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Abstract
Distributed locking is essential for coordinating access to
shared resources in modern RDMA-based distributed sys-
tems. While state-of-the-art RDMA locks can deliver high-
performance by introducing asymmetry (i.e., treating requests
that are local and remote to the lock differently), they often
trade off fairness as they fail to grant locks in the expected
first-come first-serve manner. This can lead to long delays for
critical tasks, missing service level objectives.

We present FARLock, a fast and fair RDMA lock to solve
this problem. Drawing inspiration from ticket and MCS locks,
FARLock employs tickets and MCS-style handover to en-
sure that locks are granted strictly by arrival order. Through
careful coordination between request queues and the ticket,
FARLock provides strong fairness semantics with high per-
formance. Our evaluation on a range of workloads shows that
FARLock guarantees fairness and achieves lower latencies
compared to prior state-of-the-art. Incorporating FARLock in
a recent RDMA-based distributed indexing solution improves
its query tail latencies.

1 Introduction

Distributed locks are a fundamental building block of dis-
tributed systems to coordinate accesses to shared memory
across server boundaries. Importantly, they must be care-
fully designed to deliver both strong performance (i.e., low-
latency lock acquire/release operations) and fairness among
requesters (i.e., locks are granted in a first-come-first-serve
manner [15]). While both are critical and desirable, offering
strong fairness is particularly important for a broad range of
systems—such as database systems [8, 11, 24, 33, 35, 38], key-
value stores/indexes [3, 20, 22, 23, 32, 34, 42], and distributed
file systems [6,25,36]—to reach their service level objectives.
For example, it would be unacceptable if a mission-critical
database query is delayed due to unfair granting of locks that
govern shared buffer accesses in a multi-tenanted database
system [27]. As emerging applications [5, 19, 21, 29, 31, 39]

continue to pose stringent deadline and real-time require-
ments, the need for fair distributed locking has become crucial
to prevent biases and delays.

RDMA for Efficiency. Modern distributed systems are in-
creasingly built around remote direct memory access (RDMA)
that enables ultra-low latency and high throughput. For ex-
ample, RDMA over InfiniBand HDR can deliver 200Gb/s of
bandwidth and µs-level latency [2]. With kernel bypassing and
zero-copy data transfer, RDMA allows machines to commu-
nicate directly with each other’s memory without involving
their CPUs. RDMA also provides one-sided atomics such as
RDMA compare-and-swap (CAS) that offer similar interfaces
to their CPU-based counterparts. These make RDMA atomics
an attractive choice for designing distributed locks which can
be hosted on a server and accessed via one-sided RDMA by
a remote server without involving the host’s CPU.

Problem: Efficiency at the Cost of Fairness. RDMA atom-
ics guarantee atomicity only when concurrent atomic opera-
tions execute on the same RDMA-enabled NIC (RNIC) [30]
as they bypass the CPU. As a result, atomicity is not guaran-
teed when RDMA atomics contend with local CPU memory
accesses. To preserve RDMA atomicity, even local accesses
must be routed through the host’s RNIC [41], but this indi-
rection is expensive than a direct local access. For RDMA-
based locks, using loopback for local lock acquisitions intro-
duces unnecessary latency and becomes a poor choice for
performance-critical coordination.

Recent work [4] mitigates this issue by introducing asym-
metric RDMA locking where lock requests targeting a lock
that is local to the requesting thread are handled separately
from those that target a lock stored on another server. This
way, local requests can perform local CPU-based atomics
without involving expensive RDMA operations, which are
only required by remote requests. Given the large latency
gap between local and RDMA memory accesses (∼100ns
vs. µs-level), this can greatly improve overall lock operation
performance. As we elaborate in Section 2.3, however, it sac-
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rifices fairness as the lock requests get reordered, leading to
biased access patterns that no longer reflect true arrival order.

Our Solution. In this paper, we present FARLock, an effi-
cient and fair RDMA lock. FARLock is the first RDMA lock
that ensures lock requests are granted in the expected first-
come first-served order while eliminating loopback for local
requests. FARLock’s design is inspired by two classic designs
and combines the advantages of both: (1) ticket-based acquisi-
tion found in classic ticket locks [15] and (2) the queue-based
handover strategy of the MCS lock [26]. Similar to prior
work [4], local and remote requests are handled differently
in FARLock, allowing them to be separately optimized and
using RDMA operations only for remote requests. However,
each request additionally draws a ticket from a global counter,
and locks are granted in ticket order. By globally ordering
all requests (local and remote) based on their arrival time,
FARLock ensures fairness.

However, designing FARLock correctly with queue-based
handover between requesters and global ticket ordering is
challenging. Naïvely merging the two strategies could lead to
inconsistency issues where the ordering of requests in queues
is different from their ticket ordering. This is problematic
as granting locks in ticket order would require searching the
right requester in queue and handling the resulting queue
manipulation properly.

To overcome this challenge, we identify the ordering con-
sistency property that dictates a correlation between the ticket
ordering of requests and their respective queue ordering. The
property provides flexibility between local and remote re-
quests, allowing each type to be managed in a customized
manner. FARLock ensures the property is maintained through-
out execution. This is achieved by reversing the order of ticket
acquisition and enqueuing, and coordinating ticket assignment
based on each request’s position in the queues. The benefit
of this approach is that it requires no additional atomicity or
coordination to maintain ordering consistency.

The next challenge is coordinating local and remote re-
quests as they safely acquire their tickets, which is non-trivial
because they access the ticket differently (the local requester
does not use RDMA). With ordering consistency, this chal-
lenge reduces to mutual exclusion between just two requesters,
i.e., the head of the local and remote queues. This allows us to
leverage the Peterson’s lock [28] which requires no atomics
and can be implemented entirely with simple reads and writes,
making it an ideal fit.

FARLock is scalable, offering low-latency in less con-
tention scenarios thanks to RDMA, and maintaining low-
latency under high contention by avoiding ordering biases. In
addition, we propose a fairness-preserving grouping mecha-
nism to reduce the overhead of accessing the Peterson’s lock
during high-contention workloads. Our mechanism groups
same-type requests by sharing the Peterson’s lock, allowing
multiple requests to acquire their tickets together. FARLock

then ensures ordering consistency by granting locks in ticket
order, similar to the usual case.

