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Abstract
Fault-tolerant, distributed shared logs are a useful substrate
for distributed applications, but existing designs coordinate
shard servers, sequencers, and replicas over the network,
so append and replay latency is dominated by message ex-
change. We present Borges, to our knowledge the first fault-
tolerant shared log whose data and ordering state reside in
a DRAM/SSD hybrid device accessed with Compute Express
Link (CXL). Because current CXL pods lack inter-host cache
coherence, Borges assigns every shared metadata word a
single writer, atomically publishes each committed prefix
as a matching global cut and stream index pair, and tracks
each stream with compact byte offsets, so replay stays cheap
even when a stream spans shards. We evaluate Borges on
Samsung’s CMM-H device against CXL ports of Scalog and
Boki, using a linearizable lock, a key-value store, and a
fault-tolerant workflow with exactly-once semantics. Borges
achieves 2.87× lower append p99 latency and 2.16× higher
throughput than the Scalog port, and for the Retwis work-
flow application it lowers p50 latency by 5.7×/22.5× relative
to the Scalog/Boki ports.
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1 Introduction
Shared logs [7, 8, 19, 29, 41, 64] offer a compelling abstrac-
tion for distributed systems: a fault-tolerant, totally ordered,
append-only history that all participants can read as a prefix.
This single abstraction unifies replication, coordination, and
recovery, which is why shared logs have become a useful
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substrate for replicated data structures, metadata services,
and workflow systems [7, 9, 29].

However, many scalable shared logs are built around net-
worked sequencing and replication, and therefore optimize
for aggregate throughput rather than per-operation latency,
by sharding the log, batching appends, and pipelining se-
quencing and replication across the network. But those same
mechanisms add queuing and multiple communication steps
to the critical path. Consequently, even systems that sustain
more than one million appends/s still report millisecond-
class append latency (1–2ms) [8, 19, 29]. That tradeoff works
well for high-fanout ingestion, but it is a poor fit for latency-
sensitive operations whose throughput is directly limited by
commit latency, such as locks.

The append path is only part of the problem. Many shared-
log applications, organize state transitions to logical streams
which define the histories of individual objects, and replay
a stream’s committed prefix to reconstruct the state. Net-
worked designs therefore naturally face a difficult placement
tradeoff. Binding a stream to one shard keeps replay local
but creates hotspots under skew [8, 9, 19, 64]. Distributing
a stream across shards balances load, but makes replay ex-
pensive because each cross-shard read requires a remote
access [29, 41]. This leaves networked logs with no good
design point for skewed, latency-sensitive workloads such
as locks, coordination objects, and hot-key stateful services.

Compute Express Link (CXL) creates an opportunity to re-
visit this design space. CXL exposes byte-addressable shared
memory across a small pod of hosts with sub-microsecond ac-
cess latency [21, 37, 38]. Paired with a hybrid device such as
Samsung’s CMM-H, whose DRAM cache is backed by persis-
tent NAND, this interface can host both shared metadata and
durable log state [54]. Our directly attached CMM-H mea-
sures 583ns access latency, rather than RDMA’s microsecond-
scale regime (§2.2). This is attractive to a shared log in two
ways. First, coordination can move from message exchanges
to shared-memory metadata: instead of exchanging progress
information over the network, a sequencer can read it di-
rectly. Second, cross-shard replay becomes a shared-storage
operation rather than a remote-storage operation: any shard
server can directly read another shard’s committed records
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from shared memory. In principle, CXL could remove server-
side message overhead from both ordering and replay.

But a CXL-based shared log is not a straightforward port
of a networked design. Current multi-host CXL pod pro-
totypes do not provide inter-host hardware cache coher-
ence [53, 80], so synchronization primitives that assume
coherent caches (e.g., POSIX locks and futexes) do not work
at all. CAS-based alternatives can be implemented in soft-
ware, but each contender requires an explicit cache flush
before the read, leading to repeated flush-retry cycles under
contention. In our Scalog-CXL baseline, acquiring internal
metadata locks alone contributes 15.2%, 15.9%, and 15.7% of
replication, sequencing, and commit latency, respectively,
and 24.1% of end-to-end p99 latency (§4.2).

In addition, shared visibility creates a publication problem.
The global commit frontier, called the global cut, describes
the committed prefix, while the index of log entries iden-
tifies which log entries are visible during replay. Readers
must observe consistent versions of both. Otherwise, replay
may omit committed entries, return them out of order, or
include entries beyond the selected prefix. The key challenge
is therefore not merely to use a faster interconnect, but to
redesign synchronization and publication policies for CXL’s
shared-memory model.

We present Borges, a distributed shared log designed for a
CXLDRAM/SSD hybrid and the first fault-tolerant shared log
whose data and ordering state reside in such a device. Figure 1
gives a high-level view. Borges shards the log across indepen-
dent, replicated CXL devices, while streams may span shards.
To reduce synchronization that requires coherence, Borges
uses single-writer metadata: each shared word has a unique
writer and is accessed using simple loads and stores. To pub-
lish a consistent prefix, Borges uses a dual-index mechanism:
the sequencer constructs the next stream index in a writer-
only copy not visible to readers, and atomically publishes
it with the matching global cut, so readers see a consistent
committed version. Finally, Borges exploits CXL’s byte ad-
dressability to organize each shard-local stream portion as
linked, fixed-size segments and track its committed bound-
ary with lightweight byte offsets, making replay efficient
even when a stream spans multiple shards.

Borges targets a small, pod-scale, strongly consistent core
where latency matters more than scaling to hundreds of
machines, Within that scope, its design changes the usual
tradeoffs of shared logs. We evaluate Borges on an emulated
CXL pod with a real Samsung CMM-H device (§4). For log
append, Borges achieves 2.87× lower p99 latency and 2.16×
higher throughput than Scalog-CXL. A linearizable lock built
on Borges has 3.1× lower p50 latency than vScalog-CXL and
13.7× lower p50 latency than Boki-CXL; under high skew,
Borges’ throughput drops only 2.1%, compared with nearly
30% for vScalog-CXL. At the application level, Borges reduces
Retwis p50 latency by 5.7× relative to Scalog-CXL (22.5×
relative to Boki-CXL) and improves throughput by 19.4×
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Figure 1. Conceptual deployment of a CXL-based shared
log. Within each replica, logical shards 1 and 2 are co-located
on one device. The primary and backup replicas occupy inde-
pendent devices. Clients (not shown) contact shard servers
over the network, while shard servers and the sequencer
coordinate through CXL-resident metadata.

over Scalog-CXL. These results show that CXL does not
merely speed up an existing shared-log design; it opens a
new design point for low-latency, skew-tolerant shared logs.

This paper makes three contributions.
• We design and evaluate the first fault-tolerant shared

log with data and ordering state resident in CXL DRAM/SSD
hybrid storage.

• We introduce a CXL-native log design that replaces
coherence-dependent synchronization with lock-free, single-
writer metadata and uses dual-index publication to expose
only committed, globally ordered state while enabling effi-
cient cross-shard replay.

• We evaluate Borges on an emulated CXL pod with a real
Samsung CMM-H device across log append, locks, skewed
workloads, and fault-tolerant workflows, showing substan-
tial latency and throughput gains over Scalog and Boki.

2 Background and Motivation
Shared-log systems typically follow one of two architectures:
order-first or replication-first.

In order-first logs such as CORFU, Delos, and vCorfu [7, 8,
64], the global ordering path first fixes each record’s position
in the logical log. The storage layer then places and repli-
cates the record according to its placement and replication
protocols while preserving that order.
In replication-first logs such as Scalog, Boki, and Lazy-

Log [19, 29, 41], the data plane first makes a record durable
before assigning it a global position. Shards periodically sum-
marize their replication progress in local cuts. The ordering
layer aggregates these local cuts, selects only records known
to be durable, and publishes a totally ordered sequence of
global cuts. All shards then apply the same deterministic
merge rule to this sequence, assigning every selected record
a consistent global position.

