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Abstract. Parallel programming remains notoriously difficult, primar-
ily due to the cognitive load of managing synchronisation and non-
deterministic state across distributed nodes. While Behaviour-Oriented
Concurrency (BoC) simplifies this on single-system architectures by uni-
fying parallelism and coordination, its reliance on shared memory limits
its horizontal scalability. This paper presents ARBOC (Arbitrated Run-
time for Behaviour Oriented Concurrency), a distributed runtime that
extends BoC across multiple systems while preserving its core seman-
tic guarantees. ARBOC separates coordination from execution through
centralised arbitration, scheduling behaviours via a dependency-aware di-
rected acyclic graph and executing them on distributed workers without
exposing programmers to message passing, distributed locks, or explicit
synchronisation. We describe the execution semantics, architecture, and
implementation of ARBOC, and evaluate it on a range of parallel and
coordination-intensive benchmarks. Results show that ARBOC scales ef-
fectively for parallelisable compute-heavy workloads while retaining pre-
dictable behaviour under contention, demonstrating that BoC’s abstrac-
tion naturally generalises to distributed environments.

Keywords: Parallel Programming · Distributed Systems · Behaviour
Oriented Concurrency · Concurrency

1 Introduction

Parallel programming is inherently complex, particularly when it requires ex-
pressing the coordination of concurrent, atomic tasks. BoC addresses this com-
plexity by unifying parallelism and coordination into a single abstraction. This
enables asynchronous, atomic, and ordered work units over independent re-
sources. However, the current single-system design limits scalability and pre-
cludes the performance benefits of distributed environments.
⋆ All authors have equal contributions.
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This paper presents ARBOC (Arbitrated Runtime for Behaviour Oriented
Concurrency)1, which extends Behaviour-Oriented Concurrency [5, 4] to support
execution across multiple systems. The original guarantees of exclusive access,
atomicity, and ordering are preserved while facilitating the coordination of shared
dependencies for isolated data objects. It is demonstrated that the model natu-
rally generalises to distributed settings without exposing programming complex-
ities such as explicit message passing, distributed locking, or conflict resolution.
The extended model is presented herein to address distribution challenges and
outline how simplicity and expressiveness are retained at scale.

Prior work approaches parts of this problem but makes different trade-offs.
Ownership-based languages such as Rust [7] and capability-based runtimes like
Pony [6] enforce safety via type systems, but push synchronisation concerns
onto the programmer and do not directly address distributed execution. Actor-
based systems [9, 1] like Erlang [2] scale well across nodes, but inherently expose
non-determinism in message ordering and state evolution. DAG-based sched-
ulers provide deterministic execution for dataflow and batch workloads, but are
not designed for fine-grained, contended mutable state with exclusive access
requirements. Related concurrency models include isolation-typed actors [10],
capability-based type systems [8], and composable integration of actors with
other paradigms [11].

ARBOC occupies a distinct point in this design space. By retaining BoC’s
cown-based exclusivity and deterministic scheduling, while introducing centralised
arbitration and distributed execution, ARBOC preserves the simplicity and rea-
soning model of BoC even when scaled across a cluster.

2 Background

2.1 Scope and Assumptions

(1) Reliable network: the cluster networking must guarantee reliable and in-
order data delivery. (2) Fail-stop processes: processes may fail by stopping
execution but do not exhibit Byzantine behaviour. (3) Closed-world resource
definition: the complete set of resource objects and tasks constituting a work-
load must be statically defined in advance. These assumptions allow us to focus
on the core challenge addressed in this work—extending BoC’s coordination
semantics to distributed systems while preserving the simplicity of its program-
ming model. Fault tolerance, failure detection, and network partition handling,
while important, are prospects of future work.

2.2 Core Concepts

ARBOC defines its fundamental primitives and execution semantics based on the
principles of Project Verona [3], extending its concepts of concurrent ownership
and ordered execution of discrete work units to a distributed environment. The
1 The source code for ARBOC: https://github.com/CPR-research/ARBOC
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following concepts, defined by BoC serve as guidelines for the execution model.
A cown (concurrent owner) serves as an abstraction used to manage an isolated
piece of data involved in concurrent tasks and provides the only point of entry to
mutate and read the resource. This ensures mutual exclusion across concurrent
behaviours. A cown may exist either in the available or acquired state. The
behaviour forms a unit of concurrent execution, and is defined by the When()
construct, which takes cowns as parameters.

Execution Semantics Two primary semantics are enforced to ensure safe
concurrent operation. (i) Atomicity of Ownership: A behaviour begins exe-
cution only after it has acquired exclusive access to its complete set of required
cowns. This ensures that the behaviour’s operations are isolated and data-race
free, and (ii) The Happens-Before Relation: ARBOC maintains determinis-
tic execution through the happens-before relationship - a behaviour b will happen
before another behaviour b′ iff b and b′ require overlapping sets of cowns, and b
is spawned before b′.

