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Railway capacity analysis: impact of platooning under 
modular pods operations
Zheng Ning, Egidio Quaglietta and Mahnam Saeednia

Department of Transport and Planning, Delft University of Technology, Delft, The Netherlands

ABSTRACT
Rail pods are an emerging concept of modular self-propelled rail 
vehicles which can interchangeably move freight and passengers to 
provide a more customer-oriented rail service. Pods are envisaged to 
operate on demand with the possibility of forming platoons either 
physically (e.g. mechanical or digital couplers) or virtually (e.g. by radio 
communication) coupling at stations. This study addresses the need to 
understand how rail pod platoons affect rail corridor capacity by 
analysing the actual infrastructure occupation under different platoon 
compositions, taking into account train movement dynamics and 
signalling constraints. First, this study extends the consolidated rail 
capacity assessment method (UIC Code 406) by applying the blocking 
time theory to assess the infrastructure occupation of the rail pod 
platoons. Based on this extension, a nonlinear optimization model is 
developed to determine coordinated speed profiles that are structu
rally consistent with the platoon configuration, aiming to minimize rail 
capacity utilization. The model is applied to a case study considering 
the ETCS Level 2 signalling system. The results obtained for the case 
study illustrate the ability of the proposed model to identify opera
tional speeds and composition of rail pod’ platoons that lead to the 
effective capacity use of the existing infrastructure. This capacity 
assessment framework provides a theoretical foundation for flexible 
allocation of modular rail cars in dynamically structured platoons.
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1. Introduction

Delivering customer-oriented rail services requires greater system flexibility and 
seamless operations, prompting the development of innovative operational paradigms. 
Pods4Rail l [1,2], an EU-funded project developing a next-generation modular and 
intelligent rail system, introduces autonomously driven, reconfigurable self-propelled 
rail cars (pods) which can interchangeably move freight and passengers for a more 
flexible rail service. On-demand rail pod services may operate without a fixed time
table and follow a dynamic schedule to adapt to changes within-day of the customer 
demand. However, effective adaptation requires a precise quantification of the 
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system’s usable capacity. This defines the maximum operable supply, enabling dis
patching decisions to determine the ‘available capacity’ within any time window to 
match fluctuating demand. Nevertheless, similar to conventional trains, rail pods 
must maintain safe separation from other vehicles in compliance with signalling 
constraints, ensuring conflict-free operations.

Notably, the temporal overlap of origin-destination pairs among pod transport tasks 
within shared track sections creates operational windows for forming platoons. 
Operating on existing infrastructure, pods are designed to travel independently or 
dynamically form platoons by coupling at key locations such as stations or junctions. 
Coupling can be implemented either physically (using mechanical or digital couplers) or 
virtually (e.g. via radio communication). This dynamic coupling and decoupling 
mechanism enables pods to reconfigure their platoon compositions by adjusting the 
platoon size and headway in response to fluctuating transport demand and rolling stock 
performances (e.g. braking/acceleration rates) in compliance with signalling constraints 
[3–5]. This structural flexibility supports demand-adaptive operations and contributes to 
improved system efficiency (for more details, see [6]).

As a modular transport system, pods require coordinated operations to respond to 
dynamic transport demand. Recent research has begun to address the associated sche
duling challenges by proposing optimization frameworks specifically tailored to rail pod 
systems. A simulation-based framework for evaluating the impact of dispatch and 
platooning decisions on system performance is presented in [7], and the results show 
that platooning can significantly reduce makespan in large-scale operational scenarios. 
Based on this [8], proposes a freight service planning model formulated as a Pickup and 
Delivery Multi-Depot Vehicle Routing Problem (PDMVRP) with integrated platooning 
strategies. The main limitation of the proposed approaches is that they identify demand- 
driven pod platoon schedules while neglecting the safety-related signalling constraints 
which actually dictate the feasibility of a given schedule.

Considering the actual infrastructure and signalling constraints is hence essential to 
determine the feasibility of given rail pod schedules and the corresponding operational 
impacts. Several challenges still exist in assessing the capacity of rail infrastructure when 
rail pod platoons are operated, because this depends on multiple factors such as platoon 
formation, cruising speed, pod braking performance, and signalling system type. 
Standard capacity evaluation frameworks, including UIC Code 406 [9], simplify system 
characteristics by assuming fixed cruising speeds and uniform headways, thereby redu
cing computational complexity and enabling broader applicability. However, enabling 
demand-responsive operations in the pod system requires flexible formation and recon
figuration of platoons composed of modular vehicles. Ignoring variation in block occu
pation times associated with different platoon lengths can lead to either an 
underestimation of conflict risks due to short headways or inefficient capacity utilization 
due to overly conservative spacing. Consequently, these models cannot accurately cap
ture the actual capacity implications of the deployment of pods within existing railway 
systems.

This study addresses this gap by proposing a capacity evaluation model for pod 
platoons with variable formations (i.e., platoons with different sizes composed of pods 
with homogeneous characteristics), which accounts for non-uniform headways between 
platoons and optimizes infrastructure occupancy through coordinated platoon speed. 
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This approach considers platoons composed of homogeneous pod units, arranged in 
varying platoon formations. The main contributions of this research are:

● Extending the UIC 406 methodology with blocking time theory to support the 
implementation and adaptation of the modular pods system on existing railway 
infrastructure.