Borges adopts replication-first for the reasons identified by
Scalog [19]: ordering only already-replicated records avoids
holes when a client fails after reserving a global position,



and removes per-record sequencer interaction from the ap-
pend path. This structure preserves shard-parallel ingestion
while allowing CXL shared memory to reduce the remaining
coordination and replay costs.

2.1 Why Existing Shared Logs Struggle with
Latency-Sensitive Workloads

The first bottleneck is the write path. Existing shared logs
rely on message-based coordination, so an append pays not
only for storage and replication, but also for communication
among shard replicas and the sequencer. In Scalog [19], a
primary shard determines local order, forwards records to a
backup, and both replicas report progress to the sequencer.
Boki [29] restructures this pipeline but still relies onmessage-
based sequencing and notification. Even in our optimized
implementations of Scalog and Boki, server-side communi-
cation accounts for 51.0% and 40.1% of end-to-end append
latency, respectively, as shown in Figure 2. Both systems use
batching to amortize that cost, but batching adds another
21.7% and 21.4% to the end-to-end latency, respectively. This
tradeoff is effective for throughput-oriented ingestion, but
it is poorly matched to operations whose rate is limited by
confirmed commit latency.
The second bottleneck lies on the replay path. Stateful

applications reconstruct an object’s state by replaying the
committed records in its stream, but existing systems face
an unpleasant placement tradeoff. Single-shard placement [8,
9, 19] keeps replay local to avoid cross-shard retrieval, but
hot streams concentrate load on their assigned shards. In
our evaluation, vScalog-CXL’s throughput drops by nearly
30% under high skew (§ 4.5). Cross-shard placement [29, 41]
distributes a stream’s records across shards to spread load,
but replay then requires remote fetches. On our platform, a
Boki-CXL remote record fetch costs 673𝜇s at p50 and exceeds
2.5ms at p99 (§ 4.4). These placement choices therefore offer
either replay locality or tolerance to skew, offering no good
option for skewed, latency-sensitive workloads.
These bottlenecks matter because many uses of a shared

log are latency-sensitive rather than throughput-oriented.
Locks, coordination objects, metadata services, and exactly-
once workflow steps depend on both fast confirmation of
order and fast replay of recently committed state.

2.2 Why CXL Creates an Opportunity
Compute Express Link (CXL) exposes byte-addressable shared
memory across a small pod of hosts with sub-microsecond
access latency [6, 18, 34, 43]. For shared logs, this changes the
design space by making two things possible that network-
based architectures cannot offer. First, coordination meta-
data can live in shared memory rather than travel through
message queues, so a sequencer could read shard progress
directly instead of waiting for RPCs. Second, every shard’s
committed records are directly readable by every host, so
cross-shard replay need not be a remote operation. These
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Figure 2. Append latency breakdown for Borges and repre-
sentative network-based baselines. Server-side coordination
dominates even when all systems use a single sequencer and
the client path is unchanged.

properties create the opportunity for low-latency appends
and skew-tolerant replay, but realizing that opportunity re-
quires new software designs, because CXL shared memory
introduces its own coordination and correctness challenges.

We evaluate this opportunity using Samsung’s CMM-H [54,
72], a CXL Type-3 DRAM/SSD hybrid that exposes a per-
sistent, byte-addressable load/store interface. The device
presents a 48GB DRAM cache (8-way associative with LRU
replacement) backed by NAND, and appears to software as
persistent memory on a CPU-less NUMA node. Durability
is provided by a two-stage mechanism: platform eADR first
flushes dirty CPU cache lines to the device on power loss,
and the device then performs a global persistent flush to
move buffered data from DRAM to NAND [32, 71].

We measured the CMM-H using Intel’s Memory Latency
Checker with a 3:1 read/write ratio on sequential access
whichmatches the dominant data path in Borges.With a 1GB
working set, the device delivers 583ns latency, stays below
590ns for working sets up to 32GB, and rises onlymodestly to
621–638ns for 64–512GB. Its bandwidth reaches 9.3GB/s with
32 cores on a 16GB working set, drops to 7.0GB/s at 32GB,
and then stabilizes around 4.9–5.4GB/s for 64–256GB. That
flat latency profile, even beyond the 48GB DRAM capacity,
combined with durability required for fault tolerance, makes
the CMM-H an ideal substrate for a shared log.
To exploit the opportunity, Borges targets a CXL pod of

roughly 8–16 backend hosts without involving any CXL
switches, serving applications with low latency [34, 53, 78].
The pod-scale setting is practical. Production systems already
intentionally keep the strongly consistent core small because
every participant increases commit latency. Coordination
services such as Chubby [12] and ZooKeeper [5, 27] typically
use small replicated cores of 3–5 nodes, while etcd recom-
mends no more than seven members [58]. CXL databases
such as Tigon and Pasha [25, 26] also target a pod scale of
hosts to provide the best performance.

2.3 Why Naive CXL Designs Still Fail
Simply porting a networked log onto CXL does not capture
these benefits. CXL provides shared storage, but without the
hardware cache coherence that conventional shared-memory



programming assumes, so both the synchronization strategy
and the correctness model must be redesigned.
Challenge 1: No inter-host cache coherence. Current
CXL pod prototypes share a device, but not a coherent cache
hierarchy. Although CXL 3.2 specifies inter-host cache co-
herence [16], existing systems such as Octopus and Niagara
2.0 do not implement it ([53, 80]). This means one host can
hold a stale cached copy of a shared line until software ex-
plicitly invalidates or bypasses it. POSIX locks, futexes, and
similar shared-memory synchronization primitives assume
hardware coherence and therefore do not work across hosts.
A reasonable naive assumption is to preserve the multi-

writer coordination structure of prior shared-memory de-
signs and re-express it in software over shared CXLmetadata.
This typically means CAS-based locking [25, 46], together
with explicit cross-host visibility management. Without co-
herence, locking creates a performance problem. Each lock
acquisition or pointer update first requires a fresh read of
the current value from shared memory; each failed CAS
repeats the flush-read-modify-retry cycle; and under con-
tention the shared metadata line itself becomes the hotspot.
In our Scalog-CXL baseline, lock acquisition alone accounts
for 24.1% of end-to-end p99 append latency (§ 4.2).

Takeaway 1. A CXL-native shared log should keep meta-
data and data ownership simple and avoid repeated read-
modify-writes by multiple hosts on the fast path.
Challenge 2: Shared visibility creates a publication
problem. CXLmakes every shard’s storage directly readable
by every host. This is precisely what makes cross-shard re-
play attractive, but it also creates a correctness challenge that
network-isolated storage largely avoids. In a replication-first
log, physical placement and logical commitment are decou-
pled in time: a record may already be present in a shard’s
log region before it has been replicated everywhere, and
before the sequencer has fixed its position in the globally
committed prefix. In a networked design, this intermediate
state is naturally hidden because other hosts cannot directly
read that shard’s storage. But this changes in a CXL design.
Exposing this intermediate state makes consistency be-

tween the reader-visible global-cut sequence and index essen-
tial. The cut sequence identifies the committed prefix and
determines its global order, while the global index controls
the visibility of committed records. If the index advances
beyond its matching cut, a reader may observe uncommitted
or not-yet-ordered data. Conversely, if a cut becomes visible
with a partially updated index. Replay may then omit records
that the cut has already committed, or expose a later record
from one shard while missing an earlier record from another,
violating the global order. Two invariants must therefore
hold: (1) only records covered by the visible global cut are
reachable through the index, and (2) every visible cut is
paired with a fully constructed index that describes exactly
the same committed prefix. The central publication problem

System Append/order path Read/replay path
Borges Lock-free ordering Per-stream global dual index
Scalog Paxos and aggregators Per-record local index
Boki Metalog coordination Per-record global index

LazyLog Lazy ordering Readable after ordered
SpecLog Speculative ordering Later confirmation
Table 1. Technical comparison with shared-log systems.

is therefore how to expose the global cut and index as a
consistent pair.
Takeaway 2. A CXL-native shared log needs an explicit

publication mechanism that exposes each global cut only
with a matching index, thereby revealing a consistent, glob-
ally ordered committed prefix. And because the whole point
of using CXL is to make cross-shard replay cheap, that mech-
anism must preserve efficient replay even when a stream
spans shards.

