storage hosts, each attached to HDDs
grouped into a JBOD.

The objects are blobs stored in containers, along with a
subset of their metadata and checksum. An object is uniquely
identified by a combination of client application identifier,
bucket, and a path. The client application can either upload a
single object without dividing it into parts, or upload a multi-
part object part by part. The request handler processes objects



of arbitrary size, including those larger than a single container,
by transparently splitting them into fixed-size parts.1 These
parts are then stored in containers, abstracting the underlying
storage mechanism from the client application.

A container is a large file (ranging from 4 to 32 GiB) that
holds multiple objects. The containers are grouped within a
cluster, as presented in Figure 3. Each container in the clus-
ter is initially five-way replicated (Figure 3a). Objects from
client PUT operations are written to a replicated cluster until it
reaches capacity, after which it undergoes the sealing process.
The sealing process deletes the replicas of the data containers
and generates parity containers to create a sealed cluster (Fig-
ure 3b), using the Local Reconstruction Codes (LRC) erasure
coding [16]. The (12, 2, 2) LRC consists of two local and
two global parity containers generated for 12 data containers
organized in two stripes of six data containers. After the seal-
ing process, all containers in the cluster are immutable for
writes. Replicated clusters are sealed with deleted objects to
account for a delete grace period. As the intra-stamp replica-
tion mechanism, the (12, 2, 2) LRC codec can recover from
four container failures per cluster in 86.15% of cases and from
three failures in the remaining cases. Initially, ACOS 1.0 used
the (12, 2, 2) LRC codec layout for intra-stamp replication.
To further reduce the replication factor, we later introduced
(20, 2, 2) LRC to store new objects.

The request handler receiving the client request streams
the object as data chunks of size 256 KiB to the replicated
containers. Replicated containers use a custom distributed
transaction log based on ZAB [34] for data flow but uses
Raft [30] algorithm for leader election, with optimizations
specific to object storage services: (i) minimize flushes for
multi-chunk objects and (ii) track aborted partially written
objects. The leader replica receives the data chunks from the
request handler and writes each chunk to its transaction log
file, while forwarding the chunks to the other four replicas.
Each replica flushes the transaction log file to disk. Once a
quorum of replicas has stored the full object, the leader noti-
fies the request handler, which stores the metadata containing
the object location before completing the request.

3.3 Container Lifecycle

The coordinator application orchestrates the cluster lifecy-
cle, from the creation and placement on disks, to garbage
collection as well as data repairs.

Placement. The coordinator application runs the placement
process that continuously creates replicated container clusters
as destinations for object writes. This process maintains a
stable number of writable clusters and accommodate the rate
of incoming data. To maximize availability and durability,
the placement process takes into account failure domains and

1In practice, we set the maximum part size to 64MiB.

places the containers of a given cluster on different disks,
hosts, and racks, thus reducing the impact of hardware fail-
ure. To maximize disk throughput, the placement process
guarantees an even spread of containers across all disks.

Compaction. Upon receiving a delete request, the request
handler sets a tombstone in the object metadata. After the
object’s grace period, it is considered deleted. As objects are
deleted, the coordinator application runs a garbage collection
process, compaction, to reclaim space. The coordinator ap-
plication periodically identifies clusters for compaction, sorts
them by deleted data amount, and schedules compaction for
those with the most deleted data. The storage application then
initiates compaction. The storage application rewrites contain-
ers into a new file, skipping deleted objects. Once complete,
the storage application recomputes parity containers using
LRC erasure coding, similarly to the sealing process.

Repair. Throughout the lifetime of a cluster, disks in the
storage layer will fail, creating a data durability risk. To mit-
igate this risk, clusters undergo a repair process akin to the
sealing process, which rebuilds the missing container data
on a different disk. There are two main causes for container
failures: (i) hardware failures and (ii) data corruptions.

Repair for hardware failures happens when a disk, host, or
rack is down. Each process periodically responds to health
check requests from the coordinator application. Upon the de-
tection of a failure from a storage application, the coordinator
application triggers the repair after a 30-minute grace period
to avoid unnecessary repairs in case of transient failure events
such as host restart or software release.

Repair for data corruptions corresponds to disk failures,
commonly captured by the disk Annual Failure Rate (AFR).
There are different periodic durability mechanisms in place to
detect data corruptions on disks: (1) an asynchronous process
scans all the metadata and verifies the full object integrity
against the object checksum stored in the metadata and (2)
another process on storage application scans each container on
disk and verifies the segment checksum. Once a disk failure
is detected, the container is immediately repaired.

3.4 Data Availability
Each ACOS 1.0 store relies on two stamps for data redun-
dancy and to provide increased availability and durability of
client data. To ensure data availability in case of a stamp
failure, the storage application in each stamp continuously
replicates the stored client data to the other stamp. As part of
this asynchronous process, the storage application scans all
stored containers on the disk and writes all objects pending
replication to the other stamp. Once an object is replicated, the
storage application updates its metadata with the replicated
object location. This replication process allows us to perform
stamp level maintenance operations by setting the stamp in



failover. When in failover, a stamp proxies all client requests
to the other stamp, ensuring continuous data availability.