On top of the mutual exclusion support provided by FAR-
Lock, we further present an optimistic reader lock extension
that only requires minor changes.

We evaluated FARLock’s performance on a cluster of 10
RDMA-enabled machines using various microbenchmarks
and RDMA locking strategies. Our results show that FAR-
Lock achieves lower tail latencies than all other RDMA locks.
This comes from its efficient handling of local requests com-
pared to designs that rely on the expensive loopback mecha-
nism, and from avoiding the reordering delays seen in unfair
locks that eliminate loopback but sacrifice fairness.

To understand FARLock’s effectiveness in practice, we
further incorporated FARLock in Sherman [32], a recent high-
performance RDMA-based distributed B+-tree. Our deploy-
ment showed that Sherman benefits from FARLock’s unbi-
ased lock granting especially during write-heavy scenarios as
the tail latencies improve by up to 14×.

2 Background and Motivation

In this section, we give the necessary background and mo-
tivate our work. To set the stage, we first introduce shared-
memory locking and RDMA which today’s distributed locks
are built upon. We then expand on the implications of RDMA
on locking to motivate our work.

2.1 Shared-Memory Locking
Locking mechanisms for shared-memory multicore systems
have motivated the design of scalable distributed locks. The
simplest is the (test-and)test-and-set (TTS) [15] locks, which
rely on hardware-supported primitives such as compare-and-
swap (CAS) [16] to provide mutual exclusion across multiple
threads. However, TTS locks do not scale with core count as
contending threads need to repeatedly poll the lock word at
central memory location, generating heavy inter-thread com-
munication and interconnect traffic. TTS locks also do not
provide any ordering guarantees and is known to be vulner-
able to starvation. Ticket locks [15] provide strong fairness
guarantees by introducing a global ticket counter. Each re-
quester atomically obtains a unique ticket via a single fetch-
and-add (FAA) or CAS operation, and the lock is granted
in ticket order. However, threads still have to spin on a cen-
tral location (i.e., the ticket counter) while waiting for their
turn, leading to performance bottlenecks. The MCS lock [26]
addresses both issues (centralized contention and ordering)
by organizing requesters in a FIFO queue and allowing each
requester thread to spin locally in its queue node. The lock
itself always points to the tail of the queue and is only mod-
ified by an atomic swap (exchange) operation. The lock is
then handed over directly from each holder to its successor
in the queue. This eliminates global contention and naturally
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preserves fairness, since the lock handover follows the order
of the queue.

2.2 Remote Direct Memory Access
Remote Memory Direct Access (RDMA) allows one ma-
chine to directly access the main memory of another machine
without involving the remote CPU. On top of a recent high-
bandwidth, low-latency interconnect, such as InfiniBand [1],
RDMA can enable competitive latency profiles at the µs level,
making it possible now to build distributed and disaggregated
in-memory applications that span multiple nodes. Different
from traditional TCP/IP, RDMA exhibits a verbs interface
that operates around queue pairs. Applications can perform
two-sided operations (send/receive) or one-sided operations
(read/write) by posting an RDMA request to a queue pair.
The main difference between one- and two-sided operations
is that the former does not require the remote end to coor-
dinate, thus freeing up CPU cycles. Distributed locks also
mostly rely on one-sided RDMA operations. The RDMA pro-
tocol also supports atomics such as RDMA CAS and RDMA
FAA, which are also one-sided and operate on single 8-byte
memory words, like their x86 counterparts.

Notably, RDMA atomics provide atomicity when they are
executed on the same RDMA-enabled network interface card
(RNIC) [30]. At the hardware level, atomic operations and
other memory accesses are performed by RNIC via the PCIe
on the remote machine [41]. Since the RNIC operations are
independent of those from the remote CPU, the atomicity of
RDMA atomics is not guaranteed when they are performed
concurrently with local memory accesses by the remote CPU.
This leads to asymmetric performance between local and re-
mote accesses [4] that ideally should be leveraged by RDMA
locks, which is one of the motivations of our work as we
elaborate next.

2.3 Fairness and Latency of RDMA Locks
Several RDMA-based lock designs achieve high efficiency by
reducing network round trips through one-sided RDMA [12,
13, 37, 40, 41]. In these designs, the lock is exposed via the
RNIC. This allows lock operations to bypass the CPU of the
server hosting the lock and enables low-latency lock opera-
tions. Beyond adaptations of the aforementioned centralized
TTS or ticket locks, the MCS lock has also been adapted
to support distributed locking using RDMA. Distributed re-
questers directly manipulate the remote tail pointer to enqueue
themselves using one-sided RDMA, and the lock is handed
over along the queue whose nodes are also accessed using
one-sided RDMA. This approach preserves MCS lock’s fair-
ness properties by maintaining FIFO handover ordering based
on the arrival order of distributed requesters.

Due to the aforementioned consistency issue in Section 2.2
between remote accesses from an RNIC and from the local
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(a) Remote and local requests in a single queue

(b) Separate local/remote queues

Figure 1: Performance vs. fairness guarantees in prior work.
(a) Using a single queue (e.g., MCS) ensures fairness across
all requests but sacrifices performance without considering
asymmetry. (b) Existing asymmetry-aware locks can grant
locks without considering arrival order, leading to long wait
times for certain requests (e.g., B and D).

CPU, however, it is important that regardless of where the
requesters are located relative to the lock (i.e., whether on
the same or different servers), the requester always needs
to use RDMA operations to operate on the lock. This leads
to high latency especially for local requesters (i.e., threads
on the server hosting the lock). Because RDMA does not
guarantee atomicity between local and remote accesses, local
requesters must interact with the lock through a loopback
mechanism [4,41], meaning their accesses are routed through
the local RNIC which is unnecessarily expensive. A potential
way to eliminate the expensive loopback is to treat local and
remote requesters differently while enforcing correct coordi-
nation between them. However, doing so while preserving fair
lock acquisition order is challenging. Maintaining fairness in
terms of lock acquisition order is important because it directly
impacts task latency, as discussed next.

