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Abstract

Modern distributed systems replicate data across multiple execution sites to
achieve high availability, low latency, and resilience against a single point
of failure. These systems span heterogeneous platforms, ranging from na-
tive binaries to managed runtimes, thereby complicating the integration and
extension of replicated data libraries (RDLs) across diverse execution envi-
ronments. Contemporary RDLs typically presume a single dominant plat-
form or expose limited interoperability through foreign function interfaces
(FFIs), making cross-platform integration cumbersome. Moreover, extending
an RDL with new capabilities often requires deep integration with a specific
runtime or toolchain, hindering its reuse across diverse platforms. To ad-
dress these challenges, we present BabelRDL, a software architecture that
simplifies cross-platform interoperability and plug-in extensibility for repli-
cated data management. BabelRDL establishes a common data format
(CDF) that enables seamless interoperability among components running in
compiled, interpreted, and managed execution environments. Its extensi-
ble plug-in model allows developers to introduce new functionality within a
single language while preserving compatibility across others, reducing inte-
gration overhead and architectural fragmentation. We compare BabelRDL
with FFI-based RDL integration, measuring performance and software qual-
ity characteristics. BabelRDL delivers up to 4.6× lower latency and 3.2×
lower memory usage than FFI-based approaches, while improving throughput
and balancing integration effort and long-term maintainability. Specifically,
BabelRDL requires greater upfront integration effort but yields simpler,
more maintainable integration logic. As modern distributed systems increas-
ingly depend on seamless interaction between diverse platforms, our work



provides new insights into building maintainable, high-quality software ar-
chitectures for cross-platform replicated data systems.
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1. Introduction

To increase data availability, reduce access latency, and prevent a single
point of failure, distributed systems often replicate data across multiple exe-
cution sites (replicas) [1]. As replicas modify their local state, updates must
be synchronized across replicas to maintain consistency, which is achieved
via a consistency model [2]. Modern distributed systems commonly deploy
replicated data libraries (RDLs) to manage all interactions with and synchro-
nization of data. RDL serves as a foundational software component for data
replication, providing API methods for accessing and updating replicated
data and for synchronizing updates behind the scenes [3].

Evolving business needs and heterogeneous infrastructure often lead to
distributed components running across heterogeneous execution environments
[4]. While the need to replicate data in modern distributed applications has
led to the creation of various RDLs, most of which are tied to a specific execu-
tion platform or runtime [5]. If written in the same language, the application
code and an RDL can interact straightforwardly. When application code
at different replicas needs to be executed on diverse platforms, developers
integrate an RDL via foreign function interfaces (FFIs) [6, 7]. Some RDLs
provide special-purpose FFIs in the form of bindings for interoperability [8]
across particular runtime pairs (e.g., Rust↔JavaScript [9]). While FFIs can
enable the integration, they often come with convoluted build procedures,
dependency management, and debugging challenges [10, 11]. FFI-based in-
tegration becomes even more unwieldy when RDLs need to offer additional
functionalities, such as persistence and error handling [12, 13].

To address these challenges, this paper presents BabelRDL1, a cross-
platform software architecture designed to simplify interoperability and co-

1Our system title is inspired by the biblical story of the Tower of Babel, which explains
why people of the world speak different languages [14].
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ordination in replicated data systems. BabelRDL enables replicas running
on compiled, interpreted, and managed execution environments to coordinate
updates by exchanging synchronization messages in a common data format
(CDF). Furthermore, BabelRDL provides a plug-in architecture that sup-
ports systematic extension with new features. Developers can implement
an RDL plug-in on any platform, and the resulting feature will be seam-
lessly integrated with replicas across heterogeneous execution environments.
To that end, BabelRDL takes declarative metadata as input and gener-
ates the required cross-platform coordination functionality. In this way, Ba-
belRDL supports scalable replicated data management in heterogeneous
systems while offering a structured approach for extending RDLs with new
functionality.

By describing BabelRDL’s design, implementation, and evaluation, this
paper makes the following contributions:

1. A CDF-based software architecture for RDL design to enable efficient
integration and extension across heterogeneous replicated environments.

2. A reference implementation—BabelRDL that enables seamless inter-
action across diverse execution platforms in compiled, interpreted, and
managed environments, with plug-in support for additional feature ex-
tensions.

3. An evaluation comparing BabelRDL with FFI-based RDL integration
alternatives, demonstrating advantages in latency, memory consump-
tion, and throughput, while highlighting trade-offs between integration
effort and software quality.

The rest of this paper is structured as follows: Section 2 describes the
background and motivates the problem; Section 3 details BabelRDL’s sys-
tem design and workflow; Section 4 describes the implementation; Section 5
reports the evaluation results; Section 6 discusses the insights derived from
creating and evaluating BabelRDL; Section 7 presents the related state of
the art; and finally Section 8 concludes the paper with future work plans.

2. Background and Motivation

This section outlines the technical background, including general concepts
and specific technologies. Then, we present a software development scenario
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that motivates the need for an RDL capable of supporting integration and
extensibility in heterogeneous distributed systems.

2.1. Background
2.1.1. Frameworks for Heterogeneous Distributed Systems

Several architectural approaches have been introduced to support the de-
velopment of distributed systems across heterogeneous platforms. In Com-
mon Object Request Broker Architecture (CORBA), the Interface Definition
Language (IDL) is used to define interfaces implemented in multiple lan-
guages [15]. CORBA’s inter-language Remote Procedure Call (RPC) mar-
shals arguments/return types, and maps error reporting to language-specific
constructs. Java-based MapReduce provides mechanisms to execute tasks
across different platforms, e.g., Python and C++ runtimes [16]. The open-
source MapReduce implementation, Hadoop, supports additional languages
by providing platform-specific data serialization and I/O [17]. Spark extends
cross-platform execution support to Java, Scala, Python, and R by relying on
the Java Virtual Machine (JVM) services [18]. In the RESTful architecture,
heterogeneous peers communicate via a limited set of verbs, such as HTTP
GET, PUT, POST, etc. [19].

While these frameworks facilitate general-purpose cross-platform commu-
nication or large-scale data processing, they are not sufficient for the unique
requirements of RDLs for several reasons:

• Lack of Specialized RDL Logic: General communication frame-
works like CORBA and REST provide basic primitives but cannot
be used out of the box due to their lack of built-in mechanisms for
state synchronization, causality tracking, and ensuring eventual con-
vergence across heterogeneous replicas [20, 21, 22]. Adding these spe-
cialized functionalities within the conventions of the aforesaid frame-
works would impose an implementation burden exceeding our design
objectives.

• Runtime Dependencies: Frameworks such as Spark and Hadoop
often rely on a single dominant execution environment, typically the
JVM, which hinders their use in cross-platform settings that can com-
bine compiled, managed, and interpreted runtimes without a central
dependency [23].
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• Insufficient Extensibility: Existing solutions provide limited sup-
port for extending data-level functionality—such as persistence or error
handling—uniformly across multiple programming languages. Adding
such capabilities typically requires deep, platform-specific coupling or
complex FFI-based integration, which complicates the software archi-
tecture and increases resource overhead [24].

2.1.2. Replicated Data Libraries (RDLs)
Having introduced RDLs earlier, we next describe their core architec-

tural characteristics. A typical RDL consists of three major components:
(1) state, (2) interface, and (3) update propagation [25]. The state,
the internal data structure, represents the data type; RDL data types range
from basic data structures, including counter, set, and map, to more complex
ones, such as a JSON document [26]. The interface provides an API, a set
of operations for clients to access and update the RDL state. The update
propagation component ensures convergence by propagating local updates
across replicas. Examples of RDL implementations include Explicitly Con-
sistent Replicated Objects (ECROs)[27], Mergeable Replicated Data Types
(MRDTs) [28], and Conflict-Free Replicated Data Types (CRDTs)[29].

2.1.3. Plug-in Extensibility

Plug-in Loader

+getPlugIns():PlugIn[]

«Plug-in Interface»

+func1: int
+func2: string
...