The request handler handling the client GET requests lever-
ages both intra-stamp replication using LRC, and inter-stamp
asynchronous replication. The request handler first attempts
to retrieve the data from the container. In case of failure or
timeout, the request handler performs a degraded read of the
object by attempting to read the object from different sources.
It first tries to decode the object data from the local and then
global LRC parities. As a last resort, the request handler falls
back to retrieving the object from the other stamp, and either
returns the object or an error in case of failure. As each po-
tential data source is initiated, existing sources continue to
run and resulting object data is streamed back to the client as
soon as it is available regardless of its source.

3.5 Limitations
Although ACOS 1.0 has seen a decade of production use,
its scalability was significantly hampered by several factors.
Specifically, it suffers from high storage costs, a complex and
difficult-to-manage store lifecycle, and a metadata system that
struggles to provide strong consistency and high performance.

High storage cost. ACOS combines full cross-stamp repli-
cation with a (20, 2, 2) LRC codec, for an overall replication
factor of 2.40. Leveraging the full extent of Apple’s infras-
tructure with more efficient encoding scheme across multiple
data centers in different geographical regions could further
reduce the replication factor.

Store lifecycle. As stores have a fixed, isolated storage ca-
pacity, client resources may span multiple stores, making it
challenging for clients to manage multiple endpoints, creden-
tials, capacity reservations as well as quotas. Decommission-
ing aging stores requires a per-object migration to another
store. It is a slow and complex operation with many tedious
configuration and verification steps.

Global scalability. The metadata system used in ACOS 1.0
suffers from several limitations such as hot-spotting, perfor-
mance of LIST operations, lack of support for operation pred-
icates and cross-stamp consistency. These limitations make it
challenging to scale ACOS into a unified data storage system
across multiple data centers.

4 ACOS 2.0

ACOS 2.0 is an evolution of ACOS 1.0. It provides a unified
endpoint and reduces the operational burden, while reducing
the cost of storage per byte by decreasing the data replication
factor from 2.40 to 1.50. With its scalable design, ACOS 2.0
allows the addition of storage capacity and throughput trans-
parently for client applications. Table 2 and Figure 4 summa-
rize the main differences between ACOS 1.0 and 2.0.

ACOS 2.0 keeps the same stamp-based structure as in-
troduced in Section 3, and extends it to a multi-region de-

ployment architecture. In its current production deployment,
ACOS 2.0 spans five regions, close to client workloads. A
region is a set of stamps hosted in a data center. A stamp can
store about 500 PiB of raw data.

ACOS 1.0 ACOS 2.0

Architecture Dual region Multi region
Intra-region Redundancy (20, 2, 2) LRC (20, 2, 2) LRC
Inter-region Redundancy 2x replication Bitwise XOR-5
Overall Replication Factor 2.40 1.50
Metadata System Dual Cassandra ClassVI
Scalability Per-store Elastic
Endpoint Per-store Unified
TTFB Lower Higher

Table 2: Comparison between ACOS 1.0 and 2.0.
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Figure 4: ACOS 1.0 store with two regions and one stamp
(left) and ACOS 2.0 multi-region deployment with five
regions and several stamps per region (right).

4.1 Cross-Region Segmentation
Unlike ACOS 1.0, which fully replicates data between the
two stamps of a store, ACOS 2.0 splits all objects into four
contiguous equal-sized data segments and computes a parity
segment using the bitwise XOR operation on all data seg-
ments. This operation allows the client handler to regenerate
any part of any segment, including the parity segment, from
the other four segments. This object segmentation results in a
replication factor of 1.5, while ensuring high availability in
case of a single region failure, at the expense of an increased
TTFB. We provide more details about the replication factor
computations in Section 4.3.

As shown in Figure 5, the client handler splits the incoming
object from PUT requests into data and parity segments, dis-
tributing them to regional segment handlers in each region of
the deployment. Each PUT request, including chunk encoded
requests, must provide the object length as a header, so the
size of a segment is known prior to the segmentation. The
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Figure 5: ACOS 2.0 PUT request. Once the client handler
in stamp 3 receives an incoming PUT request from the
client, it splits the full object into four equal size segments
and computes an additional segment X such that xX =
x1 ⊕ x2 ⊕ x3 ⊕ x4.

receiving segment handlers send their segment to the storage
layer to be stored in replicated containers.

For multipart objects, ACOS 2.0 considers each part as a
fully independent object, mirroring ACOS 1.0’s mechanism.
ACOS 2.0 splits each part into segments. The commit opera-
tion generates metadata that includes the segment locations
of all associated parts.

