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1. Abstract 

A single PostgreSQL primary is a strong default for transactional workloads, but it has one writer, 

one failure domain for writes, and a capacity ceiling set by one machine. Distributed SQL 

databases remove these limits by splitting tables into shards, replicating each shard with a 

consensus protocol, and running transactions across shards, while keeping a SQL interface 

and, increasingly, PostgreSQL compatibility. This paper examines how they do so. It describes 

the three layers these systems share (SQL, transactions and distributed key-value storage) and 

contrasts shared-nothing designs with disaggregated compute and storage. It then covers 

consensus replication, leader leases and follower reads; hash and range sharding, automatic 

splitting and multi-region placement; distributed commit, clocks and isolation levels; the 

storage engines underneath; and the three main approaches to PostgreSQL compatibility. It 

closes with a qualitative comparison, open challenges framed as research directions and 

opportunities, and notes for platform decisions that also conclude the series. 

2. Introduction 

2.1 What distributed SQL adds to a single PostgreSQL primary 

A single-node relational database scales up rather than out. Read replicas add read capacity 

and standbys restore service after a failure, but writes still pass through one node, and 

asynchronous standbys can lose recently committed transactions when they are promoted. 

Distributed SQL systems change three things. They partition data into shards that different 

nodes serve, so write capacity and storage grow with the cluster. They replicate each shard 

synchronously with a consensus protocol, so the loss of a node, zone or region need not lose 

committed data or stop service. And they provide transactions that span shards, so 

applications are not forced to shard data and coordinate commits themselves. 

Google's Spanner established the pattern: data sharded across many Paxos groups, 

synchronous replication across data centers, and externally consistent transactions built on a 

clock API that exposes its own uncertainty [1]. Spanner later gained a full SQL query layer with 

distributed execution that tolerates resharding [2]. CockroachDB [3], TiDB [4] and YugabyteDB 

[5] apply related ideas with the Raft consensus protocol on commodity infrastructure. 

2.2 Scope 

This paper covers the storage, replication, sharding, transaction and compatibility mechanisms 

of distributed SQL databases, with disaggregated cloud databases as a contrasting design. It 

concentrates on peer-reviewed work from 2021 to 2026 and on official documentation, and 

cites earlier work where it introduced an idea still in use. Statements about products reflect 

documentation accessed on 26 October 2026. It does not report benchmark figures, latency 

figures or recovery objectives. Where a paper reports results, we describe them qualitatively 

and attribute them to the authors. 

2.3 How this paper builds on papers 1 to 5 

Paper 1 classified storage engines by their dominant trade-off. Distributed SQL is not a 

separate class in that taxonomy: it is a distribution layer built over storage engines, most often 

Class A LSM-trees. Paper 2 described those engines (RocksDB, Pebble, the RocksDB fork in 

YugabyteDB's DocDB, and TiKV's use of RocksDB), and this paper refers to it rather than 
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repeating compaction and tuning detail. Paper 3's columnar formats reappear in the 

analytical replicas of HTAP systems (Section 7.4). Paper 4's vector workloads and paper 5's 

object-storage tables reappear in the open challenges. 

3. Architecture building blocks 

3.1 Three layers 

Most distributed SQL systems separate a SQL layer, a transaction layer and a distributed key-

value storage layer. The SQL layer is usually stateless, so any node can accept a connection; 

the transaction layer assigns timestamps, detects conflicts and makes commits atomic; and 

the storage layer maps rows and index entries to keys, splits the key space into shards and 

replicates each shard. CockroachDB describes its architecture as such a layered stack over a 

replicated, transactional key-value store [3]. TiDB places a stateless SQL server over TiKV, a 

transactional key-value store organized into Regions, with a Placement Driver that holds cluster 

metadata, schedules data placement and issues timestamps [4], [6]. YugabyteDB divides itself 

into a query layer and DocDB, a document store built on a customized RocksDB, with a YB-

Master service for the catalog and orchestration [5]. 

3.2 Shared-nothing distributed SQL 

In shared-nothing designs, each node stores and serves some shards, and no storage is shared 

between nodes. Scaling out adds nodes that take over shards, and fault tolerance comes 

from replicating each shard to several nodes. Spanner, CockroachDB, TiDB, YugabyteDB, 

OceanBase and PolarDB-X follow this model in different forms [1], [3], [4], [5], [7], [8]. 