● Establish a foundational capacity assessment model that incorporates signalling 
rules, spatial separation, coordinated speed profiles, and platoon structures into 
the evaluation process.

● Evaluated under the ETCS Level 2 signalling system, the proposed model offers 
quantitative support for scheduling and traffic management decisions.

The paper is organized as follows. Section 2 reviews the related literature. Section 3 
extends blocking time theory and the UIC 406 capacity model to establish a capacity 
occupancy model for pod platoons, serving as a dynamic headway constraint. Based on 
this extension, a nonlinear optimization model is developed to determine the optimal 
coordinated cruising speeds of platoons, aiming to minimize infrastructure occupation 
while ensuring safety margins. The simulation results are analysed in Section 4. Section 5 
concludes the paper.

2. Literature review

2.1. Application overview of modular rail pods system

A pod vehicle comprises two core components (shown in Figure 1): Transportation Units 
(TUs) and Carriers Units (CUs). TUs function as demand-driven, modular loading 
entities enabling automated and rapid decoupling from and recoupling with CUs, 
supporting the seamless transfer of loaded TUs across multi-modal transport networks, 
including road and rail. CUs act as mobile service terminals, with their dispatching 
strategies adhering to the spatio-temporal pickup and delivery requirements of the TUs. 
Upon assembly at designated operating stations, the TUs and a carrier form a complete 
pod. A pod serves as the fundamental operational entity on the rail tracks, regardless of 

Figure 1. Pods architecture with transportation units (TUs) and carriers.
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whether the carrier is transporting TUs or running empty. An empty carrier moving 
along the rail line is still regarded as an individual pod.

Key technological innovations, such as Virtual Coupling (VC) [10–12] and digital 
automatic coupling (DAC) [13], are driving the transition from fixed train to flexible 
platooning. VC enables the close follow-up of trains via wireless communication, poten
tially increasing capacity [14,15], while DAC facilitates dynamic formation configuration 
through mechanical links and distributed control. The relationship between capacity and 
convoy structure in VC systems is investigated in [16]. The results show that with an 
optimized convoy composition aligned with infrastructure and service requirements, 
a VC platoon can increase infrastructure utilization by up to 30%. These technologies 
provide the conditions for the platoon operation of pods.

Modular rail pod deployment, with the aim of improving infrastructure utilization 
and operational efficiency, remains an emerging concept, and research in the field, 
related to the impact on infrastructure, remains limited. Originally developed in the 
context of modular vehicle-based road transit systems, this technology is now being 
introduced into the railway system [17]. Modular vehicles have attracted increasing 
attention in public transport research due to their ability to dynamically adjust the length 
of movement entities by coupling or decoupling vehicles in response to fluctuating 
demand [18]. Most existing studies primarily focus on planning-level scheduling pro
blems, with the objective of optimizing tasks assignment to satisfy the demand for pickup 
and delivery. A platoon scheduling and speed optimization model for a bus network, 
which reduces both operator and passenger costs along a single bus line, is presented in 
[19]. Broader research within the modular vehicle framework has explored various 
optimization problems, including vehicle routing [20–22], platoon formation and time 
scheduling [22,23], as well as the integration problem of passenger and freight operations 
[24,25]. When integrated with existing infrastructure, these studies typically rely on the 
assumption that sufficient capacity is available or that the range of usable capacity can be 
clearly defined. However, under speed and separation constraints, the infrastructure 
occupancy of modular trains becomes complex and is not adequately captured by 
simplified modelling assumptions.

2.2. Review on rail capacity assessment

Railway capacity is inherently dynamic, influenced by train operational performance, 
signalling system, infrastructure layout, and scheduling/dispatching strategies [9]. UIC 
Code 406, formally adopted as a static capacity evaluation standard in European railways, 
defines a methodology based on compressing existing timetables within a defined time 
window [26]. Fundamentally, the approach determines the minimum feasible time 
separation between consecutive trains, representing the safety headway required under 
given train dynamics and signalling response characteristics, as defined by the blocking 
time theory. The blocking time model computes the total time that a given portion of 
railway infrastructure is exclusively allocated to a train from the time it reserves the route 
until the train clears it with its whole length, and the signalling resets that to a vacant state 
(so-called ‘track release’).

Figure 2 illustrates the blocking time composition for trains operating on line sections, 
both with and without scheduled station stops. Regardless of whether a train is scheduled 

4 Z. NING ET AL.



to stop, the pre-blocking time remains unchanged, consisting of the route setting time Tr, 
approach time Tap, and track occupation time Tpass. In the non-stopping case, the signal 
is released after the train’s rear clears both the block section and the safety margin, 
resulting in the clearance time Tclear and the safety margin time Tsm. In contrast, when 
a scheduled stop is made, the station dwell time TD is added, and the signal can only be 
released after the train’s rear clears the overlap section leading to the overlap time Tover.

