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A B S T R A C T

Collaborative logistics has been widely recognised as an effective avenue to reduce carbon emissions by
enhanced truck utilisation and reduced travel distance. However, stakeholders’ participation in collaborations
is hindered by information-sharing barriers and absence of integrated systems. We, thus, in this paper addresses
these barriers by investigating an integrated platform that facilitates collaboration through the integration of
agents with digital twins. Specifically, we employ a multi-agent system approach to integrate stakeholders and
physical assets in collaborative logistics, representing them as agents. We introduce a loosely-coupled system
architecture that facilitates the connection between physical and digital systems, enabling the integration of
agents with digital twins. Using this architecture, we implement a prototypical testbed. The resulting testbed,
comprising a physical environment and a digital replica, is a digital twin that integrates distributed entities
involved in collaborative logistics. Its effectiveness on integrating both physical and digital, stationary and
mobile objects is demonstrated through a carrier collaboration scenario. This paper is among the few earliest
efforts to examine the integration of agents and digital twin concepts in logistics sector and goes beyond the
conceptual discussion of existing studies to the technical implementation of such integration.
1. Introduction

Transportation is the largest contributor to greenhouse gas emis-
sions [1]. Among various transportation modes, trucks are the second-
largest emitter following cars and taxis. However, they are currently
utilised inefficiently, operating at only around 60% of their weight
capacity, with approximately 30% of their travelled distance carrying
no freight [2]. Collaborative logistics has been widely recognised as
an effective pathway to enhance truck utilisation [3–5]. This approach
involves carriers collaborating via coalition to collectively fulfil deliv-
ery requests, thereby achieving reduced total cost and travel distance
through economies of scale.

Collaboration in private transportation, facilitated by centralised
platforms such as UberPool,1 has seen widespread adoption. How-
ever, extending this model to the logistics sector remains relatively
unexplored. Two primary barriers, among others [5], contribute to
this challenge: (1) Lack of Trusted Platforms: Concerns about business
secrecy often discourage carriers from sharing data with centralised
platforms, despite the evident environmental and economic benefits.
(2) Lack of Information: Carriers operating in close proximity often lack
visibility regarding into whether they are transporting freight to similar

∗ Corresponding author.
E-mail address: lx249@cam.ac.uk (L. Xu).

1 https://www.uber.com/au/en/ride/uberpool/

destinations at overlapping times. These barriers impede stakeholders’
willingness to engage in collaborative efforts. One promising approach
to overcome these barriers is to establishing a trusted integrated envi-
ronment where carriers can confidently share information and actively
participate in collaboration.

However, as highlighted in [5], studies investigating the imple-
mentation of such platforms are scarce, despite many studies [6–8]
proposed to address computational challenges, such as vehicle routing
problems, in collaborative logistics. These platforms could motivate
carrier to participate in collaboration through better informed and tan-
gible decision-making simulations on different operational scenarios, as
reported in [9]. Therefore, our paper aims to bridge this gap. We design
and develop an integrated environment for orchestrating collaborative
logistics, leveraging the multi-agent system (MAS) approach and the
digital twin technology.

Centralised platforms can help alleviate the barrier of lacking infor-
mation, however, they may not ensure neutrality and trustworthiness.
An ideal solution is a decentralised, distributed platform operated
collectively by participants, where planning and decision-making are
vailable online 21 February 2025
452-414X/Crown Copyright © 2025 Published by Elsevier Inc. This is an open access

https://doi.org/10.1016/j.jii.2025.100799
Received 3 January 2024; Received in revised form 4 December 2024; Accepted 12
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

 February 2025

https://www.elsevier.com/locate/jii
https://www.elsevier.com/locate/jii
https://orcid.org/0000-0003-2472-9130
mailto:lx249@cam.ac.uk
https://www.uber.com/au/en/ride/uberpool/
https://doi.org/10.1016/j.jii.2025.100799
https://doi.org/10.1016/j.jii.2025.100799
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jii.2025.100799&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Industrial Information Integration 45 (2025) 100799L. Xu et al.

p

h
b

t
c

p
v
a
w
t
i
s
e
o
o
t

c

o
f
t

m

t
[

t

a

d

l
a

p
g

a
o
t

Fig. 1. Illustration of a horizontal collaboration scenario.

distributed rather than delegated to central authorities. The MAS ap-
roach, often adopted for solving complex distributed problems, is

well-suited for developing such platforms [10].
However, such platforms might not mitigate obstacles arsing from

uman factors, such as a lack of awareness regarding collaboration
enefits or apprehensions about altering their business model [5]. To

enable collaboration, carriers need to communicate with others, often
hose located nearby. For better illustration, we present an illustrative
arrier collaboration in Fig. 1. As shown in Fig. 1, a truck with 15

unloaded pallets sends a message to nearby carriers to propose co-
loading collaboration. If successful, this collaboration could reduce
from five trips (T1: one way, T2 and T3: round trips) to just one one-
way trip by T1. This illustration showcase that large benefits can be
achieved through carrier collaboration, despite its simplicity. In this
paper, we explore to create an integrated platform to facilitate and
demonstrate such collaborations in logistics.

Recently, the digital twin technology has been widely discussed
and explored in various domains for their potential in simulation,
integration, monitoring, and maintenance [11,12]. While the MAS ap-
roach can model the collaborative logistics problem , it cannot provide
isibility into and transparency of the operations of how collaborations
re achieved, which is critical to create a trusted platform. Therefore,
e incorporate the digital twin technology into the development of

his platform, in conjunction with the MAS approach, demonstrating
nstances of collaboration and mirroring the operation of the physical
ystem in its virtual replica. This digital twin-based platform would
ffectively address both information sharing barriers and human-factor
bstacles, enhancing stakeholders’ trust and motivating their collab-
ration. Although the conceptual integration of agents with digital
wins has been explored in areas such as smart cities [13] and health-

care [14], this integration in collaborative logistics is scarce and its
orresponding technical implementation is absent.