3.3 Disaggregated compute and storage 

A second family keeps a single writer but separates the database engine from a shared, 

replicated storage service. Amazon Aurora pushes redo processing into a multi-tenant storage 

service and sends only log records over the network; its authors argue that the network, rather 

than compute or storage, had become the central constraint [9]. Socrates, the architecture 

behind Azure SQL Database Hyperscale, separates compute, a log service, page servers and 

durable storage, so that durability and availability are handled by different tiers [10], [11]. 

Taurus separates compute and storage in a similar way and contributes its own replication and 

recovery algorithms [12]. Neon applies the idea to PostgreSQL: compute nodes run 

PostgreSQL, safekeepers make the write-ahead log durable through Paxos, pageservers 

reconstruct page versions on demand, and object storage holds long-term history [13]. 

PolarDB Serverless extends disaggregation to a remote memory pool as well as storage [14]. 

These systems scale storage and read replicas independently, but writes remain bounded by 

one primary. Wang and Zhang survey the research challenges of such disaggregated systems 

[15], and Pang and Wang use a PostgreSQL-based prototype to measure the effect of 

individual design principles, such as log-as-the-database and log replay strategies [16]. 

3.4 Unbundled, sharded and serverless designs 

The two families are converging. FoundationDB unbundles a transactional key-value store into 

separately scaled roles (a sequencer, proxies, conflict resolvers, log servers and storage 

servers) and leaves SQL to layers built on top [17], [18]. Amazon Aurora DSQL separates query 

processing, commit adjudication, a replicated journal and storage into independent services; 
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query processors run a customized PostgreSQL engine, and storage is sharded by key range 

[19]. Aurora PostgreSQL Limitless Database takes a third route: routers accept connections and 

coordinate distributed transactions, while shards are Aurora PostgreSQL instances that each 

hold part of the hash-sharded tables [20]. Citus distributes PostgreSQL itself, with a coordinator 

routing queries to worker nodes that hold shards [21], [22]. 

4. Replication and consensus 

4.1 A consensus group per shard 

Distributed SQL systems replicate each shard with its own consensus group rather than 

replicating whole nodes. Chandra et al. describe how much engineering a production Paxos 

implementation at Google required beyond the algorithm itself [23]. Raft decomposes 

consensus into leader election, log replication and safety, with an explicit mechanism for 

membership changes, and was designed to be easier to implement correctly [24]. Spanner 

runs a Paxos state machine per tablet [1]; CockroachDB, TiKV and YugabyteDB run one Raft 

group per range, Region or tablet [25], [4], [5]. 

With a replication factor of 3, a group tolerates the loss of one replica; with 5, it tolerates two. 

In general, surviving the failure of f fault domains requires at least 2f + 1 of them, so surviving a 

region failure with synchronous replication requires three regions [26], [25]. 

4.2 Leaders, leases and consistent reads 

A leader orders writes for its group. Serving a consistent read from the leader alone is safe only 

if the leader knows it has not been replaced, which requires either a quorum check per read 

or a time-based lease. CockroachDB designates one replica per range as leaseholder, which 

serves reads without a consensus round and proposes writes; its current leader-lease design 

keeps the leaseholder and the Raft leader on the same replica and bases lease validity on 

store-level liveness support from a quorum, removing an earlier dependency on a single 

liveness range [25]. YugabyteDB's Raft implementation adds leader leases and serves strongly 

consistent reads and writes from the tablet leader [5]. Davis, Demirbas and Deng observe that 

prior lease protocols were vaguely specified and that many Raft systems implement them 

incorrectly or not at all; their LeaseGuard protocol, specified in TLA+, builds on Raft's election 

guarantees and improves availability during failover [27]. 

4.3 Follower reads and read replicas 

Reading from a nearby follower avoids a trip to a distant leader, at some cost in freshness or 

coordination. CockroachDB advances a closed timestamp per range: once it passes a time, 

no new writes can land at or below it, so any replica can serve reads at or below that time. 