The client handler fulfills GET requests for a full object by
fetching all four data segments. If a segment is temporarily
unavailable, the client handler reconstructs it using parity and
the remaining data segments. This allows ACOS 2.0 to fulfill
GET requests despite partial deployment outages.

For partial read GET request of an object range, the client
handler first attempts to read the data segment(s) that corre-
spond to the requested range. For example, each segment for
an object of 100 bytes is 25 bytes distributed across all five
regions. When a client requests a range of the first 10 bytes
of that object, the client handler will only fetch the first 10
bytes of the first data segment. However, if that segment is
unavailable, then the client handler fetches the first 10 bytes
of each remaining segment to reconstruct the requested range.

4.2 Consistent metadata system
Distributing segments across regions requires a metadata sys-
tem that guarantees strong consistency across regions. When
a client PUT request comes into region A, the client handler
serving a client GET request in any other region must access
the metadata immediately.

ClassVI is the name of our custom-built metadata sys-
tem, similar to BigTable [5] backing ACOS 2.0. It leverages
RocksDB [25] as its local storage engine. It is deployed in the
same regions as ACOS 2.0, and each region contains replicas
of the metadata to ensure the same durability as the user data,

and provides low latency access to metadata.
While ClassVI does not provide multi-row distributed trans-

actional guarantees, it maintains strong consistency for all
row-level read and write operations using a Raft consensus
algorithm. To improve latency, ClassVI permits read oper-
ations to be performed against a single replica in the local
region. However, this performance optimization comes with
the trade-off of eventual consistency for single-replica reads.

When all segments are stored following a client PUT re-
quest, the client handler writes the object metadata containing
all segment locations to ClassVI. A segment location consists
of all the information necessary to locate the stored data on
disk, including the cluster identifier, the container index, and
the object offset within that container.

When the client handler receives a client GET request, the
handler retrieves the object metadata from ClassVI and sends
each contained segment location to the segment handler to
fetch the needed segments, depending on their availability.

4.3 High Availability System
ACOS 1.0 provides strong availability for client GET requests
such that it can sustain up to four node failures per container
cluster within a stamp, or even a full region failure, with
mechanisms such as degraded reads within a stamp and cross-
region replicas. As described in Section 3, these mechanisms
result in a replication factor of 2.40.

ACOS 2.0 handles a single region failure such that it can
still fulfill both client GET and PUT requests using the parity
segment. If two or more regions are unavailable, it cannot
fulfill client PUT or GET requests that require the unavailable
segments, in which case the client handlers return an error
to the client. In this degraded mode, client handlers can still
process requests that only involve the metadata system as
they do not require storing or fetching any client data on the
storage layer.

When a data segment is unavailable, the client handler can
serve a client GET request by using the XOR operation. The
client handler can reconstruct any missing data segment by
fetching the four remaining segments, i.e., three data segments
and one parity segment.

In the case of a client PUT request, the client handler sends
the segment request to all destination regions, and completes
the request successfully if at least four of the five segments
are stored. The client handler still attempts to store the last
segment as part of the client PUT request in a best-effort
manner and will update the segment locations in the object
metadata if the attempt is successful.

Each storage application has a process that asynchronously
iterates on the containers to identify objects with a missing
segment. The process (i) retrieves the available segment loca-
tions of the objects from the metadata system, (ii) fetches the
segments’ data, (iii) regenerates the missing segment data us-
ing the XOR operation, and (iv) stores the generated segment



in the remote region. To minimize the overhead associated
with fetching a segment, this process runs only on two out of
the five regions, which guarantees the presence of a segment.
To further minimize the overhead of this asynchronous repli-
cation process, the client handler always attempts to store all
segments when handling a client PUT request. In case one of
the segments takes too long to be stored, e.g., when experienc-
ing network issues or disk issues on the target storage host,
the client handler completes the request and the replication
process regenerates the remaining segment asynchronously.

4.4 Multi-tenant Scalable Design

In ACOS 1.0, when a large client application needed to ex-
pand their capacity beyond the capacity of a single store, they
had to request capacity in multiple stores. This was a major
pain point for our clients as they were forced to deal with
multiple endpoints, credentials, rate limits. Moreover, data
management, e.g., balancing, moving, and copying data across
stores, was the responsibility of the client.

One of ACOS 2.0’s major improvements is its unified end-
point, a unique entry point to store and retrieve data. The
endpoint is a single DNS record that answers A records target-
ing load balancer’s public IP address within the deployment.
Our internal DNS authoritative server dynamically computes
the IP address of the load balancer so as to minimize the net-
work latency between the client and the load balancer. For
instance, if a client wants to send a request to ACOS 2.0 from
region A, the DNS authoritative server will serve an IP ad-
dress of a load balancer in region A. We add or remove A
records of the load balancer IP addresses to the main end-
point’s DNS record to reflect changes in the deployment such
as adding or removing stamps.