Lock Acquisition Order. Lock acquisition order is the order
in which waiting requesters acquire the lock. The common
notion of fairness in lock acquisition requires that requesters
obtain locks in the order of their arrival [15]. Such fairness is
important because it prevents the additional delays that arise
when requests are served out of order.
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Figure 1 shows an example where 5 lock requests arrive one
after the other from different tasks. For simplicity, we assume
each task takes 1 unit of time to execute its critical section
and release the lock. When the lock becomes available at time
t = 6, the first scenario (a) maintains a single queue which
preserves arrival order, so each request’s latency directly re-
flects its position in the queue. This is how an RDMA-adapted
MCS lock would work. In the second scenario (b), however,
local and remote requests are maintained in separate queues
(e.g., in ALock [4]) and the lock is granted out of order as lock
granting alternates between two queues. This reduces the wait
times for some requests that arrive later (e.g., C) but increases
wait times for the earlier ones (e.g., B). When considering
end-to-end task latencies, such reordering can inadvertently
increase latency for some requesters relative to others. Under
highly contended workloads, these effects become especially
pronounced, manifesting as high tail latencies.

We verified this by measuring tail latencies of RDMA-
based lock implementations. We ran the RDMA implemen-
tation of the MCS lock, which guarantees fairness but incurs
high overhead due to its loopback mechanism, and a recent
RDMA-based lock, ALock [4], which removes this overhead
by treating local and remote requesters differently but at the
cost of not enforcing fairness between them. We used a cluster
of 10 machines over an RDMA network (detailed setup in
Section 5), with one of the machines hosting 10 locks and all
machines running 12 threads that randomly (uniformly) ac-
cess those locks. As shown in Figure 2, the MCS lock yields
similar tail latencies for both local and remote requests. In
contrast, ALock shows a gap between its local and remote
latencies, which stems from its asymmetric treatment of local
versus remote requests. ALock effectively prioritizes local
requests and disregards arrival order across the two classes,
which causes its remote tail latencies to become significantly
higher than those of MCS lock.

To confirm this impact on ALock latencies, we conducted
an experiment where we controlled the order of lock requests.
In this experiment, we used two machines and a single lock
on one of the machines. We orchestrated the lock acquisition
requests such that 12 local threads issued requests before the
12 remote threads. With this setup, we captured the lock ac-
quisition order as well as the waiting time for each request
to acquire the lock. Since ALock reshuffles the requests to
alternate between local and remote, as shown in Figure 3(a),
the wait times to acquire the lock are not correlated to the
arrival order. Moreover, the constant bouncing over the net-
work increases the wait times even more; when considering
tail latencies in this example, the last local request (arrival
index 11) contributes to the highest tail latency.

The issue with shuffled processing becomes more pro-
nounced at scale. We sampled lock requests for ALock over a
longer run and captured the difference between the arrival or-
der and the processing order. Figure 3(b) shows the standard
deviation of this difference as number of threads increase.
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Figure 3: (a) Lock acquisition wait times versus arrival index
under controlled arrival order for ALock. (b) Standard devia-
tion of acquisition order relative to arrival order in ALock.

Effectively, with more threads, lock contention increases and
more requests remain queued up waiting. This causes more
requests to be shuffled which would result in longer delays
and higher tail latencies.

Maintaining fairness is important to avoid arbitrary delays
that increase tail latencies under high contention. Both the
MCS and ticket locks provide fairness, with MCS outperform-
ing ticket locks as expected (shown in Figure 2) because of its
handover mechanism. This raises a crucial question: how to
design an RDMA lock that preserves fairness while also elim-
inating the costly loopback mechanism for local requesters?

3 FARLock: Fair Asymmetric RDMA Locks

We present FARLock, an efficient RDMA lock that guaran-
tees fairness and considers asymmetry for high performance.
FARLock maintains fair lock acquisition order and does not
slow down the local requests for coordination. This not only
reduces lock latencies but also eliminates reordering delays
that impact tail latencies.

FARLock’s design is inspired from the queue-based han-
dover strategy of the MCS lock [26] and strict lock grant
ordering in ticket locks [15]. FARLock combines the bene-
fits of both while also treating the local requests and remote
requests differently. To avoid having local requests perform
RDMA operations during lock acquisition, we place local
and remote requests in separate queues, as shown in Figure 4.
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Figure 4: FARLock employs separate remote and local queues
to accommodate asymmetry, and assigns requests a ticket
following their arrival order to guarantee fairness.

Local requests can then enqueue using purely local operations
without contending with remote requests. As requests arrive,
each request obtains a ticket from a global ticket counter, and
when the lock is released, the request with the next ticket in
sequence acquires it. This ensures all the waiting requests,
regardless whether local or remote, are globally ordered based
on their arrival time and thus treated fairly. Compared to ex-
isting designs in Figure 1(b), in Figure 4, FARLock attaches
a ticket to each requester according to arrival order using the
global ticket counter. The lock is acquired in order shown by
the ticket numbers, giving a fair wait time (5) for all requests
in this example.

While the idea is straightforward, achieving it is chal-
lenging given the lock needs to maintain several separate
structures—two queues and a ticket counter—that cannot be
atomically updated. (1) The ordering in each queue needs to
be consistent with the ordering of ticket values. (2) Accessing
the ticket counter itself must be atomic. Additionally, (3) the
ticketing mechanism adds more roundtrips which FARLock
should try to reduce. Our solutions as summarized below
constitute the major building blocks of FARLock.

Consistent Ordering. Consistency between queue ordering
and ticket values entails the following invariant to hold: any
two local (remote) requests A and B with ticket of A smaller
than ticket of B must be enqueued in the local (remote) queue
such that A is enqueued before B. This invariant does not
enforce any requirement on requests of different types as they
end up in different queues. FARLock maintains this invariant
by having the requests enqueued in the queue before acquiring
the ticket. By doing so, requests acquire the ticket one after
the other based on their order in the queue. This is achieved
similarly to the handover mechanism in the MCS lock, except
that consecutive requests hand over the chance to acquire the
ticket value. This way, global contention on the ticket counter
is eliminated as each requester waits for its turn based on its
position in the queue.