Exact-staleness reads choose a fixed past timestamp, and bounded-staleness reads let the 

system pick the freshest locally servable time [28]. CockroachDB's multi-region work adds 

global tables, whose writes take longer so that strongly consistent reads can be served locally 

in every region [29], [28]. Spanner distinguishes strong reads from stale reads at an earlier 

timestamp, which do not block writes [30]. Non-voting replicas in CockroachDB and read 

replicas in YugabyteDB receive the replication stream without joining the write quorum; 

YugabyteDB describes the data they serve as timeline-consistent, possibly slightly stale [25], 

[26]. 
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4.4 Asynchronous replication between clusters 

When three regions are unavailable or cross-region write latency is unacceptable, two clusters 

can be linked asynchronously. YugabyteDB's xCluster replicates write-ahead log records from 

a source universe to a target universe; its transactional mode keeps the target read-only and 

exposes source transactions atomically and in commit order, while unplanned failover can 

lose transactions not yet replicated [26]. Hyperscale offers geo-secondary replicas with 

separate storage for disaster recovery [11]. GaussDB-Global, from the research literature, uses 

asynchronous replication with synchronized clocks and supports reads on asynchronous 

replicas with tunable freshness [31]. In each case, lower write latency and fewer sites are 

bought with a window of possible data loss and stale reads that teams must size and test. 

5. Sharding and data placement 

5.1 Hash and range sharding 

Hash sharding spreads keys evenly and suits point lookups but scatters ranges; range sharding 

keeps keys in order for scans but concentrates sequential inserts on the last shard. YugabyteDB 

supports both, choosing per table or index through the primary key definition [5]. 

CockroachDB, TiKV and Spanner split the ordered key space into ranges [3], [4], [1]. Aurora 

DSQL partitions storage by range to preserve locality and its authors describe a planned hybrid 

that distributes sub-ranges of write-heavy keys by hash [19]. Limitless Database and Citus use 

hash distribution on a declared shard key or distribution column, and both let related tables be 

co-located on the same key, while small tables can be replicated to every shard as reference 

tables [20], [22]. 

5.2 Splitting, rebalancing and hot spots 

Shards must split as data grows and move as nodes join or fail. YugabyteDB splits tablets 

automatically when they exceed size thresholds that rise as the number of tablets per node 

grows [5]. CockroachDB also splits ranges by load: when a range is busy, it samples keys and 

splits only if the split balances load and does not make many requests cross the new 

boundary, and it rebalances leases and replicas by load [32]. Aurora DSQL's control plane 

tracks heat and size and splits, merges and replicates shards [19]. 

Splitting cannot fix every hot spot. A single popular row cannot be split, and monotonically 

increasing keys always write to the newest range; CockroachDB's logs distinguish these cases 

[32], and TiDB documents write hot spots from sequential keys and monotonic index columns, 

mitigated by scattering row identifiers or using randomly distributed keys [33]. Aurora DSQL's 

documentation advises random primary keys to avoid contention [34]. Elasticity also has a 

cost in transactions: Accordion showed that placement must consider which partitions are 

accessed together, because scaling out can turn local transactions into distributed ones [35]. 

5.3 Multi-region placement and geo-partitioning 

Multi-region deployments decide, per table or per row, where replicas and leaders live. 

VanBenschoten et al. describe how CockroachDB maps declarative SQL statements about 

data locality and survival goals to replica placement and partitioning, how every layer from 

the optimizer to replication was extended for multi-region workloads, and a transaction 

protocol for local, strongly consistent reads from any replica [29]. YugabyteDB offers preferred 

leader regions, follower reads, row-level geo-partitioning through tablespaces with per-region 
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placement, xCluster and read replicas as distinct patterns with different failure behavior [26]. 

Geo-partitioning serves both data residency and latency, but a partition whose replicas all sit 

in one region becomes unavailable if that region fails, and queries that touch several regions 

still pay cross-region round trips [26]. 

6. Distributed transactions and time 

6.1 Commit across shards 

A transaction that writes to several shards must commit on all of them or none. Most systems 

run a form of two-phase commit in which each participant, and often the commit record, is 

itself replicated by consensus. Percolator showed how to build multi-row transactions on a 

sharded store with a primary lock and timestamps from a central oracle [36]; TiDB adopts this 

model, with timestamps issued by the Placement Driver as a physical and a logical part [4], [6]. 