With the scalable nature of the deployment, the number of
stamps per region grows over the course of the deployment
lifetime. As such, the oldest stamps will be filled with data
before the newest ones. ACOS 2.0 has several mechanisms
in place to balance the data across all stamps to achieve a
uniform resource usage in terms of disk IOPS and space used.

When picking a stamp during a client PUT request, the
client handler uses weights to determine the destination stamp
for each segment. On each stamp, an asynchronous periodic
job computes the available disk capacity and reports the in-
formation to the coordinator application. A separate service
aggregates the disk capacity information and derives stamp
weights for each region.

In addition to stamp weights, ACOS 2.0 employs a rebal-
ancer service that moves existing data across stamps within a
region. The rebalancer sends a file-level copy of sealed data
and parity containers to a target storage node in the destina-
tion stamp. This process is the fastest and least I/O-intensive
way to move data across stamps since it avoids both the disk
I/O of transaction log writes and the CPU cost of erasure cod-
ing during container sealing. We need the rebalancer for both

on-boarding and off-boarding a stamp in the deployment: the
rebalancer can move data from older stamps to newer stamps,
emptying older stamps or freeing up capacity to balance the
load of requests and stored data.

Finally, the rate limiter in ACOS 2.0 has a new architecture
comprising two rate limiter services: (i) deployment-level
used before object segmentation and (ii) stamp-level used after
object segmentation. These services are similar to the rate
limiter application in ACOS 1.0 described in Section 3.1. The
deployment-level rate limiter protects the whole deployment
from load surges by enforcing predefined client application
rate limits with instances located in each stamp. The stamp-
level rate limiter protects the storage resources of each stamp
by throttling client and internal traffic operations, including
client requests and asynchronous segment replication.

5 Production Results

This study evaluates the performance of the two live produc-
tion systems ACOS 1.0 and ACOS 2.0 through a series of
measurements. As both systems are geo-replicated, this evalu-
ation focuses on comparing key performance metrics, specifi-
cally request latency, durability, and availability mechanisms.
We gathered the results from live traffic over a one-month
period across all our hosts, capturing a large volume of real-
world workloads to ensure the statistical significance of our
findings.

5.1 Request Latency
Our evaluation uses two server-side request metrics.

• Time to first byte (TTFB). This is the time from receiving
the incoming client GET request to sending the first byte
of the response to the client. This includes the metadata
operation delay, the time to read the first byte on disk,
and the networking time to transfer the first byte.

• Full object latency. This is the time between receiving
the incoming client request and sending the last byte of
the response to the client. This captures the metadata
operation delay, the time to read or write the data on disk,
and the networking time to transfer the data.

While we measure metrics server-side, the client may have
a significant impact on the full object request latency when
receiving data or transmitting the response between the client
handler and the client. We measure the TTFB for client GET
requests as this metric is independent of the object size and
the client’s and our egress networking throughput limitations.

Due to the migration of ACOS 1.0 to ACOS 2.0, the main
workloads have moved to ACOS 2.0, which explains some
differences between client application data across the two
systems. In particular, Figure 6a provides a Cumulative Distri-
bution Function (CDF) of the object size in bytes for PUT and
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Figure 6: Key latency performance metrics measured after the latency improvements presented in Section 6.2.

GET requests in ACOS 1.0 and ACOS 2.0. Across both sys-
tems, the object request size is smaller for GET requests than
for PUT requests, since workloads use range read request
to retrieve a subset of the object. However, the difference
in object sizes between GET and PUT requests is larger in
ACOS 2.0 because of the migration of workloads.

In Figure 6, we also provide request latency and TTFB
metrics comparing the performance of both systems. Fig-
ure 6b shows similar TTFB for GET requests between the
two systems, with a slightly larger TTFB for ACOS 2.0. The
observed difference is mainly due to the distributed nature
of the segments of the objects in ACOS 2.0, where, due to
the client location and requested range, we may need to fetch
a remote segment before returning the first byte of the GET
request. In ACOS 2.0, in 99.99995% of requests, fetching
the metadata only requires an inconsistent read, showing no
latency difference with ACOS 1.0. We provide more details
about latency optimizations, including metadata prefetch, in
Section 6.2.

In Figures 6c and 6d, we compare the full object GET
and PUT requests between ACOS 1.0 and ACOS 2.0 for two
representative object sizes, 1 MiB and 10 MiB. The latency
of PUT object requests is similar between ACOS 1.0 and
ACOS 2.0, since in both systems the client handler streams
the client data directly to the replicated containers. In the
case of ACOS 2.0, server-side buffering of the client data
allows the client handler to send the PUT segment requests
in parallel. Conversely, the GET request latency is greater for
ACOS 2.0 to account for the time to fetch all the segment data
from remote regions, where the observed latency difference
of 50 ms between the two systems corresponds to the average
network latency between two regions.