2.3 Overview

The system follows a centralised-scheduling, distributed-execution pattern and
is organised into four primary stages:
1. Definition Phase: An ARBOC program defines all behaviours and cowns

prior to the top-level When() call which schedules the initial behaviour. At
this stage, behaviours are added to a node-local registry and each cown is
statically assigned a home node.

2. Scheduling Phase: When execution encounters a When() call, the corre-
sponding behaviour is submitted to the centralised Dispatcher that maintains
a Directed Acyclic Graph (DAG) which tracks cown dependencies. The DAG
ensures that a behaviour gets dispatched with exclusive access to its required
set of cowns. Resource contention is thus converted into a well-defined exe-
cution order.

3. Distribution Phase: When a behaviour becomes unblocked in the DAG,
i.e., it reaches the root position for all cown dependencies, it is dispatched to
a message broker. The broker delivers the behaviour to one of the available
Executors in the distributed cluster.

4. Resolution Phase: The assigned Executor executes the behaviour and re-
turns the updated state of the associated cowns to the master process. Upon
completion, the Dispatcher updates the DAG, unblocking and triggering
subsequent behaviours waiting on the same cowns. (see Fig. 1).

3 System Architecture

3.1 The Dispatcher

Script Execution and Behaviour Capture The Dispatcher handles work-
load scheduling throughout the system. The user script runs on the Dispatcher,
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Fig. 1: ARBOC architecture showing a single Dispatcher with a message broker
and multiple Executors (each Executor can receive a dispatch, control and write-
back message).

which creates behaviour instances upon encountering a When() call and enqueues
it into the DAG. The DAG Scheduling in ARBOC is built around a DAG where
behaviours are represented as nodes, and edges encode dependencies on required
cowns. When a new behaviour is scheduled, it is added to the DAG with edges
pointing either to the cown itself or to the terminal node of that cown’s current
dependency chain, ensuring that required access ordering is preserved. Fig. 2
shows a bank transfer behaviour using nested When() constructs. The Dispatcher
translates this code into the dependency graph visualised in Fig. 2. A behaviour
becomes ready for execution on reaching the root level of all its cown depen-
dencies, i.e. when no other behaviours requiring the same cown precede it. At
this point, the behaviour and its required cowns are sent to the message broker.
For this proof of concept, ARBOC utilises Neural Autonomic Transport System
(NATS)[12] – a lightweight, high-performance publish-subscribe messaging sys-
tem. No explicit load-balancing algorithm was implemented, as NATS defaults to
a native random selection approach for message distribution. Post-Execution
Resolution Once the execution is complete, the Dispatcher updates the modi-
fied cown values to reflect the changes in its local records. The behaviour is then
purged from the DAG, potentially triggering a cascading effect where newly
freed up resources allow a behaviour to be immediately dispatched. Behaviour
Registry To avoid the overhead of serialising function bytecode to send across
the network, ARBOC initialises a node-local Behaviour Registry that maps be-
haviour names to their function definitions. During the initialisation phase, this
registry is populated with the complete set of behaviour definitions required
for the computation. This architecture enables the Dispatcher to transmit a
lightweight execution payload that only consists of the behaviour name and the
cowns.

3.2 The Executor

Distributed Execution and Behaviour An instance of ARBOC can host
multiple Executors. It is limited only by the capacity of the underlying message
broker and network topology. The Executor is responsible for the life-cycle of
behaviour execution. Upon receiving a set of cowns and a behaviour identifier, the
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Fig. 2: Bank transfer using nested behaviours and its associated DAG

Executor instantiates a local copy of the behaviour from the Behaviour Registry.
It then spawns a dedicated worker thread on which the behaviour runs.
Result Transmission and Modular Deployment Upon completion, the Ex-
ecutor constructs a mapping of the updated cown values which is then sent to
the Master via the message queue to synchronize state across the system. The
separation between the Master and Executor enables a modular architecture
that supports heterogeneous deployments, allowing Executors to operate across
diverse hardware platforms and execution environments.

3.3 Communication Infrastructure

The interaction between the Dispatcher and the Executors is mediated by a
message broker, which serves as an asynchronous transport layer. This decouples
task scheduling from task execution. When a behaviour is ready for execution,
its metadata is serialised into a message and published to a work queue. This
infrastructure facilitates two critical system properties:
1. Dynamic Work Distribution: The broker can act as a load balancer,

ensuring that dispatched behaviours are distributed among available Execu-
tors. This prevents the Dispatcher from needing to maintain the state or
health of individual worker nodes.

2. Backpressure and Buffering: By using a queue-based model, the sys-
tem can handle bursts in behaviour spawns. The broker buffers pending
behaviours, allowing Executors to pull work at varying processing rates.