CockroachDB writes provisional values called write intents, tracks each transaction in a record, 

and uses a parallel commit protocol that shortens commit to one round of consensus [37]. 

YugabyteDB stores provisional records in a separate RocksDB instance per tablet and tracks 

transaction state in a replicated transaction status tablet [38]. Aurora DSQL buffers writes in the 

query processor until commit, when adjudicators check write-write conflicts and choose a 

commit time, and the transaction is written atomically to a journal [19]. Xu et al. describe a 

tree-structured two-phase commit for OceanBase that coalesces co-located partitions into 

one participant and handles participants that move during a transaction [39]. 

6.2 Clocks: TrueTime, hybrid logical clocks and bounded uncertainty 

Multi-version concurrency control needs timestamps that respect real-time order across nodes. 

Spanner's TrueTime returns an interval that contains the true time; a transaction waits out the 

uncertainty before its commit becomes visible, which yields external consistency [1], [30]. 

Hybrid logical clocks combine physical time with a logical counter, so timestamps stay close to 

physical time while preserving causality without special hardware [40]. CockroachDB and 

YugabyteDB use hybrid logical clocks [37], [38]. Without a tight bound, they handle 

uncertainty differently: CockroachDB restarts reads that encounter values within an 

uncertainty window and stops a node whose clock drifts too far [37], and YugabyteDB notes 

that conflict resolution depends on the maximum clock skew, which can raise conflicts or 

latency [38]. 

Bounded-uncertainty clocks are now available outside Google. ClockBound reports an 

interval of earliest and latest possible time from the local clock's error bound [41]. YugabyteDB 

can use ClockBound as its time source on supported clouds, optionally with the Precision Time 

Protocol [42], and the Aurora DSQL paper ties transaction start timestamps to the provider's 

precision time infrastructure, noting that clock error beyond expected bounds can cost 

linearizability but not isolation [19]. Datacenter clock synchronization research continues to 

narrow these bounds [43]. 

6.3 Isolation levels 

PostgreSQL defaults to Read Committed; its Repeatable Read is snapshot isolation; and its 

Serializable level adds Serializable Snapshot Isolation, which detects dangerous dependency 

patterns with non-blocking predicate locks [44], [45]. Distributed SQL systems map these levels 

differently. CockroachDB defaults to Serializable and also supports Read Committed, which 
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avoids most client retries [37]. YugabyteDB supports Serializable, Snapshot (as Repeatable 

Read) and Read Committed with PostgreSQL's semantics; Read Committed is enabled by 

default for new universes from v2025.2 when deployed with yugabyted or YugabyteDB, Inc.'s 

managed tools, and otherwise falls back to Snapshot [38]. Aurora DSQL fixes isolation at strong 

snapshot isolation, equivalent to PostgreSQL Repeatable Read, and resolves conflicts 

optimistically at commit with a serialization error [19], [34]. Spanner provides external 

consistency with serializable isolation by default [30]. TiKV provides snapshot isolation by 

default [6]. 

The same isolation name can therefore imply different retry and locking behavior on each 

system, so applications should test these paths explicitly. 

6.4 Deterministic and geo-optimized alternatives 

Deterministic databases agree on the order of transactions before executing them, which 

removes two-phase commit. Calvin replicates transaction inputs rather than effects [46]. SLOG 

assigns each item a home region so that most transactions commit locally while multi-home 

transactions remain strictly serializable [47], and Detock adds deadlock resolution that, its 

authors report, keeps multi-region transactions efficient under high contention [48]. These 

designs usually require knowing a transaction's read and write sets in advance and submitting 

it in one request. Nguyen et al. studied open-source applications and found the second 

assumption weaker in practice than the first: many transactions are interactive [49]. Other 

research reorders conflicting transactions by priority across regions, as in Natto [50], or 

replicates every update to multiple masters with epoch-based merging, as in GeoGauss [51]. 