Atomic Global Ordering. Consistent local ordering orches-
trates requests of same type, reducing the atomicity problem
down to a single local and global request (i.e., the heads of

each queue). We then employ the Peterson’s lock [28] which
ensures mutual exclusion between two processes, similar to
prior work [4]. The Peterson’s lock uses only local or RDMA-
based reads and writes without relying on any atomics. This
allows local requesters to safely perform ticket-related lock
operations locally on remotely-visible memory, while remote
requesters use RDMA reads and writes. Moreover, local re-
quests update the ticket counter directly while remote re-
questers use RDMA, allowing local requests to complete lock
acquisition entirely without accessing RNIC.
Fairness-Preserving Grouping. Each request needs to ac-
quire and release the Peterson’s lock to obtain a ticket, adding
additional roundtrips. However, we observe that this is not al-
ways necessary, especially under high contention when many
concurrent requests arrive at the same time on each queue.
Requests always queue up first, allowing later concurrent re-
quests in the queue to piggyback on their predecessors to
obtain the ticket (i.e., passing the ticket along the queue).
Since the queue already maintains ordering among same-type
requests, concurrent requests could then share the same ticket.
Subsequently, only the first requester in a group would need
to access the Peterson’s lock to allocate a new ticket, greatly
reducing the lock and unlock operations on the Peterson’s
lock and speeding up the ticket acquisition process. Moreover,
a useful side-effect of our grouping strategy is that it reduces
the bouncing of lock over the RDMA network. Our grouping
strategy preserves the fairness as requests of the same type
are still granted the lock in the order of their queue position.
We elaborate the detailed design of FARLock next.

4 FARLock Design

Now we describe FARLock’s design in detail, including its
data structures, lock acquire/release protocols, optimizations
and extensions for supporting readers.

4.1 FARLock Structures

Similar to prior work [4], FARLock employs two queues—
one for local requests and another for remote requests—to op-
timize for asymmetric accesses. The lock itself, as Figure 5(a)
shows, then includes two pointers to respectively the tail of
the queues of local (local_tail) and remote (remote_tail)
requesters. FARLock’s lock structure also carries the neces-
sary fields for ticketing (next_ticket and ticket_owner)
protected by a Peterson’s lock. As we elaborate later, this
allows FARLock to enforce both consistent local ordering
and atomic global ordering for fairness among lock requesters
based on arrival time.

Each requester is represented by a queue node whose refer-
ence is passed in as a parameter of the lock acquire/release
protocols (details later). As Figure 5(b) shows, a queue node
includes fields that are similar to those typically found in an
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Figure 5: FARLock structures. (a) The lock uses two queues
whose tails are identified by two separate RDMA-aware point-
ers, a Peterson’s lock and ticket (orange) related fields for
ordering guarantees. (b) Each lock requester is represented by
a queue node which carries a ticket and boolean fields (green,
with default values) for ticket and lock handover.

MCS lock’s queue node such as a next pointer to the imme-
diate successor of the same type (either remote or local) and
a qgrant field that indicates whether the requester has been
“queue-granted.” That is, whether the requester can be granted
the lock if the lock’s ticket_owner matches the requester’s
own ticket. Each queue node also carries additional fields
that will be used to support the ticketing mechanism and lock
handover between local and remote requesters in the locking
protocols, which we describe next.

4.2 Basic FARLock

With the data structures described above, now we discuss
how FARLock supports lock acquire and release operations.
Here we start with the basic protocols for mutual exclusion;
we discuss further optimizations including ways to reduce
ordering overhead and supporting (optimistic) readers later.
Acquire. The lock acquisition protocol resembles that of the
MCS lock [26], but with additional operations to accommo-
date for asymmetric accesses and ordering across remote and
local requests. From a high level, a requester needs to (1) join
the local or remote queue, (2) obtain a ticket and (3) wait for
its turn to acquire the lock. Algorithm 1 shows the details. To
acquire the lock, the requester first initializes its queue node
with the next pointer set to null and ticket set to a sentinel
Invalid value. Using an RDMA-aware exchange operation
(XCHG),1 the requester first lines up at the corresponding lo-
cal/remote queue (line 3) identified by the get_tail_ptr
function which based on the addresses of qnode and lock to
return the pointer (address) of the target queue. The RDMA-
aware XCHG’s API follows its single-node counterpart [16] to
return the previous value that was stored on the target mem-
ory word. If the return value is not null, i.e., a predecessor of
the same type exists, the requester then links itself with the
predecessor (lines 6–7) and then needs to ensure that it will
not acquire a ticket that is smaller than the predecessor’s. This
is done in a two-step, consume-release handshake protocol
that is respectively executed by the requesting successor and
releasing predecessor. The first step is for the requester to

1Could be implemented as an RDMA CAS loop or masked CAS [30]. The lat-
ter is no longer available in the latest RDMA drivers, so our implementation
uses the former, following prior work [4].

Algorithm 1 FARLock’s lock acquire protocol.

1 def acquire(lock, qnode):
2 # Install queue node to the target queue
3 pred = XCHG(get_tail_ptr(lock, qnode), qnode)
4
5 # Ensure predecessor has acquired a ticket
6 if pred != null:
7 pred.next = qnode
8 t = pred.ticket
9 pred.release = true

10 if t == INVALID:
11 spin_until qnode.proceed == true
12
13 ... acquire Peterson’s lock ...
14 my_ticket = lock.ticket++ # Obtain ticket
15 ... release Peterson’s lock ...
16
17 qnode.ticket = my_ticket
18
19 # Unblock my potential successor
20 if qnode.next != null:
21 qnode.next.proceed = true
22
23 if pred != null:
24 spin_until qnode.qgrant == true
25
26 # Wait for my turn
27 spin_until my_ticket == lock.ticket_owner

“consume” the ticket at line 8. Note that it is important to
ensure that the successor (current requester) reads a stable
copy of the predecessor’s ticket value (i.e., the queue node
memory should not be recycled until the current requester has
finished using it). We therefore introduce a release boolean
to facilitate this: the predecessor can only finish its release
protocol (line 14 of Algorithm 2, more details later) after its
release is set to true. After consuming the predecessor’s
ticket t, if t turns out to be invalid, the requester spin-waits for
the predecessor to obtain a valid ticket (lines 10–11) before
proceeding to obtain its own ticket.

