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Abstract
We present Bodega, the first consensus protocol that serves
linearizable reads locally from any desired node, regardless
of interfering writes. Bodega attains this capability via a new
notion of cluster metadata called the roster , which is a gener-
alization of leadership; it tracks arbitrary subsets of replicas
as responder nodes for local reads. A consistent agreement
on the roster is established through roster leases, an all-to-all
leasing mechanism that generalizes existing all-to-one leas-
ing approaches (Leader Leases, Quorum Leases), unlocking
a new point in the protocol design space. Bodega further
employs optimistic holding and early accept notifications op-
timizations to minimize interruption from interfering writes,
and smart roster coverage and lightweight heartbeats to max-
imize practicality. Bodega is a non-intrusive extension to
classic consensus; it imposes no special requirements on
writes other than a responder-covering quorum.

We implement Bodega and related works in Summer-
set, a protocol-generic replicated key-value store written
in async Rust. We compare it to previous protocols (Leader
Leases, EPaxos, PQR, and Quorum Leases) and two produc-
tion coordination services (etcd and ZooKeeper). Bodega
speeds up average client read requests by 5.6x∼13.1x on
real WAN clusters versus previous approaches under mod-
erate write interference, and closely matches the perfor-
mance of sequentially-consistent etcd and ZooKeeper de-
ployments across YCSB workloads. Bodega supports fast
proactive roster changes and delivers on-par write perfor-
mance. Our Summerset codebase is open-sourced at https:
//github.com/josehu07/summerset/tree/bodega-artifact.
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1 Introduction
Paxos-based consensus [60, 61, 65] (and protocols alike [85,
87]) serves as a critical foundation for modern distributed
systems infrastructure. Originally used in limited contexts,
e.g., for bespoke configuration information as in Petal [67],
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Figure 1. Frequency of touching a node on the critical
path of reads by a client near S4, in a cluster where S0 is the

leader, with infrequent writes. Ideal outcome is 100% at S4.

for critical metadata stores such as etcd [35, 97] and Fire-
Scroll [36, 95], and for lock services such as Chubby [21],
consensus now forms the foundation of widely used cloud-
native databases such as Spanner [30], CockroachDB [107],
TiDB [50], ScyllaDB [100], and Physalia [19].

In these systems, simple access semantics are critical, en-
abling scalable services to be readily built atop them [4, 15].
In particular, linearizability is a strong consistency level they
strive to provide: for interrelated requests, clients observe a
real-time serial ordering, as if talking to a single node [47, 49].
Local Linearizable Reads. Delivering high performance
in linearizable systems remains a daunting challenge. In
the cloud era, systems replicate critical data across multi-
ple geographically-distinct availability zones [7, 28, 79], to
guard against correlated failures caused by power outage,
fire, natural disaster, or operator error [22, 24, 43, 108]. By
spreading replicas globally, robustness is achieved, but at the
cost of performance due to quorum round trips [66].

The physical distribution of replicas yields an opportunity
to serve read requests locally from a client’s nearest replica.
Reads comprise a majority of the workloads [8, 29, 88, 91];
achieving local reads can greatly reduce read latency and
drastically increase overall throughput.
Existing Solutions Fall Short. Existing consensus proto-
cols have demonstrated effective wide-area optimizations,
but none, to our knowledge, supports coherently fast lineariz-
able reads for workloads containing even small amounts of
interfering writes. Leaderless protocols [27, 56, 62, 76, 80, 98]
allow near quorums but not local reads. Others explore flexi-
ble quorums [42, 46, 48, 64, 106], utilize special hardware or
client validation [5, 32, 40, 69, 93, 101, 112], or exploit API
semantics favoring writes [37–39, 74, 86, 90, 96, 114]. Read
leases (covered later) [10, 18, 25, 26, 41, 81, 82] are so far
the most compelling, but are only effective at the leader or
during quiescent periods without interfering writes.
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Self-Containment Necessitates Leases. A primary chal-
lenge of designing consensus protocols is self-containment:
they cannot assume an external oracle. To enable local lin-
earizable reads, the protocol must judge whether replica-
local data is the most recent; contacting an external service
to obtain this information would defeat the initial purpose.
Moreover, having external dependencies would reduce the
system’s fault tolerance guarantees to those of the external
services [57, 95, 107].

Within the design space of self-contained protocols, leases
are a vital and powerful primitive. They carry timed promises
that naturally tolerate faults through expiration [41], while
only requiring bounded clock drifts (typical in today’s cloud
environments [40, 53, 68, 77]). This opens the gateway to
local linearizable read protocols.
Leases Were Not Fully Exploited. Existing lease-infused
protocols, however, do not employ the most suitable types of
promises for local reads, and thus cannot fully realize their
potential. As a motivating example, Figure 1 shows a 5-site
cluster where S0 is the leader (and S4 is a local-read-enabled
replica, if eligible), and reports the frequency of servers being
touched by read requests from a client near S4. The workload
contains 99% reads and only 1% writes, which favors exist-
ing approaches. Classic consensus (MultiPaxos) requires a
majority accept quorum around S0. Leader Leases only pro-
tect stable leadership, so S0 can reply to reads directly, yet
the delay between client and S0 persists. Quorum Leases
allow granting leases to followers but use leases to guard
against individual writes, rendering them vulnerable to even
small amounts of concurrent writes to the key. As a result, a
significant portion are redirected to the leader S0.
Our Approach: Roster Leases. We introduce the notion
of a roster: a generalized form of cluster metadata that dic-
tates not only leadership but also an assignment of local-
read-enabled replicas (called responders) for arbitrary keys.
Accordingly, we introduce roster leases, a novel all-to-all gen-
eralization of leader leases, deployed off the critical path
to protect the agreement on the roster with no observable
overhead. Roster leases stay valid in the absence of failures
or proactive changes.

We present Bodega, a consensus protocol that uses roster
leases to empower local linearizable reads. Bodega assures
that writes never commit before reaching all of the key’s
active responders. A responder that holds a majority of leases
can thus serve reads directly from its local state, if it knows
the latest value will commit. When unsure, the responder
optimistically holds the read locally until enough information
is gathered, optionally utilizing early accept notifications to
accelerate the hold. The roster may be changed manually
by users, automatically according to runtime statistics, or in
reaction to failures.

Our evaluation shows that Bodega speeds up client read
requests by 5.6x∼13.1x versus previous approaches under

slight write interference, delivers comparable write perfor-
mance, supports proactive roster changes in two message
rounds aswell as self-contained fault tolerance via leases, and
matches the performance of sequentially-consistent etcd [35]
and ZooKeeper [52] deployments across all YCSB variants.
Summary of Contributions. 1 We introduce the notion of
roster and propose Bodega, a consensus protocol equipped
with a novel all-to-all roster leases algorithm, enabling local
linearizable reads from any node at any time. 2 We provide
a thorough qualitative comparison across wide-area lineariz-
able read approaches. 3 We implement Bodega and related
protocols in Summerset, a protocol-generic replicated key-
value store, with 25.6k lines of async Rust. 4 We evaluate
Bodega comprehensively against previous works and two
production coordination services, etcd and ZooKeeper, on
5-site wide-area clusters, delivering aforementioned evalu-
ation results. 5 We provide a formal TLA+ specification of
the full algorithm in the appendix.

The rest of the paper is organized as follows: §2 provides
background and discusses existing solutions; §3 presents the
Bodega design; §4 gives a formal comparison and proof;
§5 covers the implementation of Bodega in Summerset; §6
presents our evaluation; §7-8 add discussions and related
work; §9 concludes.

2 Background and Motivation
We provide background on consensus and linearizable reads,
discuss existing solutions, and derive our goals for Bodega.
2.1 Consensus & Linearizable Reads
We consider the typical consensus problem of reaching agree-
ment across message-passing server nodes, where nodes can
be fail-slow/stop and the network is asynchronous [60].

Following well-established practice, nodes agree upon an
ordered log of commands to behave as a replicated state ma-
chine (RSM) [61, 99]. For clarity, we use key-value Put/Get
commands. In practice, Gets map to read-only requests that
only query but do not update state (hereby referred to as
reads), and Puts map to all other requests (writes). We re-
strict our discussion to non-transactional commands [17];
these are out of the scope of this paper.
Linearizable Reads. The consistency level dictates what
results are allowed to be observed by clients [49]. Lineariz-
ability is the strongest non-transactional consistency level,
where clients expect a serial ordering of commands with the
real-time property: a command on key 𝑘 issued at physical
time 𝑡 must be ordered after all the interfering writes on 𝑘 ac-
knowledged before 𝑡 , and observe its latest value [6, 47, 80].
This semantic is mandatory for critical use cases such as
metadata storage and coordination [19, 21, 35, 36], and is
generally desirable as clients would otherwise get stale reads
from the past (sequential consistency) [6, 59] or weaker guar-
antees [102, 109], complicating development. Linearizable
reads are the primary focus of this paper.
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Availability Requirements. A practical protocol must also
offer availability for fault tolerance, allowing client requests
to proceed under any minority number of node/network
faults, and retaining consistency in all circumstances [49, 61].
2.2 Distributed Lease
Leases are a common distributed system technique [41]. They
may be deployed as user-facing APIs through locks [21] and
TTL-tagged objects [35], or as protocol-internal optimiza-
tions; we focus on the latter.

A lease is, conceptually, a directional limited-time promise

that a grantor node makes to a grantee. It relies on bounded
clock speed drift between the two ends, that is, over a given
physical expiration time 𝑡lease elapsed, the two nodes’ clocks
do not deviate more than a small 𝑡Δ (no clock drift). This is
typically true in today’s distributed system environments [40,
53, 68, 77]; note that it does not assume synchronized clock
timestamps [10, 30, 70] (no clock skew).
Standard One-to-One Leasing. The procedure of activat-
ing one lease between two nodes consists of an initial guard
phase and repeated renew phases, depicted in Figure 2. The
guard phase (left half) helps establish the first iteration in
the presence of clock skew assuming bounded clock drift,
and the renew phases (right half) keep it refreshed periodi-
cally [41, 81, 82]. Grantor starts to consider the lease granted
when the first Renew is sent out (not when the Guard is sent),
and grantee starts to consider the lease held when the first
Renew is received (not when the Guard is received), using
carefully designed timer durations as shown in Figure 2. The
goal is to maintain this invariant: the grantor-side expira-
tion time is never earlier than the grantee-side. A lease is
considered held by the grantee when its clock has not sur-
passed 𝑡lease−𝑡Δ after the last renewal received. The grantor
can proactively deactivate the lease with a Revoke or, in the
case of unresponsiveness, wait for 𝑡lease+𝑡Δ without granting
to let it safely expire.
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Figure 3. Categorization chart of relevant protocols.
Ideal properties for local reads are marked in green. See §2.3.

2.3 Previous Work on Read Optimizations
Figure 3 presents a coarse-grained categorization of previ-
ous approaches to linearizable reads. The following sections
discuss them in the general order from right to left.
2.3.1 Classic Protocols & Leader Leases
Protocols such as MultiPaxos [61], VR [85], and Raft [87]
are the de-facto standards implemented in the wild [30, 35,
50, 103, 107]. While stale read options exist [25, 86], normal
reads are treated obliviously just like other commands.

With MultiPaxos terminology, a typical protocol is as fol-
lows. A node S first makes a “covering-all” Prepare phase to
settle a unique, higher ballot number for all non-committed
instances (i.e., slots) in the log, effectively stepping up as a
leader. Without competing leaders, S takes a client command,
assigns the next vacant log slot, broadcasts Acceptmessages,
and waits for ⩾ 𝑚 = ⌈𝑛2 ⌉ AcceptReplys with matching bal-
lot including self (where 𝑛 is an odd cluster size), after which
the slot is marked committed and Commit notifications are
broadcast asynchronously as announcement. S executes the
commands in contiguously-committed slots in order and
replies to their clients.
Leader Leases [25] are a commonly deployed optimization
to establish stable leadership. All nodes grant lease to the
most recent leader they are aware of (including self) after
invalidating any old lease given out. If a leader S is holding
⩾ 𝑚 leases, it can safely assert that it is the only such leader
in the cluster, i.e., the stable leader. Therefore, S (and only S)
can reply to read requests locally using the latest committed
value, knowing that no newer values could have committed.
2.3.2 Leaderless or Multi-Leader Approaches
Leaderless (or multi-leader) protocols distribute the respon-
sibilities of a leader onto all nodes, improving scalability
and latency under wide-area settings by allowing a fast-path
quorum nearer to the clients. However, they are sensitive to
command interference and often make local reads infeasible
without degrading back to a leader-based protocol.
Mencius [76] assigns the leader role Round-Robin across
nodes based on slot index. This mainly benefits scalability.
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EPaxos [80, 104] absorbs the idea of inter-command depen-
dencies from Generalized Paxos [62] and lets any node to
act as the command leader for nearby clients. Nodes attach to
each command its dependency set; without concurrent con-
flicting proposals, consensus can be reached on the fast path
of PreAccepts by a (super-)majority quorum. Conflicts in
dependencies require a second phase to resolve. Local reads
are inherently hard to achieve in such a protocol without de-
grading to a leader-based protocol on keys of interest [104].
SwiftPaxos [98] improves EPaxos slow path to 1.5 RTTs (vs.
2) by re-introducing a leader in the slow phase.
PQR [27, 42] applies EPaxos-like leaderless optimization to
only reads and not writes. Clients broadcast read requests di-
rectly to the nearest majority of servers. If all replies contain
the same latest-seen value, all in committed status, then this
value must be a valid linearizable read result. Otherwise, the
client starts a rinse phase where it repeatedly polls arbitrary
servers for commit confirmation of the value.
WPaxos [1] is a multi-leader design that partitions the key
space and assigns a different leader per partition, improv-
ing locality of regional hot keys. However, it expects work-
load concentration and does not offer local reads at multiple
replicas. Its adaptive partitioning approach can be applied
orthogonally to consensus protocols including Bodega.
2.3.3 Enhanced Read Leases
Several works explored enhancements to read leases beyond
stable leadership, enabling broader local reads.
Megastore [10] grants read leases to all replicas by a stan-
dalone coordinator. These leases carry the promise of not
permitting any writes to covered keys. When writes arrive,
leases are actively revoked (requiring an extra round-trip
to all replicas) and local reads at followers are disabled un-
til leases are re-granted. Megastore leases cover either all
replicas or none; they also require external coordination and
experience long downtimes during concurrent writes.
Quorum Leases [81, 82] extend read leases to configurable
subsets of replicas. Leases are granted by replicas themselves,
removing the need for an external coordinator. Upon writes,
revocations are merged with the natural Accept messages
and their replies, avoiding extra round-trips for writes in
failure-free cases. Quorum Leases improve the configurabil-
ity and write performance aspects of Megastore, but three
insufficiencies with reads remain. 1 Lease actions remain
on the critical path, leading to frequent interruptions from
writes. 2 When fast-path local reads fail during lease down-
times, they are redirected to the leader or retried indefinitely
by clients, leading to suboptimal slow-path latency. 3 As-
signment of grantees is configured with normal consensus
commands, making failure cases hard to reason about and
implement. Bodega eliminates all three insufficiencies via
the powerful mechanism of background roster leases, as will
become clear in §3.