4 Results and Evaluation

ARBOC is evaluated across a suite of six benchmarks shared by BoC–representing
diverse computational patterns: Parallelisable tasks (Monte Carlo Pi, MatMul,
Convolution), recursive workloads (Fib), and coordination-heavy scenarios (Bank,
Dining Phil). All benchmarks were executed on dedicated CPU Linode instances
(AMD EPYC 7713, 2 core 4GB RAM / 4 core 8GB RAM) within a Virtual Pri-

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:

DOI: 10.1007/978-3-032-29924-6_43

https://dx.doi.org/10.1007/978-3-032-29924-6_43
https://dx.doi.org/10.1007/978-3-032-29924-6_43


6 S. Y. Bhat, V. Shenoy, V. Tiwari, S. Garg, and G. Srinivasa

Table 1: Benchmark Execution Times (seconds): Comparing Single-Node Base-
line (BoC) vs. Distributed Scalability (ARBOC)
Benchmark Single-Node Baseline Distributed ARBOC (Cluster)

2 Cores 4 Cores 2 Cores 4 Cores 6 Cores 8 Cores
Configuration

(Local) (Local) (1 Worker) (2 Workers) (3 Workers) (4 Workers)

Monte Carlo Pi 342.343 301.212 608.490 340.917 225.333 179.439

MatMul 100.246 82.926 196.617 111.643 81.349 68.951

Fib 1.325 1.376 3.221 3.153 3.025 3.227

Bank 6.340 5.970 42.025 35.240 33.230 32.080

Dining Phil 27.543 26.501 149.008 137.886 133.276 133.175

Convolution 12.743 11.739 22.444 14.722 10.468 8.206

vate Cloud. To establish the baseline (BoC), we executed the workloads2 on two
standalone configurations: a 2-core instance and a 4-core instance. For the AR-
BOC benchmarks, a 4-core dedicated node served as the centralised Dispatcher,
managing a cluster of 2-core worker nodes. Performance is measured in total
execution time (seconds).

Table 1 presents the execution times for both the single-system baseline (BoC
within the ARBOC framework) and the distributed cluster (ARBOC) across
various core and worker configurations.

4.1 Baseline and Comparative Analysis

The single-node results establish the performance floor for our architecture.
When comparing BoC and ARBOC at the 4-core mark, we observe a perfor-
mance delta where single-system execution is generally faster (e.g., MatMul at
82.9s vs 111.6s). This overhead is attributed to communication costs. However,
for compute-heavy workloads like Monte Carlo Pi, Convolution and MatMul,
ARBOC begins to outperform the single-node baseline as the cluster scales to
6 and 8 cores. Despite the distribution overhead, the system scales horizontally.
Conversely, in highly sequential or small-scale computations like Dining Phil, Fib
and Bank, the distribution overhead is more pronounced, since the behaviours
are too small to offset the communication overhead.

4.2 Scalability in a Distributed Environment

The distributed results demonstrate varying degrees of speedup tied to the
compute-to-coordination ratio of the workload:

2 Scale: MCPI ∼ 1011 samples; MatMul/Conv ∼ 4K × 4K; Bank used thousands of
transactions; Dining Phil/Fib used small fixed setups.
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Fig. 3: Normalised execution time relative to 2-core BoC baseline (lower is better)
across all configurations.

1. Performance Leads: Monte Carlo Pi showed the largest speedup, run-
ning 67.9% faster than the best local single-node result, Convolution and,
MatMul achieved a speed up of 43.1% and 20.3% respectively.

2. Coordination Bottlenecks: Workloads with high resource contention, such
as Bank, showed minimal improvement. Performance suffers when many be-
haviours contend over the same cowns, because the Dispatcher only permits
exclusive access.

3. Overhead Analysis: Small, rapid-fire and inherently sequential workloads
(Fib) show nearly flat performance across core counts. Dining Phil ran slower
on our system, an expected result given the sequential nature of the prob-
lem; the latency introduced by the message broker and DAG scheduling
logic outweighs the benefits of parallel execution. As for Bank, its nested
behaviour spawning pattern means the Dispatcher repeatedly serialises and
re-dispatches behaviours across the cluster, making serialisation and dispatch
overhead the dominant cost.

5 Conclusion

This paper introduced ARBOC, a distributed runtime for the Behaviour-Oriented
Concurrency (BoC) model implemented in Go. By utilising a centralised arbi-
trator and distributed executors, the system achieves a total decoupling of coor-
dination from execution. It proves that BoC abstractions can be preserved in a
distributed setting without resorting to manual locking. Further, ARBOC shows
near-linear scaling on compute-bound, highly parallel workloads, maintaining ef-
ficiency as the system scales and demonstrating the practicality of the approach
for large deployments. While ARBOC successfully extends BoC, there are still
several areas for improvement. The centralised Dispatcher poses as a single point
of failure and a possible bottleneck for behaviour spawning at scale. Fault toler-
ance for node failures during atomic behaviour execution remains a requirement
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for production systems. ARBOC demonstrates that Behaviour-Oriented Con-
currency can scale to distributed settings without losing its simplicity, enabling
safe and powerful parallel programming.

Disclosure of Interests. The authors have no competing interests to declare that
are relevant to the content of this article.
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