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Abstract—Multiple programming tasks require synchronous
collaboration between developers, giving rise to real-time collab-
orative programming tools that enable simultaneous editing of
shared source code. However, most existing tools operate at the
text level, propagating every keystroke–including syntactically
invalid ones–without considering program structure. This results
in excessive communication overhead, frequent propagation of
build-breaking states, and poor synchronization. A major con-
sequence is noticeable lag, especially under unstable network
conditions, as collaborators are overwhelmed with unnecessary
updates that disrupt their workflow and degrade the shared
coding experience. In this paper, we introduce a novel structure-
aware propagation model that transmits only syntactically valid
code changes. For evaluation we implemented our tool as an
IntelliJ plugin and evaluate it against three industry-standard
tools–VS Code Live Share, Code With Me, and Replit–across
eight representative programming scenarios. Our results show
that it significantly lowers the number and size of propagated
messages while maintaining consistent, buildable program states.
Our findings demonstrate the potential of structure-aware prop-
agation as a foundation for the next generation of real-time
collaborative programming environments.

Index Terms—real-time collaborative programming, ast-based
operations, structure-aware propagation, synchronous collabora-
tion systems

I. INTRODUCTION

In the daily workflow of software development, devel-
opers often encounter situations where they must guide a
co-developer through specific programming tasks. Such in-
structions might take the form: “Navigate to line 234... and
now type L-O-G...”. In these moments, the desire to simply
take over the keyboard is palpable. A promising response to
these scenarios is the emergence of real-time collaborative
programming (RCP) tools. These systems are specifically de-
signed to support development tasks that require high levels of
synchronous interaction within a fully integrated programming
environment. [1]

Software development typically requires collaboration
among developers as they engage in writing, testing,
debugging, and maintaining source code [2]–[4]. While

asynchronous collaboration is dominant and well-supported
through version control systems like Git, it does not suit all
workflows. Asynchronous models rely on explicit commits
and manual merges, which are often too rigid or delayed for
dynamic, fast-paced tasks [5]. However, many development
scenarios require real-time interaction. These include pair and
mob programming sessions [6], live coding interviews, team
code reviews, educational scenarios involving student-teacher
or peer group collaborations [7], and live troubleshooting
sessions between support engineers at a customer site and
senior engineers at a remote headquarters. Moreover, real-time
interactions are crucial when multiple developers must simul-
taneously modify a tightly coupled section of code – a single,
indivisible source artifact [1] . Addressing these scenarios in
an asynchronous manner introduces communication overhead
and frequent merge conflicts that must be resolved manually
[8].

To fill this gap, RCP tools like JetBrains Code With Me
[9], VS Code Live Share [10] and Replit [11] emerged. These
environments allow multiple developers to simultaneously
edit shared codebases. They fall under the categorization of
synchronous groupware defined as ”the class of applications
in which two or more people collaborate in what they perceive
to be real time” [12]. While these systems technically operate
in a synchronous or near real-time fashion, the term “real-
time” has become widely adopted in the research community
to describe this class of collaborative tools, despite variations
in actual latency and responsiveness. Therefore, we adopt the
term real-time collaborative programming environments in
this paper, treating synchronous and real-time as synonymous.

Presented tools propagate code changes at character or
text level, leveraging Operational Transformation (OT) [13]
or Conflict-free Replicated Data Types (CRDT) [14]–[17] for
automatic synchronization. While existing OT and CRDT al-
gorithms may be sufficient for real-time collaborative text edit-
ing, they ignore program structure and semantic correctness,
leading to deeper problems during collaborative programming
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sessions [18]–[20]. As developers write code, it regularly
transitions through intermediate states that are syntactically
invalid. Propagating such low-level changes in real time can
lead to broken builds across collaborators’ environments, dis-
rupting the development process and impairing key features
like code analysis, autocompletion, and execution [8], [21].

Beyond text-based synchronization, professional RCP tools
use a host-participator model, where the host retains full
code access and control, while participators access files only
on demand. This further limits collaboration capabilities by
restricting tooling, execution, and resilience [22].

Existing research and a recent study on developer expe-
rience [1] highlight three major pain points in current RCP
systems:

• High Communication Overhead: Every keystroke–
including incomplete or invalid code–is propagated im-
mediately. This ”chattiness” leads to excessive network
traffic and often visible lag [23]. In a recent survey,
71% of developers cited lagging and unstable networks
as major RCP limitation [1].

• Propagation of Buildbreaking Intermediate States:
Text-based propagation means that collaborators con-
stantly receive incomplete or invalid program states.
These transient buildbreaking conditions interrupt the
development flow, inhibit local testing, and degrade
understanding–especially as the number of collaborators
grows [24].

• Structural Conflict and Poor Synchronization Seman-
tics: Merge conflicts and inconsistencies are common
when developers simultaneously edit related code in
different files (e.g., modifying a function declaration and
its call site). Existing systems lack semantic awareness
and cannot resolve or prevent these issues gracefully [17],
[18], [25].

These limitations indicate a deeper issue: current tools
operate at an inappropriate level of abstraction for collab-
orative real-time programming. By treating code as plain
text, they disregard the structured, language-aware nature of
programming and ultimately restrict both user experience and
system capabilities.

