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Abstract - Real-time search indexing in multi-region deployments is susceptible to contention, out-of-order updates, and
transient inconsistencies. This paper examines resilience patterns for sharded search index update protocols that employ per-
region action logs, conflict detectors, and bounded reconciliation windows to ensure both freshness and correctness targets.
The architecture integrates distributed consensus principles, causal ordering, and adaptive reconciliation strategies to
mitigate network latency, transient failures, and concurrent update contention. Evaluation metrics are defined to assess the
design’s ability to maintain query consistency, minimize reconciliation overhead, and sustain high availability under adverse
conditions.
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1. Introduction

Real-time search indexing enables low-latency retrieval of newly ingested data, supporting applications such as e-commerce
search, social media feeds, and enterprise knowledge bases. In geographically distributed deployments, index updates must be
propagated across regions with minimal delay while preserving correctness. However, contention between concurrent updates
and the arrival of out-of-order events can lead to stale or inconsistent query results [2][5]. This paper delves into resilience
patterns that address these challenges by designing sharded update protocols with per-region action logs, conflict detectors, and
bounded reconciliation mechanisms. The approach is grounded in distributed systems theory and informed by operational
practices from large-scale search infrastructures [3][4][9].

2. Purpose and Scope
2.1. Purpose

The paper aims to define a protocol-level design for resilient, real-time search indexing across multiple regions. The design
aims to ensure that updates are applied in a causally consistent manner, conflicts are detected and resolved deterministically, and
reconciliation is bounded to avoid unbounded resource consumption.

2.2. Scope
The scope is limited to the architectural and protocol design phase and evaluation. The focus is on:
e Sharded index update flows across regions.
e  Per-region action log structures for ordered event tracking.
e  Conflict detection algorithms based on vector clocks and semantic rules.
e Bounded reconciliation strategies that guarantee eventual consistency within defined freshness targets.

3. Related Work

Distributed indexing systems such as Elasticsearch, SolrCloud, and Azure Al Search employ replication and partitioning
to improve availability [2][8]. However, these systems often rely on eventual consistency without bounded reconciliation
guarantees, leading to unpredictable freshness under high contention.

Research on resilience patterns[1] in distributed systems [9][10] has emphasized the importance of fault isolation, adaptive
retry policies, and quorum-based validation. This paper extends these principles to the domain of real-time search indexing,
integrating per-region action logs with conflict detection and bounded reconciliation.

4. System Architecture
4.1. High-Level Overview
The architecture is composed of four primary subsystems. It is visualized in the Fig. 1.
e Sharded Index Partitions: Each region maintains a subset of the global index, partitioned by document or key space.



e Per-Region Action Logs: Append-only logs record update events with metadata including logical timestamps, source
region, and operation type.

e Conflict Detection Layer: Vector clocks and semantic rules identify conflicting updates, triggering resolution
workflows.

e Bounded Reconciliation Engine: A reconciliation window ensures stale updates are reconciled without indefinite
backlog growth.
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Fig 1: High Level Architecture

4.2. Subsystem Details

Per-Region Action Logs:

Each region maintains an append-only log capturing all update events. Entries include:
Document ID (doc_id)

Operation Type (op_type)

Logical Timestamp (Itime)

Region ID (region_id)

Vector Clock (vclock)

arwdE

Logs are replicated asynchronously to other regions, enabling causal ordering without requiring synchronous consensus for
every update.

4.3. Conflict Detection Layer

Conflicts are detected by comparing vector clocks and applying semantic rules:
1. Last-Write-Wins for mutable fields.
2. Merge Strategies for additive fields (e.g., tags, counters).
3. Custom Domain Rules for application-specific semantics.

5. Implementation

The proposed design is organized into three core implementation parts: Ingestion & Sharding, Action Log & Conflict
Handling, and Bounded Reconciliation & Index Commit. Each part is described at the protocol level to ensure clarity for
eventual deployment.
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5.1. Ingestion & Sharding
Updates enter the system through regional ingestion gateways that validate payloads and assign them to shards using

consistent hashing. It is represented in Fig. 2.
e Shard Mapping is maintained in a distributed configuration store (e.g., etcd, ZooKeeper) to ensure deterministic
routing.
e Streaming Mode is preferred for low-latency updates, while batch mode is reserved for bulk reindexing.
e Gateways attach metadata such as originating region ID and preliminary logical timestamps before forwarding updates
to the per-region action log.
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\> Shard 2

Fig 2: Ingestion Flow

5.2. Action Log & Conflict Handling
Each region maintains an append-only action log stored in a fault-tolerant backend (e.g., Apache Kafka, Azure Event

Hubs). The conflict workflow is represented in Fig. 3.
e Log Entry Structure: doc_id, op_type, Itime, region_id, vclock, payload.
e Replication: Asynchronous, with partitioning aligned to shard boundaries.