This paper technically explores this integration in the domain of
collaborative logistics, which may represent the first implementation of
such integration in this domain. We implements a testbed that consists
f a physical environment and a digital system, providing a platform
or testing collaborative scenarios. Moreover, this work may align with
he recent development of the Physical Internet [15] initiative, which

aims at enhancing transportation efficiency by building an ‘‘Internet’’
for transporting physical goods through the integration of physical and
digital resources.

The main contributions of this paper can be summarised as follows:

• We explore an agent framework for collaborative logistics, detail-
ing agent decomposition, organisation, and interaction.

• We present a system architecture for integrating physical and
digital objects, which may also be suitable for creating other
hybrid systems.
2

• We implement a testbed, discuss the design of its both physi-
cal and digital components, and demonstrate its effectiveness in
facilitating studies on collaborative logistics.

The rest of this paper is structured as follows. Section 2 reviews
related works. Section 3 presents the agent framework. Section 4 de-
tails the design and development of the integrated platform. Section 5
discusses limitations and implications of this work. Finally, Section 6
concludes this paper and briefly describes future work.

2. Related work

This sections reviews related work, including collaborative logistics,
ulti-agent systems, and digital twins.

2.1. Collaborative logistics

Collaborative logistics, sometimes known as horizontal collabora-
ions in logistics, has attracted increasing attention in the past decade
3,16]. Among the various challenges within collaborative logistics, one

of central problems is vehicle routing problems [17,18], specifically
known as CVRPs. In CVRPs, carriers collaborate by sharing their
delivery requests to optimise routes, thereby reducing total travel
distance, collective costs, and achieving environmental and socio-
economic goals [5,19].

Both centralised and decentralised approaches have been proposed
o CVRPs in literature [19]. In centralised approaches, information may

require collection from all participants by a central authority. Subse-
quently, optimisation methods such as metaheuristics [6] and greedy
heuristics [20] can be employed by this central authority to identify
optimal collaborations. Centralised collaborations can achieve signifi-
cant improvements, up to 30% in synergy values [16,21], and [22];
however, their extensive information gathering raises concerns about
business privacy and would undermines companies’ commitment and
trust on these centralised solutions. Therefore, many decentralised
pproaches [8,23–25] have been proposed to overcome these short-

comings. While existing work mainly focus on addressing computation
or optimisation challenges, studies on developing integrated platforms
facilitating collaborative logistics remain limited [5].

2.2. Multi-agent system approach

The MAS approach [10] has been successfully applied in various
omains, including transportation and logistics [26,27]. This approach

models distributed entities involved in collaboration as agents, achiev-
ing coherence through interaction between these agents. Collaborative
ogistics, which involves distributed entities such as carriers, trucks,
nd shippers, is well-suited for adopting this approach to create the

underlying architecture and facilitate connection among distributed
arties. Despite its widespread applications in transportation and lo-
istics [26], its use in collaborative logistics is limited, especially in

developing integrated systems combined with the digital twin technol-
ogy. One of representative work is Dai and Chen [28], where they pre-
sented a multi-agent framework for decentralised carrier collaboration,
dopting an auction mechanism for managing transportation request
utsourcing and acquisition. The MAS approach has also been applied
o related fields, such as enabling autonomous supply chains [29,30]—

an promising domain that has emerged in the era of large language
models.
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Fig. 2. An agent framework for carrier collaboration.
2.3. Digital twin and its integration with agents

Digital twins are virtual representations of physical objects and
processes, providing visibility into the operation of their physical coun-
terparts and facilitating decision making through simulations of var-
ious scenarios [12,31]. First publicly introduced in 2002 by Michael
Grieves [11], The digital twin technology has found applications in
various domains, including aerospace [32], construction [33], manu-
facturing [34], supply chain [12], and logistics [35]. However, their use
in collaborative logistics, particularly their integration with agents is
rare or non-existent. Although conceptual discussions of this integration
exist in smart cities [13], healthcare [14], its practical implementations
are still lacking. We thus in this paper further investigate this inte-
gration, developing a platform that integrates physical objects, agents,
and digital twins for facilitating collaboration in logistics. Through the
integration of digital twin technology into multi-agent collaborative
logistics, the digital system would enhance platform visibility, foster
trust, and motivate participation in collaboration [5].

3. Multi-agent collaborative logistics framework

This section presents the multi-agent collaborative logistics (MACL)
framework, an agent framework that represents stakeholders in col-
laborative logistics as software agents that communicate through mes-
saging. This section aims to provide an overarching framework for
enabling the creation of an integrated environment that facilitates
testing of collaborative logistics scenarios.

3.1. Scenario

Many transportation collaboration scenarios have been studied in
existing literature [19]. This paper focuses on a specific scenario:
carrier collaboration. In this scenario, carriers, which are the owners
and operators of transportation equipment, work together to achieve
reduced cost and enhanced efficiency. Shippers, the shipment owners,
are excluded from this scenario due to its carrier-oriented focus. There-
fore, this scenario involves a group of carriers, each owns a fleet of
trucks, collaborating to fulfil their customers. This scenario is described
3

without considering technical details, allowing for both centralised and
decentralised approaches to be employed for its realisation. It is worthy
to note that real-world carrier collaboration scenarios can be more
complex, with processes and corresponding stakeholders varying from
case to case. This scenario is therefore a simplification, focusing on the
most essential elements that may apply to most collaboration scenarios.