We propose AstFlow, a novel structure-aware propagation
approach that tackles presented limitations. Instead of using
text we make use of the abstract syntax tree (AST) as our
core propagation model.

Although AST-based granularity also opens the door for
(semi-)structured conflict resolution and semantic merging
strategies [26], [27], the focus of this paper is on the prop-
agation mechanism and the supporting system architecture.
We do not attempt to solve the full synchronization problem
yet. Instead, we lay the groundwork by showing that semanti-
cally valid update propagation alone can significantly improve
communication efficiency and developer experience in RCP
environments.

To evaluate the proposed model, we developed a benchmark
comprising eight simple yet representative programming sce-
narios that commonly arise during collaborative editing. These

scenarios were executed in controlled sessions using three
prominent industry RCP tools–VS Code Live Share, Code With
Me, and Replit–as well as our proposed system, AstFlow. For
each scenario and tool network traffic was captured to analyze
the average volume and frequency of data transmissions.

We analyzed the communication patterns of these tools and
compared them to our own AST-aware propagation approach,
which propagates changes only at syntactically valid points.
Our analysis shows that these tools generate excessive and
noisy traffic and often leave collaborators in buildbreaking
program states. In contrast, our approach significantly reduces
amount and size of messages needed. Additionally, it improves
consistency by enforcing syntactic completeness as a propa-
gation boundary.

In summary, this paper makes the following contributions:
• Identification of current limitations: We identify and

analyze the propagation inefficiencies of popular industry
RCP tools, namely VS Code Live Share, Code With Me
and Replit in terms of communication granularity and
architecture.

• Novel semantic-aware propagation model: We intro-
duce an AST-aware propagation model that reduces un-
necessary updates and preserves syntactic validity.

• RCP propagation benchmarks: We evaluate our ap-
proach against existing tools using a benchmark of eight
programming scenarios, showing significant reduction in
communication overhead while maintaining consistent,
buildable program states.

The paper is structured as follows: We begin with a review
of related work in Section II, categorizing prior efforts into
professional tools, research prototypes, and AST-based sys-
tems. Section III derives the unique requirements of RCP by
comparing it with asynchronous collaboration and illustrates
the challenges of fine-grained updated propagation. Section IV
presents the core idea and potentials of our approach and
introduces the explicit research questions this paper aims to
answer. Following we present our plugin that is implemented
based on the proposed model in Section V, covering static
structure and dynamic execution flow. Section VI outlines our
experimental evaluation, including the programming scenarios
and metrics used for evaluation. Section VII presents the
results of the evaluation and a comprehensive discussion.
Finally, we conclude in Section VIII and outline directions
for future work in Section IX.

II. RELATED WORK

Real-time collaborative programming systems can be
broadly categorized into industry tools and academic research
prototypes.

Popular professional tools like Code with me [9], VS
Code Live Share [10] and Replit [11] adopt a centralized
host-participator pattern where the developer that initiates the
coding session shares her host machine and environment with
other collaborators. [22] This architecture introduces several
limitations. First, it creates a single point of failure: if the host
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disconnects, participators lose their unsaved work [23]. Sec-
ond, participators often suffer from limited language tooling
since their local environment lacks the full project context.
Files are only fetched on demand and reside in memory,
preventing effective cross-file analysis and refactoring. Finally,
execution and debugging capabilities are restricted to the host
machine, meaning other collaborators cannot run or debug
the code in parallel, which severely limits the effectiveness
of collaborative testing, validation, and troubleshooting [22].
In addition, these tools rely on text-level propagation, where
every keystroke is transmitted immediately.

Several research prototypes aim to address architectural
limitations by enabling replicated environments, where each
collaborator holds a full copy of the project. Examples include:
CoVSCode, a VS Code plugin [22]; CoIDEA, an IntelliJ
plugin [28]; CoEclipse [25]; and CRTC for the Eclipse IDE
[24]. Other tools include Teletype for the Atom editor [29];
however, Atom IDE and therefore Teletype are no longer
actively maintained. Despite their architectural improvements,
all of these tools propagate text-level changes without struc-
tural awareness. This introduces the same issues found in
professional tools. Thus, while research prototypes improve
decentralization, they do not address the fundamental problems
of propagation granularity and semantic validity.

A relevant effort in solving text-based synchronization
issues is CoAST [18]. Their approach introduces a CRDT
that is based on the abstractions of ASTs. It demonstrates
improved convergence behavior and structural consistency
compared to string-based systems. However, CoAST operates
in a simplified Lisp-like language and focuses primarily on
merge correctness and collaborative consistency, but does
not address propagation latency, IDE integration, or com-
munication overhead. It also lacks support for fine-grained
differencing strategies, which can drastically reduce the vol-
ume of propagated changes. Finally, although they present a
very promising approach to RCP, contact with the authors
has revealed that no further work is being pursued. AstFlow
builds upon this foundation to deliver a more robust and
practical solution. Unlike CoAST our approach introduces
communication optimizations specifically designed to address
one of the most pressing limitations of current RCP tools: lag
under unstable network conditions [1].

