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Abstract
Modern datacenters exhibit different timing properties across

the network fabric and the host software stack: the former

offers bounded-delay delivery and precise clock synchro-

nization, whereas the latter provides greater flexibility but

substantially greater timing variability. This substrate-level

separation matches the functional structure of State Machine

Replication (SMR), whose normal case is timing-sensitive

and repetitive while recovery requires flexible coordination,

state transfer, and membership reconfiguration. We present

SSR, a synchronous state machine replication protocol. SSR

exploits this alignment with a split protocol design: normal-

case replication runs as a round-based synchronous SMR

protocol close to the network fabric, where replicas propose

concurrently and commit from per-round local evidence

without a steady-state leader, while recovery remains in a

host-side path. Our preliminary evaluation results show that

SSR improves common-case throughput by 14.9× with three

replicas and 24.9× with five replicas, completes recovery in

about 0.15ms, and commits on the fast path after two rounds.

CCS Concepts
• Computing methodologies→ Distributed algorithms;
• Computer systems organization → Reliability; • Net-
works→ Data center networks.

Keywords
state machine replication, synchronous replication, datacen-

ter networks, network acceleration

ACM Reference Format:
Yuke Ma, Paolo Costa, and Yiting Xia. 2026. SSR: Synchronous State

Machine Replication with a Timing-Aligned Split Architecture. In

17th ACM SIGOPS Asia-Pacific Workshop on Systems (APSys ’26),

This work is licensed under a Creative Commons Attribution 4.0 Interna-

tional License.

APSys ’26, Bangkok, Thailand
© 2026 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-2912-6/2026/09

https://doi.org/10.1145/3838177.3841728

September 17–18, 2026, Bangkok, Thailand. ACM, New York, NY,

USA, 7 pages. https://doi.org/10.1145/3838177.3841728

1 Introduction
Consensus protocols and state machine replication are core

building blocks of fault-tolerant distributed systems, and re-

main critical to many modern datacenter applications [17,

24, 28]. As distributed services place increasing pressure on

throughput and latency, the replication path has become a

central performance concern [22, 26, 31].Most high-performance

SMR systems respond by reducing host overhead or offload-

ing selected replication functions to the network or spe-

cialized hardware [1–3, 9, 14, 15, 20, 30, 34]. These systems

make replication faster, but do not fundamentally remove the

timing variability that drives long-tail latency in traditional

timeout-driven designs. More recently, synchronous SMR

systems [27, 32] revisit the protocol itself under stronger

timing assumptions. Yet making the entire replication pro-

tocol synchronous remains difficult in practice: it requires

tight control over host-path timing, highly controlled deploy-

ments, or both.

Our key observation, supported by measurements in Sec-

tion 2, is that modern datacenters expose different timing

properties across the network fabric and the host software

stack. The network fabric is optimized for bounded-delay

delivery: packets traverse NIC and switch pipelines with

low jitter and repeatable processing [19, 25, 29, 33], while

hardware-assisted clock synchronization can bound clock

skew [4, 10, 18, 21]. The host software stack, in contrast, pro-

vides richer programmability but is subject to OS scheduling,

interrupt moderation, cache effects, PCIe/DMA queueing,

and application-level control flow, making its timing substan-

tially more variable. This substrate-level separation matches

the functional structure of SMR: normal-case replication is

timing-sensitive and repetitive, while failure recovery is ir-

regular, coordination-heavy, and requires flexible state trans-

fer, membership reconfiguration, and recovery coordination.

The natural conclusion is not to force all of SMR into a single

timing discipline, but to split it so that each function runs

where its requirements are best served.

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
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Guided by this observation, we design SSR, a synchronous

state machine replication protocol built around a split proto-

col design. SSR splits SMR into a normal-case fast path and

a host-side recovery path. The fast path is a round-based

synchronous protocol that runs close to the network fabric

(e.g., on a SmartNIC): replicas propose concurrently, derive

commits from per-round evidence, and avoid steady-state

leaders and timeout-driven coordination. The recovery path

coordinates recovery, transfers missing state, and installs a

renewed membership. This lets SSR combine the benefits

of both directions: it obtains the performance and timing

advantages of synchronous SMR without forcing recovery

into a rigid timing model, and preserves the flexibility of

split designs without merely offloading pieces of an existing

timeout-driven protocol.

We present the design and evaluation of SSR, including

its synchronous fast path, host-side recovery path, and the

interface that separates them. We evaluate SSR across steady-

state replication and failure recovery. Our preliminary results

show that, compared with representative baselines, SSR im-

proves common-case throughput by 14.9× with three repli-

cas and 24.9× with five replicas, commits on the fast path

after two rounds (4 𝜇𝑠 with a 2 𝜇𝑠 round length), excluding

host-side command injection and log-delivery overhead, and

completes recovery in about 0.15ms instead of relying on

host-driven timeouts that often range from single-digit to

tens of milliseconds.

2 Related Work and Motivation
Existing SMR. Most high-performance SMR systems use

modern datacenter capabilities to accelerate existing protocol

mechanisms. Some keep consensus in software while reduc-

ing ordering and coordination cost: Speculative Paxos [30]

uses optimistic execution, NOPaxos [20] relies on ordered

network delivery, and Nezha [9] uses synchronized clocks

for deadline-ordered multicast with slow-path fallback. Oth-

ers move protocol work into the network or specialized

hardware: NetPaxos [7] and Consensus in a Box [14] im-

plement Paxos logic in programmable switches or FPGA-

based devices, while Mu [1] and CAANS [5] use RDMA

or programmable NIC support to reduce replication and

agreement cost. Systems such as Waverunner [2] and Parti-

tioned Paxos [6] further split placement across SmartNICs,

switches, and hosts. These systems improve throughput and

latency, but because they still optimize timeout-driven proto-

col structures, they do not fundamentally remove the timing

variability and long-tail behavior behind conservative failure

handling.
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Figure 1: Latency break-
down across components.
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Figure 2: Switch latency
versus hop count.

Synchronous SMR. Chora [32] and WatchMaker [27]

show that stronger timing assumptions can reshape SMR it-

self. Chora engineers synchrony through the host/server soft-

ware path and falls back to timer-driven execution when that

discipline fails. WatchMaker explores a quasi-synchronous

model in a highly controlled deployment with exclusive

replica and clock networks. These systems demonstrate the

promise of synchronous SMR, but also show that making

the full replication protocol synchronous is difficult in prac-

tice: it requires tight control over host-path timing, highly

controlled deployments, or both.

Timing measurements. To quantify the timing separa-

tion between the network fabric and the host software stack,

we build a timestamped testbed with a 6.4 Tbps Tofino switch

and eight Xilinx Alveo U200 FPGA SmartNICs running the

open-source Corundum NIC [8]. Using port mapping and

VLAN isolation, we emulate a logical two-spine, four-leaf

topology over 100Gbps links. We timestamp probe packets

across the host software stack, PCIe/DMA path, FPGA NIC

pipeline, and switch fabric, and inject controlled incast traffic

to compare settings with and without congestion.

Figure 1 decomposes packet latency across four path com-

ponents, summing the transmit and receive sides where

applicable. The host components, kernel processing and

PCIe/DMA, show long tails even without congestion due

to kernel queueing, interrupt moderation, driver scheduling,

and DMA completion effects; congestion further amplifies

these tails. In contrast, the FPGA NIC pipeline is clocked and

repeatable: its latency stays within roughly two 250MHz

cycles (8 ns) under both settings. Switch latency is tightly

concentrated without congestion due to fixed pipeline for-

warding; under congestion, output queueing increases la-

tency but leaves the distribution smooth, consistent with

prior measurements of switch queueing behavior [16].

The switch behavior in Figure 1 motivates a closer look:

without congestion, latency is tightly concentrated, while

under incast it grows mainly from output queueing. Figure 2

therefore isolates the uncongested switch fabric. For 128–

1024 B packets, mean latency grows almost linearly with hop

count; packet size adds a predictable offset but preserves the
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Figure 3: SSR architecture.

linear trend. For all packet sizes, the linear fit yields 𝑅2 >

0.9998, where 𝑅2
denotes the coefficient of determination,

i.e., the fraction of latency variance explained by hop count.

This means that, for a fixed packet size, hop count explains

nearly all observed switch-fabric latency variation. Thus,

given packet size and topology, fabric latency can be tightly

budgeted.

Design implication. Together, the related work and mea-

surements point to a different use of datacenter capabili-

ties. Prior systems either accelerate timeout-driven protocol

mechanisms, or pursue synchrony in ways that still depend

on host timing discipline or highly controlled deployments.

Our measurements show why neither extreme is necessary:

tight timing is available where normal-case replication can

benefit from it, while the host remains the right place for

irregular recovery logic. SSR is built around this principle.

3 SSR Protocol
Figure 3 shows the SSR architecture. Each replica is split into

a data plane that implements the synchronous fast path pro-

tocol and a control plane for host-side recovery. SSR targets

programmable SmartNIC deployments, increasingly com-

mon in modern datacenters; our prototype realizes the data

plane on FPGA SmartNICs, while the control plane runs in

host software. Within a replica, the two planes communicate

over standard host-to-NIC mechanisms such as PCIe DMA

queues, MMIO control registers, and a host driver: the data

interface carries commands and committed log entries, while
the control interface carries interruptions and renewed con-
figuration state. Across replicas, data planes exchange round

messages through the network fabric under the bounded-

delay delivery assumption, while control planes use an RPC

channel for recovery coordination. The rest of this section

describes the normal-case fast path and its safety argument,

followed by the host-side recovery path.

3.1 Normal-Case Fast Path
The SSR fast path is a round-based synchronous SMR proto-

col implemented by the replica data planes and connected

through the network fabric. Replicas divide time into fixed-

length rounds. Within each round, every replica can propose

a command concurrently and piggyback evidence about the

previous round. At the round boundary, each replica checks

whether the collected per-round evidence is sufficient to

commit a set of proposals and to justify which replicas may

continue in the fast path. If both checks succeed, replicas

append the committed proposals in deterministic order and

enter the next round; otherwise, the data plane halts and

transfers control to the host-side control plane.

Rounds. Replicas use synchronized hardware clocks to

align round boundaries. Each fast-path run is configuredwith

a round length Δ, chosen to cover packet delivery through

the network fabric, data plane processing at the endpoints,

and clock-synchronization error. A message for round 𝑟 con-

tributes to round-𝑟 evidence only if it is received before the

round closes; late, stale, or wrong-round messages are ig-

nored. Thus each replica evaluates a finite set of per-round

evidence instead of waiting on host-driven timers.

Common-case pipeline. In the common case, every ac-

tive replica contributes one proposal per round. The round

number and replica identifier together determine the log

order: proposals from the same round are ordered by replica

identifier, and rounds are appended in increasing order. SSR

pipelines proposal and acknowledgement. A round-𝑟 mes-

sage carries the sender’s proposal for round 𝑟 together with

evidence about round 𝑟 − 1, allowing replicas to commit

round-𝑟 − 1 proposals while concurrently sending round-𝑟

proposals. After the pipeline fills, each round commits the

previous round’s proposals; each individual proposal com-

mits after two rounds, with no distinguished leader.

Round evidence. A simple quorum acknowledgement is

not enough under network faults or asymmetric loss: replicas

may collect quorum-sized evidence yet disagree on who can

safely remain in the fast path. SSR therefore piggybacks a

sound set on every proposal. A sound set is not the installed

membership; it is a round-by-round survivor set justified by

per-round evidence.

Consider a fast path run with installed membership 𝑀 ,

where |𝑀 | = 𝑁 . At the start of round 𝑟 , replica 𝑖 maintains

a sound set 𝑆𝑟−1𝑖 ⊆ 𝑀 , encoded as a bitmap 𝑠𝑟−1𝑖 , derived at

the previous round boundary. Replica 𝑖 sends

𝑚𝑟
𝑖 = (run, 𝑟 , 𝑖, 𝑝𝑟𝑖 , 𝑠𝑟−1𝑖 ),

where run is the run identifier installed by the control plane

and 𝑝𝑟𝑖 is the local proposal for round 𝑟 . A receiver accepts a

message only if the run identifier matches, the round identi-

fier matches, and the sender belongs to 𝑀 . Messages from
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other runs, other rounds, or replicas outside the installed

membership are ignored.

At the end of round 𝑟 , replica 𝑖 forms a local sound matrix
𝐴𝑟
𝑖 . Row 𝐴𝑟

𝑖 [ 𝑗, ∗] is 𝑠𝑟−1𝑗 if replica 𝑖 received a valid message

from sender 𝑗 , and 0
|𝑀 |

otherwise. Thus each sender con-

tributes a single row to the matrix at each receiver. Valid

nonzero rows must be sender-consistent: a row from 𝑗 must

include bit 𝑗 . Intuitively, each row records one sender’s adver-

tised view, from the previous round boundary, of the replicas

that could safely remain in the fast path.

Commit and continuation rules. At the boundary af-

ter round 𝑟 , replica 𝑖 evaluates the sound matrix collected

during round 𝑟 . It uses its own advertised bitmap 𝑠𝑟−1𝑖 as the

candidate row, and computes the set of senders that reported

exactly this bitmap:

Γ𝑟𝑖 = { 𝑗 ∈ 𝑀 | 𝐴𝑟
𝑖 [ 𝑗, ∗] = 𝑠𝑟−1𝑖 }.

Let 𝑞 = ⌊|𝑀 |/2⌋ + 1 be the quorum threshold. Replica 𝑖

proceeds only if

|Γ𝑟𝑖 | ≥ 𝑞.

If this check fails, the data plane halts.

Commit rule. When the local bitmap is quorum-supported,

it determines the commit set for round 𝑟 − 1:

𝐶𝑟−1
𝑖 = { 𝑗 ∈ 𝑀 | 𝑠𝑟−1𝑖 [ 𝑗] = 1 }.

Replica 𝑖 commits the round-𝑟 − 1 proposals from 𝐶𝑟−1
𝑖 , or-

dered deterministically by replica identifier, only if all pay-

loads named by 𝐶𝑟−1
𝑖 are locally available.

Continuation rule. The senders that support this same

bitmap determine the sound set for round 𝑟 :

𝑆𝑟𝑖 = Γ𝑟𝑖 .

Fast path continuation is allowed only by monotone shrink-

age:

𝑆𝑟𝑖 ⊆ 𝑆𝑟−1𝑖 .

Replica 𝑖 also requires 𝑖 ∈ 𝑆𝑟𝑖 . If the payload-availability

check, self-inclusion check, or shrinkage check fails, the data

plane halts and raises an interruption to the control plane.

Thus, the quorum-supported local bitmap determineswhat
can be committed from round 𝑟 − 1, while its supporters

determine which replicas remain eligible after round 𝑟 . This
fail-stop rule allows faults to remove replicas from the fast

path, but prevents the fast path from expanding or silently

forking under ambiguous evidence.

Examples. Before the proof, Figure 4 gives two subtle

corner cases that build intuition for the fast path rules. The

asymmetric loss case shows that the sound set may shrink
without causing commit divergence. The split-view partition

case shows the complementary behavior: replicas may mo-

mentarily derive different sound sets, but the divergence is
exposed in the next round and forces halt before independent
fast path branches can persist.

Safety. We state the fast-path safety argument through

two lemmas and a final theorem.

Lemma 3.1 (Same-round commit agreement). If replicas
𝑖 and 𝑘 both accept candidate rows in round 𝑟 , then they derive
the same commit set: 𝐶𝑟

𝑖 =𝐶𝑟
𝑘
.

Sketch. Since both replicas accept, their supporter sets

Γ𝑟𝑖 and Γ𝑟
𝑘
each have size at least 𝑞. Because 𝑞 > |𝑀 |/2, the

two sets intersect. Let 𝑗 ∈ Γ𝑟𝑖 ∩ Γ𝑟
𝑘
. By definition of support,

replica 𝑖 observed sender 𝑗 ’s row as 𝑠𝑟𝑖 , and replica 𝑘 observed

it as 𝑠𝑟
𝑘
. Since sender 𝑗 ’s row is unique in round 𝑟 , these rows

are identical. Hence 𝑠𝑟𝑖 = 𝑠𝑟
𝑘
, and therefore 𝐶𝑟

𝑖 =𝐶𝑟
𝑘
. □

Lemma 3.2 (Next-round exposure of divergent sound

sets). If replicas derive incompatible sound sets after round 𝑟 ,
then the disagreement is exposed in round 𝑟+1, and at least one
branch halts before both branches can continue externalizing
commands beyond that round.

Sketch. The sound set derived after round 𝑟 determines

which replicas may send in round 𝑟 + 1. If two branches

derive incompatible sound sets, the disagreement appears in

the round-𝑟 + 1 sound matrices as a missing or mismatched

row. Because continuation requires quorum support and

monotone shrinkage, at least one branch fails its checks at

the next boundary and halts. Thus incompatible branches

cannot both continue externalizing commands past round

𝑟 + 1. □

Theorem 3.3 (Fast-path safety). If replicas 𝑖 and 𝑘 both
continue externalizing commands through round 𝑟 , then their
externalized command sequences through round 𝑟 are identical.

Sketch. By Lemma 1, replicas that accept at the same

round boundary derive the same commit set for the commit-

ted round, and proposals within that set are ordered deter-

ministically by replica identifier. Thus they append the same

per-round command sequence whenever they commit. By

Lemma 2, if incompatible sound sets arise after some round,

the disagreement is exposed in the next round and at least

one branch halts before both can continue externalizing com-

mands beyond that point. Therefore two fast-path branches

cannot externalize conflicting command sequences across

rounds. Any replicas that continue externalizing commands

through round 𝑟 must therefore observe the same sequence

of per-round commit sets, and hence the same command

sequence. □

3.2 Host-Side Recovery Path
The control plane becomes active when the fast path can

no longer continue. Control planes coordinate across repli-

cas over the RPC channel in Figure 3, which carries only

lightweight heartbeats in the normal case and becomes the

recovery coordination path after an interruption.
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Recovery protocol. Recovery constructs a fresh fast-path

run from a safe committed prefix in two stages. First, the

control planes select a recovery coordinator using a standard

host-side leader-election protocol [11, 24, 28]. The coordina-

tor gathers each replica’s committed prefix and halt status,

repairs lagging replicas through state transfer, and proposes

a renewed configuration containing a fresh run identifier,

membership, and activation round. Second, the coordinator

installs this configuration using two-phase commit. Replicas

acknowledge Prepare only after storing the configuration

as pending data-plane state, and mark it committed after

receiving Commit. The data plane activates a committed

configuration only at the specified activation round; aborted

configurations are discarded.

Recovery may be asynchronous or require retries, but it

cannot create conflicting fast-path commits. Because fast-

path messages carry run identifiers and replicas accept only

messages from their current run, missed or premature con-

figuration changes can at worst prevent quorum formation

and force another recovery attempt. Thus safety remains in

the data plane, while the control plane restores liveness by

repairing state and installing a fresh run.

4 Preliminary Evaluation
We evaluate SSR with a protocol-level simulator

1
that im-

plements the full fast-path rules from §3.1 and the host-side

recovery protocol from §3.2. Rather than deriving through-

put from a simple formula , the simulator executes repli-

cas round by round, delivering messages under configured

timing bounds and injected faults before applying the pro-

tocol’s commit, continuation, and halt rules. Recovery is

1
https://github.com/yukema/SSR
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event-driven and includes coordinator selection, state trans-

fer, two-phase configuration commit, and fast-path restart.

Fast path timing uses the measured round lengths from §2;

recovery delays are microsecond-scale estimates informed

by contemporary server and NIC behavior [12, 13, 23].

Throughput. We compare SSR with two representative

baselines: NOPaxos [20], a classic network-ordering/offload

design, and WatchMaker [27], a recent synchronous SMR

protocol. For NOPaxos, we implement the Tofino-based se-

quencer on our measurement testbed, approximating a best-

case hardware-sequenced fast path. For WatchMaker, whose

deployment relies on a custom OS and dedicated timing

infrastructure, we model its reported synchronous timing

behavior in our simulator, including its 30 µs bound. Figure 5

shows steady-state throughput for 3- and 5-replica deploy-

ments while varying the SSR round length from 8 µs to 2 µs.

https://github.com/yukema/SSR
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SSR reaches the highest throughput with 2 µs rounds, im-

proving over the strongest baseline by roughly 14.9× with

3 replicas and 24.9× with 5 replicas. Throughput rises as

the round length decreases because each round completes

sooner. SSR gains throughput scaling from its leaderless de-

sign, which lets replicas propose concurrently as the replica

count grows; WatchMaker does not provide the same scaling

behavior.

Failure recovery. Figure 6 shows throughput during re-

covery for a 5-replica SSR deployment with a 4 µs round

length. We inject replica crashes, asymmetric loss, and split-

view partition. In all cases, the fast path exposes unsafe

conditions within a few rounds and completes host-side re-

covery in about 0.15ms. Throughput degrades according

to the fault pattern: crashes remove proposing replicas in

stages, asymmetric loss shrinks the sound set and preserves

partial throughput, and split-view partition forces all repli-

cas to halt until recovery installs a renewed configuration.

Thus SSR is conservative under ambiguous evidence, but

preserves throughput when a smaller sound set can safely

continue.

Fast path latency. SSR’s protocol latency is fixed by the

round structure. In the normal case, each proposal commits

after two fast-path rounds, i.e., 4 𝜇𝑠 with a 2 𝜇𝑠 round length.

End-to-end latency additionally includes host-to-NIC com-

mand injection and committed-log delivery overheads, such

as PCIe, DMA, driver, and kernel processing. These over-

heads depend on the implementation and are not explicitly

modeled here. Thus, our evaluation reports the protocol-

level fast-path latency; a complete implementation would

add the host-side delivery cost, which can be optimized in-

dependently of the SSR protocol.

Use of AI tools. We used OpenAI Codex to assist in gen-

erating test code for validating the simulator and plotting

scripts for visualizing evaluation results. The protocol de-

sign, simulator implementation, experimental methodology,

and data generation were performed by the authors. All AI-

assisted code was reviewed and validated by the authors.

5 Discussion and Future Work
SSR shows that synchronous SMR can be made practical by

splitting the protocol path: a round-based fast path exploits

tight timing, while recovery remains in the host-side control

plane. Our current implementation is a protocol-level simu-

lator that executes the fast path and event-driven recovery

protocol, allowing us to evaluate throughput, protocol-level

latency, and recovery activation under controlled timing and

fault scenarios, but not the full host-to-NIC data path.

SSR targets capabilities increasingly common in modern

datacenters: programmable NICs, precise hardware clocks,

and fast switching fabrics. We are actively building a full-

system FPGA SmartNIC implementation of SSR, with on-

going development released alongside the simulator in the

same repository. This prototype will validate SSR’s end-to-

end performance under realistic datacenter workloads and

operating conditions.
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