2.4 Positioning Relative to Prior Work
Borges occupies a design point that prior systems do not
reach. Table 1 compares Borgeswith themost relevant shared
logs. Scalog and Boki retain message-based ordering, no-
tification, or remote replay on their critical paths. Simply
attaching their storage to CXL would not resolve the syn-
chronization and publication challenges identified above.

Emerging shared logs, e.g., SpecLog [11] and LazyLog [41]
reduce perceived latency by speculating on order or defer-
ring it, which is valuable for workloads that can tolerate tem-
porary uncertainty. But strictly serialized workloads such as
locks and exactly-once workflows cannot proceed until order
is actually fixed, and they still require low-latency replay of
committed state. Borges instead targets low actual commit
and replay latency. Its novelty is not merely using CXL as
a faster transport, but redesigning the shared log around
non-coherent shared persistent memory.

3 Design
Borges addresses the two core challenges from §2.3 with
three coupled ideas: a single-writer metadata discipline, dual-
index publication, and byte-offset indexing. The first removes
coherence-sensitive multi-writer coordination from the fast
path by assigning every shared word a unique owner. The
second separates private commit construction from public
visibility, so readers observe only fully committed, globally
ordered state. The third keeps the reader-visible index com-
pact by publishing stream-level byte boundaries, rather than
per-record metadata, so cross-shard replay remains efficient.

The rest of this section explains how these three ideas fit
together to make Borges safe and efficient on CXL memory.

3.1 Architecture

Overview. Figure 3 shows the overall architecture. Borges
follows the replication-first decomposition of systems such



as Scalog and Boki, with shard servers in the data plane
and a single sequencer in the control plane. Servers in the
pod communicate only through replicated CXL storage, re-
moving server-side network messages from the critical path.
Clients remain outside the pod and contact shard servers
over the network. Shared CXL storage substrate is used for
both communication and durability.
Streams, shards, and segments. Logically, the log is orga-
nized as streams, each capturing the history of one logical
object such as a key or workflow instance. Replay is via
streams rather than scanning the whole log. For parallelism,
Borges partitions the log into shards, each owned by one
shard server, but a stream may span multiple shards. This
is a deliberate design point: pinning a stream to one shard
would simplify replay, but it would also recreate hotspots
under skew (§ 4.5). Borges instead keeps placement flexible
and makes cross-shard replay efficient.
Within each shard, a stream is stored as a linked list of

fixed-size segments (2 KB by default). Rather than publish a
reader-visible pointer for every record, Borges tracks only
stream boundaries. The global index therefore stores one
logical byte offset per stream in each shard, which keeps
the published metadata compact and makes publication and
replay cheaper than a per-record global index.
Metadata ownership. Borges splits CXL-resident metadata
into local and global regions to enforce single-writer coor-
dination. Local metadata is written by one shard and read
by the sequencer: a local cut reports replicated progress to
each device, and stream deltas report how many bytes each
stream advanced in local order. Global metadata is written
only by the sequencer and read by all shards: the global cut
identifies the committed prefix across shards, and the global
index records each stream’s committed byte boundary in
each shard. This split gives a clean publication boundary:
shards report progress privately, the sequencer aggregates it
privately, and then publishes new global state to shards.

Each shard server has two responsibilities. It accepts client
appends, assigns local sequence numbers, replicates records
to CXL devices, and reports local progress to the sequencer.
The sequencer never moves log data directly; it operates
only on metadata. This keeps data movement parallel in the
shards while centralizing the only global ordering decision.
Borges uses a single sequencer because, at pod scale, CXL
removes the network bottleneck that motivated sequencer
scaling in prior work [19]; we return to this point in §3.5.

3.2 Append Path: Replicate, Sequence, Publish
Figure 4 shows the critical path of a log append. Borges
structures that path as a sequence of ownership-preserving
stages. Every CXL-resident data record and metadata ob-
ject is cache-line aligned and padded to a whole number of
cache lines. Independently updated objects therefore never
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Figure 3. Overview of the Borges architecture (§ 3.1) and
the end-to-end append workflow (§ 3.2).

share a cache line, eliminating false sharing. More impor-
tantly, each shared word has exactly one writer. This replaces
coherence-sensitive read-modify-write coordination with
lock-free load/store communication, following the discipline
motivated in §2.3.
Replication. When a client issues logAppend(), the target
shard server assigns the next local sequence number and
appends the record to the stream’s current segment. Two
replication threads then copy that record to the primary and
backup CXL devices in parallel. The append becomes durable
once both copies have advanced past that record.

In parallel, an indexer thread emits a compact stream delta
(index update) to a ring buffer shared with the sequencer.
Each delta contains a stream identifier and the number of
newly appended bytes. This is a key design choice: Borges
does not track per-record index. Instead, shard-local appends
produce private stream deltas that the sequencer later folds
into the per-stream global index. This keeps the published
shared index compact, and the tiny deltas overlap almost
entirely with replication latency.
Sequencing. The sequencer turns shard-local progress into
a safe global prefix. Each replication thread writes its own
local cut (packed in a 64-bit atomic word), indicating how
many records it has copied to its device. The sequencer reads
the local cuts for a shard and takes their minimum. That
minimum is the number of records that are fully replicated
and therefore eligible to enter the committed prefix. This
is essential for correctness: a higher local progress value
may describe records already present on one device but not
the other. Using those records to advance the published in-
dex would expose data that could be lost on failure. The se-
quencer waits for the consumer position of the stream-delta
ring to catch up and reads deltas only up to the minimum
replicated progress and ignores later deltas for now. In the
example of Figure 4, record r3 has reached the primary but
not the backup, so its stream delta is not consumed.
Sequencing is also where single-writer ownership pays

off: the sequencer reads local cuts and stream deltas from
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Figure 4. Borges processes a log append in three stages: a○ replication, b○ sequencing, and c○ publication. Each ring buffer
records producer and consumer positions (64-bit atomic words). The sequencer does not advance the producer position of the
global-cut ring until the corresponding index has been published. Consumer of ring-buffer always processes data faster than
producer (table 3).

shard-local metadata, without blocking any writers on the
fast path.
Publication. Replication makes data durable, and sequenc-
ing identifies the safe prefix, but neither is enough by itself.
The remaining problem is publication: how does the sys-
tem make the newly safe prefix visible to readers without
exposing partially updated state?

A natural design would update one shared index in place.
In a CXL setting, that is both unsafe, because readers could
observe a partially updated index, and expensive, because
the sequencer and readers would repeatedly touch the same
shared cache lines.
Borges instead uses dual-index publication. It maintains

two copies of the global index: a front index, which is the
only index readers may consult, and a back index, which
the sequencer updates privately. Each index stores the ring-
buffer cursors describing which stream deltas have already
been consumed. After sequencing identifies the next safe
prefix, the sequencer applies those deltas to the back index.
Once the back index fully materializes the new committed
prefix, the sequencer constructs a global cut. Its header iden-
tifies the publication round and reconfiguration epoch (§ 3.6)
and names the matching back-index pointer, while its pay-
load records the global progress of each shard. On each CXL
device, the sequencer persists the header and payload be-
fore atomically installing the checksum as the final validity
marker. Borges only replicates the global cut which works as
the ground truth for recovery and is sufficient to reconstruct
other metadata. After both cut copies are complete, it issues
a persistence fence.

This ensures that the index and cut agree before publica-
tion. Only then does the sequencer publish the cut/index pair.
It first swaps the reader-visible index pointer to the newly
prepared index and then advances the producer position
of the global-cut ring. This ordering gives Borges a crucial
invariant: every visible global cut names a fully constructed
index that materializes exactly the same committed prefix.
Consequently, readers never observe a cut/index mismatch.

