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Engineering a Physical Internet Concept for Food and Beverage
Distribution in Sparse Geographies using Network Optimization
and Game-Theory

Uday Venkatadri
Dalhousie University, Halifax, Canada
Corresponding author: Uday.Venkatadri@dal.ca

Abstract: Sparse geographies present challenges for transportation and distribution. Examples
of such geographies include Atlantic Canada and Australia. The grow local movement has been
a response to globalization over the last couple of decades. However, with increased tariff
threats from the United States, this movement is expected to gather more momentum. In the
food and beverage industry, this implies growth opportunities for local producers. The cost of
distribution for local producers has been estimated at 20-35% of the sales price of products. In
fact, distribution costs represent a Catch-22 dilemma in sparse geographies. When price is high
due to high distribution costs, demand is low. The low demand results in high production and
distribution costs due to the inability of producers to exploit economies of scale. However, an
area of opportunity for local producers in the current tariff environment is to form a shared
private logistics network to reduce landed costs to end customers and exploit their market
potential. In this paper, we look at how collaborative warehousing and transportation
structures using Physical Internet concepts can be designed in Atlantic Canada to increase
customer responsiveness and reduce transportation and warehousing costs by exploiting the
structure of the road networks. A methodology based on network optimization and game theory
is proposed.

Keywords: Physical Internet, Sparse geographies, Economies of Scale, Shared logistics
resources, Distribution and inventory costs, Benefits of cooperation and coordination, Network
optimization, Game-theory.

Physical Internet (PI) Roadmap Fitness: X Pl Nodes (Customer Interfaces, Logistic Hubs,
Deployment Centers, Factories), [ ] Transportation Equipment, X PI Networks, X System of Logistics
Networks

Targeted Delivery Mode-s: X Paper, [ ] Poster, [JFlash Video, X In-Person presentation

1 Introduction

Nova Scotia (the most populus province in Atlantic Canada) has a loop and split cross-hair
structure that connects most rural producing communities with the larger urban centre located
in Halifax which has most of the customer demand. Figure 1 (taken from Google maps) shows
a map of Nova Scotia as situated on the East Coast of Canada. There are four provinces in
Atlantic Canada (New Brunswick, Prince Edward Island, PEI, Newfoundland and Labrador,
situated to the Northeast in the map and Nova Scotia). The island of St. Pierre and Miquelon is
French territory and comes under the European Union. In this paper, the focus of interest is
Nova Scotia, although there are implications for distribution in the food and beverage industry
through interactions with producers and markets in the other jurisdictions that have low
densities.

Within Nova Scotia, the major highway map (Figure 2) reveals a very interesting structure from
the physical network (PI) perspective. The upper branch of the route in green is the Nova Scotia
segment of the Trans-Canada highway the world's longest national road, spanning
approximately 7,476 km across all ten Canadian provinces from Victoria, B.C., to St. John's,
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Newfoundland. The connection to Newfoundland is via boat (equipped to carry tractor-trailers)
from Sydney. The connections to New Brunswick and PEI is via Amherst in the West of the
Province. Halifax, New Glasgow and Sydney are the largest population centres (and therefore
markets) in the Province, with Halifax’s population representing approximately 50% of the total
population. Truro is at the intersection of the green route(s) and the blue artery to Halifax and
the blue loop from Halifax to Kentville to Yarmouth back to Halifax. The routes in blue are
major highways. The routes in black are arterial highways that could be used for collection (or
distribution) in smaller trucks.

© St. John's

NEW. St Pierre and
BRUNSWICK Miquelon
PRINCE

EDWARD

ISLAND
Ao Montreal

NOVAISCOTIA

VERMONT

NEW
HAMPSHIRE

MASSACHUSETTS
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Figure 1: Location of Nova Scotia in the Mid-Atlantic (Source: Google Maps)
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Figure 2: Publicly Available Highway Map Provided by the Government of Nova Scotia
(https://data.novascotia.ca/Roads-Driving-and-Transport/Nova-Scotia-Road-Network-NSRN-
Map/pg9a-kkaq)

The region around Kentville is known for fruit (particularly apple) and vegetable production.
There are fisheries along the South Shore (Yarmouth-Halifax), dairy in the region of Truo,
blueberry farms between Truro and Ambherst and various small scale food and beverage
producers on Cape Breton island, from where the two green routes split into a major route to
Sydney (Hwy 105) and a shorter segment (Hwy 104) to St. Peter’s. There are wineries along
the segment from Halifax to Kentville (about 2/3™ of the way) and distilleries in Cape Breton
as well as in other parts of the province.

By the same token, the customers for these products are often spread across the sparse
geography of 1.1 million residents, half of whom live within a denser core sorrounding Halifax.
The customer locations include daily or weekly farmer’s markets, high-end restaurants, small
speciality stores and much larger grocery stores which often dedicate sections to small food and
beverage producers for various reasons such as higher margins, corporate social responsibility

Research Contribution 2
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to promote local products, and the willingness of customers to pay a premium for local products
in the face of globalization and tariff regimes (Praveen et al., 2025; Charlebois, 2026).

There are a variety of small producers who would benefit from a shared logistics network, since
each producer may not have the necessary volume/economy of scale to reach markets
effectively. They can rely on private distributors, of course, but there are transportation
premiums that they would have to incur and it would be difficult for these companies to get
block rates or have a say in how an efficient collection/distribution network could be
engineered. However, for local producers, choosing a distributor often adds 20-35% to the sales
price (Farm Credit Canada, 2026). Fortunately, there is an industry association across the four
provinces called Food and Beverage Atlantic (https://atlanticfood.ca/), which has member
companies producing fresh (including greenhouse grown) or processed fruits/vegetables,
cheese, alcholic and non-alchoholic beverages, etc. Their website lists members in the food and
beverage category. Such an industry association can potentially promote a coalition of logistics
partners working together under PI principles such as hyperconnected logistics, open and shared
infrastructure, standardization (PI-containers, pi-boxes, or PI-wagons, packet-based logistics,
decentralized routing and interconnectivity (Pan et al., 2017).

From a (PI) perspective, the research questions addressed in this paper are: 1) How can the food
and distribution network be engineered based on PI principles? 2) What are the cost and
environmental benefits (the latter being out of scope in this paper) of collaboration? 3) How do
marginal costs of distribution reduce as more players enter the network and how can a coalition
of existing partners in a shared network be set up and hopefully expanded?

To this end, we present a combined network flow optimization and game-theoretic model which
is formulated to provide insights within a sequential decision-making framework. The network
flow optimization model is used to configure a PI-network for existing coalition partners. The
model could eventually include mode and modular PI-Container choices as a function of
transportation, inventory and warehousing costs. The game-theoretic model is used to estimate
that a new partner will join the network. Finally, a sequential decision-making framework is
proposed to predict how the network will evolve over time as information is passed to potential
partners to facilitate network growth. The paper will focus on the modelling elements rather
than present mathematical or computational results which will necessarily need to be done for
a more complete proof-of-concept. More modelling elements are currently being formulated.