The UIC 406 capacity evaluation is a consolidated method; however, it relies on an 
existing timetable and mostly applies to corridors rather than complex rail configura
tions, such as double-line junctions. Another main limitation is that this is applicable to 
existing rail operational paradigms, which are typically based on fixed operational 
patterns, such as consistent train types and uniform speed strategies. Although modular 
rail pods are designed to move synchronously in a platoon, braking distance constraints 
should still be considered to maintain safe separation. However, conventional capacity 
evaluation paradigms often do not include advanced operational concepts such as 
modular pods and platooning. These methods inevitably overlook operational variability, 
such as changes in train speeds, train formations, and stochastic disturbances or delays 
[27–30]. To address these limitations, several complementary approaches have been 
proposed, including simulation-based methods such as the Federal Railroad 
Administration (FRA) capacity model [31] and model-based optimization frameworks 
[32,33]. While simulation models reflect real-world railway operations more accurately, 
they are often limited to specific scenarios, whereas optimization-based methods broaden 
the analytical scope by abstracting train dynamics and scheduling logic into mathema
tical models. However, such models still typically depend on predefined parameters, such 
as minimum headways and speed profiles, limiting their adaptability to dynamic operat
ing conditions.

Some studies have explored extensions of the UIC 406 capacity model, in order 
to improve its applicability to more complex operational scenarios. A comparison of 
Indonesian and Japanese methods for rail capacity, including variable definitions 
and policy implications, is provided in [28]. The flexible rail service concept, which 
does not follow a fixed timetable, has been proposed to schedule train operations by 
means of techniques such as reinforcement Learning [34,35] to schedule train 
operations. A distributed moving-block approach for train sequencing, using 

Figure 2. Diagram of the composition of the blocking time: (a) the inter station segment blocking time 
for a train, (b) the station segment blocking time for a train.
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simulated block occupancy logic for safety, is proposed in [36]. Existing railway 
capacity assessment methods are not directly applicable to rail pod platoons, 
because the platoon length varies with the number of pods and requires maintain
ing safe braking distances even under synchronous movement. Existing static 
metrics such as ‘trains per hour’ are not suitable to evaluate the capacity of systems 
with dynamically coupled units.

A comparative overview of these studies is presented in Table 1, which maps out the 
differences in formation flexibility and methodological limitations.

As evident in Table 1, while existing research has explored conceptual architecture and 
demand-driven scheduling for pod systems, significant gaps remain in capacity model
ling and infrastructure evaluation. The research in this paper addresses critical knowl
edge gaps by examining how platoon structures and coordinated cruising speeds 
influence capacity consumption under fixed-block and radio-based signalling systems 
with dynamic speed supervision, such as ETCS Level 2 signalling system [37,38]. In 
particular, it investigates the effects of parameter variations (e.g., changes in platoon 
length) and the integration of these unique pod features with existing infrastructure while 
ensuring safe headway separation.

3. Methodology

This section develops a quantitative model to evaluate infrastructure capacity under 
modular pod configurations of variable platoon structure. It begins with the problem 
formulation and modelling assumptions in Section 3.1. Section 3.2 outlines the modelling 
framework and defines notations. Section 3.3 applies a spatial discretization approach to 
simulate train movements and formulates a running time computation model. Section 3.4 
extends the UIC 406 blocking time model to calculate dynamic headway constraints based 
on platoon composition. Section 3.5 formulates an optimization model to minimize 
infrastructure occupation by coordinating the cruising speeds of multiple platoons.

Table 1. Summary of related studies versus the proposed framework.
Study Formation Timetable Speed Methodology Output/Focus

Conventional Capacity Assessment
UIC 406 [9] Fixed ✓ (Required) Uniform Timetable Compression Static Capacity
Landex [27] Fixed ✓ (Required) Uniform UIC 406 Extension Network Evaluation.
Sameni [30] Fixed ✓ (Required) Uniform Blocking Time. Junction Capacity
Bešinović [29] Fixed ✓ (Optimized) Dynamic Microscopic Simulation Integrated Planning
Widyastuti [28] Fixed ✓ (Required) Uniform Comparative Analysis Policy Implications

Modular Vehicle Routing
Chen & Li [17] Variable � (Demand) Fixed Discrete Modelling Station Docking
Tian [19] Variable � (Demand) Optimized Joint Scheduling Model Operation Costs
Fu & Chow [23] Variable � (Demand) Fixed Dial-a-ride Problem En-route Transfers
Liao [7] Variable � (Dynamic) Fixed Heuristic Framework Pods Scheduling
Zhou [22] Variable � (Demand) Fixed Vehicle Routing Logistics Routing

Flexible/Virtual Coupling Operations
Khadilkar [35] Fixed � (Required) Dynamic Reinforcement Learning Dispatching Policy
Quaglietta [11] Fixed / Dynamic State Machine Model VC Dynamics
Ning [16] Variable ✓ (Adjust) Coordinated. Coalition Game Convoy Structure
Wu [12] Variable ✓ (Optimized) Coordinated MILP Optimization Heavy Haul.
This Study Variable � (On-demand) Coordinated Blocking Time + NLP Capacity

6 Z. NING ET AL.



3.1. Problem description and assumptions

Rail corridors equipped with the pods system need to accommodate multiple size 
platoons, each capable of dynamically adjusting its length through coupling and decou
pling operations. As shown in Figure 3, each block may have an optimal speed that locally 
minimizes blocking time for a given platoon configuration. However, ensuring continu
ity in the speed profile across the blocks between two stations requires applying a unified 
cruising speed. Simultaneously, the blocking time induced by the optimal speed profiles 
under different platoon lengths affects the occupation of shared track resources, which 
further complicates capacity management. This interdependence gives rise to an opti
mization problem that coordinates the cruising profiles of multiple platoons to quantify 
capacity by minimizing infrastructure occupation.