III. MOTIVATING EXAMPLE

Asynchronous code collaboration enables developers to
access a shared codebase, work on different components in-
dependently, and later merge their modifications into a central
repository. Frequent interaction and communication between
developers is not necessary and programming tasks are typi-
cally not strongly dependent, while coordination is controlled
manually by developers via explicit commits [28]. In contrast,
RCP supports closely coupled, short-lived development tasks
involving high-frequency interactions among a small group
of developers. Rather than replacing traditional workflows,
RCP complements them by addressing collaboration scenarios

where rapid feedback and coordination are critical [1], [7],
[22], [23], [28].

Both paradigms share two fundamental principles: branch-
ing and merging–but they differ in when and how these
operations occur.

Understanding the unique synchronization needs of RCP
requires examining the evolution of merge strategies in asyn-
chronous collaboration. Asynchronous systemes propagate
changes based on explicit commits (and pushes) and pull(s).
Typically such commits take place on a daily basis or even
longer periods of time and therefore contain multiple and
bulkier change deltas compared to RCP [28]. Nevertheless,
conflict detection and resolution mechanisms are crucial in
both approaches. In Git, the process of merging begins with
a diffing algorithm that identifies variations between files,
including additions, deletions, and modifications. This algo-
rithm, operating on a per-file basis, generates a structured
diff. It then attempts to merge these changes automatically.
However, when conflicting modifications are detected (conflict
detection) conflict resolution is necessary. This resolution
process may involve manual intervention by developers or
automated tools to integrate competing modifications [30]. In
RCP, these steps must occur at a much higher frequency (e.g.
per keystroke). To ensure an uninterrupted coding workflow,
changes must be propagated and synchronized automatically
across all collaborators [2]. However, ensuring seamless syn-
chronization remains a non-trivial challenge–even in asyn-
chronous collaboration–which is why it has been the focus
of extensive research [26], [27], [31]–[38].

The unstructured approach of Git fails to detect complex or
subtle conflicts, like semantic inconsistencies and behavioral
changes [39], [40]. Line-based diffing only accounts additions
and deletions, ignoring other types of edit actions such as
updates and moves. This coarse-grained granularity fails to
align with the structure of code [31].

To overcome these limitations, research has explored al-
ternative strategies that operate at finer levels of granularity.
Structured merge tools, for instance, analyze code using its
abstract syntax tree to identify and resolve conflicts in a more
semantically aware manner [31]–[37]. While these tools are
highly accurate, they tend to be computationally expensive
for large change sets. [26] As a compromise, semistructured
merge tools have been proposed, which aim to balance per-
formance and precision by combining partial AST analysis
with traditional text-based techniques [38]. Although generally
less precise than fully structured approaches, [41], [42] some
recent semistructured methods show promising potential in
addressing these challenges [26], [27].

These limitations are further exacerbated in real-time collab-
orative programming environments. Due to the nature of RCP
to face continuous changes, merging is no longer an occasional
operation, but a constant background process that must be
fast, accurate, and non-disruptive. Any failure in detecting
or resolving conflicts in real time can immediately break the
shared program state, interrupt the development flow, or even
introduce subtle bugs that go unnoticed until later [8].
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Fig. 1. Simple illustration of change propagation in text-based systems. Alice
typing ’int x = 1;’.

Despite these demands, most RCP systems rely on text-
based synchronization using Operational Transformation (OT)
or Conflict-free Replicated Data Types (CRDTs) [14], [21],
[43]. As a result, RCP tools inherit many of the same short-
comings as traditional text-based version control systems. As
developers write code, it is natural for the code to temporarily
transition in syntactically invalid states–such as an unclosed
bracket, an incomplete statement, or a partially written func-
tion signature. Intermediate code states are propagated im-
mediately to all participants, frequently resulting in shared
build-breaking states. This issue is presented in Figure 1: as
Alice types int x = 1;, Bob experiences build-breaking
intermediate states due to character-wise propagation. The
constant shift between valid and invalid code not only un-
dermines individual focus but also introduces confusion and
interference, making fine-grained synchronization a double-
edged sword [8], [21].

IV. AST-BASED PROPAGATION MODEL

To highlight the presented research gap, we refer to a recent
survey [1] by Tan et al. (2024) among 103 developers. They
analyzed common usage scenarios, key requirements, and per-
sistent challenges in RCP environments. Unsurprisingly, live
editing—such as real-time change tracking—was identified as
the most important feature, with 87% of respondents ranking

it as essential. The most frequently reported challenge was
lag, attributed primarily to unstable (71%) and slow (63%)
network conditions. Additional concerns included editing con-
flicts (57%), difficulty in undoing others’ changes (61%), and
loss of work after interruptions (66%). Based on these findings,
we hypothesize that propagating changes at the level of indi-
vidual keystrokes significantly contributes to the perceived lag.
Additionally, unnecessary data transmission of invalid code
states not only burdens the network but also ruins developer
experience because developers are continuously interrupted by
invalid states propagated by others.