2 Literature Review

We briefly review the literature pertinent to the logistics ideas in this proposal. PI is a very
broad framework for shared logistics networks design and includes several layers (from
policy to operational) and concepts (such as open connectivity). These ideas can be traced
from the original papers on PI (Montreul, 2011; Montreuil et al, 2012; Meller et al, 2012) to
later work such as Pan et al. (2017). Kay (2024) present the concept of a public logistics
network (PLN) and write that:

“In a PLN, the different functions of the network would be separated so that a single firm is
not required for coordination. This would enable scale economies to be realized in performing
each logistics function since each element of the network has access to potentially all of the
network’s demand. The increase in scale would make it economical to have many more
transshipment points. Each transshipment point, or DC, could be an independently operated

Research Contribution 3



PI for Food and Beverage Distribution in Sparse Geographies

facility that serves as both a freight terminal and a public warehouse, and could be established
in small cities and towns that would never have such facilities if they were served as part of a
proprietary, private logistics network”

Such networks do not exist in Atlantic Canada. Therefore, in the short term, food and
beverage distribution would require a shared (perhaps industry group) initiative to jump start
a coalition. This of course requires collaboration, trust, fairness, etc. which are alluded to in
the road map of Ballot et al (2020). True to the spirit of the roadmap timeline, this work
should also be seen as a bottom-up approach, i.e., “Get organized, start small, and grow.”

From the methodological point of view, Niu et al (2022) present a game-theoretic analysis of
a logistics service supply chain differentiated by a short-distance and a long-distance logistics
service provider. They conclude that the long-distance case always favours PI while
preference for PI in the short-distance case depends on the potential for efficiency
improvement and service competition intensity. In our own reflection, game theoretic
considerations are relevant to this paper because a shared logistics distribution network first
requires a coalition of partners. As the network grows and gains in economies of scale, other
partners would find the coalition interesting to join. Naturally, a question to answer is what
their benefit should be given that they did not assume the initial risk. Dong and Franklin
(2021) present a conceptual framework for PI with a stylized network flow model. Network
optimization is a foundational methodology to engineer the logistics network presented in this
paper. To this end, Naganawa et al (2024) show how PI enables multiple companies to
efficiently share warehouses and trucks and reduce CO; emissions. They use a genetic
algorithm and the Lin—Kernighan heuristic with real-life simulations to evaluate the
performance of an optimization model and show how the resulting solution reduces CO>
emissions by 54%.

A few other papers are worth mentioning. Using the illustrative case of the Mexican
automotive supply chain, Chadha et al. (2022) show how peddling, a consolidation strategy in
traditional logistics, can complement the PI supply chain. By the same token, same-day driver
return was always a consideration in PI, right from the beginning (Montreuil, 2011: "Modern
Cowboy" Trucking). In their Eastern Canada road network case study (with some of the
network overlapping with the Nova Scotia road network), Fazili et al (2017) explicitly model
driver assignment constraints to limit driver assignment durations before returning home.
Venkatadri et al (2016) show how, among other things, that two-way routing is more efficient
than P2P routing from the point of view of the cost-time tradeoff in logistics dispatch. This
ties back to the theme of sustainability where empty returns can Finally, collection of
recyclable materials (such as aluminium and plastics) through the road network in Nova
Scotia has been studied in Chari et al (2016). Since this study was designed for collection of
recyclable materials in sparse geographies, it models collection frequencies. Sanders and
Montreuil (2021) investigate the use of mobile hubs for consolidation and distribution of
goods in the restaurant supply chain where food travels from rural farms to suburban and
urban restaurants. The authors state in their abstract that:

“This paper computes suitability and location analysis through a novel multi-criterion

scoring methodology utilizing kernel density and network analysis. The effectiveness of these
mobile hubs is assessed through strategic routing, where the routes are optimized for time and
distance.”

Research Contribution 4
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This paper is closest in intent to our scan of the literature. However, to the best of our
knowledge, there have been few case studies in the literature dealing with food and beverage
distribution, particularly in sparse geographies. The major contribution of this paper is that
food and beverage distribution in sparse geographies such as Nova Scotia offer unique
challenges (lack of density and thereby economies of scale) and opportunities (a very
specialized road network that actually favours PI adoption, as we will see in the next sections)
worth exploring. Another gap in the literature is that there has been no attempt to understand
how a shared logistics network can grow once setup. This is a methodological contribution of
the paper.

3 Engineering the Physical Internet for Low Volume Food and
Distribution in Nova Scotia

Since Nova Scotia does not have a shared logistics network, a private network according to PI
principles can be designed for the case study in question. In the methodological framework
presented below, it is assumed that a coalition of food and beverage producers is interested in
setting up the network. This assumes of course that the network would be beneficial to the
partners in the coalition (a hypothesis that needs to be validated with real data). We then
conceive a game-theoretic two-party sequential game where a new member wishes to enter
the coalition over time. Their decision to enter would be based on the benefits incurred
because of access to a larger market based on a reduction in the landed cost of the product at
the markets (as expected to occur).

3.1 Optimizing Pl hub to PI flows and Pl node capacities in the network

A standard network optimization model is first presented to optimize hub to hub flows and PI-
node capacities. The decision maker in this model is the logistics planner of the coalition. In
this model, the coalition makes hub sizing decisions and flow decisions (movement of PI-
transporters between hubs). For the most part, a weekly decision model works well for this
case study. Although seasonality is important in the industry, we omit seasonal indices for
simplicity of exposition with the understanding that the model below needs to be indexed for
seasons.

The sets in the model (summarized in Table 1) are the supplier/product combinations i (it is
assumed for now that the suppliers are responsible for delivery to the nearest PI-hub), PI-
nodes j (intersection points of the road network in Figure 2) and markets m. For example,
Halifax would not have a direct connection to New Glasgow or Sydney. The markets are large
and small stores, farmer’s markets in the regions and possibly eCommerce drop-offs. Every
supplier-product combination is delivered to the closest PI-hub of origin.

Table 1: Network Optimization Model Sets

Set Index Description

P i Supplier-product combinations

H j(ork)  Set of PI-hubs (also representing markets)
Hj k Set of PI-hubs connected directly to hub j
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Set of product storage categories (refrigerated,

room temperature controlled, etc.)

The parameters of the model (summarized in Table 2) are the fixed amortization costs of
operating the PI-hubs within the weekly planning timescale as a function G (..) of flow of
products in product storage category s, the fixed and variable costs of PI-container operations
(g and v respectively), and the last mile delivery cost of products to markets. The fixed cost
function Gy(..) is modelled as an economy of scale cost as is customary in the supply chain
literature. However, the fixed cost of the PI-containers is assumed to depend on the number of
containers. In this case study, we assume that one container with multiple weekly trips
between adjacent PI-hubs is sufficient, as our preliminary understanding of the case study
data indicates. It is worth mentioning that the PI architecture here is very robust. Since
dedicated containers move back and forth between hubs and both producers and customers
are located throughout Nova Scotia, shared logistical access to markets is remarkably high (as
seen in Figure 2) while the risk of deadhead travel or unused PI-container capacity is
potentially low.