Let P ¼ fP1; P2; . . . ; PNg denote the set of rail pod platoons to be dispatched in 
response to a specific set of demand request. The rail pod system is characterized by 
the following features:

● Formation type: A group of pods can be partitioned into different platoon struc
tures, ranging from individual units to short or long platoons, each managed under 
a unified control envelope. These structural configurations determine key opera
tional parameters and directly influence the infrastructure occupation. In particular, 
even with the same number of pods, alternative partitioning schemes can result in 
different platoon structures (e.g., splitting six pods into formations 2–2–2 or 3–1–2), 
thereby affecting capacity usage. In this study, platoon structure refers to the overall 
grouping of multiple pods into one or more platoons, while platoon composition is 
used to describe the internal configuration of a platoon, such as the number of pods 
and their sequence.

● Speed profile conditions: The motion of each platoon between two stations must 
comply with a predefined speed profile, typically comprising acceleration, cruising, 
and braking phases, dictated by section speed limits and train performance con
straints. This profile ensures safe operation under signalling and infrastructure 
limitations while enabling consistent integration with scheduling frameworks.

● Global coordination speed optimization among platoons: Due to the interdepen
dent nature of platoons of different sizes, determining coordinated cruising speeds 
becomes essential for optimizing the overall infrastructure utilization. Specifically, 
for a given platoon structure, the cruising speeds of multiple platoons must be 

Figure 3. Block occupancy diagram for pod platoon traffic with different sizes.
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jointly determined to minimize block occupancy across multiple blocks, rather than 
assigning each platoon its own locally optimal speed.

The proposed framework operates under these fundamental assumptions, aligned with 
the railway signalling system specifications.

● Constant acceleration (atra) and deceleration (abra) rates are assumed to represent 
the operational rates of homogeneous pod units on the fixed line [4,38]. This 
assumption allows nominal pod infrastructure occupation times to be evaluated 
while implicitly accounting for physical factors such as variable gradients and 
resistance.

● All pod units are assumed to be homogeneous with identical dynamic character
istics. This assumption enables a focused investigation of how platoon formation 
and speed coordination affect infrastructure occupation.

● The platoon composition is assumed to remain static during operation, with a fixed 
number of pods assigned to each platoon, as structural changes are only permitted at 
stations.

● All rail pods within a platoon are assumed to respond synchronously to control 
commands, functioning as a unit. This operational consistency can be achieved 
through virtual coupling via synchronized control method or physical coupling 
mechanisms.

3.2. Modelling framework and notions

As illustrated in Figure 4, the proposed modelling framework takes three categories of 
input data, drawn from infrastructure, vehicle characteristics, and transport demand. 
This framework is structured as a mathematical optimization problem, defined by three 
fundamental components shown in orange. The optimization module comprises two 
interdependent intermediate modules, highlighted in blue, which compute the necessary 
intermediate values used to evaluate the objective and constraints. The running time 
computation module first calculates the time required to pass through each block, a value 
that is directly affected by the cruising speed of each pod platoon. These times are then 

Figure 4. Quantitative capacity evaluation modelling framework for modular pods.
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used as input to the infrastructure occupation evaluation module. The resulting occupa
tion times serve a dual purpose, providing the primary inputs for the objective function’s 
calculation, while also being fed back as dynamic headway constraints.

The iterative loop in Figure 4 is driven by a solver which, in each iteration, proposes 
a candidate solution for evaluation. Subsequently, the Converge Check module deter
mines whether the process should terminate. This process is repeated iteratively until the 
solver converges on an optimal solution, which is then output. The infrastructure 
occupation model extends the blocking time theory to accommodate variable platoon 
structures, while the speed profiles are constrained to conform to the operational proper
ties of railway systems. The detailed mathematical formulation of these models is 
presented in the subsequent sections, with the iterative loop logic and its candidate- 
variable solution update strategy described in Section 3.5.2 and Table 3.

The mathematical notation used in this paper is formally defined in Table 2.

Table 2. Symbol definitions.
Symbol Definition Unit

Parameters
I Set of platoon indices, where I ¼ f1; 2; . . . ;Ng –
J Set of block indices, where J ¼ f1; 2; . . . ;Mg –
N Total number of platoons –
M Total number of blocks –
ζ Number of discretized control segments under MBS –
ni Number of pods in platoon i –
αj Block type indicator (0: station, 1: interstation track) –
ε Small positive constant for numerical stability –
S Total distance between two stations m
Δsj Length of generalized discrete segment j m
lj Length of block section j m
Lr Distance travelled during reaction time m
Lbra Braking distance m
Ltotal

j Distance from departure station to start of block j m
Lpla Platform length m
Lover Platform protection section length m
Lsta;de Distance to station approach boundary m
Lsm Safety margin m
Lc Distance travelled after signal clearance m
LlenP Pod vehicle length m
Sintra Intra-platoon safety spacing m