To address these challenges, we propose a propagation
model that strategically rethinks how and when updates are
shared. Our approach focuses on minimizing latency and
preserving syntactical correctness even in degraded network
states. At the heart of this model lies a shift in granularity:
instead of broadcasting character or text updates, our approach
transmits only code changes represented as AST operations.
This structural awareness enables the system to filter out
transient, invalid states. The edit operations are only propa-
gated if the underlying program is parsable. Therefore, invalid
states that would otherwise disrupt other collaborators and
overwhelm the network with redundant updates, are skipped.
The key idea of the dynamic process flow is illustrated in
Figure 2. When developers start an RCP session, an initial
AST is created, based on the program structure. During
the session the system listens for change events, which are
triggered when the developers write code. While coding, we
leverage incremental parsing techniques to validate whether
the program is parsable or not. When the program reaches a
parsable state we compare the last valid AST (T1) with the
current AST (T2), with the aim to extract operations made
since then using a diff algorithm. Basically, we extract the
sequence of actions, which transform T1 into T2. The outcome
of this comparison is called a minimal edit-script, which is
eventually broadcasted to other collaborators.

By aligning propagation boundaries with meaningful syn-
tactic units–such as complete statements, declarations, or
expressions–we aim to preserve the integrity of the shared
program state and reduce the cognitive load on developers.

We hypothesize that this model not only improves syntac-
tic correctness but also significantly reduces communication
overhead–one of the most frequently cited pain points in RCP
systems [1]. To validate this hypothesis, we designed a set of
controlled experiments that simulate realistic coding scenarios
and measure the resulting network traffic across multiple tools.
The experimental evaluation is presented in Section VI and
results are demonstrated and discussed in Section VII

With our approach we aim to answer the following research
questions:

• RQ1: How does AST-based propagation affect the fre-
quency and volume of transmitted updates in real-time
collaborative programming compared to traditional text-
based systems?

• RQ2: How do different types of code edits impact net-
work traffic across AST-based and text-based RCP tools?
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Fig. 2. Flow of propagating code changes as AST-operations in RCP

V. IMPLEMENTATION

AstFlow is implemented as a plugin for the IntelliJ plat-
form using Kotlin. This design decision was motivated by
IntelliJ’s built-in support for parsing source code and its
developer-friendly infrastructure for rapid plugin development
and testing. Central to AstFlow’s current implementation is the
Project Structure Interface (PSI) [44] provided by the IntelliJ
platform, which offers rich semantics and a comprehensive
API for navigating and manipulating the underlying syntax
tree of source files [44]. PSI provides convenient hooks
for listening to changes in the AST via interfaces such as
PsiTreeChangeAdapter, enabling AstFlow to react instanta-
neously to structural modifications within the code. Currently,
the system is limited to supporting Java and Kotlin, but this
constraint aligns with the prototype’s goal: to demonstrate the
potentials of a structure-based propagation model in collabo-
rative code editing, which is further explored in Sections VI
and VII.

Fig. 3. Gumtree pretty print of edit-script for Alice coding int x = 1;.

A collaborative session in AstFlow begins when a user initi-
ates a session through a lightweight relay server that manages
WebSocket connections and assigns unique user identifiers.
Upon session initiation, the current file’s AST is captured
and monitored for changes. As the user interacts with the
code, PSI triggers a childrenChanged callback. At this point,
AstFlow first checks whether the current file remains parsable,
using PSI’s capabilities. If the file contains syntax errors and
is unparseable, no data is transmitted. If it is valid, AstFlow
computes the structural difference between the previous and
current ASTs using the Gumtree algorithm [31]. Gumtree is a
highly efficient algorithm designed to determine the sequence
of operations that, when executed, convert an abstract syntax
tree T1 into T2. Figure 3 shows a formatted (pretty-printed)
version of an edit-script generated by Alice in response to
the addition of int x = 1; to the codebase. AstFlow leverages
the recent gumtree-simple heuristic [45], which significantly
improves performance and produces cleaner edit-scripts, being
up to 281× faster than earlier versions [45]. Possible actions
in an edit-script created by gumtree-simple are [45]:

• insert-node(n, p, i): adds a new node n as a child of node
p, inserted at position i.

• insert-tree(s, p, i): inserts a new subtree s as a child of
node p at position i.

• delete-node(n): removes the leaf node n.
• delete-tree(s): removes the subtree s.
• move-tree(s, p, i): moves the subtree s to become a child

of node p, positioned at i.
• update-node(n, l): updates the label of node n to l.
The edit-script is mapped to a custom data transfer object

(DTO) presented in figure 4. While transmitting full subtrees
in some operations may introduce unnecessary overhead, little
optimizations have yet been applied in this prototype. These
improvements are planned for future work, where we aim to
balance the data required for merge accuracy with minimal
traffic overhead. Once serialized, the operations are sent via
WebSocket to the relay server, which broadcasts the changes
to all connected participants.

The relay server as well as the plugin source code and pro-
gramming scenarios (captures, logs) are provided via GitHub

2698



Fig. 4. editOperationDTO for action from edit-script presented in fig. 3.

[46] and Figshare [47].

VI. EXPERIMENTAL EVALUATION

To assess the performance and communication efficiency of
our proposed propagation model, we conducted a controlled
experimental evaluation. The goal of this evaluation is twofold:
(1) to understand how different propagation strategies affect
the frequency and volume of transmitted data (RQ1), and (2)
to analyze whether and how industry tools implement opti-
mizations to mitigate communication overhead under various
collaborative editing scenarios (RQ2).

We designed a set of eight representative programming
scenarios that reflect common editing patterns in RCP, such
as regular coding, using autocompletion, typing bursts, dele-
tions, and copy-paste operations. Each scenario is crafted
to trigger specific synchronization behaviors and stress-test
the underlying propagation mechanisms. For instance, we
investigate whether text-based systems transmit each character
individually–even when an entire code block is pasted at once–
or whether they apply throttling or batching when code is
generated rapidly. The full list of scenarios and their intended
evaluation goals are described in Section VI-A.