2.3.4 With External Coordination
Protocols below assume external coordination.
Hermes [56] is a primary-backup replication protocol in-
spired by cache coherence protocols. It allows reads to be
completed by individual nodes assuming that writes reach all
nodes and are resolved synchronously with respect to each
other (similar to CPU shared cache invalidation). Hermes in-
herits its architectural assumption fromVertical Paxos [64],
requiring an external membership manager for reconfigura-
tions upon failures.
Pando [106] is a WAN-aware, erasure-coded protocol that
emphasizes cost efficiency. It allows statically tunable read-
write quorums, which are settable ahead-of-time before de-
ployment, and assumes a network topology with frontends
and an external service for membership management.
2.4 Summary of Goals
After reviewing existing solutions, we summarize the desired
properties of a linearizable read protocol as our design goals:
• Self-contained: no external metadata oracle dependencies.
• Local reads anywhere: enable local linearizable reads at
arbitrary subsets of replicas as appropriate.
• Local reads at anytime: keep reads localized during con-
current interfering writes, minimizing degradation time
and maintaining good slow-case latency.
• Configurable: tunable against arbitrary ranges of keys.
• Non-intrusive: designed atop classic consensus, introduc-
ing marginal performance impacts on writes and retaining
availability under any minority number of failures.

Via these goals, Bodega delivers superior performance char-
acteristics compared to aforementioned approaches. We will
show them both theoretically (§4) and experimentally (§6).

3 Design
In this section, we present the core design of Bodega.
Design Outline. We derive the complete design in three
steps: 1 define the roster, 2 design optimal normal case
operations assuming replicas agree on the same stable roster,
and 3 introduce all-to-all roster leases, the enabler behind
the fault-resilient agreement on the roster.

For clarity, we adhere to Paxos-style terminology through-
out this paper. All the optimizations are applicable to Raft-
style protocols due to their fundamental duality [110].
3.1 The Roster
We start by introducing the core concepts behind Bodega:
responder status and the roster. A node is a responder for
a key if it is expected to serve read requests on that key
locally without actively contacting other nodes. A roster is
the collection of each node’s desired capabilities at a certain
time; specifically, it dictates:
• The node ID of the current leader node.
• For each (range of) key(s): the node IDs of its responders.
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The roster is a generalization of leadership from classic proto-
cols: besides the one special leader role, we now have special
responder roles for selected keys. The leader can be implic-
itly treated as a responder for all keys, and different keys
can additionally mark different nodes as responders.

The optimal choice of responders for each key depends on
various factors: 1 client locations and proximity, 2 work-
load read-heaviness and skewness, and 3 cluster topology
and status. This paper focuses on themechanisms supporting
the roster rather than the policies for tuning it; we recognize
that the latter could be an intriguing study on its own.

The system starts from an empty roster with a null leader
ID and an empty responder set for the entire keyspace. Every
newly-proposed roster is associated with (and identified by)
a unique ballot number, forming a ⟨bal, ros⟩ pair, where bal is
the ballot number formed by concatenating a monotonically
increasing integer 𝑏 with the proposing node’s ID 𝑟 to ensure
uniqueness. Rosters of different ballots may contain the same
content but are still considered different. Roster changes may
happen due to explicit requests by users, automatic tuning
from statistics, or mandatorily in reaction to failures.
3.2 Normal Case Operations
We first describe normal case operations, using Figure 4 as a
demonstrative example. In a 5-node cluster, S0 is the leader
(depicted by the crown) and S2,3,4 are additional responders
(depicted by the red star symbols) for a specific key 𝑘 . As-
sume, in this section, that this is the latest roster all nodes
know and consider stable according to leases. Nodes use their
known roster to assure that writes to 𝑘 would never commit
before reaching all of its active responders. A responder can
therefore serve reads directly if it knows the latest value of
𝑘 will commit; when unsure, optimizations exist.
3.2.1 Writes
Writes follow the same leader-based process as inMultiPaxos
(Figure 4 blue arrows), except for an updated commit condi-
tion. Normally, a write to key 𝑘 can be marked as committed
and acknowledged once ⩾ 𝑚 AcceptReplys are received.
We impose an additional constraint that it must also have
received replies from all the responders for 𝑘 , according to
the leader’s current roster.
Requiring a write quorum that covers all responders is

an unavoidable penalty that any local linearizable read al-
gorithm must pay. Luckily, without far-off responders, this
penalty is marginal as the system usually picks a leader with
relatively uniform distances to other replicas, and the write
must anyway reach a majority. This aligns with previous
observations [81] and our evaluation results (§6). Distant
responders could still be appropriate for certain workloads.
3.2.2 Reads
Clients send read requests on key 𝑘 to the closest responder
server for 𝑘 (Figure 4 green arrows). It is common for clients
of wide-area systems to be co-located with some replica; for

write

local read

near S4

near S3
hold
until 

S0
S1

S4

S3S2

near S1

no

Figure 4. Normal case operations of Bodega. Assume

all nodes agree on the same example roster: S0 is the leader

and S0,2-4 are responders for a key while S1 is not. See §3.2.

example, consensus is usually part of an outer system, e.g., a
database, where requests come directly from participating
sites, but this is not a requirement.
When a server S (with a stable roster) takes a read, there

are three cases. 1 S is the leader, in which case S simply
finds the highest committed slot in its log that contains a
write to 𝑘 and returns the value. The leader does not need to
worry about in-progress writes [25]. 2 S is neither a leader
nor a responder for 𝑘 (e.g., S1 in Fig. 4), in which case S
rejects the read and promptly redirects the client to another
server, preferably a close-by responder or the leader. 3 S is
a non-leader responder. In this case, S looks up the highest
slot in its log that contains any write to 𝑘 . If the slot is in
committed status, S immediately replies with the value (e.g.,
the read at S4 in Fig. 4); otherwise, S cannot yet determine
whether that value will surely commit or will be overwritten
due to impending failures (e.g., the read at S3), in which case
S optimistically holds the read.
Optimistic Holding. S expects its connection with the
leader to be normally healthy, hence anticipates quick com-
mitment for in-flight writes. It is usually faster and more
efficient for S to withhold local reads that depend on an in-
flight write and to reply as soon as commitment is known,
than rejecting the reads and letting clients redirect or retry.
In failure-free cases, the commit notification for an interfer-
ing write arrives in at most one RTT (from when S receives
the Accept from the leader and replies to it). Note that even
with a constant stream of writes, held reads are not blocked
indefinitely: they are released as soon as their associated slot
turns committed.

A responder S optimistically holds a local read by adding
it to a pending set attached to the corresponding slot. Upon
receiving the commit notification for a slot, S releases the
pending reads and replies with the committed value. To han-
dle cases where the leader fails to notify S promptly, clients
start an unhold timeout when sending local read requests;
if the timeout is reached, clients proactively issue the same
request to another responder or the leader (with the same
req ID, which is safe since reads are idempotent) and use the
earliest reply. A good timeout length is longer than the usual
RTT between S and the current leader.
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Early Accept Notifications. Bodega can optionally in-
corporate a further optimization that reduces average hold-
ing time when under low load: followers not only reply to
Accepts on key 𝑘 to the leader, but also broadcast notifi-
cations to 𝑘’s responders. Once a responder S has received
𝑚 notifications (counting self), it can assert that a pending
slot will surely commit even across minority failures. A sim-
ilar optimization exists for BFT writes [23]. On average, this
halves the expected holding time for interfered local reads.
This optimization is optional and can be turned off when
write traffic increases.
3.3 Roster Leases
So far, we have assumed a consistent roster across the cluster
without showing how it is achieved. The idea is to exchange
roster leases in an all-to-all manner, between at least a major-
ity of nodes and all nodes that may be responders for some
key. When holding a majority number of leases, responders
know that the roster is stable, and the leader (as an implicit
responder) also knows the identity of all responders and will
not commit writes without notifying them.

Lease Primitive Leader Leases Roster Leases
Pattern one-to-one all-to-one all-to-all

Safe #grantors 1 𝑚 𝑚

Must to whom - leader responders
We present how Bodega deploys off-the-critical-path ros-

ter leases to establish a stable roster elegantly and efficiently.
We use Figure 5 as an illustration when needed.
Lease-related States. Besides the SMR log and the ⟨bal, ros⟩
pair, we let every node S act as both a lease grantor and a
grantee (recall §2.2 for how a standard lease grant primitive
works). This means S maintains the following additional
data structures: 1 two lists of grantor-side timers 𝑇guardTo, 𝑝
and 𝑇renewTo, 𝑝 per peer node P; 2 two corresponding sets
{}guardTo and {}renewTo for tracking which peers are S currently
guarding/renewing to; 3 two lists of grantee-side timers
𝑇guardBy, 𝑝 and 𝑇renewBy, 𝑝 per peer P; 4 two sets {}guardBy and
{}renewBy for tracking the guards/renewals S currently holds;
5 a list of safety slot numbers thresh𝑝 , that specifies the
highest slot S has accepted from each peer P.
3.3.1 Roster Leases Activation
We first describe how roster leases are activated. Consider
node X wants to announce a new roster ros′; this could be
due to, e.g., stepping up as new leader (by setting X as the
leader in ros

′) or other reasons covered in §3.3.2. X composes
a unique, higher ballot bal′ by concatenating (𝑏 + 1) with its
node ID, where 𝑏 is the higher part of the current bal. X then
broadcasts the ⟨bal′, ros′⟩ pair to all nodes including self.
For any node S upon receiving a ballot bal′ higher than

ever seen, it first ensures all old leases are safely revoked
or expired (discussed later in §3.3.2). Then, it moves on to
⟨bal′, ros′⟩ and starts a initiate_leases(bal′) procedure,
where it begins granting leases for the new roster to all peers
asynchronously in parallel.

S4
#20

x4

S3
#20

x4
S2
#32

x1

S1
#11

x1 S0
#20

x4

#20
#32near S1

near S2

< 3

near S4

near S3

thresh#20
unreached

Figure 5. All-to-all roster leases demonstrated. S0,3,4
are each holding ≥ majority grants of roster #20; S4 has not

seen all slots up to #20’s safety threshold. S1 is stuck with an

older roster of #11. S2 is initiating a new roster of #32. See §3.3.

To each peer P, the procedure obeys standard lease grant-
ing: S and P first complete the guard phase, exchanging a
sequence of Guard, GuardReply, Renew, and RenewReply,
and utilizing proper timers along the way. If all goes well,
S should have P in its {}renewTo and have 𝑇renewTo properly
extended; it repeats renewals periodically to keep the S-to-P
lease refreshed. Similarly, P should have S in its {}renewBy and
have 𝑇renewBy kicked off properly. Whenever a 𝑇intent, 𝑝 times
out for any intent among the four, the peer is removed from
the corresponding set {}intent, leading to a retry of the guard
phase or a proposal of a new roster.

After transitioning to ros′, if S sees itself being the leader of
ros
′, it does the usual step-up routine of redoing the Prepare

phase for non-committed slots of its log.
Stable Condition & Safety Thresholds. As shown in §2.2
and above, a node P is considered granted a lease by S when
S ∈ P’s {}renewBy set. Assume P itself is always in the set.
The size of this set, |{}renewBy |, indicates the number of lease
grants P currently holds. When |{}renewBy | ⩾ 𝑚, then P knows
at least a majority number of nodes in the cluster has the
same latest ⟨bal, ros⟩ as P and that at most one such roster
exists; this is called the stable roster of the cluster and is
a necessary precondition for all optimizations described in
§3.2. For example, in Figure 5, the local reads at S1 and S2
are rejected due to an insufficient lease count.

This condition alone is not enough, though. When a node
directly inspects its log and uses the highest slot index for lo-
cal reads, it is assuming that its log is up to date and contains
all the recently committed instances; this is usually true, but
could be violated during the short period of time when a
node that has fallen behind joins a new roster. To address
this, a node should be informed of other peers’ acceptance
progress when transitioning to a new roster.

We let Guard messages from S to P carry an extra number,
which is the highest slot number that S has ever accepted.
P stores the number in its thresh list. A node permits local
reads only if it has committed all the slots up to the𝑚-th
smallest slot number in its thresh list; otherwise, it might not
have observed the latest committed writes yet. S4 in Figure 5,
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for example, has not reached this condition and thus cannot
start serving reads locally yet.