Table 2 shows the dual-index publication protocol, which
follows an RCU-style publish-and-wait pattern. Its correct-
ness rests on three invariants: readers proceed only if they
observe the same index_ptr before and after announcing it
in active[i]; the new index is built privately, so readers see
either the old complete index or the new one, never a partial
update; and the writer does not retire the old index until
no reader still advertises old_index_ptr. Unlike CAS-based
reader tracking, which would create a multi-writer hotspot
and incur repeated cache flushes and fences on non-coherent
CXL, this RCU-style protocol uses only non-temporal loads
and stores on single-writer slots. Its wait is normally short
because readers advertise the old index only while copying
compact stream boundaries, not while scanning log data.
Borges is forward-compatible with future inter-host hard-
ware coherence: single-writer ownership and dual-index
publication remain correct, while an implementation can use
coherent loads and stores and omit explicit cache manage-
ment. If a reader fails while still advertising an old pointer,
lease-based failure handling provides the liveness escape
hatch (§ 3.7).
Linearizability. The publication protocol also gives Borges
a clean linearization point. A write becomes visible only



when the sequencer publishes the matching cut/index pair,
and clients are acknowledged only after that publication.
A read replays exactly the committed prefix named by the
current published front index and global cut sequence, so
it includes all previously completed writes and excludes all
unpublished ones. Because Borges never exposes a cut with-
out its matching index, or an index without its matching cut,
playback reconstructs a consistent linearizable prefix.

3.3 Replay Path: Reconstructing a State via a Stream
Borges deliberately separates physical placement from logical
replay. A stream may span multiple shards to absorb skew,
but replay still proceeds against a compact per-stream index
rather than per-record global metadata. The key observation
is that replay needs only two inputs: (1) the committed byte
boundary of the stream in each shard, and (2) the sequence
of global cuts that defines global order. Everything else can
be reconstructed locally from the log data itself.
Why byte-offset indexing. A natural alternative is a per-
record global index that stores a reader-visible metadata
item for every committed record. That would simplify replay
lookup, but it would also force the sequencer to publish much
more shared metadata and force readers to consult shared
metadata far more frequently. At the other extreme, binding
each stream to one shard keeps the shared index simple, but
it recreates the hotspot problem under skew.
Borges chooses a middle point. The global index stores

only per-stream byte boundaries for each shard. During ap-
pend, shard-local stream deltas remain private to the ap-
pend/sequence pipeline; during publication, the sequencer
folds them into a compact reader-visible front index. This
keeps publication cheap and replay state-oriented: readers
fetch a small amount of shared metadata up front and then
do most of their work by scanning log data rather than re-
peatedly looking up per-record metadata.

On a playback request, the shard server reads the stream’s
committed byte-boundary vector, with one logical offset per
shard, from the front index. Each shard also maintains the
head address of that stream’s segment chain, and Borges uses
Cxlalloc [46] for translation of CXL-resident memory. Replay
then scans each shard-local portion from its head to its com-
mitted tail. To avoid rebuilding state from scratch, each shard
caches a local object view and replays only the suffix beyond
the last applied position, similar to prior systems [9, 29].
Deriving global order. Figure 5 shows how replay com-
bines local shard order with the global cuts. Each cut states
how many records from each shard belong to the committed
prefix at that round. Each shard stores records in local order,
with each record carrying a local sequence number and size.
Replay therefore becomes a deterministic merge: the shard
server walks each shard-local stream up to its committed
byte boundary, and uses the cut sequence to decide which
records become visible in which global round.

# reader i calls beforeRead before reading index
def beforeRead():

while True:
index1 = load(index_ptr)
store index1 INTO active[i]
index2 = load(index_ptr)
if index1 == index2:

return index1
else:

store 0 INTO active[i]
backoff

# reader i calls afterRead after reading index
def afterRead():

store 0 INTO active[i]

# Sequencer calls switchIndex to install a new index
def switchIndex(new_index_ptr, old_index_ptr):

store new_index_ptr INTO index_ptr
for each reader i:

while load(active[i]) == old_index_ptr:
backoff

Table 2. Reader-announcement pointer-swap protocol used
to publish the front index. Loads and stores are non-temporal.

In the running example, the first cut (0,0), (1,1) says the
first committed record comes from shard 1. The next cut
(0,2), (1,1) contributes two records from shard 0. The final
cut (0,3), (1,2) contributes one additional record from each
shard.Within a round, Borges follows the same lexicographic
shard ordering used by Scalog and Boki. The result is that any
shard can reconstruct the same global order for a cross-shard
stream. The segment layout also keeps each shard-local scan
mostly sequential, which is a better fit for CXL-attached
storage than scattered per-record lookups [9, 29].

3.4 Log Trim in Borges
Trim is expressed in the same stream-oriented vocabulary as
the rest of the design. A client issues a trim request that iden-
tifies a shard, a stream, and a local sequence number. Each
shard marks the corresponding prefix as reclaimable and
frees a segment once all of its records have been reclaimed.
Deleting an entire stream is implemented through the

publication path rather than through a special side chan-
nel. Borges appends a placeholder record whose index delta
carries a zero byte offset, an impossible value for a normal
append. When the sequencer consumes that delta, it removes
the stream from the published index. Actual space reclama-
tion can then proceed lazily on each shard.

3.5 The Single Sequencer
A single sequencer is a deliberate design choice, not a pro-
totype shortcut. Prior systems scaled sequencers mainly to
amortize network communication, which made sequencing
itself a distributed bottleneck [7, 19]. In Borges, by contrast,
the sequencer performs only metadata work over shared
CXL storage. Each sequencing round consumes a fixed-size
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Figure 5. Replay across shards using per-stream byte bound-
aries and the sequence of global cuts.

metadata summary from every shard, so bursty request ar-
rivals do not increase the sequencer’s per-round CPU work.
Centralizing that path therefore removes an unnecessary
control-plane distribution problem while still preserving
pod-scale performance. The sequencer is also effectively
stateless because the metadata it consumes and publishes
is already materialized in CXL memory. Recovery therefore
means reinstating the role, not reconstructing private state
or protecting a separate replicated control plane. Our evalu-
ation shows that one sequencer provides ample throughput
for a CXL pod with up to 16 hosts (§ 4.8).

Larger deployments can then scale across pods, with one
sequencer per pod, following Boki’s logBook-style decom-
position [29]. Sequencers independently linearize only their
pod-local records, avoiding cross-pod coordination and the
cost of a deployment-wide total order.

3.6 Reconfiguration
Reconfiguration reuses the same publication discipline as
the normal data path. The sequencer maintains a cluster
configuration in a shared CXL-resident region and tags each
configuration with a monotonically increasing epoch. Each
versioned configuration record is persisted on both devices
before a cut that names its epoch can be published. To add
a shard, a joining shard server posts a request for the se-
quencer to observe before a sequencing round. To remove a
shard, the sequencer marks that shard inactive and the shard
stops accepting new records. The important point is that a
configuration change becomes effective only when it is pub-
lished with a global cut. After modifying the configuration,
the sequencer increments the epoch and embeds it in the
next published global cut. This reuses the same atomic pub-
lication boundary as ordinary log data, so reconfiguration
cannot expose a mixed old/new cluster view.

