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Abstract

We explore the design of efficient and scalable synchro-
nization for disaggregated shared memory. Porting existing
synchronization primitives to such architectures results in
poor performance scaling due to redundant inter-cache com-
munications, exacerbated by high cache-coherence latency in
disaggregated shared memory.

Driven by our insight that synchronization is a general-
ization of cache coherence in time and space, we argue for
minimally extending existing cache coherence protocols to
support synchronization primitives, thereby eliminating the
redundant inter-cache communication inherent in layered
synchronization. We propose a novel Generalized cache-
Coherence Protocol (GCP) that realizes this insight by lever-
aging wait queues and variable-size cache lines directly at
the cache-coherence layer for temporal and spatial generaliza-
tion, respectively. We have verified GCP’s correctness using
model checking. We present Soul, an end-to-end system im-
plementation of GCP atop a disaggregated shared-memory
platform. Soul supports popular lock APIs through a user-
space library that offers improved performance without re-
quiring any changes to application code. Our evaluation of
Soul against state-of-the-art locks shows that it improves the
performance of unmodified real-world applications at scale
by 1-2 orders of magnitude while incurring < 8% storage
overhead.

1 Introduction

With the end of Moore’s Law and challenges in scaling
DRAM technologies [1], recent years have seen a push to-
wards rack-scale compute-memory disaggregation [2-16],
where server resources are physically decoupled into com-
pute and memory blades connected via a high-speed network
fabric. Several recent efforts have also focused on enabling
cache-coherent shared-memory abstractions over the same
high-speed networks for application transparency via a uni-
fied, consistent memory view [16-21]. We focus on page-
based cache-coherent shared memory [16—18,20] in this work,
where local DRAM on compute blades serves as cache for
disaggregated memory, and these caches are kept coherent
over high-speed Ethernet (§2.1).

In such systems, synchronization primitives such as
locks [22—35] are crucial for the performance scaling of multi-
threaded applications such as key-value stores [36—38] and
databases [39—42]. Since such locks are already implemented
atop cache-coherent substrates in multi-core CPU architec-
tures (Fig. 1 (left)), it follows that these lock algorithms could
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Fig. 1: Different approaches for realizing synchronization. Lay-
ered approaches (left) incur redundant coherence transactions while
standalone approaches (middle) preclude key optimizations, both
significantly degrading application performance over disaggregated
memory’s slower inter-compute and compute-memory interconnects.
Our approach (right) generalizes cache coherence for efficient locks.

also be ported to cache-coherent disaggregated memory.

Unfortunately, despite improvements in network speeds,
the higher latency of inter-compute and compute-memory
links in rack-scale disaggregation renders cache-coherent sub-
strates inadequate for the efficient implementation of lock
algorithms, thereby limiting application performance at scale.
While inter-core communication in multi-core and NUMA
architectures exhibits latencies of 20—100 ns, page-based dis-
aggregated memory exhibits latencies of 5—-10 us [16—18]. We
find that even the most performant lock algorithms layered
over state-of-the-art disaggregated memory coherence sub-
strates [16,43] lead to poor application performance scaling,
degrading performance for real-world synchronization-heavy
workloads by as much as 1000, due to redundant inter-cache
coherence messages over higher-latency Ethernet links (§2.2).

To avoid such coherence overheads, prior distributed shared
memory (DSM) [17,20,44-47] developed lock services that
bypass the cache coherence substrates altogether (Fig. 1 (mid-
dle)). Unfortunately, porting such lock services to state-of-
the-art disaggregated shared memory systems [16—18,20,21]
still incurs intractable performance overheads. On the one
hand, software-based lock services remain orders of mag-
nitude slower than shared-memory accesses accelerated via
programmable networks [16, 18]. On the other hand, imple-
mentations of such lock services that leverage programmable
networks suffer from stringent processing and storage con-
straints [48,49], precluding the adoption of many optimiza-
tions employed by prior DSM lock services (§3.3).

Toward scalable and performant locks for disaggregated
shared memory, we pursue a third approach as shown in
Fig. 1 (right), based on the insight that lock-based synchro-
nization is essentially a generalization of cache coherence in
time and space. Specifically:
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Temporal generalization. Cache-coherence protocols guar-
antee the single-writer-multi-reader (SWMR) invariant [50],
i.e., either a single exclusive writer or multiple concurrent
readers can access a cache line (a 4KB page in page-based
disaggregated memory) for a single instruction. Lock-based
synchronization extends this property for an arbitrary number
of instructions: the critical section.

Spatial generalization. Cache-coherence protocols ensure
the SWMR invariant at a cache line granularity (i.e., a 4KB
page), while reader-writer locks require this property for
shared states of arbitrary sizes.

Therefore, extending existing coherence protocols to support
these generalizations would provide the necessary semantics
to enable lock primitives directly, eliminating the redundant
communication seen in a layered design. Moreover, gener-
alizing cache coherence protocols not only allows the lock
realization to inherit decades of optimization from today’s
cache coherence protocols but also creates new opportunities
to further improve lock scalability. These include directly
moving the data associated with a lock during its acquisi-
tion and exploiting locality by caching both the lock and the
associated data until they are explicitly invalidated.

We incorporate the above insights into GCP (§3), a novel
class of Generalized cache-Coherence Protocols for lock-
based synchronization. GCP minimally extends directory-
based cache-coherence protocols using two key approaches:

Wait queues for temporal generalization (§3.1). Cache
coherence guarantees that a cache line requested by a node
will be held in the requestor’s cache for a single instruction
— subsequent requests from other nodes may immediately
invalidate or downgrade the cache line permission on the
original requestor. To allow a requestor to hold the cache line
for more than one instruction, GCP prevents other requestors
from invalidating or downgrading the cache line until the
original requestor explicitly releases it, by suspending their
cache coherence transactions in a wait queue.

Variable-size cache lines for spatial generalization (§3.2).
While coherence protocols typically track fixed-sized cache
lines, our spatial generalization lets each cache line track a list
of arbitrarily sized memory regions (dubbed ‘the shared mem-
ory list’). All shared regions tracked by a single cache line are
atomically moved or invalidated from the target cache. This
allows requestors to achieve SWMR semantics for arbitrary-
sized shared regions during their critical sections.

These generalizations allow transforming some cache lines
in the cache-coherence protocol into locks for synchroniz-
ing shared state in GCP; the remaining ‘regular’ cache lines
still operate at a fixed size and single-instruction granular-
ity. Moreover, since all our modifications are limited to the
cache coherence protocol, GCP imposes no restrictions on
the memory consistency model. We have verified GCP’s cor-
rectness for a broad range of directory-based cache coherence

protocols via model checking (§3.4).