After ensuring the predecessor-successor ticket ordering,
now the requester moves on to acquire its own ticket at lines
13–15 which is protected by the Peterson’s lock. Note that
it is important for the requester to avoid assigning the ticket
to its ticket field until the Peterson’s lock is released at
line 17: assigning it earlier (e.g., at line 14), however, would
make it possible for a third requester to start competing for
the Peterson’s lock which only supports two requesters (as a
result of executing lines 8–10), leading to undefined behavior.
The requester then waits for the predecessor (if any) to finish
its release handshake protocol by toggling the qgrant field
(lines 23–24) and waits for its turn (line 27) to eventually be
granted the lock.

Release. The release protocol starts by atomically increment-
ing the lock’s ticket owner (line 3 of Algorithm 2) which
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Algorithm 2 FARLock’s lock release protocol.

1 def release(lock, qnode):
2 # Announce the next ticket (lock) owner
3 lock.ticket_owner = qnode.ticket + 1
4
5 # Make sure there is no successor
6 if qnode.next == null:
7 if CAS(get_tail_ptr(lock, qnode), qnode, null):
8 return
9

10 # Wait for the successor to gather my ticket
11 spin_until qnode.release == true
12
13 # Grant successor (pending ticket ordering)
14 qnode.next.qgrant = true

would unblock the requester spinning on line 27 of Algo-
rithm 1, passing the lock to the next requester (if any). Al-
gorithm 2 then follows the same approach as MCS lock’s
to make sure whether there is a successor using an RDMA-
aware CAS and return if the CAS succeeded (i.e., there is
indeed no successor, lines 6–8). The remaining steps facili-
tate the aforementioned consume-release handshake by (1)
waiting for the release field to be toggled to true (by another
requester at line 9 of Algorithm 1), and (2) setting the suc-
cessor’s qgrant field to true. The first step in essence waits
for the acknowledgment of a successor’s consumption of the
releasing requester’s ticket, while the second step allows the
lock to be passed along the queue of the same type.

4.3 Fairness-Preserving Grouping

The use of tickets allowed the basic FARLock protocols to
provide fairness, enabling requesters be granted the lock at
arrival order. But this at the cost of additional roundtrips.
We observe that FARLock’s queue-based design can help
remove most of such additional roundtrips. (1) Concurrently
arriving requests could be combined to share a single ticket.
(2) The queue nodes provide additional storage space for
passing along information on ordering. Importantly, as we
will elaborate soon, neither breaks fairness guarantees.

Based on these observations, we introduce fairness-
preserving grouping to solve this problem. Akin to the classic
lock cohorting idea [10], fairness-preserving grouping allows
concurrently arriving requests to form a group (of a predefined
maximum size) which will share the same ticket. Instead of
for each requester to obtain a different ticket (hence contend-
ing on the ticket and subsequently spinning on it), only the
head of a group will contend for the Peterson’s lock to obtain
a ticket, which is then passed along the queue. Requesters
that inherited a ticket from a predecessor will then only need
to rely on the queue-local grant, without spinning on the cen-
tral ticket_owner field of the lock, effectively mitigating
contention. Fairness is also preserved because grouping only

Algorithm 3 Fairness-preserving grouping. Starting line num-
ber aligned with Algorithm 1, with overlapping code shaded.

-1 def acquire_fpg(lock, qnode):
0 joined_group = false
1
2 # Install queue node to the target queue
3 pred = XCHG(get_tail_ptr(lock, qnode), qnode)
4
5 # Ensure predecessor has acquired a ticket
6 if pred != null:
7 pred.next = qnode
8 t = pred.ticket
9 pred.release = true

10 if t == INVALID:
11 spin_until qnode.budget != 0
12 if qnode.budget != get_group_size():
13 my_ticket = qnode.group_ticket
14 joined_group = true
15 goto skip
16
17 ... acquire Peterson’s lock ...
18 my_ticket = lock.ticket++ # Obtain ticket
19 qnode.budget = get_group_size()
20
21 skip:
22 succ = qnode.next
23 # Pass ticket to successor if budget allows
24 if succ && qnode.budget != 1:
25 succ.group_ticket = my_ticket
26 succ.budget = qnode.budget - 1
27 else: # End of this batch
28 ... release Peterson’s lock ...
29 qnode.ticket = my_ticket
30 succ = qnode.next # Refresh the successor
31 if succ: # Tell successor it is in a new batch
32 succ.budget = get_group_size()
33
34 if pred != null:
35 spin_until qnode.qgrant == true
36
37 if joined_group:
38 return # Joined group, rely on qgrant only
39 spin_until my_ticket == lock.ticket_owner
40
41 def release_fpg(lock, qnode):
42 if qnode.ticket != INVALID:
43 lock.ticket_owner = qnode.ticket + 1
44 ... Same as lines 6–14 of Algorithm 2 ...

reorders the concurrently-arriving requesters on the same
queue. In other words, these requesters would have received
consecutively increasing tickets without grouping anyway.

Realizing this idea requires slight changes to the queue
node design shown in Figure 5(b) to include in each queue
node two additional fields (batch_ticket and budget) to al-
low passing along necessary ticket information on the queue.
The lock is also augmented with two more parameters to re-
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spectively indicate the maximum group size of the remote and
local queues; we experimentally evaluate their effect later in
Section 5. With these changes on lock structure, Algorithm 3
describes the idea in detail.
Acquire. Compared to Algorithm 1, the requester attempts
to join an existing group after lining up after a predecessor
(lines 11–15 of Algorithm 3). The requester starts this process
by waiting for its budget field to be filled out by its prede-
cessor (more later). The get_group_size() function returns
the predefined maximum group size, which is then stored in
the queue node’s budget field. As more requesters join the
group, the budget field of each requester tracks the remaining
number of allowed members in the group. The group_ticket
field in each queue node then denotes the ticket of the current
group, which will be passed along the queue until the running
budget is depleted. Here, at line 12, if the requester’s budget
is not the initial maximum (i.e., a predecessor has started a
group), it will inherit the ticket from its predecessor and skip
the process of acquiring the Peterson’s lock (lines 17–19).
Otherwise, it proceeds to acquire the Peterson’s lock to obtain
a ticket as the head of the group. The algorithm then contin-
ues to inspect its successor state to pass on the ticket (lines
21–32). Note that at line 21, the group head is still holding
the Peterson’s lock, which will only be released by the last
member of the group.