3.2. Agent decomposition

Based on this scenario, the agent framework consists of five primary
agent types, detailed as follows:

(1) Orchestrator: The orchestrator is a computational or algorithmic
agent responsible for coordinating collaborations. It conducts
searches for collaborative solutions and optimises routes for
delivery requests collected from carriers in the coalition.

(2) Carrier: Carrier agents represent the carriers who initiate de-
livery requests (shipments). Carriers play an important role in
collaboration in the given scenario, managing their transporta-
tion processes. They typically own multiple depots and operate
a fleet of trucks. Carriers aim to efficiently utilise their trucks to
achieve both economical and ecological goals.

(3) Truck: Truck agents represent the trucks owned by carriers. They
receive transport requests and travel assigned routes to fulfil
these requests.

(4) Depot: Depot agents represent the depots, acting as truck fleet
bases. Carriers may have one or more depots. Trucks depart from
their respective depots to fulfil requests and return to them after
finishing assigned tasks.

(5) Customer: Customer agents represent the recipients of the
shipments—customers.

These agents are the main stakeholders in the MACL framework,
each undertaking a specific role and collaborating with others to
facilitate carrier collaboration. These agents are BDI (Belief-Desire-
Intention) agents [36], which are based on the BDI architecture de-
veloped by Michael Bratman [37]. While these section describes the
roles of these agents, the next section delves into their organisation
and corresponding behaviours during interaction.
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3.3. Agent organisation and interaction

Agents interact to achieve goals and their interaction can be organ-
sed in various structures. We present an agent organisation for the
iven scenario, as shown in Fig. 2. For simplicity and clarity, the figure
nly includes a partial list of agents in each category. However, a real-

world collaborative logistics scenario may include much more number
f carriers and customers compared to the depiction in Fig. 2.

As shown in Fig. 2, the proposed agent organisation adopts a hierar-
chical structure, where agents are conceptually organised as a tree-like
structure. The orchestrator, a computational agent, coordinates collab-
orations among carriers in the coalition. Carriers select information
to share with the orchestrator based on their own objectives. Carriers
manage depots, each manages a fleet of assigned trucks. Trucks interact
with their respective depots when they depart from and return to
them at the beginning and end of delivery tasks. Carriers handle trans-
portation requests from shippers and then transport shipments to their
recipients (i.e., customers). Direct communication between carriers and
customers is disabled; instead, trucks engage with customers to manage
shipment reception and confirmation. Customers, which are loosely
connected to the system, stay reactive to incoming shipment arrival
notifications.

As BDI agents, we further define their behaviours and interaction
o enable collaboration in the given scenario. These agents have either
roactive or reactive behaviours, organised appropriately during their

interaction. We present their interaction in Fig. 3, which illustrates a
omplete agent interaction process involved in a carrier collaboration.

As shown in Fig. 3, agents interact with others through messaging,
uch as transportation orders, notice of arrival, and proof of delivery.
gents trigger corresponding behaviours to handle received messages

with predefined handlers. Although, as per convention, these handlers
re not displayed in this sequence diagram, corresponding handlers
re defined for each agent to process all their incoming message.

Specifically, the orchestrator agent starts to find optimal routes for
the collection of transportation orders received from all collaborative
4

carriers. When carrier agents receive optimal delivery routes from the
orchestrator agent, they send transportation tasks to their truck agents
for fulfilment. After receiving transportation tasks with given routes,
truck agents start their journey for delivery fulfilment. As depicted
in the embedded frame of Fig. 3, the fulfilment journey involves a
loop process: trucks navigate, continuously monitoring their real-time
locations, and send notice-of-arrival message to their customers upon
rrival. This process continues until the truck fulfils all delivery orders
nd arrives at its depot. Finally, the orchestrator agent calculates the
otal reduced distance through collaboration after being informed that
ll delivery orders have been successfully fulfilled. We follow this agent
ramework to develop the MACL system, a key component for the
ntegrated platform.

4. An integrated collaborative logistics testbed

While the MACL connects stakeholders in carrier collaboration to-
gether and ensure them work coherently, it is not inherently offer
visibility into its operations, which is critical to a collaborative logistics
testbed. The digital twin technology can bridge this gap. We thus
proceed to discuss the development of an integrated environment by
combining the proposed MACL framework and digital twin technolo-
ies. The resulting testbed implements a basic collaborative logistics
igital twin, comprising a physical system with a scene map for de-
loying relevant physical assets and a digital counterpart that enables
eal-time monitoring and visualisation. Unlike a purely digital system,
his testbed includes both physical and digital elements. We will use
‘the testbed’’ in the rest of the paper to refer to this integrated col-
aborative logistics platform. This section first describe its conceptual
esign and then details its concrete implementation and showcase.

4.1. Conceptual design

As discussed in Section 1, concerns of business privacy leakage
and lacking trusted platforms and information hinder participation in
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Fig. 5. Context diagram of the testbed.
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collaborative logistics. Therefore, the design of these platforms needs
o ensure neutrality, privacy and transparency. The platform should act
n an unbiased, fair manner to maintain neutrality among all partic-
pating carriers. Given that carrier collaboration involves a form of
oopetition, where competing businesses cooperate for mutual interest,
t is important to protect the independence and privacy of each carrier.
oreover, the platform should ensure transparency for all stakeholders,

hereby fostering trust among them. Participants should have visibility
nto their operations and behaviour, with access to their state. These
rinciples are further concretised through the following specific design
uidelines:

(1) Decentralised agent deployment : Carriers maintain independence
by running their agents on their own machines. This decen-
tralised approach allows carriers to control over their operations
while engaging in collaboration.

(2) Collective resource management : Shared resources such as fa-
cilities for running collaboration-related computations are col-
lectively managed instead of being privatised. This ensures a
fair and efficient distribution of resources among participants,
enhancing collaboration and optimising resource utilisation.