Δsði;jÞreq
Remaining acceleration or braking distance of platoon i in block j m

vin
i;j Entry speed of platoon i at block j m/s

vout
i;j Exit speed of platoon i at block j m/s

vcru
i Cruising speed of platoon i m/s

vsta Station speed limit m/s
vmin Minimum reference speed for braking calculation m/s
Vcrit Critical velocity for acceleration profile m/s
atra Maximum traction acceleration m/s 2

abra Maximum braking deceleration m/s 2

ai;j Acceleration of platoon i in block j m/s 2

Tr Train reaction time s
Tclear Block clearance time s
TD Platform dwell time s
Tap Approach braking time s
Tpass Block traversal time s
Tsm Safety margin time s
Tlen Platoon length traversal time s

(Continued)
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3.3. Pods’ running time formulation

The running time Tpass
i;j of the platoon i through the block j plays a critical role in 

evaluating infrastructure capacity, particularly under different platoon structures in the 
pod system. Here, i 2 I ¼ f1; . . . ;Ng and j 2 J ¼ f1; . . . ;Mg refer to the platoon and 
block indices, respectively. This running time must be computed according to the speed 
profiles imposed by the infrastructure and signalling system, as illustrated in Figure 5, 
which reflects segment-specific speed limits and operating rules.

Discrete modelling of train movements along railway segments is a widely adopted 
approach in railway operations research to simulate the train operation process [39–43]. 
To accurately compute Tpass

i;j , the railway line is discretized into control segments. The 
total length S of the section between two stations is divided differently depending on the 
signalling system used: 

Table 2. (Continued).
Symbol Definition Unit

Tover Platform protection traversal time s
T lineðnÞ Line blocking time of an n-pod platoon s
TstaðnÞ Station blocking time of an n-pod platoon s
ti;j Time when platoon i clears block j s
Tpass

i;j Traversal time of platoon i in block j s
ΔTi;j Running time over discrete segment j s
Hmin Minimum allowable headway s
δv Velocity tolerance threshold m/s
x Decision variable vector (cruising speeds and headways) –
μ; ρ Barrier and penalty parameters –
K Set of inequality constraint indices –
ckðxÞ k-th inequality constraint function –
H Hessian matrix of the optimization problem –
d; η Search direction and step size –

Decision Variables
vcru

i Optimized cruising speed of platoon i m/s

hði� 1;jÞ
opt

Recommended headway between platoons i � 1 and i in block j s

Figure 5. Pods operation phase between two stations.
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In ETCS Level 2, the line is divided into fixed length blocks lj, each protected by a trackside 
radio block centre. In contrast, MBS (Moving Block System) enables dynamic adjustment of 
train separation by continuously calculating the safe braking distance in real time. As a result, 
ζ uniform segments of length Δs. The discretization step in MBS is based on the minimum 
required braking distance, ensuring that the segment length Δs does not exceed v2

min
2abra

, where 
vmin is the minimum operating speed and abra is the maximum allowed deceleration rate.

To establish a unified model that accommodates both scenarios, a universal index j is 
introduced to denote each discretized segment, with a length of Δsj defined as a physical 
block length for ETCS Level 2 or a constant step size for MBS. At each discrete point j, the 
platoon i updates its velocity and position based on the following rules: 

where ε is a small positive constant used to prevent division by zero, Ltotal
j is the 

cumulative distance from the departure station to the start of block j.
The remaining distance Δsði;jÞreq required to complete the acceleration or braking of the 

platoon i in the block j is calculated as follows: 

The platoons follow a nominal trajectory comprising acceleration, cruise, and braking 
stages, as illustrated in Figure 5. At each discretized position j, the instantaneous accel
eration ai;j for the platoon i is adaptively determined based on the pervious speed vi;j� 1, 
the position Ltotal

j and the target cruising speed vcru
i . Instantaneous acceleration ai;j is 

determined by current speed vi;j� 1 and position sj� 1, following a standard acceleration – 
cruise – braking profile across the sections between two stations, as defined below: 

Equation (5) defines a piecewise acceleration rule that governs phase transitions in the 
speed profile of each platoon. Condition (a) applies when the train leaves the station and 
its speed is below the station limit vsta, in which case the pods need to accelerate to pass 
the station section. Condition (b) keeps the acceleration active after leaving the station if 
the current speed remains below the cruising speed vcru

i . Conditions (c), (d), and (e) 
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describe scenarios in which the rail pods enter a constant-speed phase. Specifically, (c) 
corresponds to the transition from acceleration to cruising; (d) captures steady cruising 
when the speed stabilizes around the desired cruising speed vcru

i ; and (e) represents the 
preparation phase for braking as the train approaches the destination station. Condition 
(f) triggers active braking abra when the remaining distance is insufficient to safely 
decelerate to vsta. Finally, (g) applies to all other cases.

The running time on each discrete segment, ΔTi;j, for the pod platoon i passing 
through the segment j is calculated as follows: 

3.4. Infrastructure occupation calculation model

The blocking-time theory quantifies infrastructure occupation by defining the total 
duration a train renders a block section unusable [29,42,43] evaluating. However, 
this framework assumes fixed train lengths and an operation time, which limits its 
applicability to dynamic formation and reconfigurable pod platoons. To overcome 
this limitation, we extend the classical blocking-time theory to account for platoon 
composition with variable lengths and internal spacing. Figure 6 illustrates the 
spatio-temporal blocking profiles for a pod platoon operating under two typical 
scenarios: (a) cruising and (b) station approach and departure. In each subfigure, 
the top part presents the speed profile across segmented infrastructure blocks, 
while the bottom part visualizes the corresponding block occupation timeline.