In this concept, the coalition would normally route smaller trucks from the PI-hubs to reach
these end points using peddling (Chadha et al, 2022). Again, for simplicity, we ignore these
costs and how they are shared and simply use an exogenous variable cdj; to denote the last
mile delivery cost in market j for supplier-product i estimated from an external capacitated
vehicle routing model (omitted for simplicity’s sake and due to page limitations). For
convenience, the markets are assumed to be located at the PI-hubs. The demand of supplier-
product combination i is assumed to be djj;. The PI containers are assumed to have a capacity
of Cs PI-cube units for each storage class s. O; is the origin hub of supplier-product
combination i.

Table 2: Network Optimization Model Parameters

Parameter Description

Last mile delivery cost in market j for supplier-product i estimated from an external

cdj;
] capacitated vehicle routing model for one PI-cube unit
d; Demand for supplier product i at PI-hub j in PI-cube units
O; Origin hub of supplier-product combination i
Functional parameter representing amortized weekly fixed costs of operating PI-hubs as a
Gy(..) function of flow through PI-cube units of storage class s. This is an economy of scale
function.
Amortized weekly fixed cost of a PI-Container (we assume one PI-container dedicated to
4
PI-hub to PI-hub pair for a total of n PI-Containers)
vy Variable round-trip cost of a PI-Container return between PI hubs i and j
C, Total capacity of storage class s in a PI-Container
s A zero/one parameter indicating whether supplier-product i belongs to storage class
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The decision variables are the frequency of (fx) weekly roundtrip PI-container shipments from
eligible PI-node to PI-node and the flow of supplier-combination i between PI-hubs j and &
(x;x) in weekly PI-cube units flows. For PI-transport, we assume standard multi-zone
containers (appropriately sized for different product classes) and PI-cubes (for simplicity’s
sake, we assume only one size in this paper) into which the products can be packed.

Table 3: Network Optimization Decision Variables

Variable Description

Frequency of weekly PI-Container shipments between PI-hubs j and & with a direct
N/
' connection

Flow of supplier-product i from PI-hubs j and k with a direct connection in PI-cube

units

The network optimization model to configure the PI-network for the coalition may now be
written as:

Minimize (PI-NFOM):
220 Vi fie 25 2 G 2k ais (X +xag)) + 2D cdy diy + gn

Subject to:

Dk Xk = 2k die ¥V 1 (j=O) (1)
Dk Xig = D Xk = dy ¥ i ( £ Op) (2
2usixp S Cofy ViV 3)

All f’s and x’s >=0

The objective in the PI Network Flow Optimization model (PI-NFOM) is to minimize the
total network fixed and variable costs over a weekly (amortized) period. The first term
minimizes PI-container transfer costs between pairs of adjacent PI-hubs. The second term is
shown as a cost function but can be linearized using approximations such as piece-wise linear
programming. The third term represents the last mile delivery cost which would ideally be
linked to another capacitated vehicle routing problem formulation for last mile delivery to the
customers closest to a given PI-hub. It is a constant and may be omitted from the objective.
The fourth term is simply the total fixed PI-container cost which may also be omitted in this
version of PI-NFOM. Equation (1) specifies the supply quantity to the origin node for any
supplier-product i. Equation (2) enforces flow balance for all non-origin nodes. Constraint (3)
enforces that the flows out of a node for any supplier-product combination respects the
capacity of the weekly storage class capacity of PI-Container flows.

Once the problem is solved, protocols can be developed for cost-sharing between coalition

partners. One such allocation could be fixed cost sharing based on PI-cube volume and
variable cost sharing based on PI-cube volume-distance.
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3.2 Game-Theoretic Modelling of New Partner Entry

Under the hypothesis that a PI-Coalition will be economically feasible and would offer
economies of scale in logistics handling (which we believe is the case), it is in the interest of
the coalition to recruit new members. By the same token, a new member would have an
incentive to join the coalition if its current logistics costs can be reduced.

We assume that the volume weighted logistics cost is one driver of this decision (within
scope). The other driver would be market expansion (out of scope in this paper). Figure 3
illustrates the concept. A potential new entrant could calculate its total volume weighted
logistics cost, regardless of whether it has its own distribution network or uses contracted
logistics as well as define a low threshold value (LowT). The idea is that the probability of
joining the coalition would be one if the low threshold value is proposed to it by the coalition.
On the other hand, if the weighted cost of distribution is greater than equal to its current
operation point (COP), the probability of joining the coalition is zero.

Probability of Joining Pl-Coalition

1.2
1
I
3 08 !
= |
g |
2 0.6
O |
< 1
< 04 Threshold |
0.2 (LowT) |
|
0
Total Weighted Logistics Cost /
Current (COP)
—@— P(Acceptance - risk averse) P(Acceptance - risk neutral)

—®— P(Acceptance - risk accepting)

Figure 3: Joining the PI-Coalition Based on Total Weighted Logistics Cost

The exponential curves with parameter A could model a risk averse or risk accepting potential
new entrant.

P(A[Risk averse) = LowP e
P(A[Risk accepting) = COP ¢*1

Where x is the total weighted cost of distribution after joining the PI-Coalition and A=-
In(e/(COP+LowT)/COP)

3.3 Proposed Solution Methodology

To understand how the PI-Network modelled would grow, we propose a methodology in
which a new partner’s entry would be simulated and their requirements entered into the PI-
NFOM (as seen in Figure 4). This could be from a database of industry association partners.
Once the model is solved, a price could be quoted to the potential partner (space limitations
prohibit development of quoting mechanisms). The aim would be to quote a price based on
existing network costs (if no infrastructure expansion is required to the PI network) or a fair
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allocation of expansion costs if required. Depending on the quoted price, the potential entrant
would evaluate their response based on Section 3.2. If accepted, the network would be
expanded for future entrants. Through this sequential process, the growth of the network
could be predicted over time and the efficacy of various cost-sharing mechanisms evaluated.

4 Conclusion and Future Work

The modelling framework presented in this paper can be used to inform producers as well as
logistics parties (transportation and shared logistic hub operators) on the benefits of a shared
collaboration model for distribution. The aim of the paper was to demonstrate that 1) The road
network and low customer density of Nova Scotia offer opportunities for distribution organized
according to PI principles and 2) Provide decision makers in the industry a methodological
framework using network optimization and game-theory concepts to evaluate how a PI-based
network could be setup and how it might evolve.

| liti
Solve PI-NFOM nput Coalition
Parameters
Enter Potential

Allocate Costs to
Partner

Coalition Update Clock
Parameters (real
Partners

or 5|mulated

Invitation
Accepted?

