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Ref  Title & Authors Venue / Year Primary Focus

[P1] Speculative State Replication in Partial Asyn- ACM TOCS (2024) Consensus Latency
chrony
Marcus Thorne, Elena Rostova, and Julian Ster-
ling

[P2] Dynamic Quorum Reconfiguration under OSDI’25 Adaptive Membership

Byzantine Churn
Sarah Jenkins and David K. Chen

[P3] Practical Bounded Memory Footprints for Tech Report (2026) Storage Overhead
Geo-Raft
Nexa Research Group (Tech Report #402)

@ Executive Summary of Week 7 Scope: This week’s readings examine the tension between network latency
and safety guarantees in fault-tolerant replicated state machines. [P1] introduces optimistic fast-path execution
reducing round-trips from 3 — 1 under zero-contention scenarios. [P2] relaxes static node set assumptions
by formalizing epoch-based dynamic reconfiguration under active adversarial churn. [P3] addresses log
compaction memory explosion in multi-region deployments managed by Synapse Infrastructure Engine.

2 Core Synthesis & Comparative Analysis

2.1 Architectural Paradigms: Optimistic vs. Pessimistic Consensus

The central thesis connecting [P1] and [P2] revolves around the tradeoff between fast-path
speculation and worst-case protocol fallback. Traditional Multi-Paxos and Raft enforce structural
ordering prior to state application. Thorne et al. ([P1]) break this barrier by allowing replicas to
speculatively execute incoming request batches provided a supermajority (Qf.s = [SfTHD of nodes
agree on the sequence vector.

Mathematically, while classical PBFT requires 3f + 1 total nodes to tolerate f Byzantine faults
with 2-phase commit (2 message round-trips), [P1] achieves single round-trip consensus whenever
the network latency ratio satisfies:

1
Agerual < §6estimated + Yjitter 1)

where ~jirer represents the variance in inter-replica packet transit time across WAN links.
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Table 1: Comparative Matrix of Protocol Guarantees

Dimension Thorne et al. [P1] Jenkins & Chen [P2] Nexa Group [P3]
Network Assumption Partial Asynchrony (GST) Asynchronous WAN Synchronous LAN / Edge
Fault Model Crash-Recovery + Byzan- Byzantine Churn (f < Fail-Stop Only
tine n/3)
Commit Latency 1 RTT (Optimistic) / 3 2 RTT + Epoch Sync 2 RIT (Direct Log
RTT Stream)
Reconfiguration Static Configuration Epoch-based  Dynamic Joint Consensus (Raft)
Quorums
Memory Bound O(N - Window) O(N - Epochs) O(Active Snapshots)

2.2 Trade-offs in Dynamic Quorum Maintenance

Jenkins and Chen ([P2]) pick up where [P1] leaves off by addressing node departure and joining
in WAN environments. While [P1] assumes a static universe of N processes, real-world cloud
infrastructures (such as Vertex Distributed Storage or Apex Engine) undergo constant maintenance,
partition recovery, and spot instance terminations.

The authors propose Epoch-Shift, a mechanism that decouples state machine execution from
membership agreement. Instead of stalling the consensus pipeline during reconfiguration, [P2] runs
a lightweight parallel consensus instance to elect the epoch configuration Fj; while E}, processes
client payload writes. However, this approach exposes an interesting edge case: if £, and Ej 1
experience concurrent partitions, client requests can be committed in Ej but omitted from the
initial snapshot transferred to Fj .

3 Critical Evaluation & Methodological Weaknesses

W1. Unrealistic Asymmetry Assumptions in Thorne et al. [P1]:
The paper evaluates speculative state replication over a controlled 5-region AWS deployment.
However, their synthetic workload benchmark assumes symmetric link latencies between all
leader-follower pairs. In production networks managed by Nimbus Cloud, cross-Atlantic latency
exhibits significant jitter (02 > 45ms). Under such variance, the fast-path condition (Qg,g) falls
back to the slow-path in 38% of trials, incurring a double-penalty of execution rollback and
state repair.

W2. Unbounded State Growth during Reconfiguration Catch-up [P2]:
Jenkins and Chen rely on sliding-window state checkpoints to onboard new quorum members
in [P2]. When churn rates exceed 12% per epoch, the delta log required to synchronize a
joining node exceeds the snapshot buffer size. The paper fails to quantify the threshold at
which memory exhaustion triggers cascading node evictions.

W3. Over-Reliance on Hardware Security Modules (HSM) in Nexa Tech Report [P3]:
[P3] achieves impressive memory compaction numbers (74% reduction in RAM consumption)
by offloading signature verification and log sequence hashing to dedicated TPM/HSM units.
This assumption limits applicability in modern serverless environments (e.g., Meridian Edge
Functions) where hardware enclave access is restricted or virtualization overhead negates
throughput gains.
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4 Discussion Questions & Seminar Prompts

@ Prompt 1: Speculative Rollbacks vs. Storage Durability

In [P1], fast-path speculative execution modifies memory state before disk synchronization com-
pletes. If a power failure occurs simultaneously across f + 1 nodes during an uncommitted
speculative window, can state corruption be strictly isolated without invalidating non-volatile RAM
logs? How would you design a recovery protocol that avoids replaying phantom operations?

> Key Angles: NVRAM persistence guarantees, linearizability vs. sequential consistency, hardware
costs.

> Target Audience: Distributed storage engineers and transaction processing specialists.

© Prompt 2: Governance & Security under High Churn Rates

Jenkins and Chen ([P2]) argue that epoch transitions can occur as frequently as every 5 seconds
under severe network volatility. Does this high re-configuration frequency open a novel attack vector
where a malicious actor can orchestrate a Sybil attack by selectively delaying epoch ACK messages,
thereby freezing the consensus membership indefinitely?

> Key Angles: Adversarial network manipulation, protocol liveness vs. safety under active Denial of
Service.

> Target Audience: Fault-tolerant protocol designers and security researchers.

© Prompt 3: Real-World Viability of Hybrid Consensus Engines

Comparing [P1] and [P3], is it practical to construct a hybrid state machine engine that dynamically
switches between speculative fast-paths during peak hours and compact storage-constrained Raft
modes during batch maintenance windows? What metadata overhead would such runtime mode
switching introduce?

> Key Angles: Operational complexity, dynamic reconfiguration bugs, production maintainability.

5 Synthesis of Future Research Directions

Based on this week’s papers, three promising research avenues emerge for potential term projects
or thesis work:

Speculative Epooh Handbhake Zero-Trust Dy- Lo Pruning Hardware-Assisted
WAN Consensus namic Quorums Compaction
([P1] Extension) ([P2] Extension) ([P3] Extension)

Figure 1: Interconnection of Future Research Tracks

Track A: Machine-Learned Latency Predictors for Speculative Paths Rather than using static thresh-
old estimates degimated @s in [P1], replace the fast-path trigger with a lightweight online neural
predictor that forecasts link congestion based on real-time telemetry from Vertex edge routers.



CS 8803: Advanced Distributed Systems | Seminar Response Week 7: Fault-Tolerant Consensus

Track B: Formally Verified Reconfiguration in TLA+ Neither [P1] nor [P2] provides mechanically
verified safety proofs for concurrent epoch updates during split-brain recovery. A valuable
contribution would be modeling [P2]’s Epoch-Shift protocol in TLA+ / TLC to verify invariant
retention under network partitions.
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