Figure 6 shows an example where a group is formed at the
remote and local queue, respectively. On either side, the group
head acquires the Peterson’s lock and the last member in the
group releases it. The “last member” can be a successor (or
the head itself if group size is one) when budget is depleted
or when there is no successor (lines 28–29). In the latter case,
it is necessary to re-read the next field of the queue node to
ensure the (non)existence of a successor, in case a successor
has finished executing line 10 before the predecessor finishes
line 29. Finally, if a requester inherited a ticket as a group
member (non-head), it only needs to rely on its queue-local
grant signal at lines 34–35 and directly return at line 38 to
finish acquiring the lock. Otherwise, the group head will still
need to wait for its turn (line 39), same as in the basic protocol.
Release. In the above lock acquire protocol, the inherited
ticket is stored in group_ticket and the ticket field in each
queue node is only filled when the requester is the last to
acquire the lock (i.e., it is the last member) at line 29 after
releasing the Peterson’s lock. Therefore, the field will remain
INVALID for all but the last member, which should increment
ticket_owner of the lock upon release (lines 42–43). Subse-
quent logic for the release protocol remains the same as the
basic protocol’s.

4.4 Supporting (Optimistic) Readers
Beyond mutual exclusion which we have focused on so far,
modern distributed applications (e.g., data analytics) also de-
sire shared reader support to enable more concurrency by al-

A
20
5
INV

Peterson’s lock:

Requests:
Ticket:

Budget:
Group ticket:

Local queue

C
INV
4
20

D
INV
3
20

B
21
8
INV

E
INV
7
21

Remote queue

Time

acquire    keep     release acquire  release

Figure 6: Fairness-preserving grouping example with five
requests forming two groups on the remote (A →C → D) and
local (B → E) queues. The group heads (A and B) acquire
the Peterson’s lock, which is kept by intermediate members
(e.g., C) and released by the last members (D and E). Upon
releasing the FARLock, the remote group’s last member D
increments the ticket number from 20 to 21, which is picked
up by the subsequent head request B and passed along to E.

lowing multiple read-only requests to enter the critical section
when no writer is present. This is often done in pessimistic
approaches that explicitly enforce (shared) reader or (exclu-
sive) writer accesses using additional fields in the lock word
and/or queue nodes to track the active reader count to support
this coordination [13, 37]. Such designs are generally more
challenging to implement and introduce additional roundtrips
through the RDMA NIC, ultimately increasing latency, espe-
cially for local requests.

FARLock instead advocates a simpler, optimistic approach
that can be easily added on top of the protocol described in
earlier sections. Classic optimistic locks [7, 14, 18] where (1)
the lock carries a version number that records the number of
times a writer has executed the critical section and (2) readers
proceed to read without taking the lock but only need to verify
that the lock is free and the version number remained the same
before and after their accesses. FARLock’s optimistic readers
follow similar ideas, but offloads all the conflict checking that
was done jointly by checking the lock state and version num-
ber (step 2) to a dedicated 0-initialized version field in the
lock. With the dedicated version field, writers proceed by in-
crementing it both upon acquiring the lock (i.e., immediately
after line 27 of Algorithm 1 or line 37/39 of Algorithm 3),
and releasing the lock (e.g., at line 2 of Algorithm 2). Corre-
spondingly, readers start by taking a snapshot of the version
number. It then checks whether version is odd, and if so,
that means a writer is in progress and retries until version is
even. The reader then can start its work and will verify upon
release that the version number did not change.

Such optimistic designs are inherently unfair between read-
ers and writers, by favoring writers. However, we believe this
is a reasonable tradeoff given the benefits: throughout the
entire read process, optimistic readers perform no (RDMA
or local) writes. Using a dedicated version field (instead of
co-locating it with the lock word itself as in prior work) also
frees us from handling complex interactions between readers
and writers, and leads to a composable design; if optimistic
readers are not needed, their support can be easily turned off.
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Table 1: Locks under comparison.

Lock Asymmetric Fair # Remote Spinners

TS No No Unbounded
Ticket No Yes Unbounded
MCS No Yes 0
ALock Yes No 1

FARLock Yes Yes 2

The write path incurs additional roundtrips, but can be merged
with other steps (e.g., spinning or incrementing the ticket) to
effectively hide the overhead, which we leave as future work.

5 Evaluation
We empirically evaluate FARLock through microbenchmarks
to show the following:
• How much does tail latency improve with FARLock? (Sec-

tion 5.2)
• Does FARLock deliver high throughput? (Section 5.3)
• How much does FARLock’s fairness-preserving grouping

strategy benefit performance? (Section 5.4)

5.1 Experiment Setup
Testbed. We perform experiments on a 10-node cluster
from CloudLab’s Apt Cluster.2 Each node is equipped with
two 2.6Ghz Xeon E5-2650v2 CPUs (16 cores in total),
64GB DRAM and a Mellanox FDR CX3 RNIC (similar as
ALock [4]). The nodes are interconnected via a InfiniBand
FDR switch, giving 56Gbps of bandwidth between nodes.
Compared Locks. Since FARLock mainly targets mutual
exclusion, for fair comparuison we limit our comparison to
classic and recent mutual exclusion locks. We evaluate FAR-
Lock against baselines shown in Table 1. Among them, TS,
MCS and Ticket are the corresponding shared-memory locks
but adapted to use RDMA atomics to work in distributed sce-
narios. ALock [4] is the asymmetric lock that misses fairness,
maintaining two queues to serve local and remote requests
separately. ALock also supports batching to reduce frequently
bouncing over the network. We evaluate against the default
ALock and its batched version; for this, we tested various
batching parameters and found that ALock performs best
when using batch sizes 20 and 5 for its local and remote
queues. We use ALock (20, 5) to indicate this configuration
of ALock with batching. Finally, FARLock denotes FARLock
without grouping, and FARLock-G represents FARLock with
grouping. Unless otherwise noted, we set group size to 5 and
explore the impact of different group sizes later.
Benchmark Settings. All locks are hosted on a single node,
and the rest of the nodes act as remote requesters. Each node