Figure 4: Sequential Optimization Procedure to Model PI-Coalition Growth

A numerical implementation of this methodology would provide more insights and lead to
industry specific or more general knowledge contributions to PI and logistics research. Future
work could include exploring industry context specific multiple PI-container configurations,
multiple pickup and delivery PI-movers, modular design of PI-hubs based on fractal layout
principles and modelling of GHG emissions. On the game-theoretical side, the coalition
partners at the beginning assume risks. So, the question then becomes how to allocate costs to
partners who come into the coalition later, depending on their time of entry. If the cost is higher,
how would it decay? Similarly, if there is a capacity expansion needed due to a partner’s entry,
how would it impact their allocated cost of entry (since the existing coalition would also
benefit)?
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1  Introduction

City Logistics’s primary concern is to minimise negative externalities arising due to urban freight
activities (Taniguchi & Thompson, 2001). These externalities include: social, environmental,
economic, safety and energy costs. Based on the systems approach, the CL framework encourages
competition via free market dynamics for driving innovation and network efficiencies.

Physical Internet seeks to enhance sustainability of supply chain networks through the incorporation
of: open & shared networks; standardised & modular load carriers; track & trace protocols, &
certificates. PI envisions seamless interconnectivity between network participants by integrating
goods, fleets and transhipment facilities (Ballot et al., 2021).

The integration of PI that endorses open, shared & standardized freight networks with CL, that seeks
to minimize urban freight costs, culminates in to Hyperconnected City Logistics (HCL) (Crainic &
Montreuil, 2016). Functioning as nodes where goods are reconsolidated & transshipped to other
vehicles within the HCL network, efficient PI-Hub operations are critical to the overall success of PI
(Montreuil et al., 2010). Nevertheless, there have been limited studies that have quantitatively
assessed its potential.

Average speed for vehicles along a road, especially within the urban area, varies through the day due
to congestion (McKinnon, 2015). Uncertainty in link travel times due to variable congestion levels
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may make the initial master docking schedules for vehicles inaccurate. Hence, these initial
schedules need to be further adjusted based with the new information of vehicle locations. There
has been sparse literature on investigating uncertainty in arrival times of vehicles at PI-Hubs to
assist with the slot allocation problem (Hillerstrom et al., 2018).

This study proposes a Dynamic Slot Rescheduling Framework for PI-Transporters at PI-Hubs.
A ML Classifier predicts ETA of incoming vehicles, & a proximal policy optimisation (PPO)
powered scheduling agent decides when to reschedule. A Binary Integer Linear Program is used
to create the schedule. To the researchers’ best knowledge, no study to date has integrated RL
for the dynamic slot reallocation problem (DSRP) within cross-dock and PI-Hub literature. To
develop the network and real-time vehicle location data, survey of the Sydney Courier Hub was
conducted. Utilised as an open transhipment facility at the border of Sydney CBD, Australia,
numerous courier organisations incorporate it within their delivery operations. Qualitative
responses from users of the facility informed the test network and quantitative analysis of video
footage of hub activity informed the real-time location data of incoming vehicles.

This study assesses how GS1 Scan4Transport data sharing technology for fleet location sharing
from independent carriers can assist in solving the DSRP for PI-Hub operators. Furthermore,
this study investigates how infrastructure-based travel time estimates can enhance slot
reallocations for PI-Hubs by enabling increased accuracy in vehicle arrival times.

2. Literature Review
This section provides an overview of literature related to rescheduling problems within the
cross-docks and data sharing.

2.1 Rescheduling Problems

Despite the inherent uncertainties, majority of the literature within cross-dock scheduling
operations have not considered the stochastic environment, where rescheduling is required
(Nasiri et al., 2022; Prakoso et al., 2022). Those that do consider the uncertainty arising from
vehicle arrival times, have traditionally focused on developing a robust master schedule that
seeks to incorporate the worst-case scenarios (Acar, Yalcin, & Yankov, 2012; Chen et al., 2013;
Konur & Golias, 2013; Ladier and Alpan, 2016). Although not prevalent in cross-dock
literature, rescheduling problems have been considered in other domains including: the
manufacturing environment (Li & Li, 2020; Rahmani & Ramezanian, 2016); healthcare setting
for nurse scheduling (Wolbeck et al., 2020); and public transportation such as trains (Binder et
al., 2017) and buses (Gkiotsalitis, 2021).

2.2 Data Sharing

To enable collaboration amongst the industry players, data standards are an important
component. Le Roch et al. (2015) applied the GS1 based, EPC global standards to a PI-enabled
FMCQG supply chain, enabling the management of reusable pallets between the manufacturers
and retailers’ distribution centers. Meanwhile, K. Chen et al. (2017) introduced a cloud based,
PI- enabled Building Information Modelling System, that sought to improve resource allocation
efficiency and human errors within the pre-fabricated construction industry.

Hakimi et al. (2009) conceptualised an information architecture for a collaborative supply chain
network, along with business intelligence tools for its member constituents. This was extended
by Hakimi et al. (2010) who introduced a multi-agent simulation platform to enable more
informed decision making by managers operating within a dynamic, collaborative environment.
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GS1 has also developed the Scan4Transport (GS1S4T) standards that enables data sharing among
network participants via a 2D barcode. Data such as origin, destination, delivery handling conditions
are encoded within the barcode, enabling prompt access to relevant information for all parties within
the supply chain (Encoding Transport Process Information - GS1 Implementation Guideline, 2021).
In 2021, three types of pilots were conducted using the GS1S4T (Scan4Transport Pilot Report, 2021):
1. A desktop pilot which consisted of assessing impact on the participating business if GS1S4T
was implemented within their operations.
2. A lab pilot, where a small scale implementation was tested within the participant’s business.
3. A physical pilot, where the GS1S4T was physically implemented across a company’s
operations.
However, impact of utilising GS1S4T within a collaborative environment as demanded by PI
has had limited consideration. Therefore, opportunity exists to investigate how PIl-network
participants may be impacted through the use of GS1S4T and enhance network performance
and sustainability.

3. GS1 Scand4Transport

Developed by GS1, Scan4Transport (GS1S4T) data standards enable data sharing among SCN
network participants via a 2D barcode, including carriers, shippers and customers (Figure 1). It also
enables location updates of goods with the supply chain and within transshipment facilities. Data
includes key elements among others: origin, destination, delivery handling conditions are encoded
within the barcode, enabling prompt access to relevant information for all parties within the supply
chain (Encoding Transport Process Information - GS1 Implementation Guideline, 2021). Customers
can update destination and time window information that is accessible by all relevant SCN
participants, along with confirmation of having received goods.