We present Soul as a high-performance, end-to-end sys-
tem implementation of GCP atop a state-of-the-art, Ethernet-
based, disaggregated shared-memory platform [16], with min-
imal metadata overhead. Soul supports standard lock APIs
via a user-space library, providing complete application trans-
parency without requiring programmers to interact with low-
level GCP interfaces. Soul also provides a lock manager to
track the allocation of GCP cache resources and to handle
application and system failures. Our evaluation (§5) shows
that Soul enables scalable, high-performance synchronization
across disaggregated memory. Compared to state-of-the-art
lock algorithms, Soul improves real-world application perfor-
mance at scale by 1-2 orders of magnitude without applica-
tion modifications.

We also conduct a case study to validate GCP’s general-
izability to emerging CXL 3.0-based disaggregated shared
memory systems [21] via a gem5 [51] simulation of Soul
(dubbed SoulCXL; §6). While we demonstrate that the bene-
fits of GCP also extend to hardware-based cache-coherence
protocols, we leave a full adaptation to future work.

2 Background & Motivation

2.1 Page-based Disaggregated Shared Memory

As compute and memory resource scaling within a single
server has started to stagnate, several recent efforts have ar-
gued for rack-scale memory disaggregation [13-18,20, 52—
56], where physical servers are disaggregated into compute
and memory blades connected via a single network switch.
To ensure application performance, these approaches adopt a
partial disaggregation model, in which most of the memory is
disaggregated, while compute blades retain a small amount
of local DRAM as cache. In particular, these approaches
leverage the OS’s swap subsystem on the compute blade to
cache memory from Ethernet-attached memory blades (e.g.,
using RDMA) at page granularity in its local cache.

Increasingly, a large subset of these approaches [16-21,57]
have argued for a cache-coherent shared-memory abstraction
over disaggregated memory to enable applications to transpar-
ently scale across compute blades. This effectively permits
application threads to be placed across arbitrary compute
blades and still access disaggregated memory via a unified,
consistent memory view — akin to transparent Distributed
Shared Memory (DSM) approaches [44—46].

While different systems vary slightly in how they imple-
ment disaggregated shared memory, they share a common
core set of design elements. We illustrate these elements
using MIND [16], an open-source, state-of-the-art disaggre-
gated shared-memory system, on which our approach is im-
plemented.

MIND comprises compute and memory blades connected via
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a programmable network switch. It keeps DRAM caches on
compute blades coherent for transparent memory sharing.

Cache coherence. Similar to traditional DSM [44-47] and
other disaggregated shared memory systems [17, 18,20,21],
MIND uses directory-based cache-coherence due to its scala-
bility. These protocols employ a cache directory to track the
state of fixed-size memory units — typically referred to as
cache lines and realized as 4KB pages in MIND — across
the distributed caches. MIND places the directory on the
programmable network switch because of its central location.
The per-page state includes the list of compute blades cur-
rently holding the page (sharer list) and the permissions under
which they hold it. When a compute blade attempts to access
a page not present in its cache, the page fault handler first con-
tacts the directory to check its current state, then notifies other
compute blades on the sharer list of its intent to access the
page, and ultimately coordinates subsequent data movement.

Specifically, MIND employs the directory-based MSI pro-
tocol, where each page can be in one of the three permissions:
Modified (M), indicating a single compute blade has exclusive
read and write permissions for the page, Shared (S), where
multiple compute blades have shared read permission to the
page, and, Invalid (I), i.e., the page is not present in any com-
pute blade cache. Fig. 2(a) shows an example with a single
page at address 0x0A, a cache directory, and two compute
blades N; and N,. The page is initially cached at N, with
S permission. N then requests it with M permission from
the directory ((D). The directory looks up the sharer list for
the page and contacts NV,, its current holder, to invalidate it
since N needs exclusive access to it (2)). Once invalidated
(®), N, informs the directory (@), which then updates the
page’s permissions to M, records N as the owner ((5), and
acknowledges N; with the page data ((6). N; then accesses
the page (). While this example demonstrates the S—M
transition in cache permission, other transitions are similar.
We refer to these transitions as cache-coherence transactions.
Minimizing the number of coherence transactions in synchro-
nization primitives is essential for scaling the performance

—o— Total latency Lock operations B2 Others

cluster 53

cluster 10

cluster 3

12 4 6 8 1 2 4 6 8

1 2 4 6 8
Number of compute blades (each with 10 cores)

Fig. 3: End-to-end request latency (left y-axis, log-scale) and
% -age of time spent in synchronization (right y-axis) for the state-
of-the-art Cohort lock [27] on Twitter KV store workloads [58]
atop MIND [16], a disaggregated shared memory system.

of parallel applications on disaggregated memory, since each
transaction incurs multiple Ethernet round trips (§2.2).

2.2 Enabling Scalable Synchronization in
Disaggregated Shared Memory Systems

Despite improvements in scalable cache coherence for disag-
gregated shared memory, lock-based synchronization remains
a critical performance bottleneck in such systems.

Lock algorithms atop cache coherence. Scalable lock algo-
rithms are typically built atop hardware coherence substrates
in multi-core and NUMA architectures to permit either a sin-
gle exclusive writer or multiple concurrent readers to access
a critical section. Most scalable lock designs minimize the
number of coherence transactions required for lock acquisi-
tion. For instance, queue-based lock algorithms [25, 26, 59]
let each requestor thread spin on a core-private cache line,
reader-writer locks partition reader-indicators [32] to avoid
coherence transactions for concurrent readers, while memory-
hierarchy-aware locks [27-31] exploit memory locality to
avoid coherence transactions across NUMA nodes.
Unfortunately, even with optimized designs, lock algo-
rithms layered atop cache coherence tend to severely limit ap-
plication performance at scale in disaggregated shared mem-
ory systems. Fig. 3 shows the total request handling latency
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and the percentage spent in lock operations for three Twitter
key-value (KV) store workloads [58] using cohort locks [27],
a state-of-the-art high-performance lock, atop MIND [16]
(setup in §5). While request handling consumes under 10us
on average on a single compute blade, it can increase to
over Ims at 8 blades, with most of the time spent in lock
operations! This is because each lock operation must trigger
multiple expensive cache coherence transactions over Ether-
net.

These coherence overheads are not limited to Cohort
locks; they apply to all state-of-the-art locks built atop cache-
coherence substrates. Fig. 2(b) shows that representative
locking algorithms trigger many coherence transactions with
multiple blades for workloads with varying degrees of read-
write contentions, translating into milliseconds of lock ac-
quisition and data access latency. Similar overheads have
been demonstrated in prior studies [60-63] for multi-core
architectures, even with much shorter inter-cache latency.