These scenarios were executed across four RCP systems:
our own plugin, AstFlow, and three widely adopted industry
tools–VS Code Live Share, Code With Me, and Replit. These
tools were selected based on their popularity and widespread
usage: VS Code Live Share (over 20M downloads [10]), Code
With Me (over 600K downloads [9]), and Replit (over 22.5M
users [48]).

To ensure consistency and reproducibility, all experiments
were conducted in a controlled environment. Each scenario
was executed three times per tool leveraging an automated
script to simulate user input. Furthermore, the script captures
network traffic during each scenario. The network traffic was
recorded using Wireshark and Mitmproxy, allowing us to
isolate and analyze WebSocket communication. We measured
two key metrics: (1) the number of packets transmitted, and (2)
the total volume of data exchanged (in bytes). These metrics
provide insights into the communication behavior introduced
by each tool’s propagation strategy.

By comparing the results across tools and scenarios, we aim
to quantify the impact of propagation granularity on network
efficiency and identify patterns that correlate with lag and
responsiveness issues reported in RCP literature. All scripts,
scenario definitions, and captured data can be found in ”/rcp-
evaluation” in the repositories on GitHub [46] and Figshare
[47].

A. Programming Scenarios

To investigate how different RCP tools propagate changes
during coding sessions, we designed a set of eight targeted
programming scenarios. These scenarios are crafted to system-
atically explore the relationship between types of code edits
and the resulting network traffic, with the goal of answering
both our research questions (presented in Section IV). Each
scenario isolates specific editing patterns–ranging from simple
typing to complex insertions or deletions–to uncover the un-
derlying propagation strategies used by the tools. By observing
how tools handle structurally meaningful versus purely textual
edits, we aim to reveal whether they implement optimizations
such as throttling, batching, or structural reasoning. Given
the closed-source nature of the tools, direct access to their
internal propagation logic is not possible. Therefore, we rely
on empirical observation and network traffic analysis to infer
their behavior. By capturing and analyzing the exchanged data
during each scenario, we can assess how tools respond to
different types of edits and gain insights into the granularity,
structure, and timing of propagated changes.

Unless otherwise specified, a 100 ms delay between
keystrokes is used to simulate average typing behavior. In
cases simulating rapid actions–such as copy-paste operations
or AI-assisted code insertions–delays are intentionally re-
moved to reflect real-world usage patterns. This controlled
setup allows us to reason not only about what strategies each
tool employs, but also about how specific code editing actions
trigger particular propagation behaviors.

The scenarios are defined as follows:

• Basic Typing: Creation of a class with a main method and
a simple System.out.println(”Hello, world!”) statement.
It introduces invalid intermediate states, allowing us to
observe how tools handle propagation under syntactic
instability. This scenario represents a typical editing task
at a standard typing pace, serving as a baseline for
comparison.
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• Copy-Paste Function: Pasting a complete function into
the class. This scenario examines whether tools detect
and optimize for bulk insertions, or whether they treat
them as a sequence of individual character-level changes.

• Deleting Line Letter by Letter: Character-by-character
deletion of a statement, resulting in temporary syntax
errors.

• Deletion: Removal of a previously typed line (e.g., the
println statement) in a single action, simulating IDE
macros or block deletion. This scenario complements
insertion-based tests and helps evaluate how deletion
events are propagated.

• Inline Comment: Insertion of an inline comment with-
out keystroke delays. This simulates AI-assisted com-
ment generation (e.g., via GitHub Copilot). Since AST-
based systems typically ignore comments, this scenario
helps assess whether industry tools incorporate structural
awareness or rely solely on text-based propagation.

• Insert Line Comment: Addition of a full-line comment
at default typing speed. Similar in purpose to the inline
comment scenario, but without AI involvement, this case
helps isolate the tool’s treatment of non-functional code
edits.

• Typing String with Quotes: Editing a string literal while
maintaining syntactic validity throughout. This scenario
triggers a potential drawback of AST-based systems:
since the file remains parsable, every keystroke may
trigger a structural diff.

• Typing Burst: Rapid entry of multiple lines without delay,
simulating IDE autocomplete or fast typing. This scenario
is designed to test whether tools implement throttling or
batching mechanisms to reduce communication overhead
during high-frequency input.

B. Experimental Setup

All scenarios were conducted in a controlled environment
using Python (version 3.12.6). The script comprises the fol-
lowing modules:

• Definition and automation of programming scenarios
(Section VI-A) via the keyboard library [49] to simulate
keystroke events.

• Scenario execution with precise logging of start times.
• Network traffic capture per scenario using Wireshark.

To ensure controlled conditions, smart editor features such
as auto-closing and paired brackets were disabled to facilitate
accurate simulation. All tools under test communicated via
WebSocket connections, as verified through Mitmproxy [50]
traffic analysis.

For each tool, a session between two users was established
in advance. To focus on measuring the frequency of update
propagation (i.e. how ”chatty” the client is) and the amount of
data transmitted, all programming scenarios are simulated on
a single user’s machine. For instance, Alice initiates a Code
With Me session and shares the invitation link with Bob. The
scripted scenarios are then executed on Alice’s behalf.