Conflict Detection:
e Vector Clock Analysis detects concurrent updates.
e Semantic Rules enforce domain-specific correctness (e.g., additive merges for counters).

Resolution Strategies:
o Last-Write-Wins for mutable fields.
o Field-Level Merge for additive data.
e  Custom Merge Functions for specialized domains.
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Fig 3: Conflict Workflow
This layer ensures timely delivery of enriched events to the compliance engine without compromising ordering or integrity.

5.3. Bounded Reconciliation & Index Commit
The bounded reconciliation engine ensures stale updates are resolved within a fixed window, preventing unbounded

backlog growth.
e Window Definition: Configurable by time (e.g., 30s) or event count (e.g., 500 updates).
e  Scheduling: Periodic scans of the action log for unresolved conflicts.
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e Termination: Updates older than the window are resolved using default strategies.

e Index Commit; Resolved updates are applied to shard segments, merged in background processes, and made query-
visible.

o Failure Recovery: Replay capability from logs ensures shard reconstruction after catastrophic even

6. Evaluation Strategy

The evaluation of the proposed design would be conducted in a controlled, simulated multi-region environment with fault
injection and variable network latency. The goal is to measure the design’s ability to meet defined SLA targets for freshness,
correctness, and resilience. Table I provides an overview of the key evaluation metrics

Table 1: Evaluation Metrics
Metric Description
Freshness Lag Time difference between update ingestion and visibility in all regions.
Conflict Resolution Latency | Time taken to detect and resolve a conflict from log arrival to shard commit.
Reconciliation Throughput Number of updates reconciled per unit time within the bounded window.
Index Consistency Rate Percentage of queries returning consistent results across regions.

6.1. Measurement Approach
e Freshness Lag: Measured using synchronized logical clocks across regions, capturing ingestion and commit
timestamps.
e Conflict Resolution Latency: Derived from action log arrival time and shard commit time for resolved updates.
e Reconciliation Throughput: Calculated by counting resolved updates per reconciliation cycle.
e Index Consistency Rate: Determined by issuing identical queries to all regions and comparing results for equivalence.

Each metric is continuously monitored using cloud-native observability dashboards (e.g., Azure Monitor, Amazon
CloudWatch, Grafana, Prometheus), ensuring performance tracking and real-time system reporting.

7. Technical Considerations
The design incorporates several critical technical factors:

e Clock Synchronization: Logical clocks (Lamport or Hybrid Logical Clocks) [9] are used to avoid reliance on physical
time, mitigating skew-related ordering errors. Hybrid logical clocks can improve ordering guarantees in high-latency
networks.

e Network Partition Handling: Temporary isolation of regions must not lead to unbounded reconciliation queues. The
bounded reconciliation window ensures predictable recovery and prevents resource exhaustion.

e Storage Efficiency: Action logs require compaction policies to remove superseded entries, reducing disk usage while
retaining replay capability for recovery.

e Security & Integrity: Updates are authenticated with region-specific keys to prevent malicious injection. Payload
hashes are stored to detect corruption during replication.

e Scalability: Shard rebalancing strategies must minimize disruption during topology changes. Consistent hashing
reduces the frequency of reassignments.

e Fault Isolation: Per-region logs and reconciliation engines isolate failures, preventing cascading inconsistencies across
the global index.

8. Challenges and Limitations

Despite the architectural rigor, inevitable challenges and limitations affect real-world rollouts.

Balancing freshness targets against reconciliation overhead in high-update environments.

Ensuring deterministic conflict resolution across heterogeneous data types and schemas.

Tuning reconciliation windows to meet diverse SLA requirements without over-consuming resources.
Handling extreme network partitions that exceed bounded reconciliation limits.

Managing storage growth in regions with sustained high ingestion rates.

Integrating with heterogeneous indexing backends without sacrificing resilience guarantees

9. Conclusion

This paper has outlined resilience patterns for real-time search indexing across regions, focusing on sharded update
protocols, per-region action logs, conflict detection, and bounded reconciliation. The design aims to guarantee freshness and
correctness targets under contention and out-of-order updates. By combining causal ordering, semantic conflict resolution, and
bounded reconciliation, the architecture addresses the operational realities of multi-region deployments. Future work will
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involve prototype implementation, empirical validation under production-scale workloads, and exploration of adaptive
reconciliation strategies that dynamically adjust window size based on observed contention.
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