Locks bypassing cache coherence. To circumvent the inef-
ficiencies of layering locks atop cache-coherence substrates,
DSM systems [17,20,45-47] employ standalone software-
based lock services that bypass the cache-coherence layer
altogether, e.g., via lock managers that serve lock requests
using a client/server model [45], or distributed lock proto-
cols that bypass shared memory [46,47]. However, with
recent disaggregated shared-memory systems [16, 18] that use
programmable network hardware to accelerate cache coher-
ence, software-based lock services incur latency that is orders
of magnitude higher than cache-coherent memory accesses,
making them an inadequate choice for synchronization.
Although programmable network-accelerated lock ser-
vices [48, 49] can potentially deliver latency comparable
to network-accelerated cache-coherent memory accesses,
they require additional resources in an already resource-
constrained programmable network switch. In fact, even
if all of the programmable switch resources were allocated
solely to the lock service, it would still fail to support critical
performance optimizations that require complex coherence
logic to be realized within the lock service [48,49,64] (§3.3).

Our approach. Fundamentally, cache coherence and lock-
based synchronization strive for the same goal: single-writer,
multi-reader (SWMR) invariant [50] over some shared state,
i.e., at any point, either a single entity that intends to modify
the shared state has exclusive access, or multiple entities that
intend to read the state have shared access. However, while
cache-coherence protocols enforce it at a single-instruction
granularity (in time) and a fixed cache-line granularity (in
space), lock algorithms strive for an SWMR invariant at ar-
bitrary instruction counts (in a critical section) and data-size
granularities. In other words, lock-based synchronization is a
generalization of cache coherence in time and space.

Our approach builds on this observation and argues for
minimal extensions to cache-coherent substrates to realize

generalized coherence protocols (GCP) that can natively sup-
port lock primitives (Fig. 2(c)). Our extensions — a wait
queue for temporal generalization (§3.1) and a shared mem-
ory list for spatial generalization (§3.2) — permit all lock
operations to be realized using a single coherence transac-
tion, avoiding overheads of layered designs. Moreover, unlike
approaches that bypass coherence, GCP enables new opti-
mizations that leverage the interplay between synchronization
and coherence, while still allowing synchronization to benefit
transparently from coherence protocol optimizations (§3.3).
Finally, minimal extensions to coherence protocols permit
easier verification (§3.4) and adoption in emerging coherent
interconnects [43] (§6).

3 GCP Design

We provide an architecture-agnostic description of GCP de-
sign (§3.1 and §3.2). We then present GCP optimizations
enabled by generalizing cache coherence protocols (§3.3) and
conclude with a verification of GCP’s correctness (§3.4).

3.1 Wait Queue for Temporal Generalization

As we saw in §2.2, a directory-based cache-coherence pro-
tocol ensures the SWMR invariant at a single instruction
granularity by tracking the permission of the requested cache
line (e.g., M, S, or I in the MSI coherence protocoll ). If an
instruction’s execution on one blade requests a cache line with
a specific permission, the protocol triggers a transaction that
immediately makes the cache line available to that instruction
with that permission. To enable the temporal generalization
of the protocol, where a blade can hold the cache line with its
requested permission for an arbitrary number of instructions,
GCP defers cache requests with conflicting permissions by
enqueuing them in a wait queue and dequeuing a request only
when the previous blades release the cache line.

Added cache interfaces. We add three new cache request
types to interact with the wait queue (Table 1): GCP_acquire
to request the cache line with the provided permission and
mark the beginning of the critical section, GCP_is_acquired
to check whether the line has been acquired with the pro-
vided permission, and GCP_release to release the cache line
and mark the end of the critical section. To avoid blocking
while a blade waits for a lock, the GCP_acquire request is
asynchronous, i.e., the initiating blade does not block while
it waits for completion. Once the corresponding transaction
completes, the cache line’s permission is updated to indicate
that it has been acquired, and the blade can check this sta-
tus via GCP_is_acquired. As we show in §4.3, this allows
context switching to another thread while waiting for a GCP
lock.

I'While we use the MSI coherence protocol to illustrate our extensions,
they apply to any directory-based cache-coherence substrate.
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Shared memory Iist interfaces

int GCP_create(size_t len, addr_t *addrs, size_t *sizes);
int GCP_destroy(size_t len, addr_t *addrs, size_t *sizes);
Wait queue interfaces

int GCP_acquire(addr_t addr, int perm);

int GCP_is_acquired(addr_t addr, int perm);

int GCP_release(addr_t addr);

Table 1: GCP interfaces (§3.1, §3.2).

Handling evictions. Evictions of cache lines to memory
used as locks require careful consideration since they can
inadvertently terminate the current lock ownership. A naive
solution could pin such cache lines to prevent them from
being evicted, but this can result in starvation or deadlocks.
For instance, if a thread holding a lock is switched out by the
scheduler, its cache lines used as locks would block space
in the cache, starving the currently running thread of cache
resources. Moreover, if a blade’s entire cache is used as
locked cache lines, no more regular or lock-based cache lines
can be brought into cache, resulting in a deadlock!

To this end, GCP enables eviction of lock-based cache lines
by adding a set of new transient states to the directory entry
that can mark a cache line as both evicted and locked after
it is cleared from local cache. This allows a thread to retain
its lock ownership even when it is switched out, or a cache
line is evicted. Any new request for such a cache line from
another thread is granted if the requested and currently held
permissions for the cache line are compatible (e.g., both are
S in an MSI protocol); otherwise, it is directed to the wait
queue.

Example. Fig. 4 demonstrates how a wait queue can enable
temporal generalization for the same example in Fig. 2(a).
The target cache line is initially cached at N, with S permis-
sion. N then issues an GCP_acquire request for the same
cache line with M permission to the cache directory (D). The
directory looks up the current cache line permission (S) and
sharer list ({ NV }), realizing that the request requires N, to re-
linquish the cache line via invalidation. In contrast to standard
MSI protocol execution, the directory defers the invalidation
and instead enqueues N;’s request in a wait queue associated
with the cache line (2)). Only when N, finishes its critical sec-
tion and voluntarily releases the cache line via GCP_release
(®) is the request dequeued (@) and the invalidation per-

formed at N> ((3)). The remainder of the cache-coherence
transaction proceeds as per the standard MSI protocol — N,
informs the directory ((©), which updates the cache line’s per-
mission to M and marks N as the only sharer (7)), and sends
N7 an acknowledgment along with the cache line data ().
Nj then transits to M, which is detected via GCP_is_acquired
(0.

As with cache coherence, other permission transitions are
similar or simpler. M—M and M—S transfers require similar
deferred invalidations, enqueuing the transfer requests in the
wait queue until the blade holding the cache line with M per-
mission explicitly releases the cache line. S—S transfers do
not require enqueuing the request since multiple readers can
hold the cache line simultaneously under the SWMR invari-
ant. I—+S and I—+M transfers also do not require enqueueing
requests since no blade has the cache line to begin with.

The wait queue’s location does not affect correctness but
does affect performance; we discuss how our implementation
navigates performance tradeoffs for queue placement in §4.1.