We intercepted network traffic using Mitmproxy to identify
and filter WebSocket IP addresses and destination ports, en-
suring analysis focused exclusively on relevant real-time data
streams. Since WebSocket traffic is encrypted over TLS and
not fully interpretable by Wireshark, we analyzed the raw TCP
packets corresponding to WebSocket connections. TCP packet
filtering was necessary because a WebSocket connection is
established once, and all subsequent data is exchanged over it.
Mapping TCP packets to scenario timestamps enabled detailed
traffic analysis. Due to encryption constraints, only Replit’s
traffic contents could be decrypted and examined. Application
data from Code With Me and VS Code Live Share remained
opaque.

The traffic filtering process involved isolating TCP pack-
ets originating from the client and excluding TCP ACKs
by selecting only those with a payload length greater than
zero. However, it was not possible to filter out ping/pong
messages exchanged via WebSockets. Since all evaluated tools
rely on WebSocket communication, these control messages
are uniformly present across all sessions. Moreover, because
measurements are averaged over multiple rounds for each
scenario, any overhead introduced by ping/pong exchanges
remains consistent and negligible relative to the variation
caused by actual code edit propagation. As a result, their
presence does not bias the comparative analysis or impact the
validity of the observed propagation behavior.

For each collaboration tool, scenarios were executed three
times. Using the logged timestamps, network captures were
correlated with scenario execution to extract:

• Average number of packets sent per scenario,
• Average total data transmitted per scenario (in bytes).

VII. RESULTS AND DISCUSSION

The network traffic analysis reveals fundamental differences
in how state-of-the-art RCP tools and our proposed system,
AstFlow, manage change propagation. The results of the
evaluation are presented in Table I, Figures 5 and 6.

A. Addressing High Communication Overhead in RCP Tools

Consistent with prior findings, industry RCP tools suffer
from high communication overhead due to propagation of
every keystroke, including incomplete and syntactically invalid
code states [1], [23]. Our evaluation confirms that both VS
Code Live Share (VSC) and Replit exhibit extremely high
packet counts and data volumes.

For instance, in the basic typing scenario, VSC sends on
average 951 packets compared to only 2.3 packets by AstFlow,
a difference of approximately 413-fold. Similarly, Replit sends
around 771 packets, about 335 times more than AstFlow.
This excessive “chattiness” not only increases bandwidth con-
sumption but also risks lag and unstable performance during
collaborative editing sessions.

Our results empirically validate that conventional text-
based synchronization approaches propagate transient, build-
breaking states, which in turn degrade the developer expe-
rience. These propagation patterns align with user-reported
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TABLE I
COMPARISON OF COLLABORATION TOOLS ACROSS EDITING SCENARIOS (PACKETS AND DATA USAGE)

Scenario AstFlow Code with Me VS Code Live Share Replit
x̄packets x̄KB x̄packets x̄KB x̄packets x̄KB x̄packets x̄KB

basic typing 2.3 1.4 41.3 4.7 951.3 551.3 771.0 227.8
copy paste function 1.3 1.0 5.3 0.4 287.3 188.9 163.0 76.4
deleting line letter by letter 7.0 2.1 28.0 2.2 523.7 281.1 512.3 156.7
deletion 1.0 0.2 6.0 0.5 27.7 13.1 30.7 10.0
inline comment 1.0 0.1 4.7 0.4 114.0 58.7 59.0 23.3
insert line comment - - 14.0 1.1 184.3 97.5 212.3 53.3
type string with quotes 25.3 6.4 16.7 1.3 545.7 279.5 270.0 78.0
typing burst 1.3 1.5 4.0 0.3 339.3 212.0 166.7 80.7
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Fig. 5. Number of packets as trend per scenario and tool.
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Fig. 6. Data (Bytes) as trend per scenario and tool.

frustrations in recent RCP surveys, where lag and workflow
interruptions were cited as major pain points [1].

Interestingly, Code With Me (CWM) consistently transmits
more packets than AstFlow across all scenarios, yet still
significantly fewer than VSC and Replit. This suggests that
while CWM likely uses a text-based propagation model, it
does not emit operations on every keystroke. Instead, its packet

pattern points to the use of throttling or batching strategies.
This raises the question of how it captures fine-grained edits. A
plausible explanation is that CWM relies on batch transactions
(e.g., groups of atomic operations) that are generated by
integrating directly with the host editor’s change model. Given
the encrypted nature of CWM’s WebSocket traffic, we were
unable to directly analyze its synchronization protocol. Our
interpretations are therefore drawn from observable behavior
patterns and network analysis.

A closer look at the packet trends across scenarios reveals
further insights. As expected, the basic typing scenario resulted
in the highest packet counts for all text-based tools, since
it comprised the most edit operations (character insertions).
Except for AstFlow, since most code edits introduced syntac-
tically invalid code states. In contrast, the deletion scenario
resulted in relatively few packets across all tools, suggesting
that deletion operations are efficiently tracked. For example, as
a range-based action rather than character-wise propagation.