(3) Real-time visibility : Stakeholders have access to real-time infor-
mation into the platform’s status. This feature empowers stake-
holders to monitor and assess the platform’s performance, en-
abling timely informed decision-making and proactive interven-
tions.

The testbed is designed in alignment with these design guidelines.
Following the mainstream three-layer design of digital twins [31],

the resulting testbed is conceptually composed of three main parts:
a physical system, a digital system, and the connections between
them. The main components within each of these parts are illustrated
in Fig. 4. The physical system consists of a physical scene map, a
leet of self-driving robocars, and a set of physical assets. The scene
ap depicts the physical environment where collaborations operate,

s illustrated in Fig. 6. There are two main physical assets: robotic
cars (robocars) which simulate actual trucks used in transportation
5

scenarios, and visual markers that denote the intersections and used
for navigation on this map. These robocars can autonomously fulfil
ransportation tasks by following predefined routes on the scene map.
dditionally, the map includes representations of carriers, depots, and
ustomers, as shown in Fig. 6, simulating real-world configurations.

All of these physical assets can be represented by software agents, as
previously discussed, acting on their behalf to interact with other assets.

The digital system is a virtual representation of the physical system,
providing visibility into and control of its physical counterpart. It
consists of two main subsystems: the MACL system and the dash-
board. While the MACL contains a set of software agents that represent
relevant stakeholders in collaborative logistics, the dashboard com-
prises key digital components: a digital map, an agent chat room,
and a configuration and control panel. Its central component is the
digital map—a digital replica of the physical scene map. This digital
map updates itself regularly to synchronise with its physical counter-
part. However, it only provides visibility into observable changes on
the scene map, lacking transparency regarding the communications
between the physical assets via their respective agents. Agent chat
room is thus added into the digital system, monitoring and displaying
nteractions between agents. Through messaging, agents interact to

collaborate or resolve conflicts, achieving coherence and collaboration.
This agent chat room visualises the entire messaging process, displaying
messages and providing services for querying messages. Additionally,
a configuration and control panel that contains buttons to control and
configure the physical system is added into the digital system.

We present a context diagram, as shown in Fig. 5, to illustrate the
inputs and outputs of the testbed from/to external factors. Within the
digital system, the dashboard mainly controls and configures the MACL,
and the MACL updates its state (e.g., trucks’ locations and trace, agent
messages) to the dashboard for visibility and monitoring. The external
factors such as relevant stakeholders interact with the digital system
through their representative agents running in the MACL. The MACL
and dashboard together form the agent-based digital replica of the
physical system.

The third part is the connections, comprising communication mech-
anisms and protocols that enable data exchange between the physical
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Fig. 6. Illustration of a 5 × 5 scene map. The map has 25 available locations, including
depots labelled as D1-D3 and customers labelled as C1-C9.

and digital systems. We consider two distinct communication modes:
request-driven and event-driven communication. The first communica-
tion mode is stateless and unidirectional. This mode is commonly em-
ployed to retrieve resources or submit data. Examples include loading
a web interface, querying data, or saving system configurations. This
type of communication can be implemented either synchronously or
asynchronously. The second is driven by events, offering bi-directional,
low-latency, high-frequency communication services. Therefore, it is
particularly suitable for real-time scenarios, such as real-time transmis-
sion of robocars’ location data from the physical system to the digital
system.

4.2. Implementation overview

The previous section describes the testbed’s conceptual design, with
 focus on its main components. This section presents its implementa-

tion details, including system architecture and concrete implementation
of each component.

4.2.1. System architecture
Architecturally, besides the physical system that contains physical

objects, the testbed consists of two main digital subsystems: the MACL
system and the web-based dashboard. Adhering to the design guide-
lines presented in Section 4.1, these systems should be independent,
oosely-coupled, and capable of running on geographically distributed

machines. We, therefore, design a microservice architecture for this
testbed (see Fig. 7).

As shown in Fig. 7, the inter-service communication between the
MACL and the dashboard are achieved via Websocket and RESTful API,
allowing for both synchronous and asynchronous messaging between
them. The two systems are isolated from each other, and their com-
munication occurs through messaging or API calls. This architectural
choice ensures that the two systems can be independently deployed,
perated, and maintained, without concerning about the other sys-
em’s current state, internal logic, and implementation. Specifically, the
ervers (e.g., agent name server, Websocket server, and HTTP server)
nd agents (orchestrator, carriers, etc.) can run on separate machines.
ach of them has a distinct domain of responsibility, collaborating to
stablish a loosely-coupled system.

The physical system contains physical objects, such as the physical
scene map, self-driving robocars, and logistics stakeholders. Logistics
stakeholders and robocars operate on the scene map, with correspond-
ng agents acting on behalf of them in the digital system. The digital

system, apart from the MACL, includes a web-based dashboard de-
signed for digitally twinning the physical system. This dashboard can

Fig. 7.
6

be logically separated into backend and frontend, as shown in
The frontend is connected to the backend through either synchronous
HTTP) or asynchronous (AJAX) requests, modifying its content or

updating data to the backend. Both the frontend and backend contain
dditional components, which, in conjunction with others, will be

further described in the next sections.

4.2.2. Physical map
A physical environment, where relevant actors commonly operate,

is crucial for the collaborative logistics platform. However, our goal
is not to replicate the entire real-world environment, which is chal-
lenging, and yet unnecessary and uneconomical. Instead, we create a
simplified yet effective simulated environment—a physical map with
 coordinate system that allows localisation and navigation. The map
s divided into uniform grids, and its intersections are marked using
rUco markers [38]—a widely-used fiducial marker system in robotics

(see Fig. 8 for the ArUco marker examples generated by the 5 × 5_50
ictionary). ArUco markers are binary square fiducial markers that
ontain unique identification numbers, which can be used to identify

each intersection. Their detection is quick and simple, yet reliable and
robust. They can be generated automatically, have ample code space,
and are free. Therefore, ArUco markers are ideal for marking loca-
tions on this map, especially considering their compatibility with the
low-cost onboard camera used for marker recognition on the robocars.