Figure 6. Block occupancy diagram for pod platoon traffic with different sizes: (a) the track blocking 
time for a pod platoon, (b) the station blocking time for a pod platoon.
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For cruising segments (Figure 6a), the block occupation time for a pod platoon is 
governed by: 

Here, nLlenP represents the total physical length of pod vehicles within a platoon, while 
ðn � 1ÞSintra denotes the safety separations between adjacent pods in the platoon. The 
term Lsm denotes the fixed safety margin distance, defined based on the underlying 
theoretical framework to account for position uncertainty and communication delays 
within the signalling system (50 to 200 m) [15]. Other components, such as reaction time 
Tr, approaching time, and release delay, are governed by the real-time coordination 
system and are considered independent of the platoon size. Accordingly, the model 
captures how larger platoon formations lead to extended occupation, critical for capacity 
estimation and control design.

For station segments (Figure 6b), additional components must be considered, including 
dwell time and constrained acceleration profiles. The blocking time of a pod platoon is: 

When generalized to an n-pod platoon, the time required to fully clear the station 
throat increases proportionally to the platoon length. To ensure safe operations and 
avoid conflicts, the station overlap length must be correspondingly extended. Given the 
allowable station speed and the overlap length, the rear-end passing time of the pod 
platoon through the station and overlap sections is computed as follows: 

where Vcrit denotes the critical velocity defined by:                                 

Vcrit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2atra nLlenP þ n � 1ð ÞSintra þ Loverð Þ:

p

Convert to Display Compared to cruising segments, station areas exhibit higher 
sensitivity to platoon length due to the complexity of station throat sections and overlap 
track areas. Capturing this effect through an extended formulation is crucial to accurately 
evaluate infrastructure capacity under operational and signalling constraints.

3.5. Cruising speed optimization for infrastructure occupation minimization

Figure 7 illustrates the operational concept with different size pod platoons. Each pod 
cruises at an optimized speed vi

cru. Blue curves indicate the braking speed curve at the 
recommended cruising speeds, while red dashed lines denote protection speed limits 
computed from the signalling system. Safety margins (red blocks) and dynamically 
coordinated headways (green segments) ensure safe separation between platoons. By 
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adjusting cruising speeds in coordination with the platoon structure, headways can be 
balanced to reduce overall infrastructure occupation. To quantitatively evaluate capacity 
under such dynamic conditions, this section introduces an optimization-based model 
that minimizes the infrastructure occupation while satisfying safety and signalling 
constraints.

3.5.1. Model formulation
The capacity consumed by a given pods’ service schedule is measured by the total time 
the infrastructure is occupied. Thus, a capacity-effective schedule aims to minimize the 
infrastructure occupation. Assuming a fixed start time for the rail pods’ service, this 
translates into reducing the time when the last platoon in a schedule cycle clears the 
considered infrastructure. Given a section composed of M blocks, the objective is to 
calculate the capacity consumption of N pod platoons, where each platoon consists of n 
pods. The objective function is defined as: 

where the total passing time Tpass is calculated through an iterative process on platoon 
movements and block transitions. The term t1;0 represents the initial timestamp when the 
first platoon (i ¼ 1) is ready to enter the first block (in state j ¼ 0).

For each block j, the earliest time at which the platoon i can enter is determined by the 
time headway hoptði � 1; jÞ from the preceding platoon: 

The total passing time of pod platoon i across M consecutive blocks is calculated based 
on its entry time into the first block ti;1, as follows: 

The recommended time headway hði� 1;jÞ
opt is imposed to maintain safe separation by 

ensuring that it exceeds the block occupation time of the preceding platoon. The term 
Tblock

i� 1;j represents the blocking time of platoon i � 1 in the block j, derived in Section 3.3. 

Figure 7. Operational concept of hybrid-structured rail pod platoons.
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It depends on the recommended speed profile and the composition of the platoon. Let αj 

be a binary parameter that distinguishes block types: αj ¼ 1 for regular inter-station 
blocks and αj ¼ 0 for station blocks. The block occupation time is then calculated as 

where T line
i;j ðnÞ and Tsta

i;j ðnÞ are given by Equations (7) and (8), respectively.
The entire operation process is subject to the following constraints for all platoons 

i 2 I and block segments j 2 J : 

Specifically, Equation (14) ensures velocity continuity across blocks. Equation (15) 
sets the initial departure time of the lead platoon to zero, serving as a temporal reference. 
Speed limits are enforced through Equation (16), while Equation (17) ensures that the 
cruising speed is above the minimum station speed. Equation (18) maintains safe head
way separation based on the dynamic block time of the preceding platoons. To ensure 
trajectory continuity and temporal feasibility across blocks, Equation (19) recursively 
defines the entry time to each block based on the running time of the preceding block. 
Finally, Equation (20) imposes a minimum headway time between successive platoons 
within the same block, preventing trajectory conflicts.