The deleting line letter by letter scenario, however, shows
a sharp increase in packet count for VSC and Replit, while
CWM appears to apply some optimization, transmitting fewer
packets than expected. As anticipated, the insert line comment
and inline comment scenarios did not trigger AstFlow’s propa-
gation mechanism, since comments do not affect the AST. The
single packet observed in these cases is likely a WebSocket
ping/pong message.

One particularly revealing case is the type string with
quotes scenario. Although AstFlow propagates updates on
every keystroke due to the file remaining syntactically valid,
it still transmits significantly fewer packets than VSC and
Replit–by a factor of 10 to 20. Interestingly, CWM sends
fewer packets than the number of keystrokes in this scenario,
further supporting the assumption that it employs throttling or
batching strategies.

The overall data volume trends (Fig. 6) closely follow
the packet count patterns. However, despite transmitting a
higher number of packets, Replit consistently uses smaller
packet sizes compared to VSC. For instance, in the insert line
comment scenario, Replit sends more packets than VSC (339.3
vs. 270), yet its total data volume is significantly lower–80.7
KB compared to VSC’s 212.0 KB. This represents a 61.9%
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reduction in data usage, or roughly a 2.6× decrease in volume,
suggesting more compact and efficient message encoding.

While both AstFlow and CWM show relatively low network
usage compared to other evaluated tools, a closer inspection
reveals key differences in their underlying synchronization
strategies (Figures 7 and 8). CWM, consistently transmits
more packets than AstFlow–except for type string with quotes
scenario–but less data in scenarios copy paste function, typing
burst and type string with quotes scenario. This efficiency
likely stems from optimization strategies such as packet
batching, payload compression, or intelligent throttling, as
previously hypothesized.

The structure-aware propagation approach of AstFlow po-
tentially enables higher-level reasoning about code edits. How-
ever, in scenarios where code remains syntactically valid
throughout rapid keystroke sequences–such as type string
with quotes scenario–AstFlow exhibits behavior that closely
resembles text-based propagation. Specifically, it transmits
more packets (25.3 vs. 16.7) and more data (6.4 KB vs. 1.3
KB) than CWM in that scenario.

Conversely, in bulk-edit scenarios such as copy paste func-
tion and typing burst, AstFlow transmits more bytes (1.0 KB
and 1.5 KB respectively) than CWM (0.4 KB and 0.3 KB
respectively) but less packets (1.3 and 1.3 vs. 5.3 and 4.0).
This inversion arises from the structural nature of the edits:
AstFlow emits one or more tree insert operations–each with
inherent metadata and structural context–whereas CWM likely
transmits compact, batched text data, possibly further reduced
through compression.

It is important to contextualize these findings within the
maturity of the tools. AstFlow is a rapid prototype, devel-
oped in a limited timeframe, whereas CWM is a production-
grade, professionally engineered tool. Despite this, AstFlow’s
structure-aware model demonstrates promising potential. The
observed overhead in certain scenarios could be addressed
through targeted optimizations such as edit aggregation, diff
throttling, or data compression. With such enhancements,
AST-based propagation could achieve a level of efficiency
surpassing, text-based systems.

B. Semantic Granularity and Buildable States Reduce Traffic

AstFlow’s structure-aware approach directly addresses these
challenges by only transmitting changes when the source code
reaches syntactically valid states [51]. This semantic granular-
ity reduces the frequency of updates transmitted, as incomplete
or invalid intermediate states are never broadcast. In almost
all scenarios it also reduces the size of data. This mechanism
is particularly advantageous for scenarios involving complex
edits where code often transiently becomes invalid, such as
partially typed statements or unclosed brackets. All other RCP
tools propagated invalid states.

However, one notable exception to this pattern is the type
string with quotes scenario. Here, AstFlow propagates nearly
every keystroke, much like a text-based tool. This behavior
arises because string literals remain syntactically valid as
they are being typed, allowing the parser to produce valid
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Fig. 7. Direct comparison of packets: AstFlow vs Code With Me.

ASTs at each step. This deviation highlights a key area for
improvement: current semantic granularity alone is insufficient
when frequent but trivial changes still yield buildable states.
Future optimizations might incorporate additional heuristics.
For example, incorporating cursor movement, edit intent,
or syntactic scope awareness, could delay propagation until
meaningful semantic units are formed.

These findings reinforce the potential of structure-aware
synchronization models. Even as a rapid prototype, AstFlow
demonstrates that AST-level granularity can dramatically re-
duce unnecessary network load–particularly in scenarios in-
volving invalid intermediate edits–while opening the door to
more intelligent and context-aware propagation strategies.

C. Threats to Validity

Several threats to validity should be considered when
interpreting the results of this paper. First, the benchmark
scenarios, while carefully designed to be representative, do
not fully capture the complexity and variety of more complex
programming tasks, such as large-scale refactoring, multi-
file editing, or debugging workflows. This limits the external
validity and generalization of the findings. Additionally, the
experiments were conducted under controlled network con-
ditions, which may differ significantly from the diverse and
often unpredictable environments encountered in practical use,
potentially affecting traffic patterns and tool behavior. A fur-
ther limitation arises from the encrypted nature of the network
traffic in VS Live Share and Code with me, which prevents
inspection of the message payloads and thus constrains our
ability to understand the detailed communication protocols and
optimization strategies employed by the commercial tools.
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VIII. CONCLUSION

This paper introduces a structure-aware propagation model
for real-time collaborative programming (RCP), addressing
the inefficiencies of keystroke-level synchronization in widely-
used text-based systems. By leveraging abstract syntax trees
(ASTs), our approach transmits only syntactically valid code
changes, reducing network traffic and improving collaboration
stability.