3.7 Fault Tolerance
Borges assumes fail-stop failures of an individual shard server,
sequencer, or CXL device. The global-cut works as the au-
thoritative record of committed state. Every published cut is
replicated to both CXL devices and names a fully replicated
data prefix. From the cut sequence and surviving log records,
Borges can reconstruct its reader-visible index and other

soft metadata. This makes fault tolerance simpler than in
designs where multiple nodes maintain partially overlapping
volatile state. Borges detects shard and sequencer failures
using leases [22]. The lease timeout should be configured
above the measured high-percentile local scheduling jitter,
which depends on the hardware of deployment.
Sequencer failure. Because the sequencer is stateless, re-
covery does not require replaying a private control log or re-
constructing hidden state. A replacement sequencer restarts
from the last fully replicated global cut, installs the index
named by that cut as the current front index, and overwrites
the back index with the same state. Any partially constructed
cut is ignored and overwritten by the next published cut. This
recovers from crashes even if the old sequencer failed in the
middle of publication.
Shard server failure. When a shard server fails, the se-
quencer removes it from the active configuration and ex-
cludes its reader slot from the index-swap protocol. If the
failed shard had an outstanding read that still advertises an
old index pointer, the system waits only for that reader’s
lease to expire. The replacement shard server then recovers
its local sequence number, delta cursor, and per-stream byte
boundaries from the most recent replicated global cut and
its associated index. Any uncommitted state beyond that cut
is discarded by construction, because it was never published.
CXL device failure. With 𝑓 + 1 device replicas, Borges pre-
serves committed state despite up to 𝑓 device failures. After a
backup-only failure, the service continues in degraded mode
while replacements are rebuilt. A primary failure instead
pauses commits.

For the two-replica configuration, recovery scans the sur-
vivor’s global-cut log backward, skips any torn tail, and se-
lects the newest cut by verifying the checksum field. The
most recently complete cut is authoritative for recovery:
every record it names had reached both devices and was
assigned a legal position in the global order. Records beyond
that cut were never published, so no client was acknowledged
for them and no reader observed them; recovery discards
them. The cut itself may name records whose acknowledg-
ments were still in flight at failure, but those operations were
merely pending, so retaining them cannot contradict a com-
pleted operation or prior observation. The recovered prefix
therefore contains every acknowledged record plus, at most,
a legally ordered suffix of pending ones.

Shard servers copy the selected records and the sequencer
copies the cut history to the replacement. If the primary
index was lost, the sequencer rebuilds it from the selected
prefix and restores the derived metadata and configuration.

3.8 Log-Native Exactly-Once Workflows
These design choices also motivate a log-native workflow
model. Prior systems typically maintain workflow state in
an external store and use the log only as WAL [29, 48, 50, 74].



Following prior workflow systems [29, 48, 74], Borges’s client
library assigns every logical read and write a unique and
deterministic operation identifier that remains stable across
retries, allowing replay to recognize duplicates. However,
Borges instead treats the log itself as the ground truth. All
workflow state is represented as an ordered sequence of read
and write records in the shared log.

This leads to a different exactly-once protocol. For writes,
Borges simply appends the operation; duplicates do not need
to be filtered immediately because replay already recon-
structs state from the committed prefix and can suppress
repeated logical writes with the same identifier. For reads,
Borges appends a read record, waits until that record is com-
mitted, and then replays the prefix up to that point. During
replay, the workflow runtime tracks operation identifiers,
applies each logical write at most once, and returns the result
associated with the earliest committed read record for that
operation identifier.
The key point is that this protocol is not bolted on top

of Borges’s design. It is a direct consequence of it. Because
Borges already provides low-latency publication of consis-
tent prefixes and efficient replay from shared storage, the
log itself can serve as both the durable record and the au-
thoritative state machine for exactly-once execution.

4 Evaluation
This section asks whether Borges’ gains come from CXL
alone or from its CXL-native design, andwhether they reduce
both append and replay cost. We answer four questions.

• Is moving coordination onto a CXL device sufficient by
itself, or does Borges’ single-writer metadata and dual-index
publication reduce append cost? (§4.2, §4.3)

• Is replay in Borges cheap enough for latency-sensitive
objects while remaining robust to skew? (§4.4, §4.5)

• Do these benefits carry through to end-to-end services
such as a key-value store? (§4.6, §4.7)

• Are Borges’ design choices practical with respect to
configuration, sequencing, and recovery? (§4.8, §4.9 §4.10)

4.1 Experimental Setup and Fairness

Modeling our target hardware. Following prior work on
disaggregated-memory evaluation [25], we emulate a pod us-
ing virtual machines on a server with an Intel® Xeon 6761P
CPU, eight DDR5-6400 memory channels, and a physical
1 TB Samsung CMM-H attached over PCIe 5.0 x8. The de-
vice characteristics were summarized earlier in § 2.2. We run
eight VMs, each with 5 vCPUs and 10GB of DRAM, and use
SR-IOV on an Intel X550 10GbE NIC for client/server com-
munication through the Linux TCP/IP stack. As in all current
pod prototypes [53, 80], we assume no inter-host hardware
cache coherence; all shared-memory coordination therefore
uses non-temporal accesses with clflush and fence. Each
host has only one socket, so it experiences no NUMA effects.

Borges is backward-compatible with CXL shared memory
that does not include a NAND tier.
Borges requires at least two CXL devices for replication,

butwe only have one physical CMM-H.We therefore split the
device into two logical devices with distinct address ranges
and duplicated metadata. This is conservative: both logical
replicas contend for the bandwidth of one physical device,
whereas a real deployment would provide more aggregate
bandwidth and less interference between replicas.
Baselines.We compare against Scalog [19] and Boki [29],
both reimplemented in our framework for an apples-to-
apples comparison. For each baseline we provide a ‘-NET’
variant that communicates as in the original design and a ‘-
CXL’ variant that replaces server-side network messages
with a CXL message queue, similar to prior CXL proto-
types [25, 78]. This lets us separate the benefit of transport
from the benefit of software design. For Boki, we preserve its
original client-side log engine, the design choice that makes
Boki’s append path relatively fast; later gaps therefore do
not come from weakening its implementation.
We also implement Borges-RDMA, which keeps Borges’

software mechanism unchanged but replaces CXL shared
load/store access with RDMA memory nodes and one-sided
RDMA operations. Our testbed uses Mellanox ConnectX-6
NICs with 25Gb/s bandwidth and 1.86𝜇s latency. We use
Borges-RDMA only in the early append-path discussion to
isolate the contribution of the CXL substrate to Borges’ own
design. Later subsections focus on Scalog-CXL, vScalog-CXL,
and Boki-CXL, because those systems represent distinct co-
ordination and replay tradeoffs, whereas Borges-RDMA uses
the same mechanism as Borges and already loses on the
primitive append path. All experiments are repeated five
times; the standard deviation is below 5% of the mean.

4.2 Why a Naive CXL Port Is Still Slow
We first ask two control questions: how much does CXL
help Borges’ own design, and how far can existing systems
improve by simply replacing server-side messages with CXL
queue operations? Table 3 answers both.

CXL also benefits Borges itself. We use 2 shards, 2 repli-
cas, and cache-line-padded recordswith 100 B payloads. Com-
paring Borges with Borges-RDMA isolates the substrate ef-
fect while keeping the software mechanism fixed. RDMA
increases end-to-end append latency from 175𝜇s to 252𝜇s.
The gap appears primarily in coordination steps: reporting
the local cut rises from 13𝜇s to 29𝜇s, updating and switching
the index roughly double, and receiving the global cut rises
from 2𝜇s to 14𝜇s. This shows that the CXL shared-memory
substrate materially benefits Borges’ own design. We notice
that the throughput gap is not caused by saturating RDMA
bandwidth but the per-operation coordination latency.
Transport alone is not enough. Comparing the ‘-NET’

and ‘-CXL’ variants shows that CXL message passing helps



Borges Borges-RDMA Scalog-NET Scalog-CXL Boki-NET Boki-CXL

Replication (𝜇s)
primary copy 26 56 24 27 122 125
backup copy 26 56 122 81 122 125
effective (max) 26 (14.86%) 56 (22.22%) 122 (20.64%) 81 (18.33%) 122 (25.85%) 125 (27.17%)

Sequencing (𝜇s) batch wait for entries - - 70 (11.84%) 60 (13.57%) 40 (8.47%) 57 (12.39%)
report local cut 13 (7.43%) 29 (11.51%) 101 (17.09%) 56 (12.67%) 91 (19.28%) 56 (12.17%)