Moreover, given the map’s division into a grid with designated IDs,
this environment supports both localisation and navigation. Robocars
can determine their locations on the map by identifying these markers
and can find routes between two locations using basic path-finding
algorithms. Grid density corresponds to quantity of accessible locations:
denser grids generate more locations and achieve higher localisation
accuracy. Consequently, the grid combined with fiducial markers posi-
tioned at each intersection effectively converts the physical map space
into a discrete two-dimensional coordinate system.

The map itself can be constructed from any materials with three
ain properties: non-slip, non-reflective, and portable. After evaluating

everal options, yoga mats emerged as a suitable choice that satisfies
he desired properties for the physical map. They are also affordable
nd readily available for purchase.

4.2.3. MACL system
This MACL system mainly includes five types of agents, each ex-

hibiting its own behaviour, as detailed in Section 3.2. These agents can
e categorised into two groups based on their mobility: mobile and sta-
ionary agents. Among them, truck agents are mobile, driving trucks on
he map to fulfil transportation requests, resulting in dynamic locations.
he rest of agents are stationary and has fixed locations on the map.
o simulate the real-world logistics operations, we utilise self-driving
obocars equipped with Raspberry Pi for running their onboard agents.
hese truck agents control the robocars’ movements while facilitating
irect communication with other agents to seek collaboration. The self-
riving of these robocars is achieved through a line-guided driving
lgorithm. Stationary agents can be executed on various computing
latforms, including desktop or portable computers, and single-board
omputers such as RaspBerry Pi.

Moreover, it is crucial that these agents can be run on different
achines while interacting coherently; therefore, they must be capable

f locating and communicating with one another via the network.
herefore, the MACL requires to enable agent search and discovery
S&D) service. This S&D service provides agents with naming and
onnection functionalities, allowing them to locate other agents using
emorable aliases rather than less meaningful URIs. Consequently,

gents can easily establish connections through this service and com-
unicate through messaging. Agents receive messages and process

hem with corresponding handlers. Effective handling messages re-
uires recipients to understand both the structure and semantics of

the received messages. This includes understanding sender information,

message content, and potentially domain-specific data, such as delivery
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Fig. 7. System architecture of the testbed.
Fig. 8. Examples of ArUco markers (5 × 5 bits).
destination, lead time, and available delivery time window. Addition-
ally, understanding semantics may need commonly-agreed protocols
and shared ontologies among participating agents.

All the above aspects need to consider when developing a multi-
agent system such as the MACL. To avoid starting development from
scratch, we adopt the osBrain2 framework to create agents in the
MACL. The osBrain, a Python-based, general-purpose MAS framework,
was originally developed by OpenSistemas for a real-time automated
trading platform. By leveraging osBrain, we can expedite the develop-
ment process by distracting from low-level details and concentrating on
the design and implementation of higher-level functionalities, such as
defining agents’ behaviour and their organisation and interaction.

4.2.4. The dashboard
This section presents an overview of the implementation of the

dashboard. To provide convenient access to this system, we created a
web-based digital system following the architecture presented in Sec-
tion 4.2.1. The developed system implements the three components
(Fig. 4): digital map, agent chat room, and configuration and control
panel. We employed Websockets as communication channels for data
exchange between the physical and digital systems. This design en-
sures that events occurring in the physical system can be promptly
reflected in the corresponding areas of the digital system. Specifically,
by establishing Websockets connections, the digital map and agent
chat room allow for real-time monitoring of robocar movements and
agent communications. The configuration component communicates

2 https://osbrain.readthedocs.io/en/stable/index.html
7

with the physical system through request-driven communication chan-
nels, which can be implemented using techniques such as RESTful APIs
and AJAX calls.

To facilitate development, Django3 was employed as the underlying
web framework, in conjunction with other compatible plugins and fron-
tend tools, to develop this digital system. This system also incorporates
auxiliary functionalities, such as data storage and naming service, for
additional support. The frameworks and tools used to develop this
system is illustrated in Fig. 9.

4.3. Implementation details

Following the design described in the previous sections, we imple-
mented a demonstration platform instead of a fully-fledged one, due to
constraints in budget and physical space. We details the implementa-
tion of the platform and presents a collaborative logistics showcase in
this section.

4.3.1. Environment setting-up
The main components that undergo simplification or reduction are

associated with the physical elements, specifically the physical map and
the self-driving trucks. As described in Section 4.2.2, yoga mats meet
the three desired properties. We aligned two black yoga mats vertically
and stitched them together to create a 200 × 200cm base material for

3 https://www.djangoproject.com/

https://osbrain.readthedocs.io/en/stable/index.html
https://www.djangoproject.com/
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Fig. 9. Mindmap illustrating the testbed specification.

constructing the map. For creating self-driving trucks, we utilised low-
ost educational robocar kits, the SunFounder Picar-x, and Raspberry
i as the toolkit for further development.

We assembled, configured, and tested multiple robocars for this
showcase. Each robocar is equipped with a Raspberry Pi serving as its
control centre and incorporates an LCD display to provide operational
status updates. Additionally, every robocar integrates a three-channel
greyscale sensor and a low-cost camera, both used for detecting the
environment ahead of the robocar. An assembled robocar, with high-
lighted components, is shown in Fig. 10(a). Due to hardware limita-
tions, these robocars cannot perform small, sharp turns. Considering the
limitations of the map size and robocar maneuverability, we divided the
map into a uniform 5 × 5 grid, resulting in a 5 × 5 coordinate system
with 25 different locations (see Fig. 6 for an illustration). Each location
s identified by an ArUco marker with a unique ID ranging from 0
o 24. Each grid measures 45 × 45cm, resulting in a 180 × 180cm
ap area in the central region of the base map material. This design

nsures efficient utilisation of space while allowing for effective robocar
ovement.