Concrete Plug-in

+func1: int
+func2: string
...

Figure 1: A Typical Plug-in Structure

In many software systems, developers often need to extend functionality
without altering core components [30, 31]. A common approach to accom-
plish this objective is the plug-in design pattern [32]. The known advantages
of this pattern include extensibility, flexibility, and isolation of core applica-
tion features from custom logic. A high-level structure of the plug-in design
pattern appears in Figure 1. It depicts this pattern’s three key components:
(1) Plug-in Loader, (2) Plug-in Interface, and (3) Concrete Plug-in [33]. Plug-
in Loader is responsible for locating a plug-in interface and ensuring that the
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corresponding plug-in modules are loaded and ready for invocation; the dia-
gram depicts these functionalities via the getPlugIns() function. The Plug-in
Interface exposes the method interface for invoking a plug-in’s functions.
Concrete Plug-in represents the actual plug-in module provided as an exter-
nal feature to be integrated with the main application. Plug-ins have been
widely used as a systematic mechanism for enhancing core functionality with
additional features in domains such as web services, content management
systems, and integrated development environments [34].

2.2. Motivation
Next, we present a software development scenario that motivates the

need for an RDL that facilitates cross-platform integration in heterogeneous
distributed systems.

ambient data
JDBC
persist

Collection Replica (Go) Persistence Replica (Java)

Monitoring Replica (JS)

synchronization

visualize

Human
Qualitative
Analysis

Systemic
Quantitative
Analysis

Integrity Replica (Rust)

Figure 2: Ambient Data Mesh: Collection, Persistence, Monitoring, and Auditing

Figure 2 depicts a distributed system that manages ambient data, such
as air temperature and humidity. The system comprises four replica nodes:
a Collection Replica, hosting an IoT device that collects ambient data; a
Persistence Replica, hosting a database engine; a Monitoring Replica
that graphically depicts the collected data for human oversight; and an
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Integrity Replica for automated system auditing. Each replica is im-
plemented in a language best suited for its functionality: the Collection
Replica uses Go to capture sensor data resource-efficiently; the database
engine of Persistence Replica uses a popular JDBC API [35] for easy
database interfacing; the Monitoring Replica uses the powerful Node.js
graphical frameworks; and the Integrity Replica utilizes Rust to provide
memory-safe, high-performance quantitative analysis.

Each replica platform and runtime environment is selected based on its re-
spective strengths [36]. The data, replicated across four replicas in this mesh
architecture, can be managed using an RDL. As ambient data is collected,
the updates propagate to the persistence, monitoring, and integrity repli-
cas. This architecture supports diverse sources of data correction: while a
human analyst at the Monitoring Replica performs qualitative analysis to
correct visual anomalies, the Integrity Replica simultaneously performs
quantitative analysis to detect and correct systemic errors or sensor drift.
Updates from any of these sources are automatically synchronized across the
remaining replicas to maintain a consistent state.

This example calls for support of four heterogeneous platforms spanning
compiled, managed, and interpreted runtimes. Existing RDLs cannot be ap-
plied directly in this scenario. A monolingual RDL would be inapplicable; an
RDL with a binding to a designated language would be inapplicable too, un-
less the example uses that particular language as well. Hence, to integrate an
existing RDL, developers must rely on FFI techniques, which raise questions
about whether using FFI to interoperate with RDL would substantially com-
plicate the resulting software architecture. Would the resource constraints of
the Collection Replica or the Integrity Replica preclude meeting the
memory consumption or access requirements of the FFI libraries?

In addition, it would be impossible to create an RDL that provides all
functionalities required in different application scenarios. For instance, con-
sider error handling. The Collection Replica could collect faulty sensor
data (e.g., incorrect temperature values due to hardware malfunction); the
Persistence Replica could incorrectly persist the data without proper val-
idation; the Node.js frontend of Monitoring Replica could display inaccu-
rate visualizations, while the auditing logic of Integrity Replica could fail
to flag corrupted entries due to localized memory faults. If an RDL lacks
error-handling support, application programmers must implement this func-
tionality in the application space. Providing effective error handling for a
distributed system is challenging [37]. Doing so in a heterogeneous cross-
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platform environment would be even harder due to the heterogeneity of lan-
guages, frameworks, and data exchange formats. If an RDL does provide
error handling, using it across heterogeneous replica platforms would face
challenges similar to those encountered when integrating the library itself.
Hence, the issue of extensibility is closely linked to the integration strategies
for RDLs in cross-platform distributed systems.

This example motivates the need for a multilingual RDL that not only
supports efficient cross-platform coordination but also allows developers to
extend its functionality in a single language and propagate those capabilities
across replicas. BabelRDL addresses both needs: it uses a common data
format (CDF) to enable interoperable synchronization across compiled, in-
terpreted, and managed execution environments, and it provides a plug-in
extensibility mechanism that allows functionality—such as error handling—
to be implemented once and reused across replicas regardless of their im-
plementation language. While this example illustrates a specific use case, it
is representative of numerous systems that employ replicated data to fulfill
their business requirements. Specifically, this example combines compiled,
interpreted, and managed execution environments to leverage their respec-
tive strengths to meet specific requirements.

3. System Design and Overview

Up1...LT1
Up2..LT2
....

UpN..LTN

update order
append

interact with

State

Access

Update

Sync

Integrate
Plug-ins

modify

Update Propagation

syntax = "proto3";
package CDF;
message SyncMsg {...}

Merge

< protobuf >

encode

broadcast

decode

PlugIn
Manager <protobuf> 

consult

generate

execute

network comm.

plug-in 
developer

metadata

plug-in

updates

Interface

Figure 3: BabelRDL’s System Components and Their Interactions

In this section, we describe BabelRDL’s system assumptions, design,
and the workflow between its components.
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3.1. System Assumptions
BabelRDL assumes a replicated data system consisting of a set of uniquely

identified replicas that communicate via asynchronous message passing. Repli-
cas may experience crash failures and are assumed to recover by restoring
their state from durable storage. At least one replica is assumed to remain
available to preserve system liveness. The system model assumes reliable
communication channels that eventually deliver messages without loss, du-
plication, or corruption, and that temporary network partitions eventually
heal. These assumptions do not model raw network behavior; rather, they
reflect guarantees commonly provided by existing transport and middleware
layers on which RDLs are typically built. These guarantees are provided
by transport-layer primitives like TCP for reliability and deduplication [38],
and middleware protocols like gossip for resilient dissemination across parti-
tions [39]. We adopt this abstraction boundary to focus on BabelRDL ’s ar-
chitectural contribution—namely, cross-platform interoperability and exten-
sible integration of replicated data libraries—rather than on fault-tolerance
mechanisms [40] that are orthogonal and well-studied. Relaxing these as-
sumptions would require changes to the underlying communication substrate
but would not fundamentally alter the design principles or extensibility model
introduced by BabelRDL.

3.2. System Components
Figure 3 depicts BabelRDL’s system components and their interactions.

BabelRDL’s Interface component exposes five API functions to application
developers: (i) Access, (ii) Update, (iii) Sync, (iv) Merge, and (v) Integrate
Plug-ins. The functions from (i) to (iv) are commonly found across various
RDLs; in contrast, function (v) is unique to BabelRDL and enables its
plug-in extensibility.