2https://docs.cloudlab.us/hardware.html

runs 12 threads to issue lock requests concurrently. This de-
fines the 12 threads from the hosting node as local requesters,
and the 12 threads from each remaining node as remote re-
questers. We vary the number of locks on the hosting node
between 1 (high lock contention) and 240 (low lock con-
tention) to test different contention levels. Inside the critical
section, each thread performs a busy-wait loop for a specified
number of cycles to simulate work. Accesses to the CPU’s
last-level cache (LLC) typically complete within a few tens
of nanoseconds [9], and RDMA routinely exhibits µs-level la-
tency [11,17]. This presents a speed gap of 10–100× between
CPU cache and RDMA accesses. We account for this gap by
assigning different critical section sizes for local and remote
requests to model realistic workloads where local operations
are typically faster than remote operations. We set the remote
critical section size to 15,000 cycles (∼5µs) and the local
critical section size to 300 cycles (∼100ns).
Metrics. Each experiment runs for 20 seconds, and use the
middle 10 seconds to collect results to rule out impacts of
different thread progresses and stragglers. We measure the
throughput and latency of jobs where each job includes a lock
acquire operation, its critical section and the unlock operation.
We present tail latencies to showcase delays experienced from
(un)fairness by the slowest requests, measured as the 95th,
99th, 99.9th, and 99.999th percentile of a latency distribution.
Each experiment is repeated for three times, and standard
deviations across multiple experiments were 0.97-14.88% on
average, with highest being 14.88% for 99.999th percentile
latency measurements. We therefore report the averages of
three runs for each experiment.

5.2 Latency
Figure 7 shows tail latencies when using 1 and 10 locks (rep-
resenting high contention scenario) and Figure 8 shows tail
latencies when using more than 10 locks. Across different
percentiles, as we include more locks, contention becomes
lower, leading to better performanc (lower latency) for all
locks. FARLock exhibits the lowest local tail latencies com-
pared to all other locks, and competitive remote latencies
across all scenarios. By grouping (five) requests, FARLock-G
gives very similar tail latencies as FARLock.

High Contention (1 – 10 locks / Figure 7). We observe up
to 62× lower local tail latencies compared to other fair locks
(MCS and Ticket), while 8× lower than ALock and 55-5898×
lower than TS. In these scenarios, no delays are introduced
for FARLock (benefit of fairness) and requests are processed
in their arrival order. The other two fair locks, Ticket and
MCS, exhibit much higher local tail latencies as their local
requests are routed through RNIC (loopback) which is ex-
pensive. FARLock’s latencies are lower than those of ALock
because ALock ends up reordering requests, resulting in more
delays and network bounces as locks get handed over between
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Figure 8: Tail latency for local (top) and remote (bottom) requests under decreasing contention.

different requests. ALock(20, 5) reduces the effect of such
bouncing via batching (similar observation as the original
paper [4]), but still suffers from reordering of requests which
causes arbitrary delays and results in higher tail latencies com-
pared to FARLock. MCS consistently provides competitive
remote latencies with under high contention (i.e., low number
of locks). This is because the MCS lock requires fewer in-
structions than FARLock to process a lock request. FARLock
provides competitive remote latencies, often lower than the
unfair ALock. Finally, TS shows the highest tail latencies due
to its well-known starvation issue (resulting from unfairness).

Decreasing Contention (beyond 10 locks / Figure 8).
FARLock still has lower tail latencies because of its advan-
tages over MCS and Ticket (no loopback for local requests),
and over TS and ALock (no reordering due to fairness). The
impact of using more RDMA oprations in FARLock com-
pared to Ticket is observed in their tail latencies as the number
of locks increase beyond 30.

Comparing ALock with and without batching shows that its
batching is effective in reducing remote tail latencies as batch-
ing processes more remote requests before bouncing over the
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Figure 9: Latency for controlled arrival order.

network for handover. However, this benefit is marginal when
compared to FARLock.

Fairness Study. We perform the same experiment from Fig-
ure 3(a) where we controlled request arrival order. Along with
measuring the acquisition latencies for ALock, this time we
also measure for FARLock. We use two machines, and 12
local requests are submitted followed by 12 remote requests.
As shown in Figure 9, latencies for FARLock are lower than
that for ALock because FARLock processes requests in order,
and hence, all local requests get processed followed by all
remote requests. This eliminates the continuous bouncing
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Figure 10: Throughput under different contention.

delays that ALock’s ordering introduces, and results in lower
latencies overall; the highest latency for the last remote re-
quest is 135.30µs which is much lower than highest latency
with ALock (incurred by the last local request).

5.3 Throughput
While fairness benefits tail latency, we also assess FARLock’s
ability to deliver high throughput. Figure 10 compares the
local, remote and total throughput of FARLock and other
locks. FARLock’s benefits for local requests are visible as it
delivers the highest local throughput across the board with up
to 891× higher than MCS, TS, and Ticket. MCS and Ticket
show similar remote throughputs as FARLock under 1 lock,
with both providing higher remote throughput as the number
of locks increases; this is due to fewer instructions involved
in remote paths of those two locks. While TS also enjoys high
remote throughput under low contention for similar reasons,
the expensive remote retries during high contention (with 1
and 10 locks) significantly limit its throughput compared to
FARLock.

Compared to ALock, FARLock achieves 11.9× and 2×
higher local throughput with 1 and 10 locks respectively, and
this gap closes gradually with more locks. This is because
ALock’s reordering mechanism forces the lock to be handed
over across nodes more often, which is less favorable when
more requests line up on fewer locks. FARLock, on the other
hand, is able to handle more lock requests on the same node
depending on the arrival order which results in less bouncing.
For instance, in the highest contention scenario (1 lock), we
observed that FARLock frequently performs up to 12 consec-
utive local lock handovers before serving a remote request.
In contrast, remote requests tend to hand over the lock on the
same node far less often. Batching in ALock(20, 5) reduces its
bouncing issue, with ALock(20, 5) providing much higher lo-
cal throughput. However, it still consistently forces handover
across nodes, albeit less often, which limits its throughput.

Finally, we observe a dip in FARLock’s local throughput
going from 1 lock to 30 locks which gets balanced by a sharp
increase in remote throughputs. This is likely due to a side
effect of fairness combined with efficiency in local requests.
For the single lock scenario, local requests queue up faster
than remote requests as the latter must go through RDMA
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Figure 11: Throughput for FARLock with grouping.
FARLock-GX.Y means at most X local and Y remote consecu-
tive requests are grouped together while preserving fairness.

with higher latency. As the number of locks increase, remote
requests have more chance to queue up across different locks
since local requests get spread out, resulting in remote re-
quests being served more often (fair ordering in FARLock)
compared with just a single lock.

5.4 Fairness-Preserving Grouping
Grouping in FARLock is achieved by sharing the Peterson’s
lock across consecutive waiting requests. We evaluate its by
measuring improvements in throughput. Since each group
would contain requests of the same type, grouping in FAR-
Lock can be configured differently for local and remote re-
quests. Figure 11 compares the throughput achieved by group-
ing 5 and 20 requests of each type, with a single lock and vary-
ing number of nodes to capture increasing remote requests.

Since FARLock optimizes local requests, grouping them
improves local throughput. However, we observe that group-
ing remote requests leads to decreasing throughput as con-
tention increases with more nodes. We hypothesize this is due
to the remote queue getting emptied more quickly, causing
more frequent bounces, which additionally cancels out the
benefits brought by local grouping. The total throughput with-
out remote grouping remains high, and we observe grouping
5 local requests gives higher total throughput. As observed
in previous experiments, this grouping gives very similar tail
latencies to when grouping is disabled, while there is a vis-
ible increase in throughput for high contention single lock
scenarios (Figure 10).
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6 FARLock in Practice
We demonstrate how FARLock can improve practical sys-
tems using a database indexing scenario. Sherman [32] is a
recent RDMA-based distributed B+-tree that uses locks to
coordinate access to leaf nodes. Its original lock implementa-
tion is a local ticket lock with a global spin lock for hashed
memory locations. Sherman uses RDMA atomic operations
to acquire locks on remote memory locations (i.e., it does not
use asymmetric RDMA locking), and passes the lock own-
ership locally with the local ticket lock in each node until a
predetermined local budget. This is an unfair RDMA locking
strategy as it reshuffles requests. We replaced this lock with
FARLock while keeping Sherman’s use of RDMA operation
combination to hide remote access latencies.

We deployed Sherman on the same 10-node cluster used
in Section 5. One of the nodes emulates as a memory server
(MS) as well as compute server (CS), while the remaining
9 nodes act as compute servers. The MS hosts 40GB shared
memory, and each CS maintains 500MB cache. The system
is warmed up with 800 million key-value pairs (8-byte keys
and 8-byte values). To stress test locks, we focus on update
operations over random keys, emphasizing tail latencies that
can impact service-level objectives under high contention. We
vary the key distribution between uniform and Zipfian (θ =
0.99, skewed) to test different contention levels. Figure 12
shows improvements in tail latency when using FARLock. We
observe 11-14× and 3.6-11× lower local tail latencies with
uniform and Zipfian distributions respectively, and 1.7-6× and
1.8-3.5× lower remote tail latencies respectively. This is due
to FARLock’s efficient local request handling combined with
its fair ordered processing which eliminates delays caused
by reshuffling. We also observed similar throughput with and
without FARLock, indicating that Sherman’s high throughput
is retained.

7 Related Work
Our work is most related to recent work on RDMA based
locks and lock managers. Ziegler et al. [41] gives guide-
lines for correct and scalable synchronization using one-side
RDMA which we also follow in this work. ShiftLock [13]
is a reader-writer lock that also adopts the MCS-style han-
dover mechanism, where the lock holder explicitly transfers
ownership to the next requester before exiting the critical

section. Similar to MCS and FARLock, ShiftLock strictly
enforces FIFO ordering for writes, ensuring fair serialization
among exclusive lockers. However, ShiftLock does not lever-
age asymmetry, so both local and remote requesters must
use RDMA operations. ShiftLock further implements mech-
anisms to handle node failures; considering node failures is
interesting future work for FARLock.

DSLR [37] is a decentralized distributed lock manager for
reader-writer locks using one-sided RDMA. It adapts the prin-
ciples of ticket locks and assigns monotonically increasing
tickets to requesters. Although DSLR has a short lock acquire
path and ensures fairness, DSLR also does not distinguish be-
tween local requester and remote requester. Local requesters
still need to use RDMA to acquire locks. Citron [12] proposes
a distributed range lock manager with one-sided RDMA. It
leverages a segment tree to map dynamic range requests to
tree nodes, allowing clients to secure specific data ranges
without global serialization. However, their underlying lock-
ing mechanism is orthogonal to Citron’s architecture. Beyond
RDMA, FISSLOCK [40] reduces CPU overhead using pro-
grammable switches by implementing a high-performance,
centralized in-network lock manager. By mediating all acqui-
sition and release traffic, the switch maintains global visibility
over the system’s lock states. Programmable switches have
limited memory and compute power and it remains to be seen
how this approach can be combined with RDMA-based locks
such as FARLock to overcome these limitations.

8 Conclusion
We presented FARLock, an efficient and fair RDMA lock.
FARLock ensures lock requests are granted in the expected
first-come first-served order while eliminating expensive loop-
back for local requests. FARLock enables efficient lock han-
dover across different queues while adhering to a global
ticket ordering. We developed a fairness-preserving group-
ing mechanism in FARLock to reduce operation overheads,
and proposed optimistic reader lock extensions. Our evalua-
tion shows that FARLock achieves lower tail latencies than
other RDMA locks as it enables efficient local requests while
avoiding reordering delays (effect of fairness). We also eval-
uated FARLock’s practical effectiveness and observed that
it significantly boosts query latencies in a state-of-the-art
RDMA-based database indexing strategy.
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