3.2 Shared Memory List for Spatial General-
ization

Unlike coherence protocols that track permissions for a fixed-
size cache line, locks must preserve the SWMR invariant
across arbitrary amounts of shared state. The shared state
may be fragmented and even empty. This requires extending
cache-coherence protocols to track multiple shared memory
locations of arbitrary size. Specifically, instead of a single
address with a fixed size, each address tag in GCP is logically
alist of (m;,s;) pairs, where m; and s; are the base address and
size in bytes of a shared memory region, respectively. Note
that the shared memory list is a cache-movement optimization
rather than a lock enforcement mechanism: the wait queue
(§3.1) alone enforces the lock semantics, and the shared mem-
ory list merely bundles the shared state into a single coherence
domain — without it, the lock remains correct, but accesses
to shared state incur additional coherence transactions.

Added cache interfaces. We add two new cache interfaces
(Table 1) for creating and destroying shared memory lists.
GCP_create associates a list of address ranges with a shared
memory list (to be tracked via GCP), while GCP_destroy de-
stroys the shared memory list, marking the associated address
ranges as regular cache lines (tracked via regular coherence
transactions). To ensure consistency in the shared memory
list’s creation and destruction, both interfaces are broadcast to
all blades and the cache directory, regardless of which blade
triggers them, and they force a cache flush for all involved
lines at all blades. In addition, GCP requires that all shared
memory lists contain non-overlapping memory regions; i.e.,
GCP_create returns an error if any of the involved regions are
already associated with another shared memory list.

Example. Fig. 5 shows our spatial generalization for the
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Fig. 5: Spatial generalization with shared memory lists (§3.2).

same example as Fig. 4. N, initializes the shared memory
list by issuing GCP_create over three 648 cache lines at 9x00,
0x40 and 0xA0, which are merged into a list of two shared
memory regions (0x80,128) and (0xA®,64) with their cache
permissions reset to I. Coherence transactions over the shared
memory list are identical to Fig. 4, except the invalidation
step 3 now requires N, to remove two memory regions of
different sizes from its cache, and in step (8), the directory
sends N the data for both regions with the acknowledgment.
We discuss its implementation in §4.2.

3.3 Cache-coherence Optimizations

Since GCP realizes synchronization by generalizing cache
coherence, it automatically inherits optimizations from tradi-
tional cache-coherence protocols, which are intractable with
stand-alone lock services due to resource constraints (§2.2).
We show in §5.3 that each optimization can improve lock
acquisition performance by over an order of magnitude.

Acquiring data along with lock. GCP can acquire the lock
and the associated data in a single cache coherence transac-
tion, reducing delay and coherence traffic when placing the
corresponding data in the requestor’s cache. In contrast, even
with prefetching, such coupling is impossible with traditional
lock algorithms, since they can fetch the shared state only
after the lock is acquired, delaying the requestor by at least
one coherence transaction.

Exploiting temporal locality for locks. In traditional coher-
ence protocols, once a cache line is placed in a requestor’s
cache, it remains there until it is invalidated to exploit the tem-
poral locality of data accesses. In extending such protocols,
GCP inherits the same optimization: both the lock and the
associated data remain in the requestor’s cache until another
request invalidates them.

3.4 Correctness

Theorem 1. GCP locks are correct, i.e., GCP satisfies mutual
exclusion and deadlock-freedom.

Intuitively, the mutual exclusion property for reader-writer
locks implies that no two writers, or a reader and a writer,
can enter the critical section concurrently — which is equiva-
lent to the temporally generalized SWMR invariant of cache

coherence. Due to the complexity of the underlying cache
coherence protocols, we validate GCP’s correctness (mutual
exclusion and deadlock-freedom) via model checking. We
used ProtoGen [65], a state-of-the-art cache coherence pro-
tocol synthesis tool, to generate specifications for four rep-
resentative directory-based protocols: MSI [66], MESI [67],
MOSI [68], and MOESI [69], and to integrate GCP into these
specifications. We then used the Murphi [70] model checker
to verify deadlock freedom and mutual exclusion in all reach-
able states. Like many prior works on cache coherence valida-
tion [19,65,71-73], our model checker is limited to a single
address, two data values, three blades with private caches, and
a directory to validate protocol correctness, thereby avoiding
a state-space explosion. Our microbenchmarks (§5) on up
to 8 blades with 80 cores over many addresses also serve as
correctness “stress” tests for GCP implementations. While we
guarantee correctness at the protocol level, it is still the pro-
grammer’s responsibility to avoid application-level deadlocks,
as we detailed in §4.3.

Finally, we note that GCP locks are also starvation-free
(fair) if the wait queue policy is starvation-free (e.g., FIFO).
Intuitively, starvation-freedom requires that any lock requests
will eventually succeed. GCP can only block lock requests
in the wait queue: the remainder of the cache coherence
transaction execution is non-blocking by design. As such, if
the wait queue is starvation-free, any queued lock requests
will eventually be processed, i.e., GCP locks are starvation-
free.

4 Soul: An Implementation of GCP

We present Soul, a high-performance end-to-end system re-
alization of GCP atop MIND, a state-of-the-art page-based,
disaggregated shared-memory platform (Fig. 6). Soul real-
izes GCP atop MIND’s inter-blade DRAM cache coherence
to facilitate inter-blade synchronization. Soul does not af-
fect MIND’s regular pages (i.e., those not used as locks),
and retains MIND’s x86-TSO memory consistency model
since all modifications are restricted to cache coherence. Soul
makes minimal extensions to MIND’s programmable cache
coherence substrate to implement GCP’s wait queue (§4.1)
and shared memory lists (§4.2). To ensure application trans-
parency, Soul provides a user-space lock library as a shim
atop its GCP implementation, exposing standard lock APIs
(§4.3). Finally, Soul’s lock manager allocates GCP cache
resources to ensure cache integrity and handle failures (§4.4).

4.1 Implementing the Wait Queue

A natural way to implement the wait queue in Soul is to reuse
the coherence protocol’s message buffers, blocking cache

2Throughout this section, we use page as the unit of inter-blade coherence
to reflect MIND’s 4KB cache granularity.
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Fig. 6: Soul is a full-system realization of GCP atop MIND (§4).

requests at MIND’s in-kernel cache controllers or in-network
directory. However, this adds significant network delays to
lock acquisition due to Ethernet’s high latency. When the lock
owner releases the lock, additional network trips are needed
to dequeue the next request if it is stored in the directory.
Instead, placing the queue with the page’s current owner
(compute blade) avoids these delays and bypasses the limited
compute and storage resources of switches [16, 18,48,64,74].
The directory only tracks which compute blade holds the
queue (the queue holder) so it can forward access requests
accordingly.

However, if multiple compute blades (readers) hold the
page, the wait queue must be replicated across all readers so
they can locally dequeue the next request, requiring a mecha-
nism to ensure consistency across queue replicas. The prob-
lem is further exacerbated when the page ownership changes
over time. We address this with a novel queue transfer
protocol between compute blades, which guarantees (i) no
network delay in processing the next request in the queue and
(ii) consistent access to the queue itself.