Guided by classic RDL design principles, the core API functions de-
liver the following functionalities. Access retrieves the local replica’s state.
Update modifies the local replica’s state in a fashion required by the data
structure (e.g., increment/decrement for Counter, or add/remove for Set,
etc.). When Update modifies the local state, the replica’s update order—a
replica’s causal record of update operations—is modified accordingly. The
update order is represented with Lamport timestamps (LT) [41]. Update can
be invoked by both the application code and the RDL implementation itself
to process the merge requests from other replicas. How LT-based update
ordering ensures strong eventual consistency is proved in Appendix A.
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Sync propagates a replica’s local state to the remaining replicas. As Ba-
belRDL’s raison d'être is to support cross-platform coordination among het-
erogeneous replicas, its Update Propagation component provides enhanced
services. It can accept a propagation request in any supported source lan-
guage and deliver it in the target language. To that end, BabelRDL rep-
resents the update order in a language-independent fashion. The reference
implementation uses the CDF provided by Google Protocol Buffers (pro-
tobuf) [42], one of the most widely used implementations of this concept
supported by a major corporation. In particular, protobuf provides cross-
platform and language-neutral data serialization [43]. Furthermore, proto-
buf’s compact binary message format reduces the amount of data transmit-
ted, potentially improving network latency and throughput, especially in
high-performance or resource-constrained environments [44]. With the help
of protobuf, BabelRDL encodes the update order and then broadcasts the
encoded message over the network, marked as network comm. in the dia-
gram. Merge gets triggered when a replica receives synchronization requests
from other replicas. To execute the merge, BabelRDL first decodes the
incoming message using protobuf, thereby extracting a list of updates. Then
BabelRDL executes the updates on the list one by one by invoking the
Update function.

Due to the great diversity of application domains and types of applica-
tions that use replicated data, it would be impossible to determine a com-
plete set of features that should be provided by an RDL, particularly if it
is cross-platform. To that end, Integrate Plug-ins provides a systematic
way to extend BabelRDL with additional features by following the plug-
in architectural pattern. BabelRDL’s programming model for developing
third-party plug-ins includes two affordances: (1) receiving the information
(e.g., parameters, state changes, etc.) of the invoked core functions; (2) re-
questing the invocation of any core function. Notice that these affordances
embody bi-directional interaction between the BabelRDL’s core API and
plug-ins.

To configure which plug-in to execute, developers can parameterize the
Integrate Plug-ins function with metadata that specifies how the plug-
in interacts with RDL core functions. Plug-ins are distinguished by unique
system-wide IDs, which are also passed as parameters. Integrate Plug-ins
uses the PlugIn Manager component, which, after consulting metadata, gen-
erates the protobuf code required for interaction between the plug-in and
RDL core functions. By relying on CDF, BabelRDL ensures cross-platform
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interaction not only for core RDL functions but also for its plug-in extensibil-
ity. By supporting plug-ins written in a single execution platform chosen by
the developer, BabelRDL enables plug-in extensibility in a heterogeneous
environment. BabelRDL integrates these single-language plug-ins with core
RDL functions, irrespective of which execution environments the core func-
tions use. The curious reader may wonder whether the plug-in-introduced
functionalities may violate system consistency. Appendix B explains formally
why it is not the case.

4. Implementation

Next, we describe BabelRDL’s reference implementation. This descrip-
tion includes BabelRDL’s data structures and their implementation in dif-
ferent languages. We conclude the section by describing BabelRDL’s plug-
in extensibility.

4.1. BabelRDL’s Data Structures
BabelRDL currently supports three RDL data structures: Counter, Set,

and Map. A counter is a replicated integer and can be used in distributed
systems to maintain a consistent count across replicas. For example, a repli-
cated counter can be used for counting the number of likes across replicated
social media sites, so each replica increments or decrements its local counter
state, with the counters on each site eventually converging [45]. A Set data
type maintains a collection of unique elements across replicas. For example,
a set can represent an online gift registry, where the same item can be added
from multiple replicas, but only one copy ends up in the set [46]. A Map
data type maintains a collection of key-value pairs across replicas. This data
type is more expressive, as each of its keys can be associated with another
data type (such as Counter or Set) as its value. For example, a replicated
map can maintain a shopping cart in an e-commerce application [47]. Each
product identifier (key) can be associated with a Counter RDL (value) that
tracks the quantity.

4.2. Multilingual Implementation & Interoperability
We aim to demonstrate BabelRDL’s versatility within a manageable

implementation effort. Hence, our approach strategically selects representa-
tive languages from the main execution models: compiled, interpreted, and
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managed. Specifically, BabelRDL currently supports Rust and Go (com-
piled), JavaScript (interpreted), and Java (managed). By demonstrating
support for these diverse languages, we argue that, with additional engineer-
ing effort, BabelRDL can be extended to other languages that follow these
execution models. In terms of required engineering effort, implementing the
three RDL data structures required approximately 965 lines of Rust code,
1382 lines of Go code, 788 lines of JavaScript code, and 1056 lines of Java
code. These uncommented lines of code (ULOC) measurements reflect the ef-
fort required to implement the common RDL core functionalities of Access,
Update, Sync, and Merge. The complete reference implementation across
these four languages is available as an open-source artifact [48].

These are popular languages, so it is not surprising that they have been
used to implement several existing RDLs. However, most of these libraries
are designed for a single language, requiring additional effort to support
cross-platform replication. Instead, these libraries have become a source of
implementation insights that BabelRDL draws on to provide the building
blocks for replicated data systems. What distinguishes our approach is its
seamless cross-platform coordination of replicas via CDF. We use the CDF
of Protobuf to define the update order, which is propagated to the remaining
replicas to ensure convergence. The protobuf libraries for each language2

transform and propagate the transformed data across different replicas. As
a specific example of how BabelRDL uses protobuf, consider the definition
of the synchronization message format that enables interoperability across
languages for a replicated Set data structure.

2• tokio-rs/prost [49] for Rust
• google.golang.org/protobuf [50] for Go
• npm protocol-buffers [51] for JavaScript
• protobuf-java-3.21.12.jar [52] for Java
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Listing 1 Set’s Synchronization Message protobuf
1 syntax = "proto3";
2 package replicatedSet;
3 message SyncMsg {
4 int32 replicaId = 1;
5 repeated string updates = 2;
6 }

The code listing 1 demonstrates how the declarative programming model
of protobuf allows a concise definition of messages that can be shared across
different languages. Listings 2, 3, 4, and 5 show how the defined message
maps to language-specific structures in Rust, Go, JavaScript, and Java, re-
spectively.

Listing 2 Rust’s Encoding and Decoding with protobuf
1 // Encode
2 let msg = replicated_set::SyncMsg {
3 replica_id: self.id,
4 updates: self.updates.clone(),
5 };
6 // Serialize to bytes
7 let encoded_msg: Vec<u8> = prost::Message::encode_to_vec(&msg);
8 // Decode
9 let msg =

replicated_set::SyncMsg::decode(&encoded_msg[..]).expect("Failed
to decode SyncMsg");

↪→

↪→

10 let requester_replica_id: i32 = msg.replica_id;
11 let requested_updates: Vec<String> = msg.updates;
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Listing 3 Go’s Encoding and Decoding with protobuf
1 // Encode
2 msg := &replicatedSet.SyncMsg {
3 replicaId: int32(Set.Id()),
4 Updates: []string {},
5 }
6 msg.Updates = append(msg.Updates, Set.updates...)
7 // Decode
8 var msg replicatedSet.SyncMsg
9 proto.Unmarshal(requestSyncMsg, &msg)

10 requesterReplicaId := int(msg.GetreplicaId())
11 requestedUpdates := msg.GetUpdates()

Listing 4 JavaScript’s Encoding and Decoding with protobuf
1 // Encode
2 let msg = new SyncMsg()
3 msg.setreplicaId(this.getId())
4 msg.setUpdatesList(this.updates)
5 // Decode
6 let receivedMessage = SyncMsg.deserializeBinary(requestSyncMsg)
7 let requesterReplicaId = receivedMessage.getreplicaId()
8 let requestedUpdates := receivedMessage.getUpdatesList()

Listing 5 Java’s Encoding and Decoding with protobuf
1 // Encode
2 SyncMsg msg = SyncMsg.newBuilder().setreplicaId(this.id)

.addAllUpdates(this.updates).build();↪→

3 // Decode
4 SyncMsg msg = SyncMsg.parseFrom(requestSyncMsg);
5 int requesterReplicaId = msg.getreplicaId();
6 List<String> requestedUpdates = new ArrayList<>();
7 for (int i = 0; i < msg.getUpdatesCount(); i++) {
8 requestedUpdates.add(msg.getUpdates(i));
9 }
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4.3. Plug-in Extensibility

Algorithm 1 Integrate Plug-ins Function
1: procedure Integrate_PlugIns(pluginIDs,metadata)
2: for all pId ∈ pluginIDs do

Task 1: Consult Metadata
3: if metadata file exists for pId then
4: protoSyntax ← consult(metadata) ▷ Info to share with PlugIn Manager
5: else
6: reportError() ▷ Missing metadata, skip plugin
7: continue
8: end if

Task 2: Generate and Deploy
9: protobufCode ← generate(protoSyntax)

10: if compile(protobufCode) then
11: pluginCode ← locate(pId)
12: address ← GetPluginAddress(metadata)
13: deploy(pluginCode, address) ▷ Deploy pluginCode at address
14: interact(PlugInManager, pluginCode, address) ▷ Interact with plugin
15: else
16: reportError() ▷ Compilation failed
17: continue ▷ proceed to next plug-in
18: end if
19: end for
20: end procedure

BabelRDL’s Integrate Plug-ins API function performs two tasks:
(1) consulting the provided metadata to determine the information that needs
to be shared between the provided plug-in and BabelRDL’s PlugIn Manager
component, and (2) generating the corresponding protobuf code that reflects
the information. Algorithm 1 demonstrates the key steps that BabelRDL
follows to integrate a plug-in. To accomplish task (1), parameterized with
a unique plug-in ID and corresponding metadata, this function checks for
the presence of a JSON metadata file (lines 3–4). For example, to integrate
the plug-in whose ID is idx, developers can invoke IntegratePlugIns(idx,
metaData_idx.json). Based on the metadata, BabelRDL then generates and
compiles the protobuf code required for the interaction, thus accomplishing
task (2) (lines 9–14). If the compilation fails, BabelRDL reports an error
and abandons the attempt to integrate that plug-in (lines 16–17). If compiled
successfully, BabelRDL then deploys the plug-in to communicate with the
core RDL functionality via a socket, an implementation choice we have made.
The language-specific parts of Integrate Plug-ins were implemented in
approximately 134, 175, 120, and 158 ULOC of Rust, Go, JavaScript, and
Java, respectively.

15



We adopt a socket-based communication mechanism between Babel-
RDL and integrated plug-ins. Sockets provide a language- and runtime-
agnostic communication channel that supports independent processes and
multiple execution environments, making them a practical choice for cross-
platform extensibility. This design follows established precedents in software
architecture, where socket-based APIs are used to integrate loosely coupled
components across languages and runtimes in domains such as robotics, gam-
ing engines, and operating system services [53, 54, 55].

5. Evaluation

The following research questions drive the evaluation of BabelRDL:

1. RQ1: Performance Characteristics: How does BabelRDL com-
pare to FFI-based integration alternatives in terms of their respective
performance characteristics?

2. RQ2: Integration Software Quality: How does BabelRDL com-
pare to FFI-based integration alternatives in terms of their impact on
software quality?

3. RQ3: Extension Software Quality: In terms of extensibility, how
does BabelRDL compare with ad-hoc approaches with respect to their
impact on software quality?

We begin by describing the two cross-language interoperability strategies
used in our evaluation, the experimental setup, and the evaluation subjects.
Then, we present the results of our performance and software quality exper-
iments, which address the research questions above.

5.1. Strategies for Cross-Language Interoperability
Figure 4 depicts the two strategies for integrating RDLs in multilingual

environments, widely utilized in modern distributed systems [56, 57]. In both
strategies, we assume that the system comprises two replicas: R1 and R2. The
application logic in R1 is written in language L1, while in R2 it is written in L2.
In Strategy I (top), replicated data management is provided by a monolingual
RDL, written in language Lx. In this strategy, the application interacts
with the library via FFI, whose type is determined by the specific pair of
interacting languages. In this case, two different FFIs are required: L1⇄Lx
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Replica R1

App-Language: L1

RDL-Language: Lx

FFI (L1↔Lx)

Replica R2

App-Language: L2

RDL-Language: Lx

FFI (L2↔Lx)synchronization

Strategy I: FFI for Cross-Language Interoperability

Replica R1

App-Language: L1

RDL-Language: L1 CDF

Native

Replica R2

App-Language: L2

RDL-Language: L2CDF

Native
synchronization

Strategy II: CDF for Cross-Language Interoperability

Figure 4: Cross-Language Integration Strategies

for replica R1, and L2⇄Lx for replica R2. Please note that the direction
of language interaction can further differentiate the type of FFI libraries
required [58]. In other words, FFI for L1→Lx may not be applicable for
Lx→L1.

In Strategy II (bottom), the RDL is multilingual, meaning that the library
code is written in L1 for replica R1 and in L2 for replica R2. That is, the RDL’s
language is the same as the replica’s application logic. Hence, the application
code interacts natively with the library through regular local function calls.
However, when exchanging messages across replicas, the message format must
be mapped to a common data format, as indicated by the CDF in the figure.
For interoperability, BabelRDL follows Strategy II using protobuf as CDF.

5.2. Experimental Setup
For our experiments, we implemented the system used as our motivat-

ing example described in Section 2.2: a distributed system that collects,
persists, visualizes, and audits ambient weather data. We deployed our im-
plementation on an eight-replica cluster with the following configuration.
Two Collection Replicas are hosted on separate 32-bit Raspberry Pi 3
devices running Raspbian 9. Each collection replica is equipped with a
DHT11 temperature-humidity sensor to collect ambient environmental data.
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To emulate a resource-constrained deployment environment, we used Linux
control groups (cgroups) [59] to limit CPU resources on these devices. Two
Persistence Replicas are deployed as separate processes on a 64-bit Ubuntu
20.04 desktop machine with 32 GB RAM and an Intel Core i7 processor.
These replicas are responsible for persisting the most recent sensor readings
in a MySQL database using JDBC-based access. Two Monitoring Replicas
are deployed as separate processes on a 64-bit Windows 11 laptop with 8
GB RAM and an Intel Core i5 processor. These replicas run Node.js-based
applications that provide visualization and monitoring facilities, enabling
users to inspect, analyze, and manually correct collected ambient data. Two
Integrity Replicas are hosted as separate processes on a 64-bit Ubuntu
20.04 laptop with 8 GB RAM and an Intel Core i5 processor. These replicas
support continuous data integrity checking by performing concurrent quanti-
tative analyses to identify inconsistencies, systemic errors, or sensor drift in
the collected data and to assist in corrective actions. To emulate a geographi-
cally distributed deployment, each replica is assigned a distinct network end-
point using WireGuard [60], enabling replicas to communicate as if deployed
across a wide-area network. The system uses three replicated data types
across replicas: Counter to track the total number of collected data points;
Set to ensure the uniqueness of data points in the system; Map to store key-
value pairs mapping collection timestamps to sensor readings. In addition,
the integrity replicas employ Map data types to maintain and analyze derived
metadata required for integrity verification and anomaly detection.

5.3. Evaluation Subjects
To compare BabelRDL with FFI-based RDL integration (Strategy I),

we experimented with four open-source third-party RDLs. Three of these
libraries are monolingual, each written in one of the languages used in our
motivating example. Go-CRDT [61] is Go’s built-in RDL package, avail-
able from version 1.19. Legion [62] provides a JavaScript implementation of
various replicated data types along with a WebRTC-based networking layer.
T-CRDT [63] is a Java RDL that allows programmers to choose either pre-
defined concurrency-conflict policies or define their own. From each RDL,
we evaluated Counter, Set, and Map.