In summary, all the stable leader and local read operations
of §3.2 are preceded by the following stable condition check:

|{}renewBy | ⩾ 𝑚 (1)
∧ ∃ size-𝑚 subset 𝐸 ⊆ {}renewBy :

committed all slots up to thresh𝑝 ,∀𝑝 ∈ 𝐸

If the check fails, the operation falls back to classic consensus
as if it is a write, which does not require this check.
3.3.2 Revocation & Expiration
Most roster lease activations happen when there are ongoing
old leases in the system. Broadly speaking, a roster change
may be triggered by one of the following reasons.
• Node initiates a new roster in reaction to suspected failures,
removing failed nodes from special responder roles.
• Node autonomously proposes a new, more optimized ros-
ter according to collected workload statistics.
• Node receives an explicit roster change request from user.
In either case, before initiate_leases(), a node S always
invokes the revoke_leases(bal) procedure synchronously
to ensure that all the leases it is granting or holding with
the older ballot bal are safely revoked and removed. To do
so, S clears its {}guardTo set and broadcasts Revoke messages
carrying the old ballot.Whenever a node P receives a Revoke
with matching ballot from S, it removes S from the {}guardBy
and {}renewBy sets and replies with RevokeReply.
S either receives a RevokeReply from P promptly (com-

mon fast case) or has to wait for expiration timeout (failure
case), after which it removes P from {}renewTo. Note that, un-
less failures occur and force a wait on expiration, a roster
change completes swiftly within two message rounds: one
for the revocation and the other for the initiation guards.
3.3.3 Piggybacking on Heartbeats
Distributed systems already deploy heartbeats for tasks such
as health tracking [35, 52, 80, 94]. This opens the opportunity
to enable roster leases without common-case overheads, by
piggybacking lease messages onto existing periodic heart-
beats. Bodega piggybacks all the Renew and RenewReply
messages onto heartbeats, and uses a proper heartbeat inter-
val 𝑡hb_send such that leases are refreshed in time. Heartbeat
messages also carry the sender’s ⟨bal, ros⟩ pair to let receivers
discover roster changes.

Each node has per-peer timers 𝑇heartbeat, 𝑝 which are used
for promptly detecting failures from peers; a peer is consid-
ered down if no heartbeats were received from it for 𝑡hb_fail.
A rule of thumb for choosing good timeout lengths for a
cluster is:

avg. RTT < 𝑡hb_send ≪ 𝑡hb_fail < 𝑡guard = 𝑡lease (2)

Bodega uses the following defaults for wide-area replication:
𝑡hb_send = 120ms, 𝑡hb_fail ≈ 1200ms, 𝑡guard = 𝑡lease = 2500ms.

Protocol 𝑊𝑊𝑊 𝑅𝑅𝑅 𝑅∗𝑅∗𝑅∗ 𝐷∗𝐷∗𝐷∗

Leader Ls 𝑙 +𝑚 𝑙 𝑙 -  #
EPaxos 𝑐 +𝑀 𝑐 +𝑀 𝑐 +𝑀 +𝑚 𝑀  #
Hermes 𝑐 + 𝑁 𝑐 𝑐 ∼ 𝑐 + 𝑁

2
𝑁
2 G# #

PQR 𝑙 +𝑚 𝑐 +𝑚 𝑐 +𝑚 ∗ rinses 𝑚  #
PQR (+ Ldr Ls) 𝑙 +𝑚 𝑐 +𝑚 𝑐 +𝑚 + 𝑙 𝑚  #

Pando 𝑐 +𝑚 𝑐 +𝑚 𝑐 + 𝑁 𝑁 G# G#
Megastore 𝑙 + 2𝑁 𝑐 𝑐 + 𝑙 2𝑁 G# #
Quorum Ls 𝑙 + 𝑁 𝑐 𝑐 + 𝑙 2𝑁   

Qrm Ls (passive) 𝑙 + 𝑁 𝑐 𝑐 + 𝑙 𝑁 G# G#
Bodega 𝑙 + 𝑁 𝑐 𝑐 ∼ 𝑐 + 𝑚

2
𝑚
2   

Table 1. Qualitative comparison across protocols as-

suming the most read-optimized config of each protocol.𝑊𝑊𝑊 :

write latency; 𝑅𝑅𝑅: read latency if quiescent; 𝑅∗𝑅∗𝑅∗: read latency if

there is an interfering write;𝐷∗𝐷∗𝐷∗: read performance degradation

period length. : fault tolerance (without external oracle). :

allows tunable rosters. 𝑙 : client-leader RTT, 𝑐 : client-nearest

server RTT,𝑚: time to establish simple majority, 𝑀 : time to

establish super majority, 𝑁 : time to form all-nodes quorum.

Cell is shaded darker if value is higher.

4 Formal Presentation and Proof
We provide a qualitative comparison across notable protocols
(Figure 6, Table 1), a formal presentation of the Bodega
algorithm (Figure 7), and a concise proof of correctness.
4.1 Comparison Across Protocols
In Table 1, we model the normal-case write and read latency,
degraded read latency under write interference, and degra-
dation period length of related protocols. Cells are shaded
according to example values from the Figure 8(b) GEO set-
ting (lighter is better). We also indicate whether a protocol
retains the fault tolerance of classic protocols and whether
it allows tunable configs. If tunable, we use its most read-
optimized config that tolerates 𝑓 = ⌊𝑛2 ⌋ faults. Assume only
one interfering write.

The following symbols are used to model performance. 𝑙 :
RTT between client and the leader, 𝑐: RTT between client
and its nearest server,𝑚: time to establish a simple majority
quorum (i.e., to reach majority nodes from some server and
receive replies),𝑀 : time to establish a super majority quorum
(as in EPaxos [80]), 𝑁 : time to form a quorum composed of
all nodes. For an average client in typical WAN-scale settings,
one should expect 𝑐 ≪ 𝑙 ≈𝑚 < 𝑀 < 𝑁 .
Most results are derived naturally from Figure 6, §2.3,

and §3.1-3.3. We provide supplementary explanations. PQR
(+ Ldr Ls) is a straightforward variant of PQR combined
with Leader Leases; if a near quorum read attempt fails, the
client contacts the stable leader directly, bounding slow-path
latency by 𝑐 + 𝑚 + 𝑙 . We assume Quorum Leases always
incorporate Leader Leases. Qrm Ls (passive) is a variant
of Quorum Leases where we deliberately let grantees keep
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Figure 6. Timeline comparison across protocols of linearizable reads in the presence of an interfering write. W(k): write
key 𝑘 , R(k): read key 𝑘 , Acc: Accept, AccRep: AcceptReply, PreAcc: EPaxos PreAccept, : EPaxos dependencies conflict, Rinse :

PQR repeated poll. Commit: commit notification, AccNote: accept notification (optional), : Bodega optimistic holding.

the leases upon accept to show the upper bound of Quo-
rum Leases performance, saving one re-granting RTT from
the degradation time. Doing so risks blocking fault-induced
roster change commands as described in §3.3. Hermes uses
primary-backup broadcast and thus requires external co-
ordination for fault tolerance; Megastore is similar. Pando
uses a pre-deployment planner to dictate erasure coding and
quorum composition. Bodega achieves the best across all
metrics and retains fault tolerance and configurability.
4.2 Formal Presentation
Figure 7 presents a complete, code-oblivious summary of
the Bodega algorithm, which can be used as a reference
for implementors. We also provide a formal, model-checked
TLA+ specification in Appendix A.
4.3 Proof
We provide a proof of Bodega’s local read linearizability
and write liveness, assuming well-established results of the
safety and liveness of leases [41]. For linearizability, only
locally-served reads need proof, as Bodega behaves the same
as classic consensus otherwise.
Linearizability. A local read 𝑅 served by server S observes
any write𝑊 acknowledged cluster-wise before 𝑅 was issued.
Proof. 𝑅 is served locally only if S is a responder that passes
the stable roster check (1). Let the stable roster be ⟨bal, ros⟩.
Case #1:𝑊 was committed on a ballot > bal. It is impossible
because the latest ballot on at least a majority is bal.
Case #2:𝑊 was committed on a ballot = bal. By the injective
ballot-roster mapping and the commit condition of writes, S
must be in𝑊 ’s write quorum and have𝑊 in its log.
Case #3:𝑊 was committed on a ballot < bal. By majority
intersection, for any size-𝑚 subset 𝐸 ∈ S’s {}renewBy, at least
one of the lease grantors P ∈ 𝐸 accepted𝑊 at its committed
slot 𝑥 before granting to S. This implies thresh𝑝 ⩾ 𝑥 . □

Liveness of Writes. A write𝑊 can always eventually make
progress if retried on a majority group 𝐺 of healthy servers.
Proof. By the property of leases, after old leases expire, a
roster change can eventually be made on all servers ∈ 𝐺 to
restrict the leader and all the responders to be contained in
𝐺 . Then, normal consensus applies. □

5 Implementation
The Summerset KV-store. We develop Summerset, a dis-
tributed, replicated, protocol-generic key-value store. Sum-
merset is written in async Rust/tokio using a lock-less archi-
tecture and serves as a fair codebase for evaluating consensus
and replication protocols.
The codebase has 13.6k lines of infrastructure code and

covers five protocols of interest: MultiPaxos w/ Leader Leases
(2.5k), EPaxos (3.1k), PQR & variant (2.8k), Quorum Leases &
variant (3.2k), and Bodega (3.0k). All protocol implementa-
tions have passed extensive tests. The full Summerset code-
base is open-sourced at https://github.com/josehu07/summ
erset/tree/bodega-artifact.
5.1 Smart Roster Coverage
In cases where users desire local reads but cannot observe
workload patterns externally, Bodega servers can collect
statistics and automatically propose roster changes to mark
servers as responders for proper keys. Our default imple-
mentation traces per-key read/write request counts grouped
by clients’ preferred nearby server IDs. For a key, if > 95%
requests are reads at a periodic check, then servers near >
20% of the reads are added as responders. More sophisticated
strategies exist; for example, straggler detection can help
remove fail-slow nodes from responders promptly [51, 54].
5.2 Lightweight Heartbeats
In §3.3, we described roster leases as if all heartbeats carry
the complete roster data structure. In practice, rosters with
fine-grained key ranges can get large (tens of KBs). Luckily,
most heartbeats in Bodega are lightweight heartbeats: the
sender puts in only the ballot number to indicate that the
roster has not changed from previous heartbeats. Full-sized
heartbeats are sent when changes occur.
Similarly, clients may request a server to send the roster

along with a command reply, and then cache this roster as a
heuristic for choosing the best responder for local reads.
5.3 Other Practical Details
Request Batching. As is common practice, Bodega deploys
request batching at servers (at 1 ms intervals) for non-local-
read commands. Each log slot contains a batch of requests
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Relevant
states

on node 𝑟 :

Normal SMR log of slots Current ballot# & roster: bal ros Heartbeat per-peer 𝑝 timers:𝑇heartbeat, 𝑝
Grantor-side per-peer 𝑝 timers: 𝑇guardTo, 𝑝 𝑇renewTo, 𝑝 Grantor-side status sets: {}guardTo {}renewTo
Grantee-side per-peer 𝑝 timers: 𝑇guardBy, 𝑝 𝑇renewBy, 𝑝 Grantee-side status sets: {}guardBy {}renewBy
Grantee-side per-peer 𝑝 local-read safety slot#: thresh𝑝 Per-slot early AcceptNote markers: {}accnote, slot

Proactive roster change to ros
′:

1: let bal be the current ballot
2:do announce_roster(bal, ros′)

Upon 𝑇heartbeat, 𝑝 timeout for peer 𝑝:

3: let bal, ros be the current ballot & roster
4: if 𝑝 has a special role in ros:

4:1:create new roster ros′ copying ros

4:2:unmark 𝑝 in any responder set of ros′
4:3: if 𝑝 is the leader of ros: set the leader

of ros′ to me (or any responsive node)
4:4:do announce_roster(bal, ros′)

Do announce_roster(bal, ros′):
5:compose a unique higher ballot# bal′ =
(𝑏 + 1).𝑟 ID from old bal = 𝑏._

6:broadcast Heartbeat⟨bal′, ros′⟩ to all

Recv Heartbeat⟨bal′, ros′⟩ ← 𝑝:
7: if bal′ > current ballot bal:

7:1:do revoke_leases(bal)
7:2:update my ballot & roster to bal

′, ros′
7:3:do initiate_leases(bal′)
7:4: if I am the leader of ros′: restart all in-

progress slots from Prepare phase
8:refresh heartbeat timer 𝑇heartbeat, 𝑝

Repeat every heartbeat interval:
9: let bal, ros be the current ballot & roster
10:broadcast Heartbeat⟨bal, ros⟩ to all
11: for every 𝑝 ∈ {}renewTo:

11:1:extend 𝑇renewTo, 𝑝 by 𝑡lease+𝑡Δ
11:2:piggyback lease Renew⟨bal⟩

12: for every 𝑝 ∈ {}renewBy from whom there
are unreplied Renew⟨bal⟩s:
12:1:also piggyback RenewReply⟨bal⟩

Recv lease RenewReply⟨bal⟩ ← 𝑝:
13: if bal ≠ current ballot: ignore
14: if 𝑝 in {}renewTo:

14:1:kickoff 𝑇renewTo, 𝑝 by 𝑡lease+𝑡Δ

Do revoke_leases(bal):
15:clear {}guardTo to empty set
16:broadcast lease Revoke⟨bal⟩ to all
17: for every 𝑝 ∈ {}renewTo, wait until:

17:1:either RevokeReply⟨bal⟩ is received
from 𝑝 successfully, or

17:2:𝑝 removed from {}renewTo by timeout

Recv lease Revoke⟨bal⟩ ← 𝑝:
18: if bal ⩾ current ballot:

18:1:remove 𝑝 from {}guardBy and {}renewBy
19:reply RevokeReply⟨bal⟩ to 𝑝

Do initiate_leases(bal):
20: for every node 𝑝 :

20:1:kickoff 𝑇guardTo, 𝑝 by 𝑡guard+𝑡Δ
20:2:add 𝑝 to {}guardTo

21:broadcast lease Guard⟨bal, thresh⟩, where
thresh is the highest slot# I ever accepted

22: for every 𝑝 ∈ {}guardTo, asynchronously:
22:1:wait until recv GuardReply⟨bal⟩
22:2: if 𝑝 has been removed from {}guardTo by

timeout, retry this step for 𝑝
22:3:move 𝑝 from {}guardTo to {}renewTo
22:4:kickoff 𝑇renewTo, 𝑝 by 𝑡guard+𝑡lease+𝑡Δ

Recv lease Guard⟨bal, thresh⟩ ← 𝑝:
23: if bal ≠ current ballot: ignore
24: if 𝑝 ∉ {}guardBy and ∉ {}renewBy:

24:1:add 𝑝 to {}guardBy, and record thresh𝑝

for later use in local read checks
24:2:kickoff 𝑇guardBy, 𝑝 by 𝑡guard−𝑡Δ
24:3:reply GuardReply⟨bal⟩ to 𝑝

Recv lease Renew⟨bal⟩ ← 𝑝:
25: if bal ≠ current ballot: ignore
26:(also ignore duplicate Renews; can be im-

plemented with seq# or unique msg IDs)
27: if 𝑝 in {}guardBy:

27:1:move 𝑝 from {}guardBy to {}renewBy
28: if 𝑝 in {}renewBy:

28:1:kickoff 𝑇renewBy, 𝑝 by 𝑡lease−𝑡Δ

Upon any lease timer 𝑇intent, 𝑝 timeout:

29:remove 𝑝 from the corresponding {}intent

Handle Write⟨𝑘 , 𝑣⟩ req← client:
30: let bal, ros be the current ballot & roster
31: if I am a leader: proceed to Accept phase

at next available slot; this is just normal
consensus except with two changes:
31:1: leader decides commit only after all

responders of 𝑘 in ros have replied
31:2:all nodes broadcast AcceptNote⟨bal,

slot⟩ to responders of 𝑘 , besides reply-
ing AcceptReply⟨bal, slot⟩ to leader

32:else: redirect client to leader node

Recv AcceptNote⟨bal, slot⟩ ← 𝑝:
33: if bal = current ballot prepared at slot:

33:1:add 𝑝 to {}accnote, slot

Handle Read⟨𝑘⟩ req← client:
34: if |{}renewBy | < 𝑚, or if I am not a respon-

der of 𝑘 in current roster ros:
34:1: if I am (unstable) leader: proceed to

Accept phase as normal write cmd
34:2:else: redirect client to leader node

35:else if there does not exist a size-𝑚 subset
of {}renewBy where, for all 𝑝 in the subset,
I have committed all slots up to thresh𝑝 :
35:1: I probably just joined current roster,

hold until true or redirect to leader
36:else if I am the (stable) leader of ros:

36:1: reply with the last committed val of 𝑘
37:else, (I am a non-leader responder in ros):

37:1:do responder_read(𝑘)

Do responder_read(𝑘):
38:find highest slot𝑘 containing write to 𝑘
39: if slot𝑘 has committed, or is accepted at

current bal and |{}accnote, slot𝑘 | ⩾ 𝑚:
39:1:reply with the value in slot𝑘

40:else, (not sure if last write commits):
40:1:hold until the above becomes true
40:2:promptly redirect if 𝑡unhold timeout

Figure 7. Complete Summary of the Bodega algorithm. Lists all actions a node 𝑟 would take upon certain conditions,

grouped by purposes for clarity: triggers for a new roster, granting procedure of new roster leases, heartbeats and lease

renewals, handling client write requests, handling client read requests. The description is based on a regular key-value API.

Nodes implicitly retransmit non-acked messages. Broadcast msg receivers include the sender itself. Clock drift between nodes is

assumed to be bounded by 𝑡Δ, as is required by any distributed lease algorithm; clock skews are irrelevant thanks to Guards. The

arrows annotate a natural reading order that follows the usual flow of the protocol.
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and the commit condition is checked for all writes contained.
Snapshots. Bodega servers take periodic snapshots of the
executed prefix of the log [87]. Local reads past the beginning
of truncated log look up the latest snapshot directly.
Membership Management. Membership changes are han-
dled identically to reconfigurations in other protocols [25, 80,
85], just with an extra step of proposing and stabilizing an
empty roster with no responders ahead of the change.

6 Evaluation
We do comprehensive evaluations to answer these questions:
• How does Bodega perform compared to other protocols
under microbenchmarks of various write intensities? (§6.1)
• What do the request latency distributions look like? (§6.2)
• What are the impacts of write interference, and how does
performance change with write ratios & value sizes? (§6.2)
• How do roster changes impact performance? (§6.3)
• How does Bodega behave with different choices of re-
sponders and different coverages of keys? (§6.3)
• How does Bodega compare with production coordination
services, etcd & ZooKeeper, under YCSB workloads? (§6.4)

Experimental Setup. All experiments are run on two Cloud-
Lab [33] clusters, hereafter called WAN and GEO, shown in
Figure 8. WAN is a wide-area cluster spanning five Cloud-
Lab sites with nodes of similar hardware types: WI-c220g5,
UT-xl170, SC-c6320, MA-rs620, and APT-r320. §6.1 also
includes a GEO cluster of five c220g5 nodes emulated with
Google Cloud RTTs reported in previous work [104] using
Linux kernel netem [71]. All nodes’ public NICs have 1Gbps
bandwidth. The orange-colored site in Figure 8 denotes the
leader and the red-colored sites denote responders.

Clients are launched onmachines evenly distributed across
all datacenters, each marking the nearby server as their pre-
ferred server for local reads when eligible. All machines
run Linux kernel v6.1.64 and pin processes to disjoint cores.
All protocols use 120 ms heartbeat interval, 1200±300 ms
randomized heartbeat timeout, and 2500±100 ms lease expi-
ration (if applicable). All protocols send immediate Commit
notifications: whenever a commit decision is made, Commits
are broadcast to other servers promptly.
6.1 Normal Case Performance
We run microbenchmarks on both cluster settings and com-
pare: ordinary MultiPaxos, Leader Leases, EPaxos, PQR, PQR
(+ Leader Leases) variant, Quorum Leases, Quorum Leases
(passive) variant, and Bodega. We spawn 50 closed-loop
clients with 10 near each server and let all clients run a mi-
crobenchmark with 1k 8B-size keys and 128B values; keys
are chosen uniformly. We test three write percentages in the
workload mix: 0%, 1%, and 10%. Figure 9 shows the normal-
ized throughput (w.r.t. Leader Leases), avg. read latency, and
avg. write latency perceived by clients at different locations.
Leader and responders are set as depicted in Figure 8. The
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Figure 8. Evaluation settings. Orange denotes designated
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edges mark per-pair RTT values in milliseconds. See §6.

red dashed lines indicate baseline Leader Leases throughput,
and the top Ts on latency bars indicate P99 latency.

The results yield the following observations. First, except
for a few datapoints (which we soon discuss), both GEO and
WAN clusters exhibit similar performance patterns, just with
different absolute values due to RTT differences.

Second, for writes, all protocols except EPaxos exhibit sim-
ilar performance. Quorum Leases and Bodega have higher
write latency due to the requirement of writes reaching re-
sponders; this explains the small throughput gap between
them and Leader Leases for near-leader clients with 10%
writes. EPaxos delivers better average (but not P99) write
latency due to its leaderless write protocol design.

Third, we observe coherent patterns for read performance.
1 Compared to ordinary MultiPaxos, Leader Leases cut read
latency for near-leader clients to nearly zero, but other clients
still pay an RTT to the leader for reads. 2 PQR (and its Leader
Leases variant) show worse (or identical) performance com-
pared to Leader Leases. The only exception is in the GEO, 0%
writes setting for the JP clients; they are so far away from the
leader that a nearer majority quorum actually helps, letting
them outperform local read protocols (since JP is not marked
as a responder). 3 EPaxos has similar read performance as
PQR but with higher P99 latency when there are writes. 4
Both Quorum Leases variants and Bodega show the same
performance as Leader Leases for clients near the leader or a
non-responder. 5 Quorum Leases and Bodega both deliver
extraordinary read performance for clients near responders
when with 0% writes. 6 Bodega sustains this read perfor-
mance advantage and keeps read latency close to zero for
higher write intensities. In contrast, Quorum Leases perfor-
mance quickly drops and almost degrades back to Leader
Leases for 10% writes. This shows Bodega’s resilience to
write interference, a crucial advantage.
Throughput to Read Latency Curves. We take the 10%
writes WAN setting of Figure 9(d) and run open-loop clients
with varying request concurrency up to 100 reqs/sec to pro-
file the throughput-latency curves, which we plot in Fig-
ure 10. The x-axis is aggregated throughput and the y-axis
is average latency of all requests. The never-local-read pro-
tocols (MultiPaxos, PQR, EPaxos) form a cluster at the up-
per left as expected, due to unavoidable network traffic per
read. Leader Leases reveal a throughput upper bound at
~1.8k where the leader node starts to overload; this bound
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Figure 10. Tput to avg. latency curves on WAN. See §6.1.

is slightly higher for PQR + Leader Leases at ~2.2k. Quo-
rum Leases see similar latency under low load and a higher
throughput bound at ~3.4k, matching Figure 9. Bodega sus-
tains 1.5x better latency because of most reads being served
locally without fallbacks; throughput limit is accordingly
higher at ~6k.
6.2 Detailed Performance Anatomy
We conduct a zoomed-in study across various workloads and
metric dimensions.
Latency CDFs. We collect request latency CDFs across all
50 clients of the WAN setting (Fig.9(d)-9(f)) and plot them in
Figure 11. Results are filtered to show a single key for a clean
pattern. Each site contributes an equal 20% of datapoints.
We make four observations. 1 Write latencies across all

workloads are similar and are presented as one Figure 11(d).
Quorum Leases and Bodega show slightly higher write laten-
cies in favor of responder local reads, while EPaxos delivers
the same level of latencies as its reads due to its leaderless
design. These results align with §6.1. 2 At 0% writes, all

protocols deliver a read performance close to their theoret-
ical best, though a few outlier datapoints remain. 3 At 1%
writes, slight write interference occurs. Quorum Leases reads
deviate from Bodega, with the passive variant delivering
roughly half the latency of the original variant. 4 At 10%
writes, differences in read latency distributions are the most
obvious. MultiPaxos clients’ read latency clearly correlates
with their distance to the leader; Leader Leases are similar
but with a majority-quorum latency subtracted. PQR and
EPaxos exhibit suboptimal latency and have high tail latency
of up to 100 ms for a read; this is due to the need for conflict
resolution. Quorum Leases variants both degrade to Leader
Leases. Bodega delivers outstanding local read performance
as expected (except for the 20% non-local SC clients).
Visualizing Write Interference. We use a similar setting
to the read-only workload in §6.1 on the WAN cluster, but
this time with open-loop clients, each sending reads at a rate
of 400 reqs/sec to a key. At ~15 secs, we let one client issue
a write command to the key. We monitor the average read
latency across the three non-leader responders for the local
read protocol variants, and plot them over a time axis in
Figure 12. We see that the write introduces an interruption
to local reads for all three protocols. Both Quorum Leases
variants degrade to 40 ms read latency, which is the average
RTT to the stable leader; the passive variant shows a shorter
degradation duration. Bodega 1 shortens the degradation
time to ~25 ms; recall Table 1, this corresponds to ~𝑚2 , and
2 allows all reads to be held locally and be released at the
end of the degradation, leading to better latencies also for
disrupted reads.
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Varying Write Ratios. We take the same setup as §6.1 on
the WAN cluster and vary the write ratios of the workload
mix from 1% to 50% while fixing value size to 128B. We
report the aggregate throughput in Figure 13. All protocols
except the PQR (+ Ldr Ls) baseline show a trend of lower
throughput with higher write interference as local reads
become less profitable. The results match Figure 9(d)-9(e).
Varying Value Sizes. We repeat the same setup as above
and vary the value size while fixing the write ratio at 5%.
As expected, Figure 14 shows that smaller values have little
impact on performance, but throughput drops with larger
values due to slower writes and larger read results to transfer.
6.3 Roster Changes & Composition
We evaluate roster change performance and roster coverage.
Impact of Frequent Failures (Simulation). We first justify
roster leases’ stability under frequent failures through an ex-
aggerated simulation. We run a 10ms-timeslice-based Monte
Carlo simulation with 10% writes using performance num-
bersmeasured in Figure 9(d).We apply a failure probability of
0.5% every second–much larger than real-world servers [3]–
and a recovery probability of 1% every second. After any
failure, the cluster delivers 3 seconds of zero throughput to
simulate lease expiration; after any recovery of a responder,
the cluster delivers 100ms of zero throughput to simulate a
proactive roster change. Figure 15 shows aggregated through-
put of 1 million simulated seconds. We can see that, despite
these exaggerated conditions, Bodega still delivers up to
2.2x throughput compared to traditional Leader Leases.
Roster Change Duration. On the WAN cluster, we zoom
in and compare the duration of two types of roster changes:
failure-induced (where waiting for lease expiration is nec-
essary) vs. regular (where revocations complete quickly).
Regular roster changes finish in just two message rounds,

because they are no more than a lease revocation followed
by an initiation. We create an open-loop client near WI and
let it issue a 50%-read workload at a rate of 400 reqs/sec to
1k keys. We plot real-time latencies in Figure 16.