Queue holders: A queue holder enqueues any requests for
a page until it is voluntarily released. The directory tracks
the queue holder and forwards access requests to it. Soul
ensures that there is only one queue holder per page at any
time, avoiding consistency issues associated with replication.
To achieve this, we leverage GCP’s SWMR invariant: since
only a single writer (i.e., a thread requesting the page with M
permission) can hold a page at a given time, only one blade
(the one hosting the writer) needs to track the queue at that
time. While multiple readers (i.e., threads requesting the page
with S permission) can hold a page concurrently, placing
the page at additional readers does not require enqueuing
requests (§3.1), i.e., no queue is required for a page that is
only requested by readers. However, if a writer subsequently
requests a page that is initially held by multiple readers, a
queue is created on the compute blade hosting the writer.

Fig. 7 shows three possible cases for a page’s wait queue:
Case (i): The wait queue does not exist when no writers are
requesting the page (i.e., for a page with I or S permission
that has no waiting writers).

Case (ii): The wait queue is at the current writer (i.e., for a
page with M permission)

Case (iii): The wait queue is at the next writer when the
page is held by one or more readers (i.e., for a page with S
permission with a waiting writer).

Queue transfers: When a writer attempts to acquire a page
(D in Fig. 4), either the wait queue has already transferred to
it (described next) or it must create an empty one (transition
to Case (ii)). When a writer releases the page (3 in Fig. 4),
the writer drops the queue if there is no waiting requestor
(transition to Case (i)). Otherwise, the writer processes the
next queue entry and transfers the queue to the next writer.
Specifically, if the next requestor is a writer, the queue is
transferred to it (transition to Case (ii)). If the next requestor
is instead a reader (readers) and a writer is waiting behind it
(them), the queue is transferred directly to the writer (transi-
tion to Case (iii)). If there are no writers behind the reader(s),
the queue is dropped (transition to Case (i)).

Since readers never hold the queue, the dequeue operation
happens only in Case (ii), when the current writer is the queue
holder. This property ensures no network delays are incurred
when dequeuing and processing the next requestor.

Consistency during queue transfers: If the cache directory
forwards an access request to a queue holder transferring
its queue to another compute blade, should this request be
processed by the original queue holder or the next one? To
resolve such ambiguities, Soul employs a versioning mech-
anism to ensure the queue transfer occurs atomically. The
directory maintains a version number for each page, tracking
the number of access requests it has forwarded to the queue
holder. The queue holder maintains its own version number
to track the number of access requests it has received from
the directory. The switch approves a queue transfer only if
the queue holder’s version number matches the one in the
directory. This ensures that all access requests forwarded by
the directory must have been processed at the queue holder
before the holder initiates the transfer. If the switch denies
a transfer, the queue holder retries after receiving the notifi-
cation from the switch. On a successful transfer, the version
numbers at the switch and queue holder are reset to zero.

Storage overheads: Since the wait queue size is bounded
by the number of compute blades (n) in the system, we im-
plement it as a fixed-length array of size n. Each logn-bit
entry contains the requestor’s ID and the request type, adding
n-logn bits for the entire queue. Each directory entry con-
sumes 2 - logn bits to track the queue holder and version
number. Since each page is 4KB and each directory entry’s
size is 76 bits in MIND, Soul’s metadata storage overhead for
an 8-blade setup is < 0.2% at the compute blade kernel and
< 8% at the switch ASIC.
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Language Code Snippets
pthread_rwlock_t Tock;
pthread_rwlock_init(&lock, NULL); // Initialize lock
pthread_rwlock_wrlock(&Iock);
// Critical section for write lock
pthread_rwlock_unlock(&lock);
pthread_rwlock_rdTock(&Iock);
// Critical section for read lock
pthread_rwlock_unlock(&lock);
struct Data { value: ub4d }
// Create a linked list of Data
let mut list: LinkedList<Data> = LinkedList::new();
list.push_back(Data{value: 1});
// Protect the linked list with a GCP lock
let lock = RwLock::new(list);
{ // Critical section for write lock
let w = lock.write().unwrap(Q);
w.back_mut () .unwrap() .value = 42;

Rust

{ Critical section for read lock
let r = lock.read().unwrap(Q);
assert_eq! (r.back() .unwrap() .value, 42);

Table 2: Supported standard lock APIs in C and Rust (§4.3).

4.2 Implementing the Shared Memory List

To overcome the limited memory and processing constraints
of programmable switches, we decouple the shared memory
list from the directory entries and maintain them on the com-
pute blades, i.e., as metadata associated with a page in the
in-kernel cache controller, incurring no storage overhead on
the programmable switch ASIC. The compute blades and the
switch identify a shared memory list using its lowest address.
Our implementation adds 9 bytes to the metadata associated
with each page in MIND: 1 byte to track the region length and
8 bytes for the pointer to the next shared memory list entry.
As each shared region is at least 4KB, this incurs < 0.3%
storage overhead in the compute blade kernel. Consistent
with how MIND tracks regular pages, the shared memory
lists are tracked as virtual addresses since address translation
in MIND occurs after coherence resolution [16].

4.3 Soul Lock Library

While Soul provides a high-performance implementation of
GCP, ensuring application transparency requires that Soul be
usable via standard lock APIs; otherwise, applications would
need extensive modifications to exploit GCP’s benefits. As
such, Soul provides a lock library that serves as a shim atop
its GCP implementation (Fig. 6) and exposes standard lock
APIs. We find that bridging the gap between GCP interfaces
and the standard lock APIs introduces new implementation

Inter-blade
%\%@ GCP lock iers

N2

)
& \5\@
?SJQ

Intra-blade
lock

Software lock Software lock

Standard APIs

Same-blade threads

Standard APls

Same-blade threads

Fig. 8: Soul lock library’s hierarchical design (§4.3).

challenges. We next describe the standard lock APIs that
Soul supports, followed by the challenges and solutions for
implementing these APIs in Soul’s lock library using GCP
interfaces.

Supported lock APIs. Soul lock library supports two stan-
dard lock APIs: the POSIX lock (i.e., pthread_rw_lock)
APIs in C and std::sync::RwLock APIs in Rust (Ta-
ble 2). To use Soul, applications simply link against
our lock library rather than the standard libraries (e.g.,
libpthread). The major difference between the two APIs is
that while pthread_rw_lock provides only locking functional-
ity, std: : sync: :RwLock additionally requires programmers to
explicitly specify the lock-protected shared object (e.g., list
in Table 2) on lock creation for memory safety. Interestingly,
this information enables our lock library to transparently im-
plement GCP’s combined data optimization (§3.3), that is, the
shared object can be prefetched with lock acquisition. Our cur-
rent lock library does not transparently handle shared objects
whose memory footprint changes mid-critical-section (e.g., a
Rust write-lock holder calling clear() on a lock-protected
list, or appending new entries to it); in such cases, the lock
holder must destroy the existing shared memory list and create
a new one reflecting the updated footprint via GCP_destroy
followed by GCP_create (Table 1). This preserves correctness
but is not the most efficient approach: each refresh incurs the
broadcast and cache-flush overhead of those interfaces — a
current limitation in Soul. A future extension could allow a
writer lock holder to modify the shared memory list in place,
eliminating this overhead.