Fig. 10(b) shows the resulting physical map, which realises the
conceptual map depicted in Fig. 6. As shown in Fig. 6, annotations in
his figure highlight essential elements and provide explanatory details.
nd the numbers are the IDs assigned to the corresponding ArUco
arkers. The white lines on the map denote the designated driving

outes, added for driving assistance. This map provides a playground
nvironment for investigating collaborative logistics.

4.3.2. Self-driving trucks
Given the testbed’s focus on collaboration, the trucks’ self-driving

apabilities are optional, not required. Any driving solution that suc-
cessfully navigates from source to destination is acceptable. We devel-
ped a simple yet effective self-driving algorithm, specifically a line-

guided driving algorithm, to allow trucks to autonomously navigate
designated routes and achieve localisation without manual interven-
ion. The algorithm uses the front greyscale sensor of the robocars
o detect lines and adjust steering accordingly. Additionally, the front
8

amera of the robocars is utilised to identify the ArUco markers for
localisation. Based on whether the detected location ID corresponds to a
target customer, the truck stops for delivery and its representative agent
sends a notice-of-arrival message to the customer agent, or continues
driving. We omit the technical details of this driving algorithm and
hardware configurations due to the focus and space limitation of this
article.

4.3.3. Development of the MACL system
Following the MACL framework described in Section 4.2.3, we

implemented a MACL system using Python and the osBrain frame-
work. This implemented system consists of sixteen agents, including
n orchestrator, three trucks, three depots (each with one truck), and

nine customers. While Fig. 2 shows both carrier and depot agents for
etter representation of the problem, this implementation combines
hem together by integrating carrier agents’ behaviours into their depot
gents. Additionally, we simplified the messaging process, reducing the
umber of interactions and minimising the data exchanged between
gents. Messaging between agents is facilitated by the osBrain frame-
ork, specifically leveraging the ZeroMQ4 messaging service to enable

a request-reply communication pattern. This pattern enables effective
agent message exchange and collaboration in this system.

We developed an agent nameserver using osBrain to provide search
and discovery service for agents, enabling agents to conveniently
find each other using assigned nicknames. To ensure a consistent
‘‘nickname’’ for nameservers, we also implemented a naming directory
service (NDS) for the digital system, using the REST architectural
style. The NDS maintains an lookup table containing a collection of
nickname-IP address pairs, working as a ‘‘phonebook’’ for the MACL
system. It allows an agents to submit a lookup request and retrieve its
current IP address associated with the nameserver via its nickname,
removing reliance on potentially dynamic IP address that may change
at every system startup. The NDS, in conjunction with the nameserver,
allows the MACL system to be deployed on different machines under
different networks. Competing stakeholders can thus run and manage
their own agents independently, which is in line with the second design
principle discussed in Section 4.1. The interaction flow enabled by this
NDS is depicted in Fig. 11.

In this MACL system, three truck agents were deployed on three
robocars. These agents act as their decision-making bodies, control the
obocars’ driving and interacting with other agents to enable collabo-

ration.

4.4. System running and showcase

We implemented a web-based dashboard (see Fig. 12) for the digital
system based on the design described in Section 4.2.4. The dashboard
consists of two panels: ‘‘agentchat virtual’’ and ‘‘agent chat room’’. The
left panel, agentchat virtual, displays a digital replica of the physical
scene map (as shown in Fig. 10(b)) on a 2-dimensional map. It mainly
includes five digital elements: (1) A 5 × 5 coordinate system, (2) Labels
representing entities relevant to collaboration, (3) Routes of each truck
before (dashed lines) and after (solid lines) collaboration, (4) Clickable
legends for interactive showing or hiding of selected elements, and (5)
Control buttons for system configuration and launch. The right panel,
agent chat room, initially appears empty with no messages until the
system is running.

To run the system, a series of setup steps must be first performed,
as illustrated in Fig. 13. These steps includes:

(1) Run the web server and allow local access to the interface via a
browser.

4 https://zeromq.org/

https://zeromq.org/
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Fig. 10. Illustration of an assembled robocar and the physical map with annotations highlighting key components.
Fig. 11. Interaction flow enabled by the NDS.

(2) Launch the tunnelling service powered by ngrok5 to enable
remote access to the digital system and its interface through a
fixed URL.6

(3) Start the nameserver after the web server and tunnelling service
are operating.

(4) Update the nameserver’s IP address (automatically detected)
to the NDS via the configuration popup window as shown
in Fig. 12(b).

(5) Finally, run all agents. Truck agents need to establish connec-
tions with corresponding active non-truck agents (e.g., customer
agents) thus must be executed first.