To enable these monolingual libraries to work with our multilingual ap-
plication, we provided FFIs for each library’s API. For example, Go-CRDT
works directly with Collection Replica; however, to use it with Persistence
Replica and Monitoring Replica, interactions are routed via Go↔Java
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and Go↔JavaScript FFIs, respectively. Similarly, for Legion, interactions
from Go and Java replicas are routed via JavaScript↔Go and JavaScript↔Java
FFIs, and for T-CRDT, interactions from Go and JavaScript replicas are
routed via Java↔Go and Java↔JavaScript FFIs. With the inclusion of
Integrity Replica, additional FFI paths were required. To invoke Go-
CRDT from Rust, we compiled the Go library as a C-compatible shared
library and accessed it via extern "C" bindings. Legion was accessed by em-
bedding a JavaScript runtime within Rust and invoking the JavaScript-based
RDL through the runtime’s foreign-function interface. For T-CRDT, Rust
interacted with the Java library through the Java Native Interface (JNI),
linking against the JVM and invoking Java methods via C Application Bi-
nary Interface (ABI) bindings. Hence, although these RDLs are monolingual,
FFI-based integration enables our multilingual replicas to access the required
RDL APIs, at the cost of increased integration complexity and fragile cross-
language dependencies.

In contrast to these monolingual libraries, we used Automerge [64] as a
fourth evaluation subject. Automerge adopts a Rust-centric architecture in
which the core RDL logic is implemented exclusively in Rust, while Go [65],
Java [66], and JavaScript [67] access this core through language-specific bind-
ings. In our evaluation, each replica uses the Automerge API provided for
its host language, while all RDL operations are executed by the shared Rust
core. This design eliminates the need for application-level FFI construction
across replicas, while still allowing heterogeneous replicas to interact through
a common Rust-based RDL implementation.

5.4. RQ1: Performance Characteristics

Summary: BabelRDL exhibits lower latency and memory consump-
tion, and higher throughput than FFI-based integration alternatives.

To evaluate the performance characteristics of BabelRDL and compare
them with those of the other four evaluation subjects, we conducted several
benchmarks with workloads that differed in the number of RDL operations.
The benchmarked operations concerned the fundamental RDL functionali-
ties of accessing, updating, merging, and propagating the replicated states.
We excluded the operation that collects ambient data in the IoT device, as
this functionality is not part of the classic RDL API. Figures 5a, 5b, and 5c
depict the average latency of Counter, Set, and Map, respectively, for all five
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Figure 5: Average Latency Across RDL Systems
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Figure 6: Average Peak Memory Usage Across RDL Systems
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Figure 7: Average Throughput Across RDL Systems

RDL systems. Across all experiments, the latency increased proportionally
to the workload. However, BabelRDL exhibited the lowest latency among
the four evaluation subjects. This efficiency is due to BabelRDL’s capabil-
ity to interact with the application logic in the same language, whereas the
other RDLs rely on FFI-based interactions. Among the other four evalua-
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tion subjects, Legion showed the worst performance due to the heavy over-
head of JavaScript’s runtime and interaction mechanisms, which involve We-
bAssembly as the FFI enabler. The need to compile code at runtime incurs
high performance overhead, unlike the interactions between Go and Java,
which require no runtime code generation [68]. Automerge’s performance
falls between that of BabelRDL and the FFI-based monolingual RDLs.
This is because, although all RDL operations are executed by the shared
Rust core, each replica accesses the core through language-specific bindings.
These bindings introduce modest overhead compared to BabelRDL’s fully
native execution, but remain more efficient than the multiple cross-language
FFIs required by Go-CRDT, Legion, and T-CRDT. On average, BabelRDL
showed the shortest latency, compared to Automerge, Go-CRDT, Legion, and
T-CRDT by ≈ 1.34×, ≈ 2.97×, ≈ 4.63×, and ≈ 4.08×, respectively.

Figures 6a, 6b, and 6c depict the average of the peak memory usage
by Counter, Set, and Map, respectively. For each of the three data types,
memory consumption increases slightly with the number of operations in the
workload. However, for Set and Map, memory consumption increases more
than for Counter, as the size of these two data types has a greater impact
on memory usage. BabelRDL exhibited the lowest memory consumption
due to the efficiency of the application code that invoked RDL functions in
the same language. The memory consumption of Automerge is also inter-
mediate: its Rust core maintains a single in-memory state per data type,
avoiding the duplication of FFI-induced buffers or runtime contexts. How-
ever, the language-specific bindings incur slight additional memory usage
compared to BabelRDL ’s native integrations. On average, BabelRDL
outperformed Automerge, Go-CRDT, Legion, and T-CRDT by ≈ 1.29×,
≈ 1.76×, ≈ 3.18×, and ≈ 2.76×, respectively.

Figures 7a, 7b, and 7c demonstrate the throughput distribution for Counter,
Set, and Map, respectively. BabelRDL’s median throughput is the highest,
indicating its superior performance as compared to the other evaluation sub-
jects under the same workload. BabelRDL’s interquartile range (IQR) is
always the narrowest due to the diminished variability across workloads. Au-
tomerge achieves higher throughput than the monolingual FFI-based RDLs
but lower than BabelRDL, reflecting the trade-off between central Rust
execution and per-replica native execution. Its narrower IQR compared to
FFI-based RDLs also indicates more predictable performance due to the uni-
formity of the Rust core across replicas. In contrast, the high IQR among
the other subjects indicates high variability in their throughput due to their
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Table 1: Uncommented Lines of Code (ULOC) for RDL Integration

RDL Rust Go JavaScript Java

BabelRDL 965 1382 788 1056
Automerge – – – –
Go-CRDT 417 – 358 506
Legion 653 812 – 465
T-CRDT 482 656 373 –

Table 2: Cyclomatic Complexity of RDL Integration Code

RDL Rust Go JavaScript Java

BabelRDL 39 48 33 42
Automerge 39 117 69 118
Go-CRDT 71 48 55 102
Legion 83 94 33 51
T-CRDT 57 78 59 42

reliance on dissimilar FFI techniques across languages.

5.5. RQ2: Integration Software Quality

Summary: BabelRDL demonstrates a trade-off between implemen-
tation effort and integration code quality, as evidenced by higher inte-
gration effort but lower Cyclomatic complexity and Halstead effort.

To assess the programming burden of integrating an RDL into a mul-
tilingual application, we measured the uncommented lines of code (ULOC)
required for integration. ULOC has been widely used as an estimate of
implementation effort [69]. A higher ULOC indicates a greater one-time pro-
gramming effort required to integrate an RDL into application code. To eval-
uate the structural complexity and maintainability of the integration logic,
we additionally measured Cyclomatic complexity and Halstead effort, two
widely adopted software quality metrics [70]. Cyclomatic complexity quanti-
fies the number of linearly independent execution paths in the source code by
counting decision points such as conditionals and loops [71]. Higher values
indicate more complex control flow and reduced maintainability. Halstead
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Table 3: Halstead Effort of RDL Integration Code

RDL Rust Go JavaScript Java

BabelRDL 6921.5 5784.9 9450.2 7979.97
Automerge 6921.5 49064.87 19045.67 63427.54
Go-CRDT 13679.54 5784.9 18915.78 45281.67
Legion 34605.4 71891.0 9450.2 93057.5
T-CRDT 27852.67 69758.01 80271.35 7479.97

effort measures the cognitive complexity of source code based on the number
of operators and operands [72]. For both metrics, lower values correspond to
simpler, more maintainable code [73].

Tables 1, 2, and 3 report the required ULOC, Cyclomatic complexity,
and Halstead effort, respectively, for RDL integration. Our measurements
focus exclusively on the integration functionality, i.e., the application logic
that invokes the RDL API. ULOC reflects the amount of additional code
required during integration, whereas Cyclomatic complexity and Halstead
effort characterize the complexity and maintainability of that code.

For Automerge, the ULOC required for integration is zero, as all language-
specific bindings are provided by the library itself. Nonetheless, Cyclomatic
complexity and Halstead effort values are non-zero because they capture the
structural and cognitive complexity of the pre-existing language-specific API
code that developers invoke to integrate Automerge with their application.
These values serve as a reference point for comparing the inherent complexity
of integration interfaces across all RDLs, without imposing any additional
implementation effort on developers.