We addressed the following research question:
RQ1: How does AST-based propagation affect the frequency

and volume of transmitted updates in real-time collaborative
programming compared to traditional text-based systems?

To evaluate this, we implemented our model as an IntelliJ
plugin, and compared it to three widely used RCP tools–
VS Code Live Share, Code With Me, and Replit–which rely
on text-based propagation. Our tool demonstrated substantial
reductions in both the number of updates and the volume of
data transmitted, by avoiding the broadcast of intermediate,
non-buildable states.

To deepen this analysis, we formulated a secondary ques-
tion:

RQ2: How do different types of code edits impact network
traffic across AST-based and text-based RCP tools?

To answer this question we designed eight representa-
tive coding scenarios and simulated diverse real-world edits.
These scenarios enabled us to analyze propagation behavior
in detail and reason about each tool’s propagation strategy.
Our results revealed that while text-based tools transmit
edits continuously–even during syntactically invalid states–
our tool suppresses such noise, significantly lowering traffic.
However, in scenarios such as typing string literals–where
partial edits remain syntactically valid–AstFlow propagated
more frequently, exhibiting a pattern more similar to text-based

systems. While it still transmitted significantly fewer updates
than VS Code Live Share (by a factor 22×) and Replit (11×),
it propagated about 1.5× more frequently than Code With Me.
This reveals an opportunity for further optimization, such as
integrating semantic context or user intent to suppress trivial
but syntactically valid changes.

Despite being a research prototype, our tool’s performance
in both packet count and data volume matched or surpassed
that of professional RCP tools. Although it incurs higher com-
putational cost due to AST diffing, this trade-off is balanced by
its structural awareness and the reduced need for downstream
conflict resolution.

In summary, our findings highlight the advantages of prop-
agating code at a semantically meaningful granularity. AST-
based propagation mitigates many of the core challenges faced
by current RCP systems–including bandwidth waste, unstable
shared states, and limited semantic context. This work lays the
groundwork for more robust, scalable, and developer-friendly
collaboration models in modern software development.

IX. FUTURE WORK

Future work will focus on extending our evaluation to
more complex programming scenarios, including cross-file
refactorings, function relocations, and structural code reorga-
nizations, to better understand how tools handle semantically
rich changes. A key direction will be to compare structure-
based and text-based synchronization approaches in these sce-
narios, analyzing their respective limitations and advantages.
This comparative analysis aims to highlight when structure-
awareness provides tangible benefits over text-level tracking
and where it may introduce overhead or complexity. AstFlow
currently focuses on defining a propagation model that en-
sures the transmission of syntactically valid program states.
We intentionally scoped synchronization strategies, such as
handling concurrent edits or multi-user conflicts, out of this
initial work to first establish the benefits of structure-aware
propagation. Our evaluation demonstrates the potential of this
model compared to existing tools. Building on this foundation,
we plan to explore transactional propagation and structural
conflict resolution mechanisms, with a strong emphasis on
developer experience. For instance, while fully automated
conflict resolution (as in Conflict-free Replicated Data Types
or Operational Transformation) and fully manual approaches
(as in Git) each have their merits, neither may offer an
ideal solution in real-time collaborative programming. We aim
to investigate, through user studies, what balance between
automation and manual control best supports developer work-
flows.

The computational overhead of AST diffing, especially for
large files or complex refactoring, is an important concern in
real-time settings. GumTree was selected for its widespread
adoption and proven effectiveness in generating concise edit
scripts, which are essential for RCP. Its use in tools that op-
erate across entire repositories further supports its scalability.
Recent studies [45], [52] confirm its superior performance in
producing minimal and meaningful change sets. Nonetheless,
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we recognize the limitations of full-file parsing and plan
to investigate incremental parsing techniques (such as those
enabled by Tree-Sitter [53]) as part of our future work. We
intend to benchmark both approaches on large open-source
codebases to assess their impact on performance perceived by
developers.

While AstFlow currently targets Java and Kotlin, its
structure-aware core model for propagation is inherently
language-agnostic, and we see significant potential in lever-
aging frameworks such as Tree-Sitter, which already offers
incremental parsing for a wide range of languages, to extend
support beyond the JVM ecosystem while improving perfor-
mance on larger files.

Given that code is often in an incomplete state during
development, we also propose the addition of an intent-aware
propagation layer. Detecting user intent in collaborative editing
is a non-trivial challenge, but one we believe can be effectively
integrated into AstFlow. Our future work will explore mecha-
nisms for manual propagation (e.g., user-triggered updates via
shortcuts like Ctrl+S) and automatic detection of complete ed-
its (e.g., closing brackets or statements), potentially supported
by incremental parsing. This could delay synchronization until
a statement is likely complete, thus reducing noise from
transient edits.

Additionally, we will explore optimizations in message
transmission, including data minimization and compression
techniques, to further enhance network efficiency.

Overall, these directions aim to evolve our approach into a
more semantically aware and performant framework for real-
time collaborative programming, pushing the boundaries of
RCP systems in both usability and technical sophistication.
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