7. Storage engines underneath 

7.1 LSM-based key-value stores per node 

Most shared-nothing distributed SQL systems store each node's shards in an LSM-tree. As paper 

2 described, CockroachDB uses Pebble, TiKV uses RocksDB, and YugabyteDB's DocDB runs a 

customized RocksDB per tablet and disables the RocksDB write-ahead log because the Raft 

log already provides durability. The LSM suits the workload: replicated writes arrive as ordered 

batches, and MVCC adds versions that compaction later removes. Paper 2's concerns (write 

stalls, compaction debt, tombstones and space amplification) therefore apply per node, 

multiplied across replicas. 

7.2 Other storage designs 

Not every system uses an LSM. Spanner stores data in a blockwise-columnar format described 

in its SQL paper [2]. FoundationDB's storage servers have used a B-tree derived from SQLite, 

with the Redwood engine as its successor [17], [18]. OceanBase uses its own storage engine 

and, in the Paetica design, runs the same architecture as a single machine or a distributed 

cluster [7], [52]. In disaggregated systems the storage engine is a service: Aurora's storage tier 

applies redo log records [9], and Hyperscale page servers replay the log for their slices of the 

database [11]. 

7.3 Tiered and object storage for cold data 

Object storage is entering the transactional stack as the durable layer behind caches. Neon's 

pageservers are backed by object storage that holds history while compute reads only from 
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caches and pageservers [13]. Hyperscale stores data files and log records in Azure storage 

[11]. Aurora DSQL relies on its journal and object storage for durability rather than on the 

storage nodes [19]. Spanner lets locality groups place data on SSD or HDD, with an optional 

age-based policy that moves older data during compaction [30]. A miss to a colder tier adds 

latency that service objectives must account for. 

7.4 Analytical replicas and HTAP 

Consensus logs can feed analytical copies. TiDB replicates Raft logs asynchronously to learner 

replicas in TiFlash, which convert rows to columns; before serving a read, a TiFlash replica 

confirms with the leader that it has caught up to the read timestamp, so analytical queries see 

consistent data [4], [53]. F1 Lightning adds HTAP to existing transactional systems through 

change data capture into a columnar store queried by a federated engine [54]. PolarDB-IMCI 

adds in-memory column indexes to read-only nodes of a disaggregated database [55]. Zhang 

et al. classify such designs by storage architecture and identify data synchronization and 

freshness as recurring challenges [56]. 

8. PostgreSQL compatibility 

8.1 Three approaches 

Systems claim PostgreSQL compatibility at different depths. The first approach reuses 

PostgreSQL's own query layer. YugabyteDB's YSQL reuses a fork of the PostgreSQL query layer 

over DocDB; stable series from v2025.1 are based on PostgreSQL 15, and earlier series on 

PostgreSQL 11 [57]. Aurora DSQL reuses PostgreSQL's parser, planner, executor and wire 

protocol but replaces storage, transaction processing, the buffer pool and the lock manager 

[19]. Neon runs PostgreSQL compute over a new storage service [13], the same principle 

Aurora applies with its own storage tier [9]. 

The second approach reimplements SQL behind the PostgreSQL wire protocol. CockroachDB 

speaks version 3.0 of the protocol and supports much of PostgreSQL's syntax with its own SQL 

engine [58]. Spanner's PostgreSQL interface supports a subset of the PostgreSQL dialect and 

the wire protocol, directly or through the PGAdapter proxy, and does not support extensions, 

user-defined types or stored procedures [59]. 

The third approach extends PostgreSQL itself. Citus is an extension that distributes tables, 

queries and transactions across PostgreSQL servers, so each worker runs ordinary PostgreSQL 

and the coordinator routes, splits and merges queries across them [21], [22]. Limitless Database 

follows a similar router-and-shard model built on Aurora PostgreSQL [20]. 

8.2 What typically differs 

Even the closest reuse leaves differences, because storage, locking and DDL must work across 

nodes. Documented gaps fall into recurring groups: 

• Constraints and indexes. YugabyteDB lists exclusion and deferrable constraints, GiST 

indexes and some index types as unsupported [57]; CockroachDB lists range types and 

some schema operations [58]. 