Unfortunately, realizing these APIs is not as straightfor-
ward as wrapping the corresponding GCP interfaces in Table 1
(e.g., GCP_acquire with pthread_rwlock_wrlock). This is
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Lock initialization

int inter_blade_lock_init(cachepage_t *lock) {
size_t size = CACHE_PAGE_SIZE;
return GCP_create(l, &lock, &size);

}
Writer lock acquisition

int inter_blade_wrlock(cachepage_t *lock) {
int ret;
if (ret = GCP_acquire(lock, M))
return ret;
while (ret = GCP_is_acquired(lock, M)) {
if (ret != EAGAIN) return ret;
/* Spin or yield CPU to another thread */
}
return 0;

}
Lock release

int inter_blade_unlock(cachepage_t *lock) {

return GCP_release(lock);

}

Table 3: Simplified inter-blade lock implementation for the
pthread_rwlock API using GCP interfaces (§4.3).

because GCP only exposes synchronization interfaces be-
tween caches rather than software threads — it is still chal-
lenging to distinguish two threads running on the same com-
pute blade, sharing the same cache, as separate lock requestors
or holders. Next, we detail how our lock library bridges this
gap via hierarchical locking.

Supporting thread-level APIs via hierarchical locking.
Soul lock library distinguishes threads running on the same
compute blades as separate requestors via hierarchical lock-
ing. This is akin to lock-cohorting [27], a technique originally
used to improve lock acquisition throughput and latency in
NUMA machines by prioritizing the lock handover to “nearby”
threads (e.g., threads on the same NUMA node) over farther
ones (e.g., those on different NUMA nodes). As shown in
Fig. 8, a Soul lock acquisition comprises two steps: it first
acquires an intra-blade lock—implemented as a traditional
software-based lock—to enforce SWMR among threads on
the same blade, and then acquires an infer-blade lock using
GCP to enforce SWMR globally. Thus, threads running on
the same blade can be identified as different lock requestors or
holders since their synchronization is resolved using software-
based intra-blade locks. Similar to prior work [31], we bound
the number of local lock reuses per global lock acquisition
(to 64) to ensure starvation-freedom.

Building inter-blade locks using GCP interfaces. Ta-
ble 3 shows the simplified inter-blade lock operation for
pthread_rwlock. On initialization, the page containing the
lock variable lock is registered as a GCP page via GCP_create.
On reader or writer lock acquisition (Table 3 only shows writer
lock operation for brevity), we first call GCP_acquire with

corresponding permissions (i.e., Modified (M) for write-lock,
Shared (S) for read-lock), then check for completion of the
acquire request via GCP_is_acquired — either by spinning
on the return value or going to sleep until the return value be-
comes true. The latter allows the scheduler to context-switch
to another thread while the current thread is blocked, and is the
default behavior in our implementation. Releasing the lock
only requires calling GCP_release. We omit the implementa-
tion of Rust’s std: :sync: :RwLock for brevity, but note that
it only differs from pthread_rwlock in initialization, where
all addresses corresponding to the lock-protected shared ob-
ject (i.e., the shared memory list) are passed to GCP_create
instead of a single page.

Handling deadlocks. Similar to traditional locks, handling
deadlocks is delegated to the application rather than the lock
library. For example, an application can enforce certain lock
ordering to avoid deadlocks with nested locks. Soul’s lock
library introduces no new deadlock handling scenarios com-
pared to traditional locks.

4.4 Soul In-kernel Lock Manager

Soul’s in-kernel lock manager sits between the lock library
and the GCP’s DRAM cache controller, also implemented in
the kernel in MIND [16] (Fig. 6). It manages allocations of
GCP pages and associated metadata (i.e., wait queues, shared
memory lists, etc.) in GCP’s cache controller via Soul’s lock
library for two purposes. First, it preserves the integrity and
protects the GCP state by rejecting invalid or conflicting re-
quests from Soul’s lock library. For instance, it prevents the
allocation of two GCP pages that share overlapping mem-
ory lists, which can result in locks doomed to deadlock. As
another example, it prevents the allocated GCP pages from
exceeding a fraction of the system’s local DRAM cache size
(defaulting to 6% in our implementation) to ensure the sys-
tem retains effective data caching. If this bound is exceeded,
Soul’s inter-blade locking protocol falls back to a traditional
software-based locking algorithm on top of cache coherence
(pthread_rw_lock in our implementation).

Second, the lock manager recovers allocated GCP pages
(and their associated metadata) upon failure. Soul inherits
MIND’s failure model, which considers two types of failures:
(i) application failures, where individual processes may crash
or terminate unexpectedly, and all resources allocated by the
failed process must be reclaimed; and (ii) system failures,
which include failures of compute blades, memory blades,
or the network switch. MIND replicates the switch state to
facilitate recovery on failure, allowing running processes to
resume. However, compute and memory blade failures are not
recoverable, analogous to how traditional OSes handle CPU
and memory failures. We next describe the additional work
performed by Soul’s lock manager to recover from application
and system failures.
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Handling application failures. If a process terminates un-
expectedly, the lock manager deallocates all of its allocated
GCP pages. This is similar to how Linux resolves unreleased
futexes with the robust futex list [75].

Handling system failures. Since the lock manager tracks
GCP metadata at the compute blades (i.e., the wait queue and
shared memory lists), the only in-switch metadata required
for recovery is the wait queue’s current holder and version
number (§4.1). Our implementation piggybacks on MIND’s
switch-replication mechanism to recover the GCP directory
state upon switch failure.

Packet loss and reordering. Our implementation does not
need to cater to failures stemming from coherence messages
being dropped or reordered by the network since MIND oper-
ates on a standard RoCE deployment over lossless fabric (e.g.,
via Ethernet PFC [76]), and a reliable, in-order transport (e.g.,
via RDMA RC [77]).

5 Evaluation

We evaluate Soul to answer the following research questions:

* Compared to state-of-the-art locks, does Soul improve per-
formance for real-world workloads (§5.1)?

» Compared to layered approaches, to what extent does GCP
remove redundant coherence messages? (§5.2)

* What are the contributions of GCP’s optimizations (§5.3)?

Evaluation setup. We use a cluster with five servers con-
nected via a programmable switch to deploy Soul atop
MIND [16]. The switch has a 32-port 6.4 Tbps Tofino pro-
grammable switch ASIC. One of the servers is equipped
with two 18-core Intel Xeon processors, 384GB of memory,
and four Mellanox CX-5 100Gbps NICs, and hosts a single
memory-blade VM. The remaining four servers are equipped
with two 12-core Intel Xeon processors and two Mellanox
CX-5 100Gbps NICs per server, and host two compute blade
VMs per server (one per socket), each with 512 MB of DRAM
and 10 cores (with the remaining 2 cores dedicated to the OS).