At ~800 ms, we crash the UT node, which is one of the
responders for the full key range. Writes are immediately
blocked since UT as a responder is unreachable. Reads are
still served locally without interruption until ~1.1 secs later,
when some healthy server in the cluster raises a heartbeat
timeout and initiates a change to a new roster where UT is
removed from all responder roles. After waiting 2.6 secs for
expiration, normal operations continue.
At ~7.2 secs, we make an explicit roster change request

to a server. In contrast to the failure case, this roster change
completes in just ~75 ms, which is ~2x cluster-wise RTTs as
expected. Impacts on client requests are minor.
Choice of Responders. We run a 10%-write workload on
all clients in the WAN setting, while using an increasing set
of responders for all keys; WI node is still the leader. We
report the cluster-wide average read/write latency and their
standard deviation in Figure 17. With more nodes added as
responders, read latency tends to zero while write latency
increases, revealing the expected tradeoff. This demonstrates
the importance of allowing adjustable rosters to help avoid
unnecessary taxes on writes.
Coverage of Keys. We repeat the same experiment, but vary
the percentage of local-read-enabled keys while fixing the
choice of responders to Figure 8(a). The cluster-wide average
latencies and their standard deviation across the coverage
spectrum are plotted in Figure 18. Results show an expected
decrease in read latency and a corresponding increase in
write latency as local reads are enabled on more keys. This
implies the general strategy of enabling local reads for read-
heavy keys while avoiding local reads for write-heavy keys.
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6.4 Macrobenchmark vs. etcd & ZooKeeper
To evaluate the protocols in a more realistic setup, we com-
pare Summerset protocols with two widely-used coordina-
tion services, etcd [35] and ZooKeeper [52], on the WAN
cluster. We drive all systems with YCSB [29], the standard
KV macrobenchmark. Workloads have the following approx-
imate write ratios (we treat insertions as updates). A: 50% w,
B: 5% w, C: 0% w, D: 5% w, F: 25% w.
YCSB Request Distributions. We use 10k keys and con-
struct two scenarios corresponding to two request distribu-
tions. 1 For the Uniform distribution, clients at all locations
choose keys uniformly randomly across the key space. Since
there are no site-specific preferences for keys, all sites are
added as responders for all keys to secure local reads. 2 For
Zipfian, clients at each location choose keys according to
a Zipfian-0.99 distribution, skewed towards different sets
of keys at different sites; this creates per-site preferences
for keys. We then add each site as a responder only for its
top-20% accessed keys to derive an asymmetric roster that
imposes unnoticeable impacts on write performance.
etcdModes. We deploy etcd in two modes, both with 120 ms
heartbeat intervals. The default mode showcases a standard
implementation of vanilla Raft [87]. The stale mode turns
on the serializable member-local read option for all read
requests, delivering sequential consistency by always serving
reads locally with past committed values at any server; this
represents the ideal upper bound for Bodega.
ZooKeeper Modes. Similarly, we deploy ZooKeeper in two
modes, though both are non-linearizable. The default mode
is a standard implementation of the ZAB primary-backup
protocol [52] that pushes writes to all servers and serves
reads locally from anywhere. The sync mode is the closest

mode to linearizable reads that ZooKeeper clients can get:
every read request is preceded by a sync API call to force
flush all the in-progress writes from the leader to its endpoint
server, but all writes that may have completed after the start
of the flush are not guaranteed to be seen by the read.
Results. We present the performance results in Figure 19,
grouped byworkload type andwith PQR (+ Ldr Ls) as the nor-
malized throughput baseline. We make the following obser-
vations. 1 Bodega matches (and sometimes surpasses) the
performance of sequentially-consistent default ZooKeeper,
and is able to keep up with stale etcd across all workloads.
This illustrates Bodega’s powerful local linearizable read
capabilities. The advantage over ZK is due to avoiding Java
runtime overheads. 2 In workload C, both non-linearizable
services deliver ~0.3 ms read latency and over 10x through-
put gain, while Bodega and Quorum Leases deliver ~1.2 ms
latency due to the 1 ms request batching applied. 3 EPaxos,
PQR (+ Ldr Ls), Quorum Leases, and Bodega all show similar
patterns coherent to §6.1. With no writes (C), both local read
protocols deliver excellent performance. With higher write
ratios, Bodega sustains this advantage better than Quorum
Leases. 4 Default etcd and sync ZK have high read latencies
of >50 ms because they are classic consensus without leases.
5 Comparing the Uniform scenario with Zipfian, the only
notable difference is that Bodega exhibits higher write laten-
cies close to ZK in Uniform. This is expected because Bodega
writes need to reach all nodes as they are all responders.

7 Discussion
We discuss topics that are out of the scope of this paper but
are interesting directions for future work. We also clarify
non-goals of Bodega.
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Partial Network Partitioning. Using heartbeat timeout-
based failure detection for leader step-up is known to risk
liveness under partial network partitioning [86], and the
same holds true for roster lease activations. Common tech-
niques such as pre-votes [86] and transparent re-routing [2]
can be deployed to easily eliminate this issue.
Generalization of Roster Leases. We observe that the ac-
tivation procedure of roster leases shares similarities with
broadcast-based (randomized) consensus [16, 83, 89]. It is a
practical application of all-to-all broadcast in a non-adversarial
setting for one-off agreements on the roster ballot. Com-
bined with leases, this technique can be used to establish
fault-tolerant agreement on any general “roster metadata”
that change infrequently, not limited to leadership and as-
signment of responders as in Bodega. Possible extensions
may include cluster membership, asymmetric quorum sizes,
and node-specific performance and reliability hints.
Bounded Staleness Support. With simple modifications,
Bodega can extend beyond linearizability and support fast
local reads that can tolerate (but require) bounded staleness
measured in the maximum version difference with the latest
committed write. When a non-leader responder receives a
read that allows up to 𝑥 versions stale, it can traverse the tail
of its log in reverse and search for at most 𝑥 occurrences of
the key, returning the latest committed version if found.
Non-Goals of Bodega. Bodega is primarily designed for
wide-area linearizable read workloads; its improvements be-
come less pronounced in other consensus use cases outside
of this regime. These include: 1 intra-datacenter replica-
tion where locality isn’t significant, 2 write-dominant work-
loads (see Figure 13 showing diminishing throughput im-
provement at 50% writes), and 3 weaker consistency models
where arbitrarily stale reads or inconsistent reads are tol-
erable. They may still leverage Bodega’s roster leases as a
mechanism to share cluster-wise information at negligible
overhead (see the paragraph on generalization above), but
would not observe the most immediate gains from localized
linearizable reads.

8 Related Work
We list additional notable related work in this section.
Consensus & Read Optimizations. §2.3 and §4.1 have
covered in detail the most essential related work, including
classic consensus algorithms [60, 61, 65, 85–87], leaderless
or multi-leader approaches [1, 27, 34, 56, 62, 63, 76, 80, 98,
104, 106], and read leases [10, 25, 41, 81, 82, 105].

Flexible quorum sizes have been discussed in classic lit-
erature [46] as well as in recent proposals such as Flexible
Paxos [42, 48, 84, 111], where quorum shapes other than
majority are explored to establish asymmetric performance
between commands; Bodega is a modern manifestation of
fault-tolerant, asymmetric read/write quorums leveraging
leases. Optimistic holding shares similarity to wait-vs.-abort

in database concurrency control [44, 58] and spin-then-park
mutex locks [55]; we wait when waiting is expected to be
faster.
Shared Logs & Lazy Ordering for Writes. Shared logs are
a common abstraction found in cloud systems and are usually
backed by primary-backup-style protocols [11–14, 20, 31, 73].
CAD [38], Skyros [39], and LazyLog [74] are a series of work
on a lazy ordering optimization for writes and shared log
appends. It hides a significant portion of write latency but
could hurt read performance in contended cases.
SynchronizedClocks. Recentworks demonstrate production-
ready implementations of synchronized clocks [30, 70] and
designs that take advantage of them through timestamp
heuristics [32, 40]. Chandra et al. presented a formal, optimal
lease algorithm that assumes synchronized clocks [18, 26].
Weaker Consistency Models. While this paper focuses on
linearizable solutions, servicesmay choose to provideweaker
consistency models, which are less intuitive to reason about
and harder to program against, but usually offer better perfor-
mance. Common choices include sequential consistency that
allows time-traveling reads [6, 45, 59], causal consistency
that focuses on client session-local properties [9, 72, 78],
and eventual consistency with bounded staleness [92, 109].
There are also studies that explore supporting a mixture of
consistency models in one system [75, 113].

9 Conclusion
We present Bodega, a wide-area consensus protocol that
enables localized linearizable reads at anywhere, anytime.
Bodega achieves this via all-to-all roster leases off the critical
path to establish responder assignment without compromis-
ing fault tolerance, delivering extreme read performance
comparable to sequentially-consistent production systems.
We believe Bodega is a valuable step towards performance-
optimal wide-area replication for critical workloads of the
modern cloud.
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A Formal TLA+ Specification of Bodega
We also present a formal specification of Bodega written as
a PlusCal algorithm that can be auto-translated into TLA+.
The specification builds on top of MultiPaxos and introduces
all-to-all roster lease actions to support local reads, faithful
to the presentation in Figure 7. Please refer to the inlined
comments for specification details.
The specification has been model-checked for both lin-

earizability and fault-tolerance properties on symbolic inputs
of 3 nodes (thus 1 allowed failure), 3 ballot numbers, 2 dis-
tinct write requests plus 2 distinct read requests, 3 lease time
ticks, and all possible choices of responders. These inputs
should be large enough to explore the distinct, interesting ex-
ecution paths of the protocol. Model checking took 43 hours
on a single machine with 96 cores and 768GiB memory, and
generated 4,274,883,464 distinct states.

B Artifact Evaluation Instructions
Bodega’s source code (as part of the Summerset key-value
store) is publicly available on GitHub at https://github.com
/josehu07/summerset/tree/bodega-artifact.

Artifact evaluation instructions can be found at https://gi
thub.com/josehu07/summerset/blob/bodega-artifact/publi
sh/bodega/ARTIFACT.md. The document contains detailed
instructions on setting up a distributed consensus system
environment and reproducing all the figures presented in
this paper.
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module Bodega
extends FiniteSets, Sequences, Integers, TLC

Model inputs &assumptions.

constant Replicas, symmetric set of server nodes

Writes, symmetric set of write commands(each w/unique value)

Reads, symmetric set of read commands

MaxBallot , maximum ballot pickable for leader preemption

TGuard , lease guard phase window length(in abstract ticks)

TLease, lease renewal extend window length(in abstract ticks)

MaxTime, upper bound on abstract time for model checking

NodeFailuresOn if true, turn on node failures injection

ReplicasAssumption
∆
= ∧ IsFiniteSet(Replicas)

∧Cardinality(Replicas)≥ 1
∧ “none” /∈ Replicas

Population
∆
= Cardinality(Replicas)

MajorityNum
∆
= (Population÷2)+1

WritesAssumption
∆
= ∧ IsFiniteSet(Writes)

∧Cardinality(Writes)≥ 1
∧ “nil” /∈ Writes

ReadsAssumption
∆
= ∧ IsFiniteSet(Reads)

∧Cardinality(Reads)≥ 0
∧ “nil” /∈ Writes

MaxBallotAssumption
∆
= ∧MaxBallot ∈ Nat

∧MaxBallot ≥ 2

TGuardAssumption
∆
= ∧TGuard ∈ Nat

∧TGuard ≥ 1

TLeaseAssumption
∆
= ∧TLease ∈ Nat

∧TLease ≥ 1

MaxTimeAssumption
∆
= ∧MaxTime ∈ Nat

∧MaxTime ≥ TGuard +TLease

NodeFailuresOnAssumption
∆
= NodeFailuresOn ∈ boolean

assume ∧ReplicasAssumption
∧WritesAssumption
∧ReadsAssumption
∧MaxBallotAssumption
∧TGuardAssumption
∧TLeaseAssumption
∧MaxTimeAssumption
∧NodeFailuresOnAssumption

Useful constants & typedefs.

Commands
∆
= Writes ∪Reads

NumWrites
∆
= Cardinality(Writes)
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NumReads
∆
= Cardinality(Reads)

NumCommands
∆
= Cardinality(Commands)

Range(seq)
∆
= {seq [i ] : i ∈ 1 . . Len(seq)}

Client observable events.

ClientEvents
∆
= [type : {“Req”}, cmd : Commands]

∪ [type : {“Ack”}, cmd : Commands,
val : {“nil”}∪Writes,
by : Replicas]

ReqEvent(c)
∆
= [type 7→ “Req”, cmd 7→ c]

AckEvent(c, v , n)
∆
= [type 7→ “Ack”, cmd 7→ c, val 7→ v , by 7→ n]

val is the old value for a write command

InitPending
∆
= (choose ws ∈ [1 . . Cardinality(Writes)→Writes]

: Range(ws) =Writes)
◦ (choose rs ∈ [1 . . Cardinality(Reads)→ Reads]

: Range(rs) = Reads)

Server − side consensus constants &states.

Ballots
∆
= 1 . .MaxBallot

Slots
∆
= 1 . .NumWrites

InfinitySlot
∆
= NumWrites+1

sentinel “infinitely-high” slot , used as commitPrev s

safe “haven’t learned yet” marker

Rosters
∆
= {ros ∈ [bal : Ballots,

leader : Replicas,
responders : subset Replicas] :

ros.leader /∈ ros.responders}
for a smaller state space we exclude leader from the literal
set of responders (but always treating it as a responder)

Roster(b, l , resps)
∆
= [bal 7→ b, leader 7→ l , responders 7→ resps]

each new ballot number maps to a new roster; this
includes the change of leader (as in classic
MultiPaxos) and/or the change of who’re responders

NullRoster
∆
= [bal 7→ 0, leader 7→ “none”, responders 7→ {}]

Statuses
∆
= {“Preparing”, “Accepting”, “Committed”}

InstStates
∆
= [status : {“Empty”}∪Statuses,

write : {“nil”}∪Writes,
voted : [bal : {0}∪Ballots,

write : {“nil”}∪Writes]]

NullInst
∆
= [status 7→ “Empty”,

write 7→ “nil”,
voted 7→ [bal 7→ 0, write 7→ “nil”]]

Lease-side constants & typedefs.
Times

∆
= 1 . .MaxTime

ExpireTimes
∆
= 0 . . (MaxTime+TGuard +TLease)
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stored expiration / guard deadlines; 0 is the “null” time

SeqNums
∆
= Nat

per-pair monotone seq nums on lease messages for dedup

GrantorStatuses
∆
= {“None”, “Guarding”, “Renewing”, “Revoking”}

GranteeStatuses
∆
= {“None”, “Guarded”, “Renewed”}

GrantorState
∆
= [status : GrantorStatuses,

guardExpire : ExpireTimes,
leaseExpire : ExpireTimes,
ros : {NullRoster}∪Rosters,
seq : SeqNums]

GranteeState
∆
= [status : GranteeStatuses,

guardExpire : ExpireTimes,
leaseExpire : ExpireTimes,
ros : {NullRoster}∪Rosters,
seq : SeqNums]

NullGrantorState
∆
= [status 7→ “None”,

guardExpire 7→ 0,
leaseExpire 7→ 0,
ros 7→NullRoster ,
seq 7→ 0]

NullGranteeState
∆
= [status 7→ “None”,

guardExpire 7→ 0,
leaseExpire 7→ 0,
ros 7→NullRoster ,
seq 7→ 0]

Merged per-node state: consensus fields+ lease fields .
NodeStates

∆
= [leader : {“none”}∪Replicas,

commitUpTo : {0}∪Slots,
commitPrev : {0}∪Slots ∪{InfinitySlot},
balPrepared : {0}∪Ballots,
balMaxKnown : {0}∪Ballots,
rosMaxKnown : {NullRoster}∪Rosters,
insts : [Slots → InstStates],
asGrantor : [Replicas →GrantorState],
asGrantee : [Replicas →GranteeState]]

NullNode
∆
= [leader 7→ “none”,

commitUpTo 7→ 0,
commitPrev 7→ 0,
balPrepared 7→ 0,
balMaxKnown 7→ 0,
rosMaxKnown 7→NullRoster ,
insts 7→ [s ∈ Slots 7→NullInst ],
asGrantor 7→ [p ∈ Replicas 7→NullGrantorState],
asGrantee 7→ [f ∈ Replicas 7→NullGranteeState]]

commitPrev is the last slot which might have been committed by
an old leader; a newly joined node can safely serve reads locally only
after its log has been committed up to this slot

rosMaxKnown is the roster that came with balMaxKnown
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asGrantor [p] is the grantor-side lease state & timers toward
grantee p; asGrantee[f ] is the grantee-side state for grantor f

FirstEmptySlot(insts)
∆
=

if ∀s ∈ Slots : insts[s].status ̸= “Empty”
then InfinitySlot
else choose s ∈ Slots :

∧ insts[s].status = “Empty”
∧∀ t ∈ 1 . . (s−1) : insts[t ].status ̸= “Empty”

LastNonEmptySlot(insts)
∆
=

if ∀s ∈ Slots : insts[s].status = “Empty”
then 0
else choose s ∈ Slots :

∧ insts[s].status ̸= “Empty”
∧∀ t ∈ (s+1) . .NumWrites : insts[t ].status = “Empty”

Service-internal consensus messages.
PrepareMsgs

∆
= [type : {“Prepare”}, src : Replicas,

bal : Ballots]

PrepareMsg(r , b)
∆
= [type 7→ “Prepare”, src 7→ r ,

bal 7→ b]

InstsVotes
∆
= [Slots → [bal : {0}∪Ballots,

write : {“nil”}∪Writes]]

VotesByNode(n)
∆
= [s ∈ Slots 7→ n.insts[s].voted ]

PrepareReplyMsgs
∆
= [type : {“PrepareReply”}, src : Replicas,

bal : Ballots,
votes : InstsVotes]

PrepareReplyMsg(r , b, iv)
∆
= [type 7→ “PrepareReply”, src 7→ r ,

bal 7→ b,
votes 7→ iv ]

PeakVotedWrite(prs, s)
∆
=

if ∀pr ∈ prs : pr .votes[s].bal = 0
then “nil”
else let ppr

∆
=
choose ppr ∈ prs :

∀pr ∈ prs : pr .votes[s].bal ≤ ppr .votes[s].bal
in ppr .votes[s].write

LastTouchedSlot(prs)
∆
=

if ∀s ∈ Slots : PeakVotedWrite(prs, s) = “nil”
then 0
else choose s ∈ Slots :

∧PeakVotedWrite(prs, s) ̸= “nil”
∧∀ t ∈ (s+1) . .NumWrites : PeakVotedWrite(prs, t) = “nil”

PrepareNoticeMsgs
∆
= [type : {“PrepareNotice”}, src : Replicas,

bal : Ballots,
commit prev : {0}∪Slots]

PrepareNoticeMsg(r , b, cp)
∆
= [type 7→ “PrepareNotice”, src 7→ r ,
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bal 7→ b,
commit prev 7→ cp]

AcceptMsgs
∆
= [type : {“Accept”}, src : Replicas,

bal : Ballots,
slot : Slots,
write : Writes]

AcceptMsg(r , b, s, c)
∆
= [type 7→ “Accept”, src 7→ r ,

bal 7→ b,
slot 7→ s,
write 7→ c]

AcceptReplyMsgs
∆
= [type : {“AcceptReply”}, src : Replicas,

bal : Ballots,
slot : Slots]

AcceptReplyMsg(r , b, s)
∆
= [type 7→ “AcceptReply”, src 7→ r ,

bal 7→ b,
slot 7→ s]

CommitNoticeMsgs
∆
= [type : {“CommitNotice”}, upto : Slots]

CommitNoticeMsg(u)
∆
= [type 7→ “CommitNotice”, upto 7→ u]

Lease protocol messages. Guard/Renew carry the roster and a per-pair seq
num; replies and Revoke(Reply) carry only the ballot + seq .
GuardMsgs

∆
= [type : {“Guard”}, grantor : Replicas,

grantee : Replicas,
bal : Ballots,
ros : Rosters,
seq : SeqNums]

GuardMsg(f , p, b, ro, s)
∆
= [type 7→ “Guard”, grantor 7→ f ,

grantee 7→ p,
bal 7→ b,
ros 7→ ro,
seq 7→ s]

GuardReplyMsgs
∆
= [type : {“GuardReply”}, grantee : Replicas,

grantor : Replicas,
bal : Ballots,
seq : SeqNums]

GuardReplyMsg(p, f , b, s)
∆
= [type 7→ “GuardReply”, grantee 7→ p,

grantor 7→ f ,
bal 7→ b,
seq 7→ s]

RenewMsgs
∆
= [type : {“Renew”}, grantor : Replicas,

grantee : Replicas,
bal : Ballots,
ros : Rosters,
seq : SeqNums]

RenewMsg(f , p, b, ro, s)
∆
= [type 7→ “Renew”, grantor 7→ f ,

grantee 7→ p,
bal 7→ b,
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ros 7→ ro,
seq 7→ s]

RenewReplyMsgs
∆
= [type : {“RenewReply”}, grantee : Replicas,

grantor : Replicas,
bal : Ballots,
seq : SeqNums]

RenewReplyMsg(p, f , b, s)
∆
= [type 7→ “RenewReply”, grantee 7→ p,

grantor 7→ f ,
bal 7→ b,
seq 7→ s]

RevokeMsgs
∆
= [type : {“Revoke”}, grantor : Replicas,

grantee : Replicas,
bal : Ballots,
seq : SeqNums]

RevokeMsg(f , p, b, s)
∆
= [type 7→ “Revoke”, grantor 7→ f ,

grantee 7→ p,
bal 7→ b,
seq 7→ s]

RevokeReplyMsgs
∆
= [type : {“RevokeReply”}, grantee : Replicas,

grantor : Replicas,
bal : Ballots,
seq : SeqNums]

RevokeReplyMsg(p, f , b, s)
∆
= [type 7→ “RevokeReply”, grantee 7→ p,

grantor 7→ f ,
bal 7→ b,
seq 7→ s]

Messages
∆
= PrepareMsgs
∪ PrepareReplyMsgs
∪ PrepareNoticeMsgs
∪ AcceptMsgs
∪ AcceptReplyMsgs
∪ CommitNoticeMsgs
∪ GuardMsgs
∪ GuardReplyMsgs
∪ RenewMsgs
∪ RenewReplyMsgs
∪ RevokeMsgs
∪ RevokeReplyMsgs

Main algorithm in PlusCal .

algorithm Bodega

variable msgs = {}, messages in the network
node = [r ∈ Replicas 7→NullNode], replica merged state
pending = InitPending , sequence of pending reqs
observed = ⟨⟩, client observed events
crashed = [r ∈ Replicas 7→ false], replica crashed flag
time = [r ∈ Replicas 7→ 1] ; per-node monotone clock
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define
A lease from grantee p’s perspective is “active” iff p’s asGrantee[f ]

is in Renewed status, un-expired, and recording roster ros .
FGrantsPWithRos(f , p, ros)

∆
= ∧node[p].asGrantee[f ].status = “Renewed”

∧node[p].asGrantee[f ].leaseExpire > time[p]
∧node[p].asGrantee[f ].ros = ros

True if a node r thinks of itself as leader of the latest roster.
ThinkAmLeader(r)

∆
=

let ros
∆
= node[r ].rosMaxKnown

in ∧node[r ].leader = r
∧node[r ].balPrepared = node[r ].balMaxKnown
∧ ros.bal = node[r ].balMaxKnown
∧ ros.leader = r
∧Cardinality({f ∈ Replicas :

FGrantsPWithRos(f , r , ros)})
≥MajorityNum

True if a node r thinks of itself as a follower of the latest roster.
ThinkAmFollower(r)

∆
=

let ros
∆
= node[r ].rosMaxKnown

in ∧node[r ].leader ̸= r
∧ ros.bal = node[r ].balMaxKnown
∧ ros.leader ̸= r
∧ ros.leader ̸= “none”
∧Cardinality({f ∈ Replicas :

FGrantsPWithRos(f , ros.leader , ros)})
≥MajorityNum

True if a node r thinks of itself as a responder of the latest roster.
ThinkAmResponder(r)

∆
=

∧ThinkAmFollower(r)
∧ r ∈ node[r ].rosMaxKnown.responders

The “safety threshold” condition: a node serves a read locally only if
it has committed up to where previous leaders could have committed.
BallotTransferred(r)

∆
= node[r ].commitUpTo ≥ node[r ].commitPrev

Given caller node r (a leader or a responder) and a set of AcceptReplies ,
decide whether the write is committable: majority quorum AND the caller’s
known roster’s responders all voted.
WriteCommittable(r , ars)

∆
=

let acceptors
∆
= {ar .src : ar ∈ ars}

in ∧Cardinality(acceptors)≥MajorityNum
∧node[r ].rosMaxKnown.responders ⊆ acceptors

When node r ’s ballot rises to nb, any live outgoing grant whose
roster is at an older ballot must be revoked: Guarding grants reset
locally, Renewing grants move to Revoking with seq bumped. Expired
grants are untouched (cleared later by TimeTick ).
RevokeStaleAsGrantor(r , nb)

∆
=

[p ∈ Replicas 7→
let g

∆
= node[r ].asGrantor [p]

in if ∧g .ros.bal < nb
∧g .status = “Guarding”
∧g .guardExpire > time[r ]
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then [NullGrantorState except ! .seq = g .seq ]
else if ∧g .ros.bal < nb

∧g .status = “Renewing”
∧g .leaseExpire > time[r ]

then [g except ! .status = “Revoking”, ! .seq = g .seq+1]
else g ]

Revoke messages to emit alongside RevokeStaleAsGrantor(r , nb). Seq num
matches the bumped seq in the Revoking state above.
RevokeStaleSendMsgs(r , nb)

∆
=

{RevokeMsg(r , p, nb, node[r ].asGrantor [p].seq+1) :
p ∈ {p ∈ Replicas :

∧node[r ].asGrantor [p].ros.bal < nb
∧node[r ].asGrantor [p].status = “Renewing”
∧node[r ].asGrantor [p].leaseExpire > time[r ]}}

Miscellaneous model checking helpers:
reqsMade

∆
= {e.cmd : e ∈ {e ∈ Range(observed) : e.type = “Req”}}

acksRecv
∆
= {e.cmd : e ∈ {e ∈ Range(observed) : e.type = “Ack”}}

AppendObserved(seq)
∆
=

let filter(e)
∆
= if e.type = “Req” then e.cmd /∈ reqsMade

else e.cmd /∈ acksRecv
in observed ◦SelectSeq(seq , filter)

UnseenPending(r)
∆
=

let filter(c)
∆
= ∀s ∈ Slots : node[r ].insts[s].write ̸= c

in SelectSeq(pending , filter)