With all above steps completed, the system is ready for execution.
When the ‘‘Run’’ button is clicked, the system starts to run. The status
of both the physical system and its digital counterpart at the start,
middle and end of the running process is shown in Fig. 14 after
post-collaboration routes are determined. As shown in Fig. 14(a), at
the beginning, the trucks (labelled T1, T2, and T3) are parked at
their starting locations—the depots: D1, D2, and D3. These depots are
located at the bottom left, bottom right, and top right corners of both
the physical and the digital maps. The maps are populated with nine
customers, evenly distributed over the area. Depots and customers are
distinguished by coloured labels (red, blue, and green) that denote their
association with specific trucks. On the physical map, three white lines
are marked to represent the routes after carrier collaboration. These
lines guide the self-driving of the trucks. Ideally, these lines should
be displayed only post-collaboration routes are determined rather than
being shown at the beginning of a run. The routes before carrier col-
laboration are not drawn on the physical map for clarity. However, on

5 https://ngrok.com/
6 For example, in our tests, we are using agentchat.eu.ngrok.io/dashboard/

as the URL to access dashboard.
9

the digital map, both the routes before and after carrier collaboration
are displayed, denoted by dashed lines and solid lines, respectively,
as presented in Fig. 14(b). These routes with vectors of coordinates
on the map are also showed in Table 1. When they receive messages
containing delivery requests, the trucks illuminate their LCD displays
in blue and adjust their front cameras to face down around 30 degrees,
indicating their readiness to fulfil the requests. Messages and related
notifications are displayed on both the agent chat room area and the
upper right corner of the dashboard (see the right part of Fig. 14(b)).

During delivery process, trucks use their cameras to scan the area
ahead, identifying ArUco markers to determine their locations. Upon
reaching a customer’ locations, they pause and send a notice-of-arrival
message to the customer, waiting for a response. Once receiving a
confirmation-of-receipt message from the customer, trucks start a sim-
ulated offloading process, displaying a message on its LCD display
(see Fig. 15) and flickering the display. As shown in Fig. 14(c), the
three trucks are currently in the middle of fulfilling their delivery
tasks. Specifically, T1 and T2 have arrived at the location of their first
customers, C5 and C4, respectively, and have successfully delivered
products to them. T3 is approaching its second customer, C8, but
has not yet completed the delivery. The digital system continually
monitors and interprets the state of the physical system. As illustrated
in Fig. 14(d), trucks’ location are constantly tracked and represented
as coloured circles on the digital map. The ongoing conversations
between trucks and their respective customers are displayed in the right
panel of the dashboard. Additionally, milestone system events, such as
T1 successfully delivered products to C5, are promptly displayed via
notifications showed at the upper right corner of the dashboard.

After a short stop following successful deliveries, trucks resume
their journey, continuing along their assigned routes until all delivery
assignments are fulfilled. Finally, they return to their respective depots.
Figs. 14(e) and 14(f) show the state of the physical and digital sys-
tem where all trucks have arrived their depots. They send messages
to their respective depots to inform their arrival and await for next
fulfilment. These interaction processes observed in this showcase verify
the interaction flow presented in Fig. 3, showing the effectiveness of the
proposed MACL framework.

Coherence among distributed agents in this system is achieved
through inter-agent messaging. Trucks, customers, and depots commu-
nicate to coordinate their activities. Trucks also engage in dialogues to
manage conflicts that might arise from simultaneous use of critical re-
sources. For instance, when a truck is driving into a ‘‘single-track road’’
that accommodates only one vehicle at a time (like the road between
coordinates (2, 1) and (2, 3)), the truck proactively informs nearby

https://ngrok.com/
https://agentchat.eu.ngrok.io/dashboard/
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Table 1
Routes before and after collaboration for the showcase.

Truck No. Route before collaboration Route after collaboration Distance reduction

T1 0→ 5 → 6 → 11 → 12 → 13 → 8 → 3 → 2 → 1 →0 0→ 5 → 6 → 11 → 12 → 13 → 8 → 3 → 2 → 1 →0 from 12 to 10 blocks
T2 20→ 15 → 16 → 11 → 6 → 7 → 8 → 13 → 12 → 17→ 22 → 21 →20 20→ 21 → 22 → 17 → 12 → 11 → 10 → 15 →20 from 20 to 8 blocks
T3 24→ 19 → 18 → 13 → 12 → 11 → 16 → 17 → 22 → 23 →24 24→ 19 → 14 → 13 → 18 → 23 →24 from 10 to 6 blocks
Fig. 12. Screenshots of the dashboard of the digital system at its initial and configuration status.
Fig. 13. Prerequisite steps to run the system.

trucks about its road usage. Other trucks have to wait until the road is
available again, preventing potential conflicts and enhancing efficiency.
This approach was employed in this testbed to avoid conflicts when
using single-track roads on the map.

The demonstration shows the effectiveness of the proposal agent
framework and its facilitation to enable digital twinning for the given
collaborative logistics scenario. We discuss the benefits, i.e., reduced
total travel distance, achieved through the collaboration in this con-
crete showcase. As presented in Table 1, the travel distances of the
three trucks (T1, T2, T3) have been reduced through collaboration
from a minimum 2 blocks (i.e., grid unit of the map) to a maximum
12 blocks. The total travel distance is reduced from 34 blocks before
collaboration to 24 blocks after collaboration, which is approximately
29.4% reduction in total distance, which is line with the existing
claim in literature that collaboration would achieve one third cost
reduction[3]. These reductions is achieved through less reduced over-
lapping routes of the three trucks due to collaboration, which can be
clearly observed from the Fig. 14 and Table 1. Such demonstrations
of collaboration instances, stakeholders would intuitively observe the
benefits of collaboration and raise their awareness of participation in
collaboration. Additionally, this digital twin-based testbed provides for
visibility into the processes such as collaboration orchestration, deliv-
ery fulfilment, negotiation, and message passing. It therefore would
motivate participation in collaboration through transparency and sim-
ulations of collaboration scenarios. Although, due to the limitations
of the physical map, the current testbed cannot be directly used for
testing other collaboration instances without manual configurations
on the map, which we will explore the extensibility in our future.
However, the instance showcased here can represent many common
scenarios in collaborative logistics. The testbed represents an attempt to
create an integrated hybrid platform beyond purely digital simulation,
10
incorporating both physical and digital elements, stationary and mobile
objects for examining collaboration logistics problem.