Compared systems. We compare Soul against the two classes
of approaches discussed in §2. The first includes several lock
algorithms layered atop cache coherence: (i) MCS [25], a rep-
resentative of the queue-based mutex; (ii) Pthread [78], the
POSIX reader-writer lock with centralized reader-indicators;
(iii) Percpu [32], a reader-writer lock with decentralized
(i.e., per-core) reader-indicators; (iv) Cohort [34], a mem-
ory hierarchy-aware reader-writer lock.

The second includes standalone locks that bypass coher-
ence. Due to compatibility issues, we were unable to deploy
FissLock [49], a state-of-the-art hardware-accelerated rack-
scale lock service, on our programmable switch. As such,
we reimplemented its logic on our setup, enhancing it with
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Fig. 9: Soul throughput scaling for MIND-KVS w/ Twitter cluster
3,10,53,and YCSB A, B, C (§5.1). Y-axis is in log scale.

the same lock cohorting technique used in Soul (dubbed Lock
Service). Consistent with its original design, Lock Service
does not support combined data and locality optimizations
due to switch resource constraints.

Real-world workloads. We use two applications: MIND-
KVS, the Rust porting of MIND’s native in-memory KV
store [16] with fine-grained locks, and Kyoto Cabinet [79]
with coarse-grained locks. Both use 10 concurrent worker
threads per compute blade. Both run on Soul without modifi-
cations (§4.3).

MIND-KVS uses a hash table, with a reader-writer lock
protecting each hash bucket. We port it to align the hash
buckets to 4KB page boundaries, and combine the data in
each hash bucket with the lock using Soul’s Rust API (§4.3).
We evaluate it with both real-world and synthetic workloads.
For real-world workloads, we use Twitter’s key-value store
workloads [58]. We select traces for cluster 3, cluster 10, and
cluster 53 for our evaluations as representatives for different
proportions of read and write (i.e., GET: SET/ADD/PREPEND)
operations (99% : 1%, 50% : 50%, and 89% : 11%, respec-
tively). For synthetic workloads, we use YCSB workloads
A, B, and C [80], corresponding to 50%:50%, 95%:5%, and
100%:0% read-write ratios, respectively.

We run Kyoto Cabinet, a widely used benchmark database
system [29,31, 81, 82], with the TPC-C workload [83], fea-
turing high and low contention (1 and 10 warehouses, re-
spectively). TPC-C transactions hold a global lock to ensure
transaction serializability and use the Pthread API (§3.3).

5.1 Performance for Real-World Workloads

MIND-KVS. Fig. 9 shows that Soul outperforms the com-
pared systems across various workloads. Soul performs better
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as the ratio of readers increases, enabling linear scaling for
YCSB-C (read-only). It achieves 37.1 Mops at 8 blades, 2-3
orders of magnitude higher than Pthread, Cohort, MCS, and
Lock Service. These systems write to their lock variables
even when acquiring a read lock, causing heavy network-wide
cache invalidations. Similarly, Lock Service also requires
application threads to send acquisition requests over the net-
work for reader locks. In contrast, Soul does not require
cache invalidations when there are no writers, as it exploits
temporal locality outlined in §3.3. As such, the most fre-
quently accessed locks and data in YCSB can concurrently
remain cached across multiple compute blades. Although
Percpu shows similar performance to Soul for the read-only
workload (YCSB-C) due to its per-core reader indicator, it
suffers significant performance degradation even with 1%
writes (Twitter cluster 3) due to redundant inter-blade traffic
in its layered design. Write-heavy workloads (e.g., cluster 10,
cluster 53, YCSB-A, and YCSB-B) do not scale with multiple
blades with Soul: this is not a limitation of GCP but rather an
artifact of long inter-cache latencies over Ethernet. Indeed,
GCP may enable performance scaling of these workloads
over CXL as we will show in §6.

Kyoto Cabinet. Soul performance is comparable to Cohort
and Lock Service (Fig. 10). Since Kyoto Cabinet’s global-
exclusive locks allow only one transaction to execute at a
time (unlike MIND-KVS’s fine-grained locks), its throughput
decreases as the number of blades increases. Even so, Soul,
Cohort, and Lock Service outperform other approaches due
to their memory-hierarchy-aware design.

5.2 Understanding Soul’s Improvements

We investigate Soul’s performance improvements — specif-
ically, how it reduces the coherence overheads of layered
approaches — by subjecting all schemes under comparison to
varying levels of locking contention and read-write ratios. We
deploy one thread per compute blade to contend for a single
lock; each thread repeatedly acquires the lock, accesses the
shared data (4KB), and releases it. We measure the average
latency of inter-blade lock and data acquisition (left y-axis in
Fig. 11) and the number of cache-coherence transactions per
lock and data acquisition (right y-axis in Fig. 11) to highlight

the inefficiency incurred by layering. Since Lock Service
does not use cache coherence for locks, we do not report
coherence transactions for it.

Soul observes 100-200 us lock and data acquisition la-
tency on average at 8 blades — one order of magnitude lower
than the fastest compared lock algorithm layered atop cache-
coherence. This is because Soul triggers a single coherence
transaction for both lock and data acquisition, regardless of the
workload. In contrast, locks layered atop coherence trigger
coherence transactions proportional to the number of blades
(Pthread, Percpu) or a constant but large number of coher-
ence transactions (MCS) as noted in §2.2. While Lock Service
is not built atop the coherence, it still observes higher latency
than Soul because it lacks Soul’s combined data optimization
and must fetch data over the network separately.

5.3 Effectiveness of Soul Optimizations

We break down the contributions of GCP optimizations (§3.3)
by comparing the latency of lock acquisition and data fetch
with the same setup in §5.2 for three schemes: (1) Soul with
all optimizations, (2) Soul without the optimization for com-
bining lock and data fetch (w/o combined data opt in fig-
ures), and (3) Soul without the optimization that leverages
temporal locality of lock+data (w/o locality opt).

The gap between Soul and w/o locality opt (Fig. 12)
shows that Soul’s locality optimization reduces the acqui-
sition latency by 1-2 orders of magnitude by caching the
lock and associated data, avoiding expensive network com-
munications. The gap between Soul and w/o combined data
opt illustrates that Soul’s combined data optimization also
reduces acquisition latency by avoiding an additional network
round trip for data retrieval.

6 Case Study: GCP atop CXL Interconnect

Emerging CXL 3.0 interconnect aims to enable disaggre-
gated shared memory with much finer-grained cache lines
and lower latency than the Ethernet-based shared memory we
have evaluated. To understand if GCP benefits extend to such
interconnects, we conduct a simulation-based study of GCP
over CXL 3.0 (dubbed SoulCXL) in the Gem5 [51] simulator,
since there is no commercially available hardware for it.