SRS T ANDA RD ACME Transport
GINC: 931234518430GR ROUTE: MEL
Deliver fo: B

GS1 Melbourne Office ,@‘
Attn: Michiel Ruighaver -*
Nexus Business Park

8 Nexus Court
Mulgrave VIC 3170
Australia

PH: 1300 227 233

Delivery Instructions

A
THIS IS A DEMO DELIVERY m
GS1 Sydn Offu
Ao Ty Hooe oS weeH]
atios Business Par [0.03 m3]
Of veel
rary NSW

WIDTH(m) 03
029886 2000 HEIGHT (m) 02

(00) 0 9312345 000000010 4

Figure 1 — GS1S4T Label

4. Problem Statement

PI-Hubs are responsible for the efficient transference of goods contained within PI-Containers from
one carrier to another. The transition process involves the scheduling of PI-Transporters at PI-Docks,
unloading of PI-Containers from PI-Transporters, reconsolidation, & loading of PI-Containers onto
their respective outbound PI-Transporters.

Uncertainty in link travel times due to variable congestion levels may make the initial master docking
schedules for vehicles inaccurate. Hence, these schedules can be further aligned with the knowledge
of the vehicles’ real time positions.
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As considered by Prakoso et al. (2022), this study develops a predictive-proactive methodology
to tackling DSRP. While Prakoso et al. (2022) utilised a rolling-horizon stochastic optimisation
informed by predicted presence probabilities using ML classifiers, this study combines ML
based ETA predictions and DRL policy for proactive decision making. The DRL agent
proactively decides when to reschedule PI-Transporters to PI-Docks given the latest state of the
system. It seeks to minimise the total time in PI-Hub experienced by the PI-Transporters, while
considering future consequences of its current choices.

5. Data Collection and Synthesis Methodology

Data was gathered from the Courier Hub, located in Goulburn St. car park, Sydney. Utilised by
several small and medium-sized carriers as an open consolidation hub, where goods are
consolidated, transferred and/or stored temporarily in cages or parcel lockers to serve the CBD.

In-situ surveys were conducted with facility users to inform the test network (vehicle origins),
while video analysis of vehicle and parcel movements within the hub informed the following
characteristics: Vehicle Type (van, car, walker, cargo-bike); actual arrival time; Day (Tuesday,
Wednesday, Thursday); Date; Month (September — March); Year (2022, 2023).

The master schedule of the vehicles, nor their real-time locations were known, thus they were
determined using the observed vehicular activity. Table 1 outlines the procedure used.

Table 1 — Overview of Data

Procedural Step Description
Step 1 Vehicle Assignments
Step 2 Vehicle Origins
Step 3 Schedule Development
Step 4 Real Time Locations

Step 1: Vehicle Assignments

In Step 1, inbound & outbound vehicles were determined. Vans & cars were allocated as
inbound vehicles as this reflects how they are utilised in practice, requiring to travel greater
distances with greater loads. Conversely, walkers and cargo-bikes were defined as outbound
vehicles serving the nearby CBD.

Step 2: Vehicle Origins

In Step 2, random allocation of origins were assigned to each inbound and outbound vehicle.
The sets used for each were determined based on the survey of the users of the courier hub.
Table 2 & Table 3 indicate typical origin and destinations of vehicles utilising the Courier Hub.
These locations informed the network that was formulated for the PI-Hub. The origin sets used
for inbound and outbound vehicles respectively were {10, 20, 30} & {1, 2, 3} respectively.
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Table 2 — Origins for Inbound Vehicles

Typical Locations Approx. Distance from Distance from PI-
Courier Hub (km) Hub (km)
Ashfield 9
Chatswood 10
Burwood 12 10
Olympic Park 15
Bankstown 20 20
Pemulwuy 30
Liverpool 33 30

Origins for inbound vehicles established via survey of Courier Hub users.

Table 3 - Origins for Outbound Vehicles

Typical Locations Approx. Distance from Courier | Distance from PI-Hub
Hub (km) (km)
Pitt Street 1
Castlereagh Street 1 i
Martin Place 1
O’Connell Street 1.2
Wynyard 1.5 5
Barangaroo 2.5
Pyrmont 3 3

Origins for outbound vehicles established via survey of Courier Hub users.

Step 3: Schedule Development

In Step 3, scheduled arrival and departure times were defined. Key parameters used are defined as

per Table 4 below.

It 1s important to note that it was necessary to synthetically generate the additional necessary
parameters since they were not directly available for research purposes. In practice, they could be
ascertained via various technologies including but not limited to: GS1S4T pings; GPS for carrier-
based fleet location data (shared via EPCIS: Electronic Product Code Information Standard); ICT for

infrastructure based ETA updates.
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Table 4 — Key Parameters

Parameter | Description Observed or
Synthesised
ADT Actual Departure Time Synthesised
AAT Actual Arrival Time Observed
ATT Actual Travel Time Synthesised
STT Scheduled Travel Time Synthesised
SAT Scheduled Arrival Time Synthesised
RSAT Rounded Scheduled Arrival Time Synthesised
SDT Scheduled Departure Time Synthesised
CFyouriy | Congestion Factor (Hourly) Synthesised
CFpaity Congestion Factor (Daily) Synthesised
CFyontniy | Congestion Factor (Monthly) Synthesised
ey, € Random value between [-5,5], Normal -
Distribution
Vav Average Speed Synthesised
D Distance between origin and destination Synthesised
PI-Hub
d Distance between current location and Synthesised
destination PI-Hub

Scheduled arrival (at PI-Hub) and scheduled departure (from origin) times were calculated first.
Actual Departure Time (ADT) calculated via equation 1, where Actual Arrival Time (AAT)
was ascertained through direct observation via video analysis. e; is a normally distributed value
with a mean of 0 and S.D of 5 mins.

ADT = AAT — ATT (1)
where ATT = STT * CFyoyriy + €1 (2)
b 3)
& STT = —
vav

Similarly, Scheduled Arrival Time (SAT) was calculated using Equation 4, where AAT was
observed via video analysis:

SAT = AAT + Earliness/Delay 4)

where Earliness/Delay = ATT — STT ®))

Scheduled Departure Time (SDT) was calculated by equation 6. e, is a random value normally
distributed, with a mean of 0 and S.D of 5 mins.

SDT = SAT — STT + e, (6)
It is important to note that to ensure discrepancy between ADT & SDT (as arises in practice),

e, ! = e,. e, determines ATT, which in turn determines ADT. e, is directly used to distort
STT which is used to determine SDT.
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Step 4: Real Time Locations

In Step 4, real-time, per minute locations were calculated. The distance travelled per minute followed
a normal distribution, with mean as calculated by equation 7, and standard deviation of 10%. The last
minute was allocated the remaining distance to be travelled ensuring that the overall travel time
equated to the actual travel time as determined above.