Unlike FFI-based approaches, BabelRDL reimplements the core RDL
API in each supported system language. As a result, BabelRDL incurs a
higher ULOC due to the need for explicit, language-native implementations.
This requires a higher one-time implementation effort than approaches that
rely on cross-language bindings. However, this additional implementation
effort yields substantial improvements in code quality. Across all evaluated
languages, BabelRDL consistently exhibits lower Cyclomatic complexity
and Halstead effort than FFI-based alternatives. These results indicate that
the integration logic in BabelRDL is structurally simpler, easier to under-
stand, and less cognitively demanding to maintain.

By avoiding FFIs and exposing fully native APIs, BabelRDL elimi-
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nates cross-language control flow and error-handling logic, while preserving
language-specific type safety, memory management, and runtime semantics.
This design reduces integration complexity and avoids subtle bugs commonly
introduced by mismatched ownership, lifetimes, and exception models across
language boundaries [74]. Consequently, while BabelRDL requires more
integration code, that code is architecturally cleaner and better suited for
long-term evolution and maintenance.

For each supported language, BabelRDL follows the same logical im-
plementation as the corresponding native RDL. Therefore, the Cyclomatic
complexity and Halstead effort of BabelRDL match those of the native im-
plementations. For example, in the case of T-CRDT, the Java integration
exhibits Cyclomatic complexity and Halstead effort values of 42 and 7479.97,
respectively, identical to those of the native Java implementation.

5.6. RQ3: Extensibility Software Quality

Summary: BabelRDL demonstrates superior software quality as
evidenced by the measures of lower Lack of Cohesion in Methods and
Coupling Factor when extending RDLs with additional features.

To evaluate BabelRDL’s extensibility, we conducted an experiment in
which we provided three non-trivial features. The provided features are (i)
logging, (ii) undo, and (iii) rollback. Logging, a common middleware feature,
provides a detailed and chronological record of all updates executed across
distributed replicas [75]. Frequently used as an audit trail, this record en-
ables developers to trace error sources, monitor system behavior, and ensure
compliance with applied policies. As such, logging is essential for non-trivial
debugging, reproducing bugs, and handling faults. Both undo and rollback
are examples of error-handling strategies, essential for ensuring the reliability
of distributed systems. Both strategies aim to handle errors by reverting the
replicated state to a previous point. Despite their shared objective, these
strategies operate in distinctly different ways. While rollback simply brings
the replicated state to a given prior persisted state [76], undo counteracts the
effects of erroneous updates, thus offering a more fine-grained form of state
restoration [77].

To prepare the evaluation subjects to compare with BabelRDL, we in-
tegrated the aforementioned features in two modes: (1) using BabelRDL’s
plug-in architecture and (2) in an ad-hoc fashion for the other three eval-
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uation subjects. While BabelRDL can integrate any extra feature imple-
mented in a single language via its plug-in architecture, the other subjects
require each feature to be implemented directly in the same language as
the RDL core. Hence, we provided all three features in Go for Go-CRDT,
JavaScript for Legion, and Java for T-CRDT. In terms of implementation
effort, whether provided as a plug-in or ad hoc, each feature required ap-
proximately the same amount of source code, with ULOC numbers ranging
from about ≈ 200 for logging to more than ≈ 350 for undo.

We aim to assess the suitability of a plug-in architecture for introduc-
ing additional features, so we selected software metrics commonly used to
measure modularity, a key indicator of strong separation of concerns [78].
Specifically, we collected Lack of Cohesion in Methods (LCOM) and Cou-
pling Factor (CF). As higher modularity streamlines comprehensibility and
maintainability, lower LCOM indicates better modularity [79]. With fewer
inter-dependencies across modules, lower CF indicates enhanced maintain-
ability, higher scalability, and streamlined testing [80]. Table 4 shows these
metrics for each evaluated subject. Both LCOM and CF values are lower for
BabelRDL, highlighting its superior software quality, attributed to its plug-
in architecture. This quality is achieved by encapsulating additional func-
tionalities within modular plug-ins, each designed with a clear single-entry
access point for external clients. Although Automerge provides structured
APIs, feature extensions still need to be woven into existing language-specific
interfaces, resulting in higher cohesion and coupling than BabelRDL ’s
plug-in-based extensions.

5.7. Comparative Summary of Evaluation Results
To consolidate the findings from RQ1–RQ3, Table 5 summarizes how

each evaluated approach supports the key architectural and software qual-
ity claims examined in this work. The table contrasts properties supported
by empirical measurements with those grounded in architectural design and
qualitative analysis, clarifying the strength and scope of evidence for each
claim. Overall, this synthesis highlights the trade-offs among existing ap-
proaches and situates BabelRDL within the broader design space of cross-
platform RDLs.
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Table 4: Software Quality for Plug-in Extensibility

Features Subjects LCOM CF

Logging

BabelRDL 9 0.46
Automerge 12 0.49
Go-CRDT 16 0.78
Legion 13 0.71
T-CRDT 15 0.86

Undo

BabelRDL 12 0.65
Automerge 17 0.71
Go-CRDT 16 0.87
Legion 21 0.94
T-CRDT 18 0.99

Rollback

BabelRDL 13 0.69
Automerge 18 0.78
Go-CRDT 20 0.77
Legion 17 0.86
T-CRDT 22 0.91

6. Discussion

In this section, we discuss our evaluation results and their implications
for RDL integration and extension.

6.1. FFI Implementation Insights
To better understand why using FFI increases the programming bur-

den and code complexity, we next shed light on the specific techniques we
used to enable different languages to interact via FFI. As it turns out, mul-
tilingual functionalities are far from trivial to implement and maintain in
the modern development ecosystem. For Go→Java, we used Java Native
Interface (JNI), which allows Go code to invoke Java methods through na-
tive C functions. However, to invoke the JNI C functions, the Go code had
to use the special-purpose cgo library [81], which follows domain-specific
usage conventions. For Java→Go, the Go functions had to be wrapped
in C-calling-convention functions so they could be exported and accessible
via the Java Native Access (JNA) API. For Go→JavaScript, we used the
go/goja [82] package, which provides an ECMAScript 5.1 JavaScript run-
time within Go, through which Go code can invoke JavaScript functions. For
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Table 5: Summary of Key Evaluation Dimensions Across RDL Systems

Aspect BabelRDL Automerge Monolingual RDLs

Cross-platform
Integration

Native language
APIs; cross-replica
interoperability via a
CDF

Rust-centric core
exposed through
language-specific
bindings

No built-in cross-
language interoper-
ability; restricted to
single runtimes

Performance Lower latency and
memory usage across
heterogeneous plat-
forms

Competitive native
performance; over-
head via bindings in
polyglot settings

Native performance
in monolingual se-
tups; high FFI over-
head for polyglot use

Integration
Complexity

Higher upfront engi-
neering effort; sim-
pler control flow and
maintenance

Low upfront engi-
neering effort; high
complexity at FFI
boundaries

Low initial code vol-
ume; complex FFI-
based integration and
maintenance

FFI
Dependency

No cross-replica FFI;
message-level inter-
operability

Heavy reliance on
FFI bindings to the
shared Rust core

Mandatory reliance
on FFI for any cross-
language scenarios

Extensibility
Mechanism

Language-local
plug-ins with cross-
platform reuse

API-level extensions
tightly coupled to
library bindings

Ad-hoc, language-
specific feature inte-
gration and porting

Extensibility
Software
Quality

Lower coupling; im-
proved modularity
and architectural
clarity

Moderate modular-
ity; constrained by
core-binding syn-
chronization

Tightly coupled fea-
ture additions; dif-
ficult to port across
languages

Suitable
Deployment

Heterogeneous,
multi-language repli-
cated data systems

Rust-centric appli-
cations requiring
polyglot support

Mnolingual systems
with optional FFI
integration

JavaScript→Go, we used syscall/js [83] library that makes it possible to
compile Go functions to the WebAssembly format, which can then be invoked
from JavaScript. For Java↔JavaScript, we used Nashorn Engine [84], which
embeds a JavaScript engine within Java, through which Java code can invoke
JavaScript functions and vice versa.

When combining different languages via FFIs, we encountered significant
variability across techniques and frameworks. We were also struck by how
fragile some of these technologies are. Many of them require a specific lan-

27



guage version or a set of features, with several crippling limitations. For
example, the Nashorn engine used for Java↔JavaScript interoperation pro-
vides no support for modern ES6 features such as Sets, Maps, and Arrays.
One might argue with the FFI choices we have made, but our conclusions
are likely to stand with possible alternatives. Overall, the evaluated FFI
technologies have proven to be error-prone and fragile, and require a steep
learning curve.

Automerge represents a contrasting integration strategy among our eval-
uation subjects, and examining its interoperability model helps contextu-
alize the FFI-related trade-offs observed above. It adopts a Rust-centric
architecture in which the core RDL logic is implemented exclusively in Rust
and exposed to other languages through ecosystem-specific interoperability
mechanisms. Go bindings rely on cgo to interface with a C Application
Binary Interface (ABI) wrapper over the Rust core [85], enabling Go appli-
cations to invoke Automerge APIs as foreign functions. Java bindings use the
Java Native Interface (JNI) to call Rust-compiled shared libraries, enabling
Java applications to manipulate Automerge documents via native method
invocations. JavaScript bindings compile the Rust core to WebAssembly
using wasm-bindgen [86], enabling JavaScript applications in both browser
and Node.js environments to invoke Automerge functionality without em-
bedding a JavaScript runtime in Rust. While this design avoids reimple-
menting CRDT logic across languages and demonstrates a range of FFI and
cross-runtime integration techniques, the resulting interoperability remains
asymmetric: in all cases, control flow originates in the host language, which
invokes the Rust library as a dependency, and the Rust core does not in-
voke application-level logic in the host language. Consequently, Automerge
enables cross-language library reuse rather than bidirectional or peer-level
multi-language execution.

6.2. Threats to Validity
Our evaluation results are subject to several threats to validity, which

we categorize into internal, external, and construct validity threats. Inter-
nal validity concerns whether the observed effects can be attributed to the
evaluated designs rather than unintended confounding factors, while external
validity concerns the generalizability of the findings to other systems and set-
tings [87]. Construct validity concerns whether the chosen metrics accurately
reflect the properties being studied [88].
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Internal validity. Our results are derived from a single, end-to-end ex-
ample application, and some design decisions may have been influenced by its
structure. To mitigate this threat, we evaluated four third-party RDLs using
their publicly available APIs and applied the same workloads, data types,
and deployment settings across all subjects. In addition, all measurements
were collected using identical hardware and network configurations, ensur-
ing fair and consistent comparisons. Another internal threat arises from our
choice of FFI technologies, as the FFI ecosystem offers multiple alternative
libraries and frameworks. We mitigated this risk by selecting widely adopted,
well-documented FFI mechanisms for each language pair, favoring standard,
commonly used solutions over experimental ones.

External validity. Our evaluation is based on a representative multi-
lingual replicated application designed to exercise core RDL functionality,
including update, merge, and state propagation across heterogeneous repli-
cas. While robust distributed systems such as Apache Kafka or Hyperledger
Fabric are prominent open-source examples of state management at scale,
they often bundle RDL-like logic within complex, multi-layered architectures
that are difficult to isolate for fine-grained benchmarking of specific data li-
brary overheads [89]. Conversely, while local-first libraries like Automerge or
Yjs are widely accessible, they have historically focused on single-language
ecosystems (primarily JavaScript/TypeScript), making them less suitable as
standalone subjects for studying the performance of deep native-mesh inte-
gration across diverse runtimes. Consequently, we developed an experimental
application that isolates these essential characteristics, allowing for a system-
atic comparison of BabelRDL against various integration baselines.

Construct validity. We evaluated performance using latency, through-
put, and peak memory usage, which are standard indicators for assess-
ing replicated data systems. To assess integration and extensibility qual-
ity, we used ULOC, Cyclomatic complexity, Halstead effort, LCOM, and
CF—widely adopted software engineering metrics for estimating implemen-
tation effort, control-flow complexity, cognitive load, and modularity. While
these metrics may not capture all aspects of developer experience, they pro-
vide quantitative and reproducible proxies for programming burden, main-
tainability, and extensibility. Finally, our reference implementation of Ba-
belRDL relies on protobuf for cross-replica communication, and thus in-
herits its serialization and runtime characteristics. As a result, some mea-
surements may be influenced by language-specific protobuf optimizations,
though this impact is consistent across all evaluated subjects using the same
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communication layer.

6.3. Implications
Various factors influence the choice of an implementation language. Some-

times, domain constraints require the use of a particular language or language
type. For example, the resource constraints of edge computing may necessi-
tate selecting a language that minimizes resource utilization [90]. Some lan-
guages require extensive runtime environments, such as virtual machines or
interpreters, which may be impractical to install on resource-limited devices,
such as those in IoT setups [91]. Hence, modern distributed applications mix
languages and, as such, rely on various FFI technologies and tools for cross-
language interoperability [92, 93]. Additionally, various business scenarios
require maintaining data replicas [94, 95]. These applications thus would
benefit from an RDL that supports multilingual integration.

Our evaluation has demonstrated the advantages of BabelRDL over al-
ternatives that use a monolingual RDL with FFI bindings to each language.
Having compared their performance and software quality, we derived action-
able insights to inform the design and integration of RDLs for multilingual
replicated data systems.

7. Related Work

Our work draws inspiration from multiple research areas, including cross-
platform interoperability and system extensibility, which we discuss in turn.

7.1. Cross-Platform Interoperability
As distributed systems have become increasingly complex and require

heterogeneous architectures, it would be unrealistic to expect a single execu-
tion environment to be the best choice for the entire system. Hence, mixing
different languages is a critical requirement for modern distributed systems.
The design challenge is not only to enable seamless interoperation across
platforms but also to avoid complex inter-platform interfaces, rigid coding
conventions, and poor performance [96]. TruffleVM, a virtual machine-based
runtime, executes and combines multiple programming languages, with the
languages interoperating via FFI [24]. Another VM-based approach aims to
provide a simple, low-overhead FFI for Python software [97]. FIG gener-
ates FFI wrappers from annotations to enable interoperability with C/C++
code [98]. Jeannie enables C/Java interoperability via JNI by mixing the
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constituent code in a single file [99]. Code-interoperability mode treats JVM
and Java as a unified programming platform for prototyping heterogeneous
code that can execute in parallel on various hardware and from different
languages [100]. More recently, cross-platform interoperability has also been
explored in the context of replicated data systems and CRDT frameworks.
Similar to Automerge, Yjs is a Rust-centric CRDT framework that provides
language bindings to environments such as WASM, Ruby, Python, Swift, and
Java [101]. However, these frameworks primarily rely on language bindings
around a central implementation rather than offering a general architecture
for interoperable replicas implemented natively in different languages. In
contrast to prior approaches that target specific platform pairs or runtime
environments, BabelRDL introduces an architecture that enables cross-
platform interoperability across replicas without depending on rigid FFI con-
ventions or incurring their associated performance overhead.

7.2. System Extensibility
System extensibility is a design quality that enables systems to adapt and

grow without requiring significant modifications to the core architecture. If
properly designed, extensibility promotes modularity, enabling developers
to build and deploy extensions independently and thereby reducing devel-
opment time and maintenance costs. Hence, a substantial body of prior
research focuses on systematic feature extensibility. One recent approach
discusses the challenges of extending knowledge-based system development
platforms and describes the obstacles to integrating external functionality via
a service-oriented approach [102]. Another work focuses on optimizing the
software architecture by efficiently allocating tasks to nodes, thus enabling
real-time distributed systems to offer extensibility [103]. Keris, a backward-
compatible extension of Java, enables the creation and linking of modules to
provide a type-safe, non-invasive extension of Java applications [104]. Several
prior works apply plug-in architectures to systematically add features in do-
mains such as collaborative work [105], debugging and testing [106, 107], and
adaptive web service composition [108]. Although we derive valuable design
insights from these prior works, their focus is not on replicated data systems
operating across heterogeneous platforms. In contrast, our approach applies
plug-in extensibility directly to the architectural design of platform-agnostic
RDLs, enabling modular features to operate consistently across diverse de-
ployment environments.