Committing (𝜇s)

batch wait for local cuts - - 58 (9.81%) 51 (11.54%) 61 (12.92%) 60 (13.04%)
update index 6 (3.43%) 12 (4.76%) - - - -
write global cut 13 (7.43%) 22 (8.73%) 17 (2.88%) 14 (3.17%) 18 (3.81%) 14 (3.04%)
switch index 6 (3.43%) 11 (4.37%) - - - -
receive global cut 2 (1.14%) 14 (5.56%) 102 (17.26%) 67 (15.16%) 95 (20.13%) 97 (21.09%)

Processing (𝜇s) 4 (2.29%) 3 (1.19%) 14 (2.37%) 11 (2.49%) 14 (2.97%) 19 (4.13%)

Client_IO (𝜇s) send and receive request 105 (60.00%) 105 (41.67%) 107 (18.10%) 102 (23.08%) 31 (6.57%) 32 (6.96%)

Total (𝜇s) 175 252 591 442 472 460

Table 3. Append latency breakdown showing the mean latency of each part. Parentheses report each component’s share
of the end-to-end total. Borges-RDMA keeps Borges’ mechanism but replaces CXL shared load/store access with RDMA;
Scalog/Boki ‘-NET’ and ‘-CXL’ isolate the effect of changing transport without redesigning metadata ownership.

Borges Borges-RDMA Scalog-CXL Boki-CXL

T-put (req/s) 161.91K 38.38K (4.22×) 74.96K (2.16×) 60.76K (2.66×)
P50 (𝜇s) 157.24 270.01 (1.72×) 406.36 (2.58×) 402.59 (2.56×)
P99 (𝜇s) 184.21 305.78 (1.66×) 528.57 (2.87×) 511.39 (2.78×)

Table 4. End-to-end append latency and throughput. Paren-
thesized values show slowdown relative to Borges.

Scalog and Boki, but only modestly changes the overall pic-
ture. Scalog-CXL is faster than Scalog-NET, and Boki-CXL
is only slightly faster than Boki-NET. This small Boki gap is
expected: its original client-side log engine already makes
append relatively fast. More broadly, neither approach closes
the gap to Borges, because both retain metadata protocols
that are poorly matched to non-coherent shared memory.
This mismatch is clearest in Scalog-CXL. Without hard-

ware coherence, each queue operation becomes a flush-read-
modify-write cycle on shared metadata. In our measure-
ments, lock acquisition alone contributes 15.2%, 15.9%, and
15.7% of replication, sequencing, and publication latency,
respectively, and 24.1% of end-to-end p99 append latency.
By contrast, Borges keeps each shared word single-writer
and uses ordinary loads and stores. As a result, compared
with Scalog-CXL, Borges reduces replication latency by 3.1×,
sequencing latency by 8.9×, and commit latency by 4.9×.
Client-side headroom. Table 3 identifies Linux TCP/IP,

rather than the CXL path, as Borges’ dominant bottleneck:
Client_IO consumes 105𝜇s (60%) of its 175𝜇s append latency,
leaving a measured 70𝜇s server-side path. Borges variants
and Scalog variants receive client requests through the kernel
TCP/IP stack. Boki instead colocates its log engine with the
client, avoiding this network hop and thus having much
faster client-I/O. For comparison, client I/O accounts for
41.67%, 23.08%, and 6.96% of Borges-RDMA, Scalog-CXL,
and Boki-CXL, leaving server-side paths of 147𝜇s, 340𝜇s, and
428𝜇s, respectively. Under an idealized zero-client-I/O bound,
Borges’ 70𝜇s path would yield speedups of 2.1×, 4.9×, and

6.1× over these systems, widening the gap between Borges
and prior work.
Takeaway. CXL helps in two ways: it speeds Borges itself
relative to Borges-RDMA, and it modestly improves naive
ports of prior systems. The larger win still comes from re-
designing coordination and publication for non-coherent
shared memory.

4.3 Log Append
Wenext evaluate the end-to-end append path, themost direct
test of Borges’ single-writer metadata and publication design.
End-to-end append latency and throughput. Table 4
reports low-load latency and saturation throughput. We use
one client for low-load latency and increase the number of
clients until throughput saturates (160 for Borges, 120 for
Scalog-CXL, and 100 for Boki-CXL). Borges achieves both
the best latency and the best throughput.
The comparison to Borges-RDMA isolates the value of

the CXL substrate for the Borges design itself. Even though
the mechanism is unchanged, Borges improves over Borges-
RDMA by 1.72× at p50, 1.66× at p99, and 4.22× in throughput.
This is why we do not carry Borges-RDMA through the rest
of the section: once the primitive append path already shows
that the same design is slower on RDMA, the more infor-
mative later comparisons are against systems with different
coordination and replay strategies.
The comparison to Scalog-CXL and Boki-CXL captures

the architectural benefit of Borges. Boki-CXL is already an
append-friendly baseline because Boki’s original client-side
log engine keeps log append relatively fast, yet Borges still
improves over Scalog-CXL by 2.16× in throughput and 2.87×
at p99, and over Boki-CXL by 2.66× in throughput and 2.78×
at p99. The gap is larger than the Borges-vs-Borges-RDMA
gap because they pay the cost of coordination mechanisms
that are poorly matched to non-coherent shared memory.



Borges vScalog-CXL Boki-CXL

T-put (req/s) 37.12K 8.50K (4.37×) 0.38K (97.68×)
P50 (𝜇s) 326.58 1007.47 (3.08×) 4484.73 (13.73×)
P99 (𝜇s) 370.15 1239.19 (3.35×) 10271.47 (27.75×)

Table 5. End-to-end latency and throughput for a lineariz-
able lock built on each log.

Latency under load. To test whether Borges retains its ad-
vantage near saturation, we raise offered load to 40 K, 50 K,
and 60K appends/s. At these loads, Borges’ p99 latencies
are 271.9𝜇s, 298.2𝜇s, and 326.4𝜇s, respectively. By compari-
son, Scalog-CXL’s corresponding p99 latencies are 798.9𝜇s,
949.6𝜇s, and 1.3ms (2.9×, 3.2×, and 4.0× those of Borges),
while Boki-CXL’s are 0.9ms, 1.0ms, and 1.4ms (3.3×, 3.4×,
and 4.3× those of Borges). The advantage widens under load
because Borges does not rely on batching to amortize coor-
dination; its fast path stays small even as queues form.
Takeaway. Borges’ lock-free design delivers low latency
on append path without batching, and its advantage grows
under load, precisely when latency matters most.

4.4 Linearizable Lock
We now turn to replay. A linearizable lock is a useful stress
test because each request must append a record, replay the
relevant stream, and confirm lock state before returning.

We use the YCSB key-generation setting with 102,400 keys
and Zipf parameter 𝜃 = 0.99. A Lock request appends a lock
record and then replays the stream to determine whether
the acquisition succeeds, as in Boki [29]. An Unlock request
appends an unlock record. The end-to-end latency of a lock
operation includes both acquisition and release; clients back
off and retry on conflict. Scalog does not natively support
locks, so we implement Boki’s lock protocol on top of vSca-
log [19], a stream-aware variant that binds each stream to a
single shard. This makes vScalog-CXL the natural baseline
for the single-shard-replay design point.

Table 5 shows that Borges is 3.1× faster than vScalog-CXL
at p50 and 13.7× faster than Boki-CXL under two clients. As
we increase the number of clients to 4, 8, and 16 (the point at
which vScalog-CXL saturates), Borges shows p99 latencies
of 830.0𝜇s, 1.5ms, and 2.7ms, whereas vScalog-CXL reaches
1.9ms (2.3×), 3.7ms (2.5×), and 15.0ms (5.6×), respectively.