M Dist Minute = ——
ean Distance /[Minute ATT

After 1 min After 2min  After 3 min After 12 mins

@ 05 l 045 ladsl l BLHUD

| Average Speed = 40 km/hr |

Figure 2 — Real Time Locations

ATT = STT * CFyouriy + €1

10 [km] .
ATT = ———* 1.1 + 4 [min]
40[k_m]
hr
ATT = 20.5 mins
M Dist Minute = 10 [km]
ean Distance/Minute = 205 [mins]
| | km
Mean Distance /Minute = 0.49 [—]
min

Standard Deviation = 0.49 * 0.1 = 0.049

Figure 2 & the subsequent equations provide an example of these steps. Inbound vehicle I1
travelling at an average speed of 40 km/hr takes 20.5 mins to travel 10 km from origin to PI-Hub.
It’s mean distance/minute is calculated to be 0.49 km/min with a standard deviation of 0.049. 0.5
km are allocated to the first minute, 0.46 km to the second minute, and 0.48 km to the third minute.
Once the last minute of the journey is reached, the remainder sum is allocated, calculated by
subtracting the cumulative distance travelled up to the 19" minute mark from the overall distance
between the origin and the PI-Hub, 10 km.

6. Results

Courier Hub data from video analysis spans 13 days across 7 months. The scenarios derived from
the first 11 days were used for training the ML & DRL based models. Scenarios of the last two days
were used for evaluation purposes.

Two use cases of GS1S4T are considered:

- Improving Visibility: real-time tracking of goods and vehicles as they move through
the supply chain including transit facilities;

- Leveraging GEO Location Data: National Location Registry (NLN) is a central
database containing precise location of pickup and delivery sites, along with additional
attributes such as: safety constraints such as requirements of wearing hard hats;
weight/height restrictions; dedicated entry/exit points for specific vehicle types.
GS1S4T enables ready access to this database, enabling for more efficient pickup and
delivery process.
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6.1 Use Case: Improving Visibility

Use Case of improvising visibility investigates the impact of leveraging real-time location
updates of PI-Transporters through the road network. Figures 3 and 4 demonstrate the
superior performance of models where there are real-time updates, with the average waiting
time and total time in PI-Hub consistently less than against the base cases of Naive and
FIFO. Thus, PI-Hubs leveraging real-time vehicle location data for slot reallocations can
enhance operations as compared to the Naive and FIFO (original schedule) base models.

Further, it is evident from these test results that GS1S4T’s single location update is suitable
for performing as well as the GPS (every 5 mins) and Infrastructure (every 1 min) based
rescheduling. Couriers and PI-Hub operators opting for GS1S4T can expect to achieve
similar levels of performance as that achieved by GPS and Infrastructure based rescheduling
operations. Increased variability in travel times may impact relative performance of the three
granularities and needs to be further investigated.

14.5 o
14.0 4

o o
13 1354 o
13.04
124
12.54
11+ 12.0
115
10 4
11.0
91 1

GSlS‘IT PS Infra: l ctul Nai F GSIS4T PS Infra: t ctu

Average Waiting Time (m)
Total Time in PI-Hub (h}

Flgure 3 Use Case: Improvmg Figure 4 Use Case: Improvmg
Visibility. Average Waiting Times. Model Visibility. Total Time in PI-Hub. Model
Comparisons with configuration of 6 hr Comparisons with configuration of 6 hr
time periods, 2 PI-Docks & max pairings time periods, 2 PI-Docks & max pairings
of 8 PI-Transporters. of 8 PI-Transporters.

6.2 Use Case: Leveraging GEO-Location Data

Use case of leveraging GEO-Location data investigates the role of having access to NLN for
conducting deliveries. Without GEO-location data, there are unexpected delays experienced
by some vehicles.

Figure 5 & 6 show average waiting times and total time in PI-Hub respectively. It is evident
that Naive performs the worst with a median of approximately 18.75 minutes of average
waiting time for each vehicle. Meanwhile, the other base model, FIFO, performs
significantly better, with a median of approximately 12.8 minutes. GS1S4T not only has a
lower median of 12 minutes of waiting time, but its spread is also the narrowest, indicating
that its approach is much more consistent and therefore reliable.
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A similar relative performance is found between the three models for the total time in PI-Hub.
Naive has a median of 17.5 hrs, while FIFO performs significantly better with a median of
approximately 11.6 hrs. GS1S4T performs best with median of just over 11.5 hrs. Further, with
the spread for GS1S4T being the narrowest, it again exemplifies its superior stability in
performance.

19.5
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17.54
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17 16.5 4
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15.04
1454 o
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H
&
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Figure 5 — Use Case: Leveraging GEO- Figure 6 — Use Case: Leveraging GEO-
Location data. Average Waiting Times. Model Location data. Total Time in PI-Hub. Model
Comparisons with configuration of 6 hr time Comparisons with configuration of 6 hr time
periods, 2 PI-Docks & max pairings of 8 PI- periods, 2 PI-Docks & max pairings of 8 PI-
Transporters. Transporters.

7. Conclusion

This study proposes a Dynamic Slot Reallocation Framework for PI-Transporters at PI-Hubs to solve
the DSRP. Two GS1S4T use cases were tested: Improving Visibility; and Leveraging GEO-Location
Data. It was found GS1S4T data sharing technology for fleet location sharing from independent
carriers can assist in solving the dynamic slot reallocation problem for PI-Hub operators. Across both
use cases, it was found that GS1S4T outperformed the base models Naive and FIFO. All real-time
location sharing models outperformed the Naive and FIFO base models. Further, GS1S4T performed
at similar levels to the GPS and Infrastructure based granularities. This suggests that PI-Hub operators
may extract as much a benefit from GS1S4T than with investment and integration of either GPS or
Infrastructure based technologies.
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logistics networks by orchestrating Industry 4.0 technologies. This study addresses the multi-
agent delivery problem in a Pl environment, proposing a decision-making method using an
evolutionary neural network. Each delivery vehicle operates under multiple constraints,
including battery level, loading capacity, cargo type, and driving time limits, while performing
route planning that accounts for loading/unloading operations and cross-docking at
distribution centers and hubs. The proposed method evolves a recurrent neural network for
vehicle control using neuroevolution of augmenting topologies (NEAT), comprehensively
evaluating multiple metrics including delivery efficiency, number of undelivered modules,
number of service level agreement (SLA) violations, and CO: emissions. Furthermore, it
quantitatively analyzes the fault tolerance of the PI system through sensitivity analysis and
resilience evaluation in the event of vehicle failures or route disruptions. Simulation results
demonstrate that the P-based delivery strategy is effective in terms of both efficiency and
resilience.
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1 Introduction

The Physical Internet (PI) proposes a standardized, open logistics paradigm to solve the
inefficiencies of traditional hub-and-spoke models (Montreuil et al., 2010, Pan et al., 2021,
Naganawa et al., 2024). However, practical PI operations face high complexity due to mixed-
fleet dynamics, EV charging constraints, and time-sensitive requirements (Ambra et al., 2019,
Betti Sorbelli, 2024). Traditional centralized optimization often lacks the agility to handle real-
world disruptions like vehicle breakdowns or road closures. While distributed Al models show
promise(Liu et al., 2023), many rely on static neural architectures that struggle with the fluid
nature of PI. This study proposes a distributed multi-agent delivery method utilizing NEAT
(NeuroEvolution of Augmenting Topologies). By evolving both the structure and weights of
recurrent neural networks, each vehicle agent learns to make autonomous decisions under
constraints like battery life, load capacity, and cargo compatibility. A core focus is resilience.
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We introduce a framework to quantify performance under stress, such as vehicle failures and
network disruptions. Our main contributions include:

1. PI Formulation Modeling dynamic, multi-constraint, heterogeneous delivery.
2. Decision Model Distributed control via evolutionary recurrent neural networks.
3. Multi-Purpose Index Balancing costs, service quality, and environmental impact.

2 Construction of a Delivery Decision Model Using NEAT
This chapter details the NEAT algorithm, which forms the core of the proposed method,
and its application in this research.

2.1 Basic Principles of NEAT and Reasons for Selection

NEAT is a method that simultaneously evolves the “weights” and “topology” of neural
networks using genetic algorithms (Stanley and Miikkulainen, 2002). Unlike conventional
fixed-layer networks, it starts from the minimal configuration of only inputs and outputs,
automatically adding hidden layer nodes and connections as needed. This enables the
construction of optimal models that are neither excessive nor insufficient for multivariate and
nonlinear problems like those in PI environments. Furthermore, when crossing networks with
different structures, it incorporates a mechanism to trace the lineage of genes, preventing fatal
defects caused by structural mismatches.

2.2 The Effectiveness of NEAT in Pl Environments

Complex delivery planning in PI environments requires simultaneous consideration of
dynamic and uncertain factors such as vehicle breakdowns and road closures, in addition to
constraints like remaining battery charge, load capacity, and delivery time windows
(Mahmoodi et al. 2025, Amrovani et al. 2025). Consequently, methods based on predefined
rules or fixed network structures often prove insufficient for adequately responding to sudden
environmental changes. The NEAT algorithm employed in this research demonstrates high
effectiveness in such PI environments. A major advantage of NEAT is its ability to evolve not
only network weights but the topology itself. This enables it to acquire flexible decision criteria
tailored to the situation, even when sudden route changes or unexpected problems occur.
Consequently, it facilitates adaptive decision-making that was difficult with fixed-structure
models. Furthermore, NEAT has high affinity with multi-objective optimization. It can
integrate multiple evaluation criteria as fitness functions, including not only efficiency metrics
like delivery distance and time, but also environmental impact indicators such as the number of
undelivered items, suppression of SLA violations, and CO: emissions. Consequently, it
enables learning realistic and balanced delivery plans that avoid bias toward a single metric.

3 Formulation and System Concept

This chapter formulates the dynamic delivery planning problem under PI environment
as the Capacitated Multi-Vehicle Routing Problem with Time Windows (CMVRPTW). This
problem is a dynamic stochastic optimization problem that considers a mixed fleet of
heterogeneous vehicles, diverse cargo characteristics, and operational constraints of electric
vehicles.

3.1 Design Philosophy of Fully Decentralized Decision-Making

The core concept underpinning this research is “fully decentralized decision-making”
independent of a central authority. Within the PI network, each vehicle functions as an
independent intelligent agent. Each agent detects dynamic changes in the network in real time—
such as new delivery requests, charging station congestion, sudden vehicle failures, or road
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closures—and autonomously determines the optimal next node to proceed to via its own neural
network. This approach prevents load concentration on specific servers while achieving high
robustness, ensuring that partial vehicle failures do not halt the entire system.

3.2 Networks and Components
The delivery network is represented by a directed graph G = (IV',A). Here, V' =
{0,1, ..., N} is the node set, and A = {ey, ..., ey} is the edge set.

3.2.1 Node set (W)
Node sets are classified into the following four types.
N = Ndep U Nhub U Mst U ‘N;harger (1)
Each node i € IV has coordinates (x;, y;), service time §;, and node capacity C;. In
particular, the hub node NV;,,,;, possesses cross-docking functionality and serves as a temporary
cargo buffer.

3.2.2 Vehicle Assembly (V)
Define a heterogeneous vehicle set V = {1,...K}. Each vehicle k € V has the
following attributes.

Qy Maximum load capacity

By Battery capacity

p Energy consumption rate

Ty Types of Cargo That Can Be Loaded (Refrigerated,

Hazardous Materials, General Cargo)

3.2.3 Module Assembly (M)

Let M = {1, ..., M} denote the set of modules to be delivered. Each module m € M
has an origin o,,, a destination d,,, a size s,,, a delivery time t,,, and a type 7,,, and moves
dynamically within the network.

3.3 Dynamic States and Decision Making Using Neural Networks

This study adopts a sequential decision-making model involving distributed vehicles
rather than static route planning. Let Sy ; denote the state vector of vehicle k at time t. When
vehicle k is at node i, the policy my for determining the next node j € N | {i} to visit is
approximated by a neural network with parameter 6.

J* =arg ;nea;; fo (xi,j,k,t) )

Here, the input feature vector x; j ;.  is composed of the following elements, which

integrate local and global information.

o brs | T 0
Xijkt = dij' m » Nk 6jr ¢j' W} l/)k,t' Hcharge (])' Hcomp (k,])

3.4 Constraints
The system must comply with the following constraints.

(1) Battery and Range Constraints: Let AE;; = d;jp denote the energy required for vehicle
k to move from node i to node j. It must always hold that b, = AE;;. If reaching the
destination is impossible, the vehicle retreats to the nearest chargeable node h €
Neharger- If retreat is also impossible, the vehicle becomes dysfunctional.

(2) Loading Compatibility Constraints: For vehicle k to load module m, it must satisfy the
following exclusive control in addition to the capacity constraint.

Tm €Ty A VI € Ly, = Conflict(z,,, ;) 4)
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Here, £, denotes the set of modules being loaded, and Conflict( ) is a function defining
prohibited combinations such as “frozen goods” and “hazardous materials.”
(3) Working Hours Constraints: A driver's continuous driving time 7¢7"V¢e must not exceed
g g k.t

the legal limit T};,,;.- When the limit is reached, a break time T},-q4x 1S required.

3.5 Objective Function
The objective of this problem is to maximize the sustainability and service level of the
PI. This is equivalent to minimizing the following cost function J.

Minimize] = ) Cop()+ Y Coorye(m) + Py O

kev MmeM

Details for each item are as follows.

(1) Operating cost Cy,:
Cop(k) = wle + wZTkover (6)

Here, D, denotes the total distance traveled, and T®" indicates overtime hours
exceeding the specified time.