Simulation setup. We evaluate SoulCXL using the same
end-to-end applications and compared lock approaches as
§5.1. We simulate a cluster with 16 CPU hosts and 1 CXL
Global Fabric Attached Memory Device (GFD) connected via
a CXL switch. Each CPU host has 8 cores, each employing
a 64KB L1 instruction cache and a 64KB L1 data cache.
Each core also hosts a 4 MB L2 cache bank. All caches are
2-way set associative. The GFD device hosts sixteen 4 GB
DRAM nodes, each with 8 x DDR4-2400 channels. Similar to
prior CXL-coherence studies [19], we use SynchroTrace [84]
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to capture synchronization-aware traces of all our evaluated
workloads and replay them on our simulated CXL cluster.
Our simulation models CXL performance as reported in the
recent Microsoft study [85], in which the round-trip latency
between two hosts is set to an optimistic 300 ns. Since GCP’s
benefits are more pronounced at larger interconnect latencies,
SoulCXL reflects a lower bound on its benefits.

Implementing the wait queue. The low-latency PCle-based
interconnects in CXL 3.0 allow fast access to native coherence
protocol message queues at cache controllers and directories.
We reuse the CXL.mem M2S channel message buffers in its
MOESI protocol to implement GCP wait queues without addi-
tional storage overhead. Cache controllers issue GCP_acquire
requests through the CXL.mem M2S channel, recycling them
back to the message buffers if not granted.

Implementing the shared memory list. Since maintaining
a general shared memory list in hardware adds non-trivial
complexity, our SoulCXL implementation uses a single con-
tiguous memory region instead of a list. We also restrict con-
tiguous regions to power-of-two multiples of 64B to minimize
storage overheads. The size of each cache line is embedded
within it, using 4 additional bits to indicate the power-of-
two multiplier, i.e., 06000 for 20.64B (= 64B) and 1111 for
215.64B (= 2MB). For regular 64B cache lines, this incurs
< 0.6% storage overhead. Our area estimation using CACTI-
7.0 [86] (assuming 22 nm technology) shows that size bits add
only 0.0004 mm?* while the total cache size is 0.0613 mm?
(< 0.7%) for a 64KB L1 cache.

—— Pthread —a— Cohort —o— Lock Service

—A— Percpu —¥— MCS —o— Soul-CXL

= cluster 3 cluster 10 cluster 53
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Fig. 13: SoulCXL throughput scaling for MIND-KVS w/ Twitter
cluster 3, 10, 53, and YCSB A, B, C (§6).
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Fig. 14: SoulCXL throughput scaling for Kyoto Cabinet (§6).
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6.1 Performance

MIND-KYVS. Fig. 13 shows that SoulCXL outperforms the
closest-performing compared system by up to 1.7x across
Twitter workloads and 2.0 across YCSB workloads. It out-
performs Lock Service due to the combined data and the lo-
cality optimizations. Percpu observes much lower throughput
than other systems, especially on write-heavy workloads (e.g.,
cluster 10 and YCSB-A), resulting in worse performance
scaling with thread count than on MIND. This is because
its per-core lock design is extremely sensitive to contention.
CXL’s shorter inter-cache latency causes more frequent ac-
cesses to lock variables, resulting in higher contention in
write-heavy workloads.

Kyoto Cabinet. SoulCXL and Lock Service perform simi-
larly because none of SoulCXL’s additional optimizations im-
prove performance — Kyoto Cabinet’s coarse-grained locks
prevent the use of combined data optimization, and since all
lock requestors are writers, the locality optimization is not
useful either. As with MIND-KVS, Percpu observes much
lower throughput on CXL than other systems do, due to its
sensitivity to lock contention.

Understanding Soul CXL improvements. We conduct the
evaluation outlined in §5.3 on the simulated CXL platform.
When run on CXL (Fig. 15), while all locks observe lower
latency compared to MIND due to CXL’s lower latency, they
observe more coherence transactions. This is because the
lower interconnect latency permits more frequent access to
the lock, leading to higher contention. While Lock Service
observes latency comparable to SoulCXL for write-heavy

workloads (e.g., writer-only and 50% writers), it observes
higher latency with more readers (e.g., 95% and 99% readers)
since SoulCXL’s locality optimization reduces latency under
writer-reader contentions. Percpu’s reduced performance on
CXL relative to MIND aligns with our observations in real-
world workloads: its per-core lock design is very sensitive to
lock contention.

Effectiveness of SoulCXL optimizations. Again, we con-
duct the evaluation outlined in §5.2 on the simulated CXL
platform. The gap between SoulCXL and w/o locality opt
(Fig. 16) shows that SoulCXL’s locality optimization reduces
the acquisition latency by 1-2 orders of magnitude by caching
the lock and associated data, avoiding expensive network com-
munications. The gap between SoulCXL and w/o combined
data opt illustrates how SoulCXL’s combined data optimiza-
tion also reduces acquisition latency by avoiding an additional
network round-trip for data retrieval.

7 Discussion and Future Research

Supporting flexible queuing policies While Soul’s wait
queue employs a FIFO queuing policy, it can be extended to
support other queuing policies [27, 30, 34] or reader-writer
priorities [87,88]. Since Soul collocates the wait queue and
the current lock holder (§4.1), selecting the next candidate
to dequeue from the wait queue is performed in the kernel
cache controller, which can easily be extended in software.
In contrast, supporting flexible queuing policies in the switch
ASICs (as proposed in recent hardware lock services [48,49])
is challenging due to the ASIC’s resource constraints.
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Supporting other lock APIs. Soul currently only supports ba-
sic lock acquire and release APIs as a demonstrator of GCP’s
performance benefits. It can be extended to support richer
lock APIs such as explicit aborts, acquisition with timeouts,
try-lock interfaces, etc., via simple modifications to GCP. We
leave such extensions to future work.

Related efforts in CPU micro-architectures. Similar to stan-
dalone lock services for DSM systems, multi-core architec-
tures have investigated hardware-supported synchronization
primitives that either bypass [61,62,89,90] or extend on cache-
coherence [63,91-93]. However, the former incurs additional
hardware resource consumption and verification complexi-
ties, similar to stand-alone lock services for DSMs (§2.2),
whereas the latter focuses on specific cache coherence proto-
cols, whereas GCP’s applicable to any directory-based cache
coherence protocol. Several Hardware Transactional Memory
(HTM) systems [94—98] also build on cache coherence pro-
tocols. However, they offer different programming models
that require modifications to applications. In contrast, GCP’s
approach ensures transparency for lock-based applications.

8 Conclusion

We observe that lock-based synchronization is a generaliza-
tion of cache coherence in time and space. We incorporate this
insight into a novel Generalized Cache-coherence Protocol
(GCP) for lock-based synchronization. We provide Soul as
an end-to-end system implementation of GCP atop Ethernet-
based disaggregated memory and show that it improves per-
formance for real-world applications at scale by 1-2 orders
of magnitude over state-of-the-art locks.
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