• Locking and isolation. CockroachDB supports transaction-scoped but not session-scoped 

advisory locks, and reports deadlocks as retry errors [58]; Aurora DSQL implements `SELECT 
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... FOR UPDATE` through commit-time conflict detection rather than locks [34]. Retry 

handling becomes a normal code path. 

• DDL. DDL inside an explicit transaction does not behave as in PostgreSQL on YugabyteDB, 

according to its migration known-issues list [57]; Aurora DSQL requires DDL and DML in 

separate transactions [34]. 

• Extensions and procedural code. Spanner's interface does not support extensions [59]; 

Aurora DSQL supports SQL functions but not PL/pgSQL [34]; YSQL supports many extensions, 

but unsupported ones fail at schema import [57]. 

• Sequences and identifiers. Monotonic identifiers create hot spots on range-sharded data 

and need coordination across nodes, so systems recommend random or hash-distributed 

keys and document sequence behavior separately [34], [33], [58]. 

• Performance characteristics. Joins, foreign-key checks and index lookups that are local on 

one node can cross the network. Plans that suit PostgreSQL may not suit a distributed 

system, and Spanner's documentation expects rework for query optimization and primary-

key design [59]. 

8.3 Migration considerations 

Compatibility is a property of the application, not of the product. A service that uses plain 

tables, indexes and transactions may move with little change; one that relies on extensions, 

advisory locks, transactional DDL or deferrable constraints needs design decisions first. A sound 

migration inventories schema objects and queries with the target project's assessment tools, 

tests against the exact release and configuration that production will run, redesigns primary 

keys for distribution, rehearses data movement with reconciliation, and keeps a fallback path 

until cutover is proven. Tools cannot see code paths that never ran during assessment. 

9. Comparative analysis 

Table 1 compares architecture families discussed in this paper, with representative systems. The 

ratings are qualitative and relative to each other. Actual behavior depends on version, 

configuration, topology, schema design and workload. 

Architecture family 

(examples) 
Consistency 

model 
Scaling 

model 
Multi-region 

support 
PostgreSQL 

compatibility 

approach 

Best-fit 

workloads 

Single-node 

PostgreSQL with 

streaming replicas 

(baseline) 

Serializable 

available; 

strong on the 

primary; 

replicas may 

lag 

Scale up; 

read 

replicas for 

reads 

Low 

(asynchronous 

standbys; failover 

can lose recent 

commits) 

Native Workloads one 

primary can 

serve, with 

standby-based 

recovery 

Extension-based 

sharding (Citus; 

Aurora Limitless as a 

related router-and-

shard model) 

PostgreSQL 

semantics 

per shard; 

distributed 

transactions 

coordinated 

by a 

coordinator 

or router 

Scale out 

by shard 

key; co-

located 

and 

reference 

tables 

Low to Medium 

(inherits the 

replication 

options of the 

underlying 

PostgreSQL 

deployment) 

PostgreSQL 

itself on each 

node, plus 

distribution 

metadata 

Multi-tenant 

and analytics-

heavy 

applications 

with a clear 

shard key 
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Architecture family 

(examples) 
Consistency 

model 
Scaling 

model 
Multi-region 

support 
PostgreSQL 

compatibility 

approach 

Best-fit 

workloads 

Shared-nothing, 

PostgreSQL query 

layer reused 

(YugabyteDB) 

Raft per 

tablet; 

Serializable, 

Snapshot and 

Read 

Committed 

Scale out; 

hash or 

range 

sharding; 

automatic 

tablet 

splitting 

High (synchronous 

across three or 

more regions, 

geo-partitioning, 

xCluster, read 

replicas) 

Forked 

PostgreSQL 

query layer 

over 

distributed 

storage 

PostgreSQL 

applications 

needing zone 

or region 

resilience or 

write scale 

Shared-nothing, 

PostgreSQL wire 

protocol 

(CockroachDB) 

Raft per 

range; 

Serializable 

by default, 

Read 

Committed 

available 

Scale out; 

range 

sharding 

with size- 

and load-

based splits 

High (declarative 

multi-region 

tables, follower 

reads) 

Own SQL 

engine 

behind the 

PostgreSQL 

wire protocol 

Geo-distributed 

OLTP with 

strong 

consistency 

requirements 

Synchronized-clock 

global database 

(Spanner) 