5.2 Durability and Availability

In Figure 7, we measure the performance of different avail-
ability and durability mechanisms and the impact on the GET
request latency for both ACOS 1.0 and ACOS 2.0.

In both ACOS 1.0 and ACOS 2.0, replication of data be-

tween regions guarantees the durability and data availability
of the system in case of a region failure. The replication
process for ACOS 1.0 is done asynchronously for every ob-
ject, whereas for ACOS 2.0 the replication is done as part
of the PUT request flow in 99.99% of cases. As such the
asynchronous replication process only concerns 0.01% of
objects, with 99.8% in replicated containers and the remain-
ing 0.2% in sealed containers. Figure 7a shows a CDF of
the replication lag for both systems, i.e., the time difference
between the completion of a PUT request and the successful
run of the corresponding replication process. In ACOS 1.0
the replication process starts immediately after an object is
stored in one stamp, and completes within 10 seconds for
90% of all objects. As we can observe in the plot, since few
segments need to be replicated asynchronously, the segment
replication lag in ACOS 2.0 is several magnitudes smaller
than the object replication lag in ACOS 1.0, exhibiting one of
the main advantages of ACOS 2.0 in terms of durability.

Figure 7b shows the impact of the inter-region availability
mechanism on full object GET request latency in ACOS 2.0:
(i) without segment reconstruction, (ii) with segment recon-
struction, and (iii) with segment reconstruction during stamp
failover. Segment reconstruction between regions incurs a
computational overhead of 0.3ms at p90. Reconstruction with-
out stamp failover shows a 10-millisecond increase on the
GET latency. On the other hand, segment reconstruction dur-
ing stamp failover shows an impact on GET latency up to
50 milliseconds for percentiles greater than p60, due to the
fact that the client handler needs to fetch segments in regions
farther away, with larger inter-data center latencies.

Figure 7c shows the impact of the intra-stamp availability
mechanism on segment GET request latency in ACOS 2.0:
(i) with degraded read using the parity containers to recon-
struct the unavailable sealed data containers, (ii) from sealed
data containers, and (iii) from replicated containers. Com-
putational overhead for LRC reconstruction is 2ms at p90.
Degraded reads using the sealed data and parity containers
show a 30ms increase in GET segment latency up to p50, and
a larger increase (hundreds of ms) above p50. When recon-



100 101 102 103 104 105

Replication lag (s)

0

20

40

60

80

100

Pe
rc

en
tile

ACOS 1.0
ACOS 2.0

(a) Replication lag comparison

0 100 200 300 400 500
Object GET latency (ms)

0

20

40

60

80

100

Pe
rc

en
til

e

No reconstruction
Reconstruction
Reconstruction
and failover

(b) GET full object latency

0 200 400 600 800 1000
Object decoded reads (ms)

0

20

40

60

80

100

Pe
rc

en
til

e

Degraded read
Sealed container
Replicated container

(c) GET segment latency

Figure 7: Durability and availability performance metrics — (b) and (c) for ACOS 2.0 only.

structing the segment data using parities, the LRC mechanism
favors local parities and falls back to global parities after a
configured 500ms timeout. This impacts requests above the
75th percentile.

6 Discussions

This section discusses the challenges we encountered while
operating a storage system at scale for more than a decade.
This includes the migration of large amounts of data between
systems, performance considerations, as well as availability
and durability tradeoffs.

6.1 Migration from 1.0 to 2.0

With the introduction of ACOS 2.0 as a replacement to
ACOS 1.0, we needed to migrate the data to the new deploy-
ment. While a subset of clients managed their own migration,
we undertook the large-scale effort of transferring the remain-
ing data in several stores. We planned the migration in the
following successive phases.

1. Client application migration. Transfer of client-specific
information to the target deployment: credentials, con-
figuration parameters, rate limits, and storage quotas.

2. Object migration. Asynchronous transfer of individ-
ual objects to the target deployment using a storage
application-based process. This process, similar to the
replication process described in Section 3.4, sends each
object to the new deployment to be stored as segments
as described in Section 4.1. The object migration was
done while the source store was handling client requests.

3. Object verification. Asynchronous storage application-
based process that validates the integrity of migrated
data. It confirms the correct transfer of each object’s data
and metadata to the target deployment by computing and
comparing checksums and verifying metadata fields.

4. Request proxying. Once all the existing objects have
been migrated, the client handler at the source store redi-
rects the client requests to the target deployment request
handler. During this phase, the object migration and ver-
ification processes continue to run on the source store
for newly ingested or modified objects.

5. DNS cutover. Once object migration and verification
are complete, we update the DNS configuration for the
client-facing store endpoint. This involves changing the
CNAME record to point from the source store’s DNS
domain to the target deployment’s DNS domain.

This migration amounted to several exabytes over the
course of a few years. It was done transparently to the client
applications, with no downtime, while still handling client
requests, with guaranteed availability and correctness of the
data at any point in time.

6.2 Latency Optimizations
With the geo-distributed architecture of ACOS 2.0, we ob-
served an increase in GET request latency for full objects
and TTFB compared to the previous system. Prior to the mi-
gration, we led an effort to significantly reduce server-side
latency by up to 60% and client-side latency by up to 87%,
minimizing the latency impact on workloads migrating from
ACOS 1.0 to ACOS 2.0. We made improvements along three
different stages of the client GET request: DNS geo-routing,
metadata prefetch, and segment regional preference.

DNS geo-routing. Client requests are routed to the closest
of five ACOS 2.0 data centers using DNS geo-routing. This
ensures that clients have the shortest path to our servers, but
results in traffic imbalance across regions. We allow imbal-
ances as long as all regions are able to handle their traffic.
When traffic in a region approaches a predefined threshold,
a safety mechanism part of the DNS system routes excess
traffic to other regions. In addition to our general endpoint for
ACOS 2.0, we provisioned an endpoint for latency-sensitive
traffic, reserved for select low volume use cases, which is not



affected by the safety mechanism. We also provisioned an
endpoint for non-latency-sensitive traffic, which we use to
balance traffic across regions in a round-robin manner.

Prefetch after inconsistent metadata read. In addition to
consistent reads, ClassVI offers fast inconsistent reads, served
from a replica located in the same data center in single-digit
milliseconds at the 99.9th percentile. As object metadata is
mutated only during a client PUT request and rebalancing,
and ClassVI quickly propagates updates, an inconsistent read
returns the correct metadata most of the time. We leverage
this to optimistically prefetch data from disk: upon a client
GET request, the request handler immediately triggers both
a consistent and inconsistent metadata read. When the in-
consistent metadata read completes, it then triggers segment
reads. When the consistent metadata read later completes,
the request handler compares both metadata. If they match, it
starts streaming data back to the client. If they don’t match,
which happens for about 0.001% of requests today, the request
handler drops the prefetched data and sends segment GET
requests with the correct metadata.

Segment regional preference. When reading an object, a
request handler can choose any combination of four out of the
five segments of the object. Our data centers are separated by
several hundreds to thousands of miles, located on opposite
sides of the North American continent. Instead of picking
any four segments, the request handler selects the segments
that are located in the data centers that have the smallest
network round-trip time. In most cases, this means that the
parity segment will be read and a XOR reconstruction will
be required. This has a small CPU cost but avoids slow cross-
country network transfers.

6.3 Load Balancer Bypass
The increased inter-stamp throughput achieved with
ACOS 2.0, resulting from object segmentation, exposed
a bottleneck in the existing load balancing infrastructure.
Specifically, the stamp load balancers proved insufficient to
handle the amplified traffic volume.

Faced with this limitation and constrained by cost and data
center space considerations, a hardware-based solution involv-
ing the addition of load balancers and top-of-rack switches
was deemed infeasible. Consequently, we adopted a strategy
to bypass the load balancers for inter-stamp communication,
which reduced the traffic on these components. Bypassing
the load balancers had some drawbacks as the request han-
dlers had to re-implement some of the features provided by
the load balancers, such as health monitoring or handling a
large number of connections to the serving request handler
instances. Despite these added complexities, bypassing the
load balancers yielded client request latency reductions, with
improvements of 22% at p50, 32% at p90, and 26% at p95.

Codec Layout Durability MTTDL (years) Availability (seconds) RF

Local Regional Degraded Unavailable

(12,2,2) 1.0 4.96×1010 4.51×1023 631.15 0.0032 2.67
(20,2,2) 1.0 8.49×109 1.32×1022 631.15 0.0032 2.40
(20,2,2) XOR-3 8.49×109 4.38×1021 946.71 0.0095 1.80
(20,2,2) XOR-4 8.49×109 2.19×1021 1,262.27 0.0189 1.60
(20,2,2) XOR-5 8.49×109 1.31×1021 1,577.82 0.0316 1.50
(20,2,2) XOR-6 8.49×109 8.77×1020 1,893.32 0.0473 1.44

Table 3: Comparison of durability, availability, and repli-
cation factor (RF) for various LRC codec and layout con-
figurations. Availability metrics target a 99.999% SLO,
with outcomes for degraded (one region failure) and un-
available (two region failures) states.

6.4 Durability and Availability Tradeoffs

We describe below the models and assumptions for durability,
availability, and replication, summarized in Table 3 for differ-
ent LRC codec and layout combinations. The table highlights
the tradeoff between achieving higher durability and availabil-
ity, and the storage cost overhead due to data replication.

Durability. The classic approach to compute and compare
the durability of storage systems is to derive the Mean-Time-
To-Data-Loss (MTTDL) from a Markov chain model, as
introduced by Gibson [11] and later reproduced in many
works [9,15,16,18,36]. Figure 8 shows two MTTDL Markov
chain models: (i) local model with (20, 2, 2) LRC within
a cluster in a stamp and (ii) regional model with XOR-5.
The MTTDL is defined as the mean time to the Data Loss
(DL) state from the initial state, i.e., 4 for XOR-5 and 24 for
(20, 2, 2) LRC. In both models, let λ denote the failure rate
of a single container or segment and let ρi denote the repair
rate from one missing container or segment to a healthy state.

In the local model, states represent the number of available
containers (data/parity). The failure rate λ models container
failures, while ρi models the detection and repair of failed
containers. (12, 2, 2) and (20, 2, 2) LRC recover four failed
containers with probability pd = 0.8615, and three with prob-
ability (1− pd) [16]. Container failures stem from hardware
failures and data corruptions (Section 3.3).

For simplicity, the model assumes independent and iden-
tically distributed failure rates λ following an exponential
distribution, a common approximation [9], despite real-world
Annualized Failure Rate (AFR) variations [18]. It also as-
sumes uncorrelated failures due to container placement across
racks, mitigating shared rack-level failures. The model fo-
cuses on sealed clusters, as replicated clusters storing tempo-
rary data have a negligible impact. Repair times are modeled
using an exponential distribution, assuming cross-rack band-
width doesn’t limit repairs.

In the regional model, each state represents the number of
available segments or objects in the case of ACOS 1.0. λ is
the failure rate derived from the local model’s MTTDL, repre-
senting LRC protection failure within a region. ρi combines
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the local model’s container repair rate with the object repli-
cation rate between regions. For example, in XOR-5, initial
state s4 (four segments in four regions) transitions to s5 at rate
ρ4 when the fifth segment replicates.

We use typical parameters to compute the durability of
the system. The local model uses a conservative failure
rate λ = 0.02, compared to Backblaze’s 1.35% average disk
AFR [2] and ACOS observations. The regional model uses
λ = 1/MT T DLlocal. Both models use a repair rate ρi = ρ =
1/T , with T = 365.25 days for container/segment detection,
repair, or replication, similar to [9]. Table 3 shows yearly
MTTDL values. ACOS 1.0 with (12, 2, 2) LRC achieves
better durability compared to ACOS 2.0 in XOR-5 with
(20, 2, 2) LRC, while meeting the “11 nines” SLA [1].

Availability. The responsiveness to periodic health checks
defines the operational status of one region; a region is consid-
ered unavailable if it fails to respond and remains unavailable
until responsiveness is restored. ACOS transitions to an un-
available state if two or more regions become simultaneously
unavailable. We model the multi-region availability assum-
ing a target availability Ar for each individual region, e.g.,
Ar = 0.99999 for a 99.999% Service Level Objective (SLO),
a.k.a., “five nines”. The corresponding unavailability of a
single region is 1−Ar.

Assuming region failures are independent events across the
N regions comprising the system, e.g., N = 2 for ACOS 1.0
and N = 5 for ACOS 2.0, the number of concurrently unavail-
able regions k follows a binomial distribution. We distinguish
between degraded and unavailable states.

Degraded State: The system is considered degraded if ex-
actly one region is unavailable, i.e., k = 1. This state impacts
access to non-fully replicated objects, and accumulates a back-
log of objects and segments to replicate to the unavailable
region. The probability Pdegraded is given by Eq. (1):

Pdegraded = P(X = 1) =
(

N
1

)
(1−Ar)

1 ×AN−1
r (1)

Unavailable State: The system is considered unavailable if
two or more regions are concurrently unavailable, i.e., k ≥ 2.

In this state, clients do not have access to their data and cannot
store new objects. The probability, Punavailable, is the sum of
probabilities for k = 2 through N given by Eq. (2):

Punavailable = P(X ≥ 2) =
N

∑
k=2

(
N
k

)
(1−Ar)

kAN−k
r (2)

Table 3 presents the yearly durations in the degraded and
unavailable states. The yearly degraded and unavailable dura-
tions increase with the number of regions used to store data.

Replication. Recall that ACOS provides high availability
for client requests by using replication mechanisms at differ-
ent levels, with distinct replication factors: (i) local within a
stamp with replication factor RFlocal and (ii) regional across re-
gions with replication factor RFregional. The overall replication
factor of ACOS is RF = RFlocal ×RFregional.

Local replication uses (k, l, r) LRC consisting of l + r par-
ities and k data containers, with an overall replication factor
of RFlocal = (k+ l + r)/k. In our case, (12, 2, 2) LRC, used
in ACOS 1.0, and (20, 2, 2) LRC, used in ACOS 1.0 and 2.0,
have respective replication factors of 1.33 and 1.2.

Regional replication differs between the systems.
ACOS 1.0 uses full object replication with a replication factor
RFregional = 2. In contrast, ACOS 2.0 uses bitwise XOR
replication with a single parity segment, with a replication
factor RFregional = N/(N − 1), where N is the number of
regions, e.g., RFregional,XOR-5 = 1.25.

Table 3 presents the overall replication factor. ACOS 2.0
has a lower replication factor than ACOS 1.0, which influ-
enced its design to reduce storage expenses. By using a greater
number of storage regions, the replication factor decreases,
directly lowering the cost per byte. In the case of ACOS 2.0 at
Apple, given the workload requirements in terms of durability
and availability, data center location constraints, and cost con-
siderations, we chose to implement the (20, 2, 2) LRC codec
together with the XOR-5 layout.

7 Related work

ACOS builds upon several decades of distributed storage sys-
tems, from foundational file systems to modern geo-replicated
object stores, and incorporates advancements in areas like era-
sure coding and metadata management.

Production object stores. Object stores vary from cloud-
based commercial offerings to open-source and internal de-
ployments. Commercial solutions like Amazon S3 [1], Google
Cloud Storage [12], Azure Blob Storage [26], IBM Cloud
Object Storage [17], and Oracle Cloud Infrastructure Object
Storage [31] offer pay-as-you-go storage scaling from bytes
to petabytes. MinIO [27] and Ceph [41] are open-source
alternatives for on-premise petabyte-scale deployments. Sev-
eral companies described their internal object store similar



to ACOS. LinkedIn presented Ambry [29] (geo-distributed,
immutable objects) and Yahoo! described Walnut [6] (unified
cloud object store). Google File System (GFS) [10], the pre-
decessor to Google Cloud Storage (GCS) [14], demonstrated
scalable storage on commodity hardware. Microsoft’s Win-
dows Azure Storage [4] is a generic object storage service.
Meta’s storage evolved from Haystack [3] (small photos) to
f4 [28] (warm storage, erasure coding) and Tectonic [32] (uni-
fied exascale), highlighting large-scale challenges. Similar to
Tectonic, ACOS targets unified exascale storage, while adding
geo-replication.

Geo-replicated object stores. ACOS is designed for geo-
replication to ensure data availability and disaster recovery.
OceanStore [23] laid early groundwork of global-scale per-
sistent storage. Ford et al. analyzed the tradeoff of maintain-
ing availability in globally distributed environments across
two regions using full replication [9]. Ambry [29] explicitly
targets geo-distribution, primarily for immutable data with
eventual consistency. Similar to ACOS, Meta’s f4 [28] uses a
geo-replicated XOR-based erasure coding scheme for warm
data over multiple regions. Pando [40] explores cross-region
erasure coding for improved storage efficiency at the cost
of higher latency. Finally, Mesa [13] relies on robust geo-
replication strategies.

Metadata management. Although geo-replicated, ACOS
provides strong consistency, similar to AWS S3, Google
Cloud Storage, and MinIO. ACOS stores object metadata
in ClassVI, a distributed key-value store optimized for low-
latency SSD access, similar to BigTable [5] and Cassan-
dra [24]. ClassVI is also geo-distributed and strongly consis-
tent across regions, like Spanner [7] and Dynamo [8]. Separat-
ing metadata into a dedicated, scalable service is common, ex-
emplified by Google’s GFS using Bigtable and later Colossus
with Spanner. Our metadata database approach differs from
systems like Ambry [29] and MinIO [27], where metadata
is co-located with objects, resulting in different performance
trade-offs for metadata-intensive workloads.

Erasure coding replication. Like many large-scale sys-
tems, ACOS uses erasure coding for high durability and stor-
age efficiency [9]. While Reed-Solomon codes [35] are funda-
mental, systems often use variants like Local Reconstruction
Codes (LRCs), popularized by Windows Azure Storage [16]
and adopted by Meta [28, 36] and Google [33]. LRCs re-
duce repair bandwidth and I/Os via local parity containers.
ACOS employs (20, 2, 2) LRC, balancing storage overhead,
durability, and repair. Prior work uses similar wide-stripe
erasure coding to reduce replication at the cost of repair
bandwidth [15, 21]. ACOS transitions data from replication
to erasure coding via sealing, a common technique to opti-
mize hot/cold data storage costs. Similar disk-adaptive coding

schemes adjust redundancy based on data temperature or disk
failure rates [19, 20, 22, 37].

8 Conclusion

This paper described ACOS, an object store designed to ac-
commodate Apple’s specific workload demands. Operating
in production for over a decade, ACOS efficiently serves re-
quests in a geographically distributed environment, spanning
multiple data centers, with low latency and high throughput.
With its second generation, ACOS reduces the replication
factor from 2.40 to 1.50, maintaining high durability and fault
tolerance to disk, host, rack, and data center failures.

As we prepare to transition to next-generation hardware, in
particular disks with larger capacity, a significant challenge
lies in sustaining the continuous increase in the volume of
data to store and retrieve, while minimizing the disk IOPS
overhead consumed during maintenance operations.
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