(2) Service cost Cgpoppice:

Cservice (m) = wBHmiss(m) + Wy max(O, tglel - t#lue) + wSAtglwe” (7)

Item 1 represents penalties for undelivered shipments, Item 2 represents penalties
for delivery delays (SLA violations), and Item 3 represents penalties for excessive
dwell time at the hub.

(3) Environmental cost P,,,,,:

Penv = Wg Z EISOZ (8)

kev
E}. is the CO2 emissions calculated in proportion to the load weight and distance.

4 Simulation Setup
To verify the effectiveness of the proposed method, we constructed a simulation
environment based on the actual logistics infrastructure in Hyogo Prefecture, Japan.

4.1 Geographic Data and Node Network
This study conducted simulations covering the entire Hyogo Prefecture, encompassing
diverse logistics characteristics from urban to suburban areas.

Table 1. Node type

Type Description
The starting point of the logistics network. Designated as a major center

PI Depot f
or Sagawa Express.
PI Hubs A central hub within the prefecture. Designated as a Sagawa Express
branch office. Promotes large-scale consolidation and cross-docking.
PI Nodes As the end-points of the Physical Internet, we extracted location data for

approximately 2,500 public parcel lockers across the prefecture.

4.2 Agent and Environmental Parameters
The specific parameter settings used in the simulation are shown in the table below.
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Table 2. System Scale and Temporal Constraints

Category Parameter (Unit) Value / Details
Network Scale Customers / Vehicles 100,000 / 200 units
Time Windows Business Hours / Max Time 08:00-19:00 / 24:00 (min)
Work Limits Max Drive / Break / Total 200 /30 /1000 (min)
Nodes (Svc Time) Depot / Hub / Customer 10/5/2 (min)
Table 3. Fleet and Cargo Specifications
Type Capacity / Battery Rate / Weight Size Range
Small Van / Normal 30/ 120 kWh 0.8/65% 4, 8)
Med Truck / Chilled 30/200 kWh 1.2/20% (6, 10)
Refrigerated / Frozen 30/ 180 kWh 1.5/10% (8,12)
Express / Dangerous 30/100 kWh 0.9/5% (1,3)
Table 4. Reward and Penalty Weights
Type Factor Weight Objective
Rewards Load Fill / Loop 8.0/4.0 Efficiency & Throughput
Penalties Stranded (Battery) 5000.0 System Reliability
SLA / Hub Dwell 2.0/1.0 Service Quality
CO2 / Energy 0.5/5.0 Sustainability
5 Result

This study conducted simulations targeting Hyogo Prefecture to evaluate the
effectiveness of the proposed method. The following outlines key findings regarding
geographical conditions and agent behavior.

5.1 Distribution and Network Formation

The locations where delivery demand originates in the simulation were set based on the
population density distribution of Hyogo Prefecture. In this study, the points of origin for
delivery demand in the simulation were set based on Hyogo Prefecture's population density
distribution. As shown in the population density map in Figure 1, demand is highly concentrated
in coastal urban areas such as Himeji, Akashi, Kobe, and Nishinomiya. Under these
geographical constraints, examining the visualization results of the multi-agent delivery routes
shown in Figure 2 demonstrated that the evolved agents autonomously formed an efficient
network targeting high-demand areas. Specifically analyzing route dynamics reveals a dynamic
“cross-docking” operation: each vehicle departing from a depot (red square) passes through
multiple PI hubs (blue triangle) before delivering to the final target customer (green dot). This
suggests that each agent can appropriately select and utilize hubs as strategic relay points by
considering its own loading capacity and cargo compatibility in real time.
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5.2 Fitness Changes in Evolutionary Processes

The fitness evolution in Figure 3 clearly illustrates how NEAT progressively
approaches the optimal solution in the complex mathematical optimization problem discussed
here. First, the overall trend of the graph shows that the global maximum fitness, indicated by
the red dashed line, increases with each generation. The particularly rapid improvement during
the first 10 generations indicates that the system swiftly acquired a structure capable of
satisfying basic delivery constraints despite starting from a random initial state. Subsequently,
the discontinuous, step-like improvements observed around generations 40 and 80 represent the
discovery of innovative strategies that break out of existing local optima. This is achieved
through NEAT's characteristic addition of new topologies and species differentiation.
Meanwhile, the sharp fluctuations in the solid green line (the maximum fitness per generation)
are evidence of vigorous exploration within the evolutionary process. While adding new
neurons or connections carries the “evolutionary cost” of temporarily lowering fitness, NEAT's
protection mechanism safeguards these new structures, enabling them to contribute to
optimization in subsequent generations. Thus, the fact that the global maximum is steadily
updated despite significant fluctuations confirms convergence toward an extremely robust
decision-making model through trial and error of diverse strategies.

5.3 Correlation between Loading Efficiency and Environmental Impact

Figure 3 shows the changes in the load capacity of each vehicle over time. As evident
from the graph, the values for each agent rose rapidly immediately after operation began and
subsequently fluctuated within a certain range. This suggests that agents not only travel the
shortest distance but also continue operation while maximizing load capacity and minimizing
empty runs whenever possible. The fact that the distributed control model evolved by NEAT
autonomously optimizes both cost reduction and environmental impact reduction is considered
an extremely important achievement in building a sustainable logistics network.
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5.4 Vehicle Fleet Operational Dynamics and Resource Allocation

The heatmap group in Figure 5 visualizes the resource consumption and operational
status of all vehicle agents over time, providing key insights into the operational efficiency of
the proposed method.

5.4.1 Optimization of Load Factor and Differences Between Vehicles

The “Vehicle Load” heatmap on the left clearly shows the load factor trends for each
vehicle ID. While a specific group of vehicles (the dark blue area in the center) consistently
maintains a high load rate (around 60%), other vehicles dynamically adjust their load volume
based on delivery conditions. This demonstrates that agents evolved by NEAT do not operate
uniformly across the entire fleet. Instead, they autonomously adjust the system's overall loading
efficiency by dividing roles according to each vehicle's current location, performance, and
surrounding demand density.

5.4.2 Driving Time Management and Compliance with Labor Restrictions

The central “Vehicle Overtime” heatmap shows a gradual increase in overtime hours across all
vehicles over time, with no sudden spikes. This is likely the result of each agent selecting routes
that consider driving time limits while ensuring no single vehicle bears an excessive load. This
suggests the potential for stable service delivery while maintaining quality working conditions,
even within large-scale delivery networks.

5.4.3 Stability of Energy Consumption and Range Management

The heatmap on the right labeled “Vehicle Battery Level” shows that within a fleet of vehicles
with varying battery specifications, each group maintains stable energy consumption patterns.
This planned energy expenditure aligned with delivery tasks confirms that agents are learning
efficient power management strategies to minimize “downtime for charging” while achieving
continuous operation.
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