Paxos per 

tablet; 

external 

consistency 

Scale out; 

range 

sharding 

with 

automatic 

resharding 

High (synchronous 

replication across 

data centers) 

PostgreSQL 

dialect subset 

and wire 

protocol via 

an interface 

Globally 

distributed OLTP 

on a managed 

service 

Disaggregated single 

writer (Aurora, 

Hyperscale, Neon) 

PostgreSQL or 

SQL Server 

semantics on 

one writer 

Scale 

storage 

and read 

replicas; 

one writer 

Medium (geo-

secondary or 

cross-region 

replicas, typically 

asynchronous) 

PostgreSQL 

itself over 

replicated 

storage 

(Aurora 

PostgreSQL, 

Neon) 

PostgreSQL 

workloads 

needing elastic 

storage, fast 

replicas or 

branching 

without write 

scale-out 

Serverless 

disaggregated 

distributed SQL 

(Aurora DSQL) 

Strong 

snapshot 

isolation with 

optimistic 

commit 

Independe

nt scaling 

of query, 

commit 

and 

storage 

services 

High (active-

active multi-

region) 

PostgreSQL 

parser, 

planner and 

executor 

over new 

storage; 

reduced 

feature 

surface 

New 

applications 

designed for 

optimistic retries 

and serverless 

operation 

MySQL-compatible 

HTAP (TiDB, for 

contrast) 

Raft per 

Region; 

snapshot 

isolation by 

default 

Scale out; 

range 

sharding 

with Region 

splits 

Medium (Raft 

replicas can span 

zones or regions) 

None (MySQL 

protocol) 
Mixed 

transactional 

and analytical 

workloads in 

the MySQL 

ecosystem 

 

Table 1: Qualitative comparison of distributed SQL architecture families and related designs. 

10. Open challenges and future opportunities 

10.1 Cross-region latency versus consistency 

Challenge. Synchronous replication across regions puts at least one cross-region round trip on 

every write, and strongly consistent reads must reach a leaseholder or wait for closed 

timestamps [29], [28]. Research direction. Home-region designs such as SLOG and Detock 

make most transactions local [47], [48]; priority-aware ordering reduces tail latency for 
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important transactions [50]; global tables trade write latency for local strong reads [29]; and 

active-active designs such as Aurora DSQL confine cross-region coordination to commit [19]. 

Opportunity. Placement that adapts to observed access locality, per table or per row, would 

let systems move leaders and home regions as traffic shifts, rather than relying on static 

declarations. 

10.2 Tail latency and hot spots under skew 

Challenge. Skewed keys, sequential inserts and popular rows concentrate load on one shard, 

and splitting does not help a single hot key [32], [33]. Optimistic designs turn contention into 

aborts and retries [34]. Research direction. Load-based splitting with balance and boundary-

crossing checks [32], affinity-aware placement [35], hybrid range-and-hash partitioning [19] 

and contention-aware deterministic ordering [48] each address part of the problem. 

Opportunity. Systems that report contention per key and per index, and suggest schema 

changes such as key randomization or co-location, would shorten diagnosis, which today 

depends on log messages and expertise. 

10.3 Elasticity and serverless economics 

Challenge. Scaling out moves data, and scaling to zero requires that no durable state live in 

compute. Shared-nothing systems must rebalance replicas; serverless systems must restore 

caches and connections quickly. Research direction. CockroachDB Serverless virtualizes 

clusters for many tenants on shared infrastructure, with scaling from zero and isolation between 

tenants [60]. Marlin moves cluster coordination into the cloud database itself rather than an 

external coordination service [61]. PolarDB Serverless, Neon and Aurora DSQL separate state 

from compute [14], [13], [19]. Opportunity. Cost models that price data movement, replication 

and cold starts alongside compute would let teams predict the cost of elasticity before 

deployment. 