31



8. Conclusion

We have presented BabelRDL, a software architecture that enables
seamless integration and extension of RDLs across diverse platforms and run-
time environments in replicated data systems. BabelRDL supports replicas
deployed on heterogeneous platforms, including different operating systems
and hardware architectures, allowing them to interoperate seamlessly via a
CDF. Beyond integration, another benefit of BabelRDL’s system design is
its systematic extensibility. Specifically, developers can add new features as
plug-ins in a single implementation, albeit integrated with all deployment
platforms. To our knowledge, BabelRDL is the first architecture for RDL
design that features both seamless cross-platform integration and systematic
plug-in extensibility, as evidenced by our empirical evaluation.

As future work, we plan to further explore the versatility of BabelRDL’s
design by supporting additional platforms and runtime environments. We
also intend to investigate the generality of BabelRDL ’s extensibility by
developing new plug-ins that maintain compatibility across diverse platforms.
Another avenue for investigation is to analyze how the choice of a common
data format affects cross-platform replica coordination and overall system
performance.

Given that modern software ecosystems combine multiple platforms and
runtime environments to meet diverse functional and performance require-
ments, platform-agnostic architectures are now essential to distributed sys-
tem design. As data replication becomes increasingly pervasive, the insights
and architectural principles introduced in this work provide a foundation for
developing maintainable, high-quality replicated data systems.

Appendix A. Lamport Timestamp-based Eventual Convergence

In this section, we demonstrate that by combining a Common Data For-
mat (CDF) with a deterministic total-ordering, the design of BabelRDL
preserves Strong Eventual Consistency (SEC).

Appendix A.1. System Model and Definitions
Let R = {r1, r2, . . . , rn} be a set of n replicas. Each replica ri maintains

a local state Si and an update order Li (a log of operations).
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Definition Appendix A.1 (Update Tuple). An update u is defined as a
tuple u = ⟨op, arg, idr, ts⟩, where op denotes the operation type (e.g., incre-
ment, add), arg represents the operation arguments, idr ∈ N is the unique
identifier of the originating replica, and ts ∈ N is the Lamport Timestamp
(LT) [41] assigned at the moment of update generation.

Definition Appendix A.2 (Total Ordering =⇒ ). For any two updates
ua, ub ∈ L, we establish a strict total order ua =⇒ ub based on the lexico-
graphical comparison of their timestamps and replica identifiers. Formally,
ua =⇒ ub iff (ua.ts < ub.ts) ∨ (ua.ts = ub.ts ∧ ua.idr < ub.idr).

Appendix A.2. Convergence Theorem
Theorem Appendix A.1 (Eventual Convergence). Given a set of updates
U received by all replicas in R, for any two replicas ri, rj ∈ R, the final states
are identical (Si = Sj) regardless of the network arrival order of updates.

Proof. The proof relies on the properties of determinism, semantic invariance,
and total order replay.

Determinism of State Transition: Let f : S × u → S ′ be the state
transition function. In BabelRDL, for a given RDL type, f is a determin-
istic function. Since the core logic is implemented natively in each language
(LGo, LJava, LJS, LRust), we ensure f behaves identically across platforms for
the same input u.

Preservation of Semantics via CDF: Because all updates u are se-
rialized via Protocol Buffers, the fields ⟨op, arg, idr, ts⟩ are invariant under
cross-platform transmission. Formally, for any two languages Lx and Ly:

∀u ∈ U : decodeLy(encodeLx(u)) = u

As a specific example, this semantic preservation prevents “semantic drift”
when a Rust replica processes an update originated in Java.

Existence of a Global Total Order: By Definition Appendix A.2, the
Lamport clock mechanism ensures that for any finite set of updates U , there
exists a unique, globally consistent permutation P = (uπ(1), uπ(2), . . . , uπ(|U|))
such that uπ(k) =⇒ uπ(k+1) for all 1 ≤ k < |U|.

Log-Based Replay: Each replica ri maintains its update order Li sorted
by =⇒ . Upon receiving a remote update urem, the replica updates its log
Lnew = sort(Lold ∪ {urem}, =⇒ ). The state S is computed as the sequential
application of operations in the sorted log:

S = f(f(. . . f(S0, uπ(1)), . . . ), uπ(|U|))
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Since S0 is a universal initial constant and f is deterministic over a glob-
ally unique permutation P , it follows that Si = Sj for all replicas having
delivered U .

Appendix B. Consistency Preservation with Plug-in Extensibility

To address the correctness of BabelRDL’s extensibility model, we for-
mally demonstrate that integrating functionalities—such as Logging, Undo,
and Rollback via the plug-in architecture—preserves the Strong Eventual
Consistency (SEC) invariants of the underlying Replicated Data Library.

Appendix B.1. Formal Definition of SEC
Following the foundational framework established by Shapiro et al. [109],

a distributed system provides Strong Eventual Consistency (SEC) if it sat-
isfies three axiomatic requirements: (i) Eventual Delivery, wherein an up-
date delivered at one correct replica is eventually delivered to all correct
replicas; (ii) Termination, ensuring that all method executions (updates and
queries) eventually complete; and (iii) Strong Convergence, which dictates
that any two correct replicas having delivered the same set of updates must
transition to equivalent states, irrespective of the delivery sequence. Babel-
RDL addresses these requirements through its reliable messaging substrate,
finite-time native transition functions, and the deterministic total-ordering
mechanism demonstrated in Appendix Appendix A.

Appendix B.2. Taxonomy of Plug-in Interactions
Let S denote the replicated state and L denote the set of all updates (the

causal log). We define two primary interaction models:

Definition Appendix B.1 (Observer Model Pobs). An observer plug-in
(e.g., Logging) is a functional mapping Pobs : S → Ω, where Ω is an external
output space. This model is strictly side-effect-free with respect to the RDL
state.

Definition Appendix B.2 (Compensatory Model Pcomp). A compensatory
plug-in (e.g., Undo, Rollback) is a generator of corrective updates. Given an
event trigger ϵ, the plug-in executes a function g : (L, ϵ)→ uc, where uc is a
new update designed to offset or reset state transitions.
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Appendix B.3. Theorem: Non-Interference of Extensibility
Theorem Appendix B.1. The integration of plug-ins Pobs and Pcomp into
a BabelRDL replica does not violate the Eventual Convergence property.

Proof. We analyze the impact of each interaction model on the replica in-
variants:

Memory and Logical Isolation: BabelRDL utilizes a socket-based
IPC mechanism for plug-in communication, enforcing a process-level bound-
ary. For Pobs, this ensures the transition function f(S, u) is executed in iso-
lation. Because the plug-in possesses no write-access to the RDL’s internal
memory, S remains invariant under observation.

Forward-Only Log Progression: For corrective operations in Pcomp,
the system preserves the integrity of the causal history by avoiding destruc-
tive edits to L, which would otherwise invalidate the Lamport Timestamp
sequence. Specifically, an Undo is realized as a compensating update uundo

that negates a prior effect, while a Rollback is implemented as a state-reset
update uroll that instructs the deterministic state machine to return to a prior
state Sts. In both cases, L remains an append-only sequence, preserving the
foundational ordering invariants.

Uniform Propagation and Ordering: Every compensatory update
uc is treated as a native RDL operation. It is assigned a unique Lam-
port Timestamp tsc > max(L) and propagated via the CDF to all repli-
cas. The total order =⇒ (defined in Definition Appendix A.2) ensures
uc is applied at the identical logical point across all heterogeneous repli-
cas (LGo, LJava, LJS, LRust). Because the augmented update set U ∪ {uc}
is processed by a deterministic transition function f over a globally unique
permutation, all replicas necessarily reach an identical final state Sfinal.
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