RemovePending(cmd)
∆
=

let filter(c)
∆
= c ̸= cmd

in SelectSeq(pending , filter)

terminated
∆
= ∧Len(pending) = 0

∧Cardinality(reqsMade) =NumCommands
∧Cardinality(acksRecv) =NumCommands

numCrashed
∆
= Cardinality({r ∈ Replicas : crashed [r ]})

timeExhausted
∆
= ∀r ∈ Replicas : time[r ] =MaxTime

end define ;

Send a set of messages helper.
macro Send(set) begin

msgs :=msgs ∪ set ;
end macro ;

Observe client events helper.
macro Observe(seq) begin

observed :=AppendObserved(seq) ;
end macro ;

Resolve a pending command helper.
macro Resolve(c) begin

pending := RemovePending(c) ;
end macro ;
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Someone steps up as leader: picks a greater ballot, picks a fresh
responders set, and broadcasts Prepare . Also revokes any stale outgoing
lease grants: Guarding ones are reset locally; Renewing ones transition
to Revoking and send Revoke to the respective grantees.
macro BecomeLeader(r) begin

if I’m not a current leader
await node[r ].leader ̸= r ;
pick a greater ballot and an arbitrary responders set for new roster
with b ∈ Ballots,

resps ∈ subset {f ∈ Replicas : f ̸= r},
ros = Roster(b, r , resps)

do
await ∧b > node[r ].balMaxKnown

∧¬∃m ∈ msgs : (m.type = “Prepare”)∧ (m.bal = b) ;
W .L.O .G ., using this clause to model that ballot
numbers from different proposers be unique

update states and restart Prepare phase for in-progress instances;
also revoke any stale outgoing lease grants
node[r ].leader := r
node[r ].commitPrev := InfinitySlot
node[r ].balPrepared := 0
node[r ].balMaxKnown := b
node[r ].rosMaxKnown := ros
node[r ].insts :=

[s ∈ Slots 7→
[node[r ].insts[s]

except ! .status = if @ = “Accepting”
then “Preparing”
else @]]

node[r ].asGrantor := RevokeStaleAsGrantor(r , b) ;
broadcast Prepare and reply to myself instantly; also send Revokes
for the just-Revoking grants
Send( {PrepareMsg(r , b),

PrepareReplyMsg(r , b,VotesByNode(node[r ]))}
∪ RevokeStaleSendMsgs(r , b)) ;

end with ;
end macro ;

Replica replies to a Prepare message. Also revokes any stale outgoing lease
grants the same way as BecomeLeader .
macro HandlePrepare(r) begin

if receiving a Prepare message with larger ballot than ever seen
with m ∈ msgs do

await ∧m.type = “Prepare”
∧m.bal > node[r ].balMaxKnown
Prepare arrives along with an active lease from its sender;
here we assert there’s a Renewed grantee-side record for it.
This stands in for “Prepare piggybacks the new roster”
∧node[r ].asGrantee[m.src].status = “Renewed”
∧node[r ].asGrantee[m.src].leaseExpire > time[r ]
∧node[r ].asGrantee[m.src].ros.bal =m.bal ;

with ros = node[r ].asGrantee[m.src].ros do
update states and reset statuses; also revoke stale outgoing
lease grants
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node[r ].leader :=m.src
node[r ].commitPrev := InfinitySlot
node[r ].balMaxKnown :=m.bal
node[r ].rosMaxKnown := ros
node[r ].insts :=

[s ∈ Slots 7→
[node[r ].insts[s]

except ! .status = if @ = “Accepting”
then “Preparing”
else @]]

node[r ].asGrantor := RevokeStaleAsGrantor(r ,m.bal) ;
send back PrepareReply with my voted list; also send Revokes
for the just-Revoking grants
Send( {PrepareReplyMsg(r ,m.bal ,VotesByNode(node[r ]))}

∪ RevokeStaleSendMsgs(r ,m.bal)) ;
end with ;

end with ;
end macro ;

Leader gathers PrepareReply messages until condition met, then marks
the corresponding ballot as prepared and saves highest voted commands.
macro HandlePrepareReplies(r) begin

if I’m waiting for PrepareReplies
await ∧node[r ].leader = r

∧node[r ].balPrepared = 0 ;
when there are enough number of PrepareReplies of desired ballot
with prs = {m ∈ msgs : ∧m.type = “PrepareReply”

∧m.bal = node[r ].balMaxKnown}
do

await Cardinality({pr .src : pr ∈ prs})≥MajorityNum ;
with prsGot ∈ {prsGot ∈ subset prs :

Cardinality({pr .src : pr ∈ prsGot})≥MajorityNum},
lts = LastTouchedSlot(prsGot)

do
marks this ballot as prepared and saves highest voted command
in each slot if any
node[r ].balPrepared := node[r ].balMaxKnown
node[r ].insts :=

[s ∈ Slots 7→
let pvw

∆
= PeakVotedWrite(prsGot , s)

adopted
∆
= ∨node[r ].insts[s].status = “Preparing”

∨ ∧node[r ].insts[s].status = “Empty”
∧pvw ̸= “nil”

in [node[r ].insts[s]
except ! .status = if adopted

then “Accepting”
else @,

! .write = pvw ,
! .voted = if adopted

then [bal 7→ node[r ].balMaxKnown,
write 7→ pvw ]

else @]]
node[r ].commitPrev := lts ;
send Accept messages for in-progress instances and reply to myself
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instantly; send PrepareNotices as well (mimicking threshold-carrying
messages, in paper manuscript this is achieved via Guard messages)
Send( union

{{AcceptMsg(r , node[r ].balPrepared , s, node[r ].insts[s].write),
AcceptReplyMsg(r , node[r ].balPrepared , s)} :

s ∈ {s ∈ Slots : node[r ].insts[s].status = “Accepting”}}
∪ {PrepareNoticeMsg(r , node[r ].balPrepared , lts)}) ;

end with ;
end with ;

end macro ;

Follower receives PrepareNotice from a prepared and recovered leader,
updating its commitPrev accordingly.
macro HandlePrepareNotice(r) begin

if I’m a follower waiting on PrepareNotice

await ∧ThinkAmFollower(r)
∧node[r ].commitPrev = InfinitySlot ;

when there’s a PrepareNotice message in effect
with m ∈ msgs do

await ∧m.type = “PrepareNotice”
∧m.bal = node[r ].balMaxKnown ;

update my commitPrev

node[r ].commitPrev :=m.commit prev ;
end with ;

end macro ;

A prepared leader takes a new write request into the next empty slot.
macro TakeNewWriteRequest(r) begin

if I’m a prepared leader and there’s pending write request
with unseen =UnseenPending(r) do

await ∧ThinkAmLeader(r)
∧∃s ∈ Slots : node[r ].insts[s].status = “Empty”
∧Len(unseen)> 0
∧Head(unseen) ∈ Writes ;

find the next empty slot and pick a pending request
with s = FirstEmptySlot(node[r ].insts),

c =Head(unseen)
do

update slot status and voted
node[r ].insts[s].status := “Accepting”
node[r ].insts[s].write := c
node[r ].insts[s].voted .bal := node[r ].balPrepared
node[r ].insts[s].voted .write := c ;
broadcast Accept and reply to myself instantly
Send({AcceptMsg(r , node[r ].balPrepared , s, c),

AcceptReplyMsg(r , node[r ].balPrepared , s)}) ;
append to observed events sequence if haven’t yet
Observe(⟨ReqEvent(c)⟩) ;

end with ;
end with ;

end macro ;

Replica replies to an Accept message. If the Accept ’s ballot is higher than
what we’ve known, also revokes any stale outgoing lease grants.
macro HandleAccept(r) begin
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if I’m a follower
await ThinkAmFollower(r) ;
if receiving an unreplied Accept message with valid ballot, piggybacked
with an active lease from the sender
with m ∈ msgs do

await ∧m.type = “Accept”
∧m.bal ≥ node[r ].balMaxKnown
∧m.bal ≥ node[r ].insts[m.slot ].voted .bal
∧node[r ].asGrantee[m.src].status = “Renewed”
∧node[r ].asGrantee[m.src].leaseExpire > time[r ]
∧node[r ].asGrantee[m.src].ros.bal =m.bal ;

update node states and corresponding instance’s states; also
revoke any stale outgoing lease grants
node[r ].leader :=m.src
node[r ].balMaxKnown :=m.bal
node[r ].rosMaxKnown := node[r ].asGrantee[m.src].ros
node[r ].insts[m.slot ].status := “Accepting”
node[r ].insts[m.slot ].write :=m.write
node[r ].insts[m.slot ].voted .bal :=m.bal
node[r ].insts[m.slot ].voted .write :=m.write
node[r ].asGrantor := RevokeStaleAsGrantor(r ,m.bal) ;
send back AcceptReply ; also send Revokes for the just-Revoking grants
Send( {AcceptReplyMsg(r ,m.bal ,m.slot)}

∪ RevokeStaleSendMsgs(r ,m.bal)) ;
end with ;

end macro ;

Leader gathers AcceptReply messages for a slot until condition met,
then marks the slot as committed and acknowledges the client.
macro HandleAcceptReplies(r) begin

if I’m a prepared leader
await ∧ThinkAmLeader(r)

∧node[r ].commitUpTo <NumWrites
∧node[r ].insts[node[r ].commitUpTo+1].status = “Accepting” ;

W .L.O .G ., only enabling the next slot after commitUpTo

for this slot, when there is a good set of AcceptReplies that is at
least a majority number and that covers all responders
with s = node[r ].commitUpTo+1,

c = node[r ].insts[s].write,
ls = s−1,
v = if ls = 0 then “nil” else node[r ].insts[ls].write,
ars = {m ∈ msgs : ∧m.type = “AcceptReply”

∧m.slot = s
∧m.bal = node[r ].balPrepared}

do
awaitWriteCommittable(r , ars) ;
with arsGot ∈ {arsGot ∈ subset ars :

WriteCommittable(r , arsGot)}
do

marks this slot as committed and apply command
node[r ].insts[s].status := “Committed”
node[r ].commitUpTo := s ;
append to observed events sequence if haven’t yet, and remove
the command from pending
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Observe(⟨AckEvent(c, v , r)⟩) ;
Resolve(c) ;
broadcast CommitNotice to followers
Send({CommitNoticeMsg(s)}) ;

end with ;
end with ;

end macro ;

Replica receives new commit notification.
macro HandleCommitNotice(r) begin

if I’m a follower waiting on CommitNotice

await ∧ThinkAmFollower(r)
∧node[r ].commitUpTo <NumWrites
∧node[r ].insts[node[r ].commitUpTo+1].status = “Accepting” ;

for this slot, when there’s a CommitNotice message
with s = node[r ].commitUpTo+1,

c = node[r ].insts[s].write,
m ∈ msgs

do
await ∧m.type = “CommitNotice”

∧m.upto = s ;
marks this slot as committed and apply command
node[r ].insts[s].status := “Committed”
node[r ].commitUpTo := s ;

end with ;
end macro ;

A prepared leader or a responder follower takes a new read request and
serves it locally.
macro TakeNewReadRequest(r) begin

if I’m a caught-up leader or responder follower
with unseen =UnseenPending(r) do

await ∧ ∨ThinkAmLeader(r)
∨ThinkAmResponder(r)

∧BallotTransferred(r)
∧Len(unseen)> 0
∧Head(unseen) ∈ Reads ;

pick a pending request; examine my log and find the last non-empty
slot, check its status
with s = LastNonEmptySlot(node[r ].insts),

v = if s = 0 then “nil” else node[r ].insts[s].write,
c =Head(unseen)

do
if the latest value is in Committed status, can directly reply;
otherwise, should hold until I’ve received enough broadcasted
AcceptReplies indicating that the write is surely to be committed
await ∨ s = 0

∨ s > 0∧node[r ].insts[s].status = “Committed”
∨ let ars

∆
= {m ∈ msgs : ∧m.type = “AcceptReply”

∧m.slot = s
∧m.bal = node[r ].balMaxKnown}

in WriteCommittable(r , ars) ;
acknowledge client with the latest value, and remove the command
from pending
Observe(⟨ReqEvent(c),AckEvent(c, v , r)⟩) ;
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Resolve(c) ;
end with ;

end with ;
end macro ;

Replica node crashes itself under promised conditions.
macro ReplicaCrashes(r) begin

if less than (N −MajorityNum) number of replicas have failed
await ∧MajorityNum+numCrashed < Cardinality(Replicas)

∧¬crashed [r ]
∧node[r ].balMaxKnown <MaxBallot ;

mark myself as crashed
crashed [r ] := true ;

end macro ;

Grantor f opens new leases to peers for its known current roster. Gated
by the condition that f has a non-null rosMaxKnown and f is not actively
granting to anyone.
macro GrantorInitiateLeases(f ) begin

await ∧node[f ].rosMaxKnown ̸=NullRoster
∧∀p ∈ Replicas : node[f ].asGrantor [p].status = “None” ;

node[f ].asGrantor :=
[p ∈ Replicas 7→

[status 7→ “Guarding”,
guardExpire 7→ time[f ]+TGuard ,
leaseExpire 7→ 0,
ros 7→ node[f ].rosMaxKnown,
seq 7→ node[f ].asGrantor [p].seq+1]] ;

Send({GuardMsg(f , p,
node[f ].balMaxKnown,
node[f ].rosMaxKnown,
node[f ].asGrantor [p].seq+1) :

p ∈ Replicas}) ;
end macro ;

Grantee p receives a Guard from grantor f . Accept iff ballot is at least as high as
p’s view and the message’s seq is strictly higher than any seq ever observed on
this pair. If ballot rises, also revokes stale outgoing lease grants from p.
macro HandleGuard(p) begin

with m ∈ msgs do
await ∧m.type = “Guard”