5. Discussion and implications

The showcase of carrier collaboration,7 despite its simplicity and di-
rectness, effectively demonstrates the suitability of the testbed for sim-
ulating or modelling of collaboration logistics scenarios. The demon-
stration also provides a concrete example of how the integration of
agents with digital twins could enable information sharing and build
trust among carriers through the creation of a visible and transparent
collaboration platform.

However, both the showcase and the testbed come with certain
limitations. The showcased collaboration tackles a relatively small-scale
problem, containing only three carriers, each only owns a single truck.
While this three-carrier setup is a common practice in mainstream
collaborative logistics research, it may not adequately capture the com-
plexity of real-world scenarios involving large numbers of participants.
Additionally, the designed agent organisation is suitable for demon-
stration purposes, it may not be scale to larger collaboration scenarios.
Consequently, the current testbed, along with its demonstrations, lacks
the capability to study scalability-related problems.

The demonstration only includes a single collaboration instance,
where pre- and post-collaboration delivery routes are predetermined
and displayed on the map, as shown in Fig. 14 and Table 1. Therefore,
this testbed is limited to demonstrating this specific ‘‘fixed’’ collabo-
ration instance and requires physical configurations to explore more
different collaboration instances.

These two limitations stem from the inherent constraints of the
current testbed, namely, the limited area of its physical map and the
lack of dynamic navigation capabilities. While the first constraint is
constrained by real-world conditions that might be beyond the scope of
research efforts, the second constraint can be addressed by redesigning
the navigation system of the physical map. An attainable approach is
to implement dynamic navigation by partitioning the map into uniform
‘‘city blocks’’ with white tap and then assigning each intersection a
distinct ID. When determining the curvature and dimensions of these

7 This demo was accepted to be exhibited in AI UK 2023 (https://ai-
uk.turing.ac.uk/)—the UK’s national showcase of data science and AI.

https://ai-uk.turing.ac.uk/
https://ai-uk.turing.ac.uk/
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Fig. 14. Three states of the physical system (left) and their corresponding screenshots of the dashboard of the digital system (right) at the start, middle, and end of a run.

Fig. 15. Example messages displayed on the LCDs.
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blocks, it is crucial to carefully consider the robocars’ turning radius.
Our future work will explore this map design to build a dynamic
avigation system for this testbed, accommodating more and arbitrary
ollaboration instances.

Despite these limitations, the testbed contributes not only to col-
laborative logistics but also to broader domains such as digital twins
and Cyber Physical Systems (CPSs). Its communication facilities enable
distributed, decentralised entities to effectively discover and connect
o each other in a dynamic IP allocation environment, adaptable to
arious distributed, multi-entity communication applications. While the

system architecture in Fig. 7 is tailored for this testbed, it is somewhat
eneral and can be used to build other digital twin systems and CPSs.
ssentially, the testbed exemplifies a form of CPS, combining digital
nd physical components to create intelligent, interconnected entities
hat facilitate collaborative logistics.

Moreover, this work aligns with the recent initiative for building
he Physical Internet—an open global logistics system founded on
hysical, digital, and operational interconnectivity, achieved through
ncapsulation, interfaces and protocols [15]. While the Physical Inter-

net aims at fundamentally replacing current logistics systems with a
combination of digital transportation networks, this work marks an
early attempt towards this collaborative, hybrid, digital-driven next-
generation logistics systems. We will explore more on the convergence
of collaborative logistics and the Physical Internet in our future work.

This testbed goes beyond conceptual explorations and pure digital
simulations in existing studies (e.g., [13,14]) by realising digital twin
concepts through the MAS approach in collaborative logistics. The
testbed includes a physical collaborative logistics environment and its
virtual replica. The digital system monitors and has the capability to
control the operations of the physical system. However, the testbed
urrently only implements the collaborative logistics digital twin on the
rchitectural aspects such as connectivity and interaction, lacking other
ssential functionalities of digital twins, such as advanced analytics and
redictive capabilities.

6. Conclusion and future work

Collaborative logistics has garnered significant attention, largely
riven by the ongoing green transitions. However, carriers hesitate
o participate in collaboration due to information sharing barriers
nd lack of integrated systems [5]. In this paper, we address these

challenges by creating an integrated collaborative logistics testbed. This
testbed implements a hybrid system for carrier collaboration, capable
of showcasing collaboration instances by the integration of agents with
digital twin concepts.

Specifically, we presented an agent framework, called MACL, a
imple yet effective approach to integrate distributed entities involved
n collaboration. This framework consists of a set of representative or
lgorithmic agents collaborating to achieve reduced total travel dis-
ance and better environmental and social good. We proposed a system
rchitecture and employed it to implement an integrated collaborative

logistics testbed. The testbed consists of a physical environment that
includes a physical scene map, robocars, and other physical objects
nd a digital system that virtually replicates and monitors the phys-
cal environment. A demonstration of carrier collaboration involving

sixteen agents, including three truck agents and nine customer agents,
was conducted to showcase the effectiveness of the testbed.

Our future work will first address the limitations highlighted in
the previous section. This involves integrating a dynamic navigation
system into the physical map, expanding its size to accommodate
more available locations, and designing a scalable agent organisation.
This will allow more robocars to operate concurrently and enable
to study more collaboration instances. Additionally, we will explore
decentralised collaborative logistics by using trucks equipped with au-
onomous agents, where these agents can negotiate with each other to
12

collaborate without a central orchestrator. This would be achieved by
leveraging deep multi-agent reinforcement learning techniques [8] or
integrating conventional MAS with emerging revolutionary foundation
models [39,40]. Lastly, we will conduct studies to investigate the
convergence of collaborative logistics and the Physical Internet, the two
solated but promising domains that facilitate transportation efficiency.
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