The two baselines lose for opposite reasons, which is pre-
cisely the replay tradeoff that Borges is designed to change.
Boki-CXL spreads a stream across shards, but replay still
goes through remote communication with its client-side log
engine; on our platform, a remote record fetch costs 673𝜇s
at p50 and exceeds 2.5ms at p99. Borges instead reads com-
mitted remote records directly from shared CXL memory,
reducing cross-shard fetch to 10.1𝜇s at p99. vScalog-CXL
avoids remote replay, but its placement is too rigid: binding
each stream to one shard forces random per-record lookups

Uniform 𝜽 = 0.7 𝜽 = 0.9 𝜽 = 0.99

Borges
T-put 147.3 (100%) 146.7 (99.6%) 144.5 (98.1%) 144.2 (97.9%)
P50 620.1 (100%) 623.5 (100.5%) 640.4 (103.3%) 642.1 (103.5%)
P99 1222.0 (100%) 1249.4 (102.2%) 1289.4 (105.5%) 1317.0 (107.8%)

vScalog
T-put 60.4 (100%) 53.6 (88.7%) 46.1 (76.3%) 42.0 (69.5%)
P50 1574.4 (100%) 1807.8 (114.8%) 2273.7 (144.4%) 2338.9 (148.6%)
P99 2842.0 (100%) 3129.9 (110.1%) 3511.1 (123.5%) 3693.2 (130.0%)

Table 6. A counter workload under increasing Zipf skew
(§ 4.5). Throughput is measured in Kreq/s, while the p50 and
p99 latencies are measured in 𝜇s. Values in parentheses are
normalized to the uniform case.

within that shard-local history and causes a lookup latency
2.5× higher than Borges.
Publication cost.We observe that dual-index publication
costs 3.4𝜇s at p50 and 9.8𝜇s at p99 with four readers, rising to
8.9𝜇s and 22.6𝜇s with twelve readers. This suggests modest
reader-sensitive overhead added in the pod-scale setting.
Takeaway. The lock benchmark shows that Borges is not
just a faster append engine. The benefit comes from both
halves of its design: the dual-index protocol and per-stream
indexing that makes replay path cheap enough for latency-
sensitive, serialized objects.

4.5 Skew Tolerance
The lock result shows that Borges makes replay cheap; the
next question is whether replay stays cheap when Borges
uses that flexibility to spread a stream across shards under
skew. We therefore compare Borges with vScalog-CXL on a
counter workload where each request appends a delta and
then replays the counter’s history to obtain the current value.
As in YCSB, keys are drawn from a Zipf distribution.

In vScalog-CXL, only the owning shard can serve a given
counter. In Borges, either shard can append to and replay
that counter because committed records remain directly read-
able from the shared CXL device. We first find the maximum
number of clients each system can support under a uniform
workload (140 for Borges, 120 for vScalog-CXL), then hold
the client count fixed and increase skew.
Table 6 shows that Borges remains almost flat as skew

rises: from uniform access to 𝜃 = 0.99, throughput drops
by only 2.1%. In contrast, vScalog-CXL loses nearly 30% of
throughput. The reason is load imbalance: under high skew,
the hot shard in vScalog-CXL reaches 2.25× the CPU utiliza-
tion of the other shard.
To examine the latency effect of this imbalance, we fix

the client count at 96 for both systems. This setting keeps
both systems near saturation across all skew levels while
avoiding overload-induced latency spikes, and ensures a
fair comparison with the same client concurrency. As skew
increases, vScalog-CXL’s p50 and p99 latency rise by 48.6%
and 30.0%, whereas Borges’ latency changes only slightly.
Boki-CXL is not included in this skew table because it

already chooses the cross-shard placement side of the design
space; its weakness was exposed in § 4.4, where remote
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Figure 6. YCSB-A.
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Figure 7. YCSB-B.
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Figure 8. YCSB-C.
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Figure 9. YCSB-D.
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Figure 10. Retwis.
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Figure 11. Throughput for YCSB A–D, and Retwis
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Figure 12. Segment size study.

replay dominated latency. The skew experiment therefore
isolates the remaining question: what happens if a system
keeps replay local by binding each stream to one shard?
Takeaway. Allowing streams to span shards is valuable
only if cross-shard replay stays cheap. Borges achieves both,
which is why it avoids the usual skew-vs-replay tradeoff.

4.6 Key-Value Store
We next test whether Borges’ append and replay advantages
carry to a linearizable key-value store. We run YCSB [17]
workloads A–D, i.e., 50/50 read-write, 95/5 read-write, read-
only, and 95/5 read-insert. We use 102,400 8-byte keys from
a Zipf distribution with 𝜃 = 0.99 and 1024-byte values, rep-
resentative of skewed serving workloads [15, 20, 52].
We implement ScalogStore on Scalog-CXL and ensure

that all systems provide linearizable semantics. Boki-CXL
requires special care: because its index is updated asyn-
chronously, a read cannot trust that index alone. Each read
therefore appends a read record and replays the log to that
point, reintroducing the same remote-replay penalty seen in
§ 4.4. We observe p50/p99 read-side latency of 445𝜇s/1.7ms
just from waiting for index updates and remote replay.
Figures 6–9 show that Borges consistently reduces tail

latency across all four workloads. Relative to Scalog-CXL,
Borges cuts p99 latency by 1.8×–3.3× across YCSB A–D.
Relative to Boki-CXL, the reduction is larger still, ranging
from 14.9× to 25.2×.

Figure 11 shows that throughput improves as well: Borges
sustains 156.4 K, 165.5 K, 198.6 K, and 148.4 K requests/s on
YCSB A–D, improving over Scalog-CXL by 1.6×–2.1×. These
gains are smaller than the latency gains because Scalog-CXL
uses group commit to trade latency for throughput, whereas
Borges largely avoids that tradeoff.

4.7 Fault-Tolerant Workflow
Finally, we evaluate the log-native workflow design from
§ 3.8. We adapt Halfmoon [48]’s version of Retwis [49],
a Twitter-like application decomposed into fault-tolerant

workflows that issue read and write operations. We use the
same setting as Halfmoon: 10,000 users, each with eight fol-
lowers, and a unique workflow identifier for every request.
BokiFlow [29] provides a fault-tolerant workflow imple-

mentation, which we also adapt to Scalog-CXL. In both base-
lines, workflow state lives in an external MongoDB instance
whose write and read latency are 1.02ms and 0.65ms, re-
spectively. To obtain exactly-once semantics, each database
access is wrapped in a test-and-append style protocol that
incurs both a log append and log playback. Borges instead
keeps authoritative state in the log itself and uses replay-
time deduplication, avoiding both the external DB round trip
and an extra deduplication round on the critical path.
Figure 10 shows a large application-level gap. Borges

achieves 806.7𝜇s p50 latency and 1.7ms p99. Scalog-CXL
reaches 4.6ms/23.9ms p50/p99, while Boki-CXL reaches
18.1ms/70.7ms. Figure 11 shows the corresponding through-
put on a log scale: Borges sustains 27,722 requests/s, versus
1,426 for Scalog-CXL.
Takeaway. Borges’ low-latency publication and replay are
strong enough to serve as both durable record and authori-
tative state machine for exactly-once workflows.

4.8 Configuration Tradeoffs
We next ask whether Borges’ design choices are brittle by
showing how key parameters affect performance.
Segment size. Segments are the unit that lets Borges pre-
serve mostly sequential replay. Figure 12 shows the trade-
off. Increasing the segment size from 256 B to 4KB raises
throughput by 45.1% while reducing p50 and p99 latency
by 16.7% and 6.8%. The benefit comes from less frequent
allocation and fewer segment links on the fast path. The
tradeoff is fragmentation: with 4 KB segments, total internal
fragmentation is 25.03MB (19.58%) across 8.8 K allocations,
whereas with 256 B segments it drops to 18.30MB (11.53%)
but requires 382K allocations. Our 2 KB default balances
these costs and yields 16.7% fragmentation.



Record size Shards Replicas
100B 512B 1KB 2KB 1 2 4 1 2 3

T-put (req/s) 177.56K 165.74K 125.67K 71.81K 84.27K 164.82K 223.77K 170.64K 160.83K 149.68K
P50-lat (us) 153.21 158.62 175.83 180.24 141.61 153.19 157.77 155.26 153.78 166.21
P99-lat (us) 179.66 186.12 192.91 214.67 164.78 184.87 189.21 176.83 184.02 190.14

Table 7. Append throughput and latency under varying record size, shard count, and replica count.
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Figure 13. Throughput during shard failure and recovery.

Record size. The left portion of Table 7 shows that through-
put decreases by 2.47× as the record size grows from 100 B
to 2KB with 1 replica, while p50 and p99 latency increase
by only 17.6% and 19.5%. This is the expected signature of
Borges’ design goal: it keeps per-operation coordination
small, so larger records mainly reduce throughput rather
than sharply increasing control-path latency.
Shard count. The middle portion of Table 7 shows that in-
creasing the number of shards from 1 to 4 with 2 replicas
raises throughput by 2.7× because more shard servers can
accept and replicate requests in parallel. The correspond-
ing p50/p99 latency increase of 11.4%/14.8% reflects higher
contention for shared storage and more metadata flowing
through the sequencer. This is a reasonable tradeoff for the
pod-scale setting Borges targets: shard parallelism scales
throughput faster than it degrades latency.
Replica count. The right portion of Table 7 shows that dura-
bility is relatively cheap. Increasing the replica factor from 1
to 3 reduces throughput by only 12.3% and increases p50/p99
latency by 7.1%/7.5%. This suggests that the replication path
is not dominated by extra coordination metadata; most of
the cost remains in copying the data itself.

4.9 Single-Sequencer Scalability
We next examine if a single sequencer can keep up with the
metadata load of a pod-scale log.
Our physical testbed can host only six shard servers, so

to emulate larger pods we add synthetic shard streams that
deliver records to the sequencer at the same rate as real
shards but do not originate from clients. As we scale to 8,
12, and 16 shards, sequencer throughput grows to 341.9 K,
502.7 K, and 612.1 K requests/s. The corresponding end-to-
end latency, computed as emulated shard latency plus client
I/O, remains modest: p50/p99 rise from 300.0𝜇s/340.6𝜇s at 8
shards to 360.1𝜇s/378.2𝜇s at 12 shards and 382.4𝜇s/450.7𝜇s at
16 shards. Even at 16 shards, the single five-core sequencer
uses only about 40% CPU. This is exactly the behavior Borges
was designed for: at pod scale, sequencing is metadata-only
work over shared memory rather than a network-bound
control-plane bottleneck.
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Figure 14. Throughput and latency during reconfiguration.

4.10 Recovery and Reconfiguration
We finally evaluate operational behavior. We do not sepa-
rately benchmark sequencer restart because the sequencer is
stateless and reconstructs its state from the last committed
cut/index pair. We instead focus on the events that directly
perturb the data path: shard recovery and reconfiguration.
Shard recovery.While running a two-shard system, we kill
one shard server and measure throughput. The sequencer de-
tects failure through lease expiration, seals the failed shard,
and launches a replacement instance. The replacement re-
covers its progress from the most recent global cut and asso-
ciated index. Figure 13 shows that throughput briefly over-
shoots as the system drains the backlog and then returns
to steady state. In this run, no reader was still holding an
old index pointer. If a failed reader had still been advertising
an old pointer, the system would wait for the correspond-
ing lease to expire before retiring that index, preserving the
publication invariant.
Reconfiguration.We evaluate reconfiguration by adding
a new shard server. The joining shard posts a request, the
sequencer observes it before a sequencing round, updates
the cluster configuration in CXL memory, and publishes the
new epoch in the next global cut. Existing shard servers learn
the new membership only through that published cut, so
configuration change reuses the same visibility boundary as
ordinary log data. Figure 14 shows a temporary p99 latency
increase while shard servers fetch the new configuration,
but throughput remains stable because the reconfiguration
metadata is small and pending cuts are processed quickly.

5 Related Work
Distributed shared logs. Shared-log systems provide a
total-order abstraction, but existing designs either keep or-
dering and replication on the network path or relax when
global order is fixed. CORFU [8] introduced the abstraction;
Tango [9] and vCorfu [64] built replicated data structures



and cloud storage on top of it; Scalog [19], Delos [7], and
Boki [29] improved scalability, reconfiguration, and server-
less support. FuzzyLog [40] offers partial order, while Lazy-
Log [41] and SpecLog [11] reduce perceived latency by de-
ferring or speculating on global order. In contrast, Borges
targets low actual commit and replay latency under strict
total order by placing log state in shared CXL storage and
turning cross-shard replay into a direct shared-memory read.
Mu [1] and Derecho [28] also pursue low latency, but they
build consensus-based state machine replication based on
RDMA, not a shared-log abstraction. Their designs rely on
NIC-managed one-sided verbs and NIC-level ordering, which
do not apply to CXL’s non-coherent shared memory.
CXL-based memory and storage systems. At the infras-
tructure layer, CXL systems and related tiered-memory work
explore resource pooling [34, 78, 79], page placement and
tiering [39, 44, 62, 65, 77], and CXL-memory characteri-
zation and cost optimization [38, 57]. Other work builds
multi-host shared-memory mechanisms for RPC, DSM, pro-
cess cloning, and data processing [3, 42, 45, 56]. At the
storage layer, Overcoming the Memory Wall [66] explores
memory-semantic flash, while SkyByte [75], ByteFS [35],
and RomeFS [73] redesign device, OS/firmware, and file-
system stacks; Cylon [70] adds fast full-system emulation.
XHarvest [47] and Espresso [68] instead share controller
resources between a host and SSD or across SSDs while re-
taining block-I/O data paths. ANCHOR [81] uses a memory-
semantic SSD as the persistence and error-repair anchor
for a single host, whereas DJFS [69] and Transparent DAX
Mappings [31] redesign file-system and mapping stacks for
CMM-H. CXL-backed database systems build on these mech-
anisms for transaction processing and for pod-scale or in-
memory databases [2, 25, 63], while Database Kernels and
the Key-Space Partitioned LSM Tree adapt database and
storage engines to memory-semantic devices [33, 36]. Polar-
CXLMem [67] uses CXL as a mutable buffer-pool/page layer
with software coherence; Borges’s append-only log avoids
fast-path coherence via single-writer metadata and dual-
index publication. Complementary work formalizes CXL
cache coherence and partial-crash semantics [6, 55], model-
checks crashing CXL programs [23], or provides failure-
aware shared-memory management [46, 76, 83].
Log-centric data systems. Shared logs underpin several
data services. Impeller stores stream data and exactly-once
progress in one; Delos composes production database pro-
tocols above one; and Conflux runs a production metadata
service over a cloud-backed shared log, separating durabil-
ity (LogDrive) from sequencing (AtomicLog) [10, 61, 82].
CalvinFS orders file-system metadata transactions through
a global log, while Ethane delegates file-system durability,
linearizability, and cache coherence to a shared operation
log [13, 59]. XLL instead shares one persistent log across
TiKV’s consensus and local-database layers to eliminate

duplicate writes [51]. MEGALON [24] is closest: its CXL-
resident log orders replicated-index updates and software
coherence, but supports replication rather than recovery
and treats any host or CXL-memory failure as system-wide.
Socrates, LogStore, and Clover use logs more narrowly for
WAL, operational-log storage, or per-key access, respec-
tively [4, 14, 60]. Unlike them, Borges exposes a fault-tolerant
shared log whose global order, cuts, indexes, and replay
state are application-visible over a non-coherent CXL mem-
ory/SSD hybrid.

6 Conclusion
Borges shows that CXL DRAM/SSD hybrids enable a new de-
sign point for distributed shared logs. By replacing network
coordination with lock-free single-writer metadata and dual-
index publication, Borges preserves strict total order and
fault tolerance while substantially reducing append and re-
play latency. Our results show clear gains over prior systems
on append latency, workflows, and skewed workloads.
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