∧m.grantee = p
∧m.bal ≥ node[p].balMaxKnown
∧m.seq > node[p].asGrantee[m.grantor ].seq
∧node[p].asGrantee[m.grantor ].status = “None” ;

update ballot in case higher, and start Guarded state; bump seq ;
also revoke any stale outgoing lease grants
node[p].balMaxKnown :=m.bal
node[p].asGrantee[m.grantor ] :=

[status 7→ “Guarded”,
guardExpire 7→ time[p]+TGuard ,
leaseExpire 7→ 0,
ros 7→m.ros,
seq 7→m.seq+1]

node[p].asGrantor := RevokeStaleAsGrantor(p,m.bal) ;
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reply GuardReply back to grantor, stamped with the new seq ; also
send Revokes for the just-Revoking outgoing grants
Send( {GuardReplyMsg(p,m.grantor ,m.bal ,m.seq+1)}

∪ RevokeStaleSendMsgs(p,m.bal)) ;
end with ;

end macro ;

Grantor f receives a GuardReply : transition asGrantor [m.grantee] from
Guarding to Renewing ; send first Renew .
macro HandleGuardReply(f ) begin

with m ∈ msgs do
await ∧m.type = “GuardReply”

∧m.grantor = f
∧m.bal = node[f ].balMaxKnown
∧m.seq > node[f ].asGrantor [m.grantee].seq
∧node[f ].asGrantor [m.grantee].status = “Guarding” ;

loose expiry for safety, tightened at first RenewReply
node[f ].asGrantor [m.grantee] :=

[node[f ].asGrantor [m.grantee] except
! .status = “Renewing”,
! .leaseExpire = time[f ]+TGuard +TLease,
! .seq =m.seq+1] ;

Send({RenewMsg(f ,m.grantee,m.bal ,
node[f ].rosMaxKnown,m.seq+1)}) ;

end with ;
end macro ;

Grantor f spontaneously sends subsequent Renews to its current grantees.
macro SpontaneousRenew(f ) begin

await ∃p ∈ Replicas :
∧node[f ].asGrantor [p].ros.bal = node[f ].balMaxKnown
∧node[f ].asGrantor [p].status = “Renewing”
∧ time[f ]< node[f ].asGrantor [p].leaseExpire
∧ time[f ]+TLease > node[f ].asGrantor [p].leaseExpire ;

with ps = {p ∈ Replicas :
∧node[f ].asGrantor [p].ros.bal = node[f ].balMaxKnown
∧node[f ].asGrantor [p].status = “Renewing”
∧ time[f ]< node[f ].asGrantor [p].leaseExpire
∧ time[f ]+TLease > node[f ].asGrantor [p].leaseExpire} do

node[f ].asGrantor :=
[p ∈ Replicas 7→

if p ∈ ps
then [node[f ].asGrantor [p] except

! .leaseExpire = node[f ].asGrantor [p].leaseExpire+TLease,
! .seq = node[f ].asGrantor [p].seq+1]

else node[f ].asGrantor [p]] ;
Send({RenewMsg(f , p,

node[f ].balMaxKnown,
node[f ].rosMaxKnown,
node[f ].asGrantor [p].seq+1) :

p ∈ ps}) ;
end with ;

end macro ;

Grantee p receives a Renew .
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macro HandleRenew(p) begin
with m ∈ msgs do

await ∧m.type = “Renew”
∧m.grantee = p
∧m.bal = node[p].balMaxKnown
∧m.seq > node[p].asGrantee[m.grantor ].seq
∧ ∨ ∧node[p].asGrantee[m.grantor ].status = “Guarded”

∧ time[p]< node[p].asGrantee[m.grantor ].guardExpire
∨ ∧node[p].asGrantee[m.grantor ].status = “Renewed”

∧ time[p]< node[p].asGrantee[m.grantor ].leaseExpire
∧ time[p]+TLease > node[p].asGrantee[m.grantor ].leaseExpire ;

node[p].asGrantee[m.grantor ] :=
[node[p].asGrantee[m.grantor ] except

! .status = “Renewed”,
! .leaseExpire = time[p]+TLease,
! .ros =m.ros,
! .seq =m.seq+1] ;

Send({RenewReplyMsg(p,m.grantor ,m.bal ,m.seq+1)}) ;
end with ;

end macro ;

Grantor f receives a RenewReply ; tightens down the loose expiry.
macro HandleRenewReply(f ) begin

with m ∈ msgs do
await ∧m.type = “RenewReply”

∧m.grantor = f
∧m.bal = node[f ].balMaxKnown
∧m.seq > node[f ].asGrantor [m.grantee].seq
∧node[f ].asGrantor [m.grantee].status = “Renewing”
∧ time[f ]+TLease > node[f ].asGrantor [m.grantee].leaseExpire ;

node[f ].asGrantor [m.grantee] :=
[node[f ].asGrantor [m.grantee] except

! .leaseExpire = time[f ]+TLease,
! .seq =m.seq ] ;

end with ;
end macro ;

Grantee p processes a Revoke from grantor f . If ballot rises, also
revokes stale outgoing lease grants from p.
macro HandleRevoke(p) begin

with m ∈ msgs do
await ∧m.type = “Revoke”

∧m.grantee = p
∧m.bal ≥ node[p].balMaxKnown
∧m.seq > node[p].asGrantee[m.grantor ].seq
∧node[p].asGrantee[m.grantor ].status ∈ {“Guarded”, “Renewed”} ;

update ballot in case higher, clear grantee state but preserve seq ;
also revoke any stale outgoing lease grants
node[p].balMaxKnown :=m.bal
node[p].asGrantee[m.grantor ] :=

[NullGranteeState except ! .seq =m.seq+1]
node[p].asGrantor := RevokeStaleAsGrantor(p,m.bal) ;
Send( {RevokeReplyMsg(p,m.grantor ,m.bal ,m.seq+1)}

∪ RevokeStaleSendMsgs(p,m.bal)) ;
end with ;
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end macro ;

Grantor f receives a RevokeReply ; drops the lease promptly.
macro HandleRevokeReply(f ) begin

with m ∈ msgs do
await ∧m.type = “RevokeReply”

∧m.grantor = f
∧m.bal = node[f ].balMaxKnown
∧m.seq > node[f ].asGrantor [m.grantee].seq
∧node[f ].asGrantor [m.grantee].status = “Revoking” ;

node[f ].asGrantor [m.grantee] :=
[NullGrantorState except ! .seq =m.seq ] ;

end with ;
end macro ;

Advances time by one tick globally, and garbage-collects expired lease
state. Per-pair seq counters are preserved across GC .
macro TimeTick() begin

await ∀r ∈ Replicas : time[r ]<MaxTime ;
time := [r ∈ Replicas 7→ time[r ]+1] ;
node := [r ∈ Replicas 7→

[node[r ] except
! .asGrantor =

[p ∈ Replicas 7→
if ∨ ∧node[r ].asGrantor [p].status ∈ {“Renewing”, “Revoking”}

∧node[r ].asGrantor [p].leaseExpire ≤ time[r ]
∨ ∧node[r ].asGrantor [p].status = “Guarding”

∧node[r ].asGrantor [p].guardExpire ≤ time[r ]
then [NullGrantorState except ! .seq = node[r ].asGrantor [p].seq ]
else node[r ].asGrantor [p]],

! .asGrantee =
[f ∈ Replicas 7→

if ∨ ∧node[r ].asGrantee[f ].status = “Renewed”
∧node[r ].asGrantee[f ].leaseExpire ≤ time[r ]

∨ ∧node[r ].asGrantee[f ].status = “Guarded”
∧node[r ].asGrantee[f ].guardExpire ≤ time[r ]

then [NullGranteeState except ! .seq = node[r ].asGrantee[f ].seq ]
else node[r ].asGrantee[f ]]]] ;

end macro ;

Replica server node main loop: consensus actions + lease protocol actions
+ global time tick are all available via either/or.
process Replica ∈ Replicas
begin

rloop : while (¬terminated)∧ (¬timeExhausted)∧ (¬crashed [self ]) do
either

BecomeLeader(self ) ;
or

HandlePrepare(self ) ;
or

HandlePrepareReplies(self ) ;
or

HandlePrepareNotice(self ) ;
or

TakeNewWriteRequest(self ) ;
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or
HandleAccept(self ) ;

or
HandleAcceptReplies(self ) ;

or
HandleCommitNotice(self ) ;

or
TakeNewReadRequest(self ) ;

or
GrantorInitiateLeases(self ) ;

or
HandleGuard(self ) ;

or
HandleGuardReply(self ) ;

or
SpontaneousRenew(self ) ;

or
HandleRenew(self ) ;

or
HandleRenewReply(self ) ;

or
HandleRevoke(self ) ;

or
HandleRevokeReply(self ) ;

or
TimeTick() ;

or
if NodeFailuresOn then

ReplicaCrashes(self ) ;
end if ;

end either ;
end while ;

end process ;

end algorithm ;

module Bodega MC
extends Bodega

TLC config-related defs.

ConditionalPerm(set)
∆
= if Cardinality(set)> 1

then Permutations(set)
else {}

SymmetricPerms
∆
= ConditionalPerm(Replicas)
∪ ConditionalPerm(Writes)
∪ ConditionalPerm(Reads)

ConstMaxBallot
∆
= 2

ConstTGuard
∆
= 1

ConstTLease
∆
= 1

ConstMaxTime
∆
= 3
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Type check invariant.

TypeOK
∆
= ∧∀m ∈ msgs : m ∈ Messages

∧∀r ∈ Replicas : node[r ] ∈ NodeStates
∧∀r ∈ Replicas : time[r ] ∈ Times
∧Len(pending)≤NumCommands
∧Cardinality(Range(pending)) = Len(pending)
∧∀c ∈ Range(pending) : c ∈ Commands
∧Len(observed)≤ 2∗NumCommands
∧Cardinality(Range(observed)) = Len(observed)
∧Cardinality(reqsMade)≥ Cardinality(acksRecv)
∧∀e ∈ Range(observed) : e ∈ ClientEvents
∧∀r ∈ Replicas : crashed [r ] ∈ boolean

theorem Spec ⇒2TypeOK

Lease expiration safety property.

LeaseExpirationSafety
∆
=

∀ f , p ∈ Replicas :
(∧node[p].asGrantee[f ].status = “Renewed”
∧node[p].asGrantee[f ].leaseExpire > time[p])

⇒ (∧node[f ].asGrantor [p].status ∈ {“Renewing”, “Revoking”}
∧node[f ].asGrantor [p].leaseExpire

≥ node[p].asGrantee[f ].leaseExpire)

theorem Spec ⇒2LeaseExpirationSafety

Lease uniqueness guarantee assertions.

AtMostGrantsOneRoster
∆
=

∀ f ∈ Replicas, b ∈ Ballots :
Cardinality({ros ∈ Rosters :

∃p ∈ Replicas : ∧FGrantsPWithRos(f , p, ros)
∧ ros.bal = b})≤ 1

AtMostOneStableRoster
∆
=

∀ros1, ros2 ∈ Rosters :
(∧Cardinality({f ∈ Replicas :

∃p ∈ Replicas : FGrantsPWithRos(f , p, ros1)})
≥MajorityNum

∧Cardinality({f ∈ Replicas :
∃p ∈ Replicas : FGrantsPWithRos(f , p, ros2)})

≥MajorityNum)
⇒ (ros1 = ros2)

theorem Spec ⇒ ∧2AtMostGrantsOneRoster
∧2AtMostOneStableRoster

Linearizability constraint.

ReqPosOfCmd(c)
∆
= choose i ∈ 1 . . Len(observed) :

∧observed [i ].type = “Req”
∧observed [i ].cmd = c
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AckPosOfCmd(c)
∆
= choose i ∈ 1 . . Len(observed) :

∧observed [i ].type = “Ack”
∧observed [i ].cmd = c

ResultOfCmd(c)
∆
= observed [AckPosOfCmd(c)].val

OrderIdxOfCmd(order , c)
∆
= choose j ∈ 1 . . Len(order) : order [j ] = c

LastWriteBefore(order , j )
∆
=

let k
∆
= choose k ∈ 0 . . (j −1) :

∧ (k = 0∨order [k ] ∈ Writes)
∧∀ l ∈ (k +1) . . (j −1) : order [l ] ∈ Reads

in if k = 0 then “nil” else order [k ]

IsLinearOrder(order)
∆
=

∧{order [j ] : j ∈ 1 . . Len(order)}= Commands
∧∀ j ∈ 1 . . Len(order) :

ResultOfCmd(order [j ]) = LastWriteBefore(order , j )

ObeysRealTime(order)
∆
=

∀c1, c2 ∈ Commands :
(AckPosOfCmd(c1)< ReqPosOfCmd(c2))

⇒ (OrderIdxOfCmd(order , c1)<OrderIdxOfCmd(order , c2))

Linearizability
∆
=

terminated ⇒
∃order ∈ [1 . .NumCommands → Commands] :

∧ IsLinearOrder(order)
∧ObeysRealTime(order)

theorem Spec ⇒ Linearizability

Bodega MC.cfg
SPECIFICATION Spec

CONSTANTS
Replicas = {s1, s2, s3}
Writes = {w1, w2}
Reads = {r1, r2}
MaxBallot <- ConstMaxBallot
NodeFailuresOn <- TRUE
TGuard <- ConstTGuard
TLease <- ConstTLease
MaxTime <- ConstMaxTime

SYMMETRY SymmetricPerms

INVARIANTS
TypeOK
LeaseExpirationSafety
AtMostGrantsOneRoster
AtMostOneStableRoster
Linearizability

CHECK_DEADLOCK FALSE
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