10.4 Compatibility gaps and migration effort 

Challenge. Every system in this paper documents PostgreSQL features it lacks or implements 

differently (Section 8.2), and the lists change with each release [57], [58], [34], [59]. Research 

direction. Reusing the PostgreSQL query layer narrows syntax and semantic gaps [57], [19], and 

migration assessment tools, such as YugabyteDB Voyager's assessment report, inventory 

unsupported schema features and query constructs before a move [57]. Opportunity. A 

shared, versioned conformance suite for PostgreSQL behavior (isolation, locking, DDL, 

sequences and common extensions), published per system and release, would replace broad 

claims of compatibility with testable statements. 

10.5 HTAP freshness in distributed SQL 

Challenge. Analytical replicas fed from consensus logs or change streams lag the 

transactional copy, and reconciling freshness with isolation is harder when data spans many 

shards [56]. Research direction. TiFlash learners check replication progress against the leader 

before serving reads [53]; F1 Lightning adds HTAP to existing systems without owning them [54]; 

and PolarDB-IMCI keeps column indexes on read-only nodes [55]. Opportunity. Exposing 

freshness as an explicit, per-query parameter, as follower reads already do for staleness [28], 

would let analytical users trade freshness for isolation deliberately. Paper 5's open table 

formats are a related target for exporting consistent snapshots to the lakehouse. 
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10.6 Operational complexity and observability 

Challenge. A distributed database has many more components than a single primary: 

consensus groups, leases, placement policies, clocks, background splits and cross-cluster 

replication. Failures of interaction between them are hard to observe. Research direction. Elle 

checks client-observed transaction histories, such as those recorded under fault injection, for 

anomalies that violate a database's stated isolation level [62]; formal specification, as in 

LeaseGuard's TLA+ model, makes protocols checkable [27]. Opportunity. Built-in tools that 

explain why a transaction retried, why a range moved or why a read was stale, tied to the 

placement and isolation settings in force, would reduce the expertise needed to run these 

systems. 

10.7 Clock and failure-model assumptions 

Challenge. Correctness and performance rest on assumptions about clock error and failure 

behavior. Systems based on hybrid logical clocks depend on a configured maximum offset 

[37], [38]. Gray failures, in which components degrade without failing outright, evade failure 

detectors [63], and metastable failures persist after their trigger is removed [64]. YugabyteDB's 

documentation notes that a leader with a stalled log can keep its leadership while it still 

heartbeats [5]. Research direction. Bounded-uncertainty clocks [41], [42], [43], store-level 

liveness for leases [25] and rigorously specified lease protocols [27] tighten these assumptions. 

Opportunity. Fault-injection suites that include clock drift, slow disks and partial partitions, run 

before each upgrade, would test the assumptions that availability claims depend on. 

10.8 The cost of strong consistency for AI and agent workloads 

Challenge. AI agents generate many speculative queries and writes [65], and branchable 

databases face a tension between fast branching and fast data operations [66]. Strong 

consistency across regions adds latency and cost to every write, whether or not an agent's 

exploratory change will be kept. Research direction. Agent-first data systems research 

proposes new interfaces, query processing and memory stores for this workload [65]; copy-on-

write branching in disaggregated storage lets agents work on isolated copies [13], [66]. 

Opportunity. Distributed SQL systems that offer cheap, isolated branches with explicit 

consistency levels per branch, and promote only accepted changes to strongly consistent 

storage, would match the cost of consistency to the value of the data. Paper 4's case for 

keeping vectors close to governed data applies equally. 

11. What this means for platform decisions 

Start with PostgreSQL when one primary, with standbys and tested recovery, meets the 

workload's capacity and resilience needs. Consider YugabyteDB, which Bassirah supports 

through independent open-source engineering (Bassirah is not a YugabyteDB, Inc. partner), or 

another distributed SQL option when zone or region resilience through synchronous replication, 

or write scale beyond one node, is a requirement, and budget for schema redesign, 

compatibility testing and the latency of synchronous replication. In each case, validate 

compatibility, failure behavior and performance on representative workloads before 

adoption, and assume no outcome from published results. 

This paper closes the Data Storage Engines series. Paper 1 argued that the class of engine a 

workload needs follows from its dominant trade-off; papers 2 to 6 examined those trade-offs in 
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LSM-trees, columnar engines, vector indexes, open table formats and distributed SQL. The 

same lesson recurs in every paper: choose the engine class before the product, then validate 

the product against the workload. 
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