3.5.2. Solution
As illustrated in Figure 5, each platoon follows a structured speed profile comprising the 
traction, cruising, and braking phases. To mathematically formulate this profile, a state- 
dependent control rule, as detailed in Equation (5), determines the acceleration ai;j for 
each block. This acceleration is then used to calculate the block running time Tpass

i;j and 
the exit speed vout

i;j using the movement update rules according to Equations (2), (3) and 
(6). Specifically, the appropriate traction, cruising, or braking phase is selected by 
determining the corresponding acceleration value, based on an evaluation of the train’s 
current state against operational thresholds and its designated cruising speed. This 
determined acceleration is then substituted into the kinematic update Equations (2) 
and (3) to calculate the block pass time and the exit speed. Furthermore, the total passing 
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time Tpass can be expanded under the ETCS-2 operation system into closed-form 
expressions based on the same control rule, as detailed in Appendix A. These expressions 
enable direct evaluation of Tpass and corresponding speed within the solution procedure.

In the proposed model, cruise speed vcru
i and time headway hði;jÞopt are introduced as 

decision variables. The headway hði;jÞopt determines the entry time of platoon i in block j, 
subject to a block occupation time of the preceding platoon. This formulation supports 
adaptive adjustment of the temporal spacing between platoons while remaining within 
the safe operational limits. The optimization problem involves nonlinear coupling 
among cruising speed, running time, platoon entry timing, and safety headway, which 
creates a non-convex feasible region and makes it difficult to directly apply conventional 
solvers. However, since the number of constraints remains moderate compared to the 
dimensionality of the decision space, a hybrid Interior Point–Augmented Lagrangian 
method is adopted to solve the problem.

The augmented Lagrangian function is defined as: 

where ckðxÞ � 0 represents an individual inequality constraint of the model. The sum
mation is performed on the index k of the set K, which is the comprehensive index set 
containing all inequality constraints, including all speed limits and headway bounds. To 
enforce equality constraints, quadratic penalties are introduced: 

A quasi-Newton method is employed to iteratively solve the augmented Lagrangian 
function. The iteration terminates once the following conditions are met: 

Table 3 outlines the algorithmic procedure used to solve the model. The algorithm 
employs an interior-point method embedded within a multi-start strategy to avoid local 
optima. Each initial guess, denoted as (xð0Þ), comprises a set of initial cruising speeds and 
time headways.
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4. Case study and results

While the model framework supports multiple signalling paradigms, including the ETCS 
level 2 signalling system and moving block systems, we restrict algorithmic implementa
tion and simulation to the ETCS level 2 signalling system. This choice reflects two 
practical considerations. First, the ETCS level 2 signalling system remains the most 
widely deployed standard in European rail freight corridors and thus serves as 
a realistic testbed. Second, continuous updates inherent in the moving block system 
introduce additional real-time constraints and communication dependencies that fall 
outside the scope of this study but are earmarked for future work. Related parameters are 
reported in Table 4.

The optimization framework was implemented in MATLAB on a standard PC (Intel 
Core i7, 16 GB RAM). The Hybrid Interior-Point algorithm was initialized with a penalty 
parameter ρð0Þ ¼ 10, a barrier parameter μð0Þ ¼ 0:1, and convergence tolerances 
ε1¼ 10� 6 and ε2¼ 10� 4 as defined in Equation (24). For the case study scenarios, the 
algorithm converged within fewer than 10 iterations (e.g., 8 iterations in the baseline 
scenario). The average computation time for a single schedule optimization was approxi
mately 3 s.

Table 3. Interior-point augmented Lagrangian algorithm for pods capacity optimization.
Input:

A set of initial guesses values for Decision Variables, S ¼ fxð0Þ1 ; xð0Þ2 ; . . .g, where each xð0Þ contains initial  
cruising speeds and time headways.

Initial barrier parameter μð0Þ > 0, penalty parameter ρð0Þ > 0.

Tolerances ε1; ε2; ε3 > 0 for the Converge Check module.

Output:

Solution xbest, representing the final optimal cruising speeds and time headways.
1 Initialize Multi-start Environment:
2 Initialize best-found objective value: fbest  1.
3 Initialize best-found solution (speeds, headways): xbest  null.
4 For each initial guess xð0Þ in the set S: (Outer loop for multi-start strategy)

— Begin single optimization run from a given starting point —
6 Initialize variables for this run: t  0; x  xð0Þ (set current speeds and headways); H  I.
7 Repeat until convergence criteria are met: (Main solver loop from Figure 4)
8 Construct augmented Lagrangian Lðx; μ; ρÞ based on the current speeds and headways.

(This step performs the ‘Candidate Solution Evaluation’ using the blue modules in Figure 4)
9 Compute search direction d and step size η.
10 Update Decision Variables: x  x þ ηd (generate new candidate speeds and headways).

(Steps 9–10 correspond to the ‘Generate new candidate’ feedback path in Figure 4)
11 Update penalty ρ, barrier μ, and Hessian H parameters.
12 t  t þ 1.

— End single optimization run —
14 Let x� be the converged solution for this run.
15 If objective value fðx�Þ< fbest:
16 xbest  x� (store the better set of speeds and headways).
17 fbest  fðx�Þ.
18 Final Verification Step:
19 Verify physical feasibility of xbest (e.g., check speed jvi;jj � vmax resulting from the optimal speeds).
20 If not feasible, discard solution or flag for review.
21 Return xbest.
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4.1. Analysis of the relation capacity-cruising speed for uniform pod platoons

First, consider a uniform platoon configuration in which each platoon consists of the 
same number of pods, resulting in equal platoon lengths. By excluding the complexity of 
different platoon lengths and varying coordinated speed adjustments, this part of the 
analysis serves as a baseline scenario to examine the fundamental relationship between 
cruising speed, platoon size, and infrastructure occupation, as captured in Equation (7). 
In a configuration with uniform block section length, the minimum headway time equals 
the block occupation time, leading to a line headway defined as Hlinep ¼ Tblock

i;j . The 
corresponding line capacity is derived from the UIC standard as follows: 

Based on this formulation, we systematically vary the platoon length to analyse its 
influence on headway time and capacity. The relationship between platoon speed, 
optimized headway time, and line capacity under different platoon lengths is illustrated 
in Figure 8.

The results reveal that increasing the platoon size directly enlarges the inter station 
cruising segments headway time (also called tracking headway time), especially in low- 
speed scenarios (e.g., 20–40 m/s). The tracking headway time exhibits a non-linear 
relationship with speed. At low speeds, an increase in speed can significantly reduce 

Table 4. Simulation parameters for case study.
Symbol Value (Unit) Symbol Value (Unit) Symbol Value (Unit)

Pod Characteristics Dynamic Constraints Operational Limits
Block No. 6 (-) abra 1.0 (m/s 2) vsta 20 (m/s)
Ltlen 100 (m) atra 0.8 (m/s 2) vmax 60 (m/s)
Sintra 30 (m) vmin 20 (m/s)
Geometric Layout Control Parameters Time Constants
lj [1000, 1500 � 4, 1000] (m) Tr 4 (s) Tstop 30 (s)
Lpla 100 (m) Tclear 3 (s) tcouple 90 (s)
Lover 50 (m)
Lsm 200 (m)

Figure 8. Impact of platoon length on speed, headway, and capacity of inter station cruising 
segments: (a) minimal time headway varies with speed for platoon with n pods, (b) capacity varies 
with speed for platoon with n pods.

18 Z. NING ET AL.



the headway time, as the time component associated with the braking distance is 
insignificant, while the time required to traverse the length of the block section is the 
dominant factor. However, at higher speeds, the effect of the rapidly increasing braking 
distance outweighs this, causing the total headway to increase. Although increasing the 
size of the platoon generally enhances the capacity of the inter station cruising segments, 
an excessively long tracking headway time may diminish this benefit; as the headway time 
increases non-linearly with platoon size, capacity improvement slows down and may 
even reverse. Therefore, there exists a critical speed that optimizes the trade-off between 
the tracking headway time and capacity, indicating that a speed threshold existed for 
maximum efficiency under a given platoon configuration.

Figure 8 shows that headway requirements vary substantially with platoon length. 
At 40m=s, the minimum headway increases from about 60s for n ¼ 1 to nearly 120s 
for n ¼ 10. This difference has two implications. First, if a fixed 60s headway is used 
based on single-pod behaviour, operating a long platoon would violate the necessary 
blocking time, resulting in a operational safety risk. Second, if a uniform 120s 
headway is applied instead, single-pod operations would lose nearly 50% of poten
tial capacity. These observations show that capacity assessment must account for 
platoon structures.

Further analysis is conducted on the relationship between speed, headway time, 
and capacity within the station section under uniform platoon flow conditions. 
Figure 9 illustrates the impact of the additional train separation constraints imposed 
by the safety-critical braking phase for a station stop, which is formulated in 
Equation (8).

The results indicate that the station capacity is not directly proportional to the speed 
or size of the platoons. As expected, the station capacity results to be lower than the 
section capacity, due to the limited approaching speeds usually imposed in the station 
areas. Consequently, when rail pods transition from station-constrained segments to 
open-line sections, the resulting capacity redundancy provides greater flexibility to adjust 
platoon formations through speed modulation. When a train forms platoons of different 
configurations, there will be varying supply rates within the time window for pod 
transportation.

Figure 9. Impact of platoon length on speed, headway, and capacity of station segments: (a) minimal 
time headway varies with speed for platoon with n pods, (b) capacity varies with speed for platoon 
with n pods.
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4.2. Capacity analysis of different pod platoon structures with optimized cruising 
speeds

To further evaluate the impact of different platoon configurations on infrastruc
ture capacity, we consider all possible platoon arrangements composed of six pods 
under a fixed infrastructure setup. Specifically, test cases were generated by 
partitioning a set of six pods into different platoon configurations (e.g., one 
platoon of six, two platoons of three, or three platoons of two). This analysis is 
based on the optimization model of Equation (10), which determines the optimal 
cruising speeds and headways for each configuration. By listing all integer parti
tions of six pods, a total of 32 distinct platoon structures are generated, ranging 
from a single long platoon to multiple shorter, evenly distributed platoons. These 
configurations are used as input to the optimization model. Figure 10 shows the 
infrastructure occupation time corresponding to each configuration. The X-axis 
represents the total track occupation time, while the Y-axis indexes the specific 
platoon structures.

The comparison reveals that the platoon structure has a significant influence on 
infrastructure consumption. The most efficient configuration, identified through the 
comparative analysis of all feasible platoon structures in Figure 10, can improve system 
efficiency by up to 39.2%. These findings highlight the importance of structural design in 
platoon scheduling and provide a quantitative basis for future optimization in dynamic 
platoon management strategies. The results suggest that in the absence of platform length 
constraints, forming larger platoons can significantly enhance infrastructure utilization. 
Even when accounting for the additional occupation time required for coupling and 

Figure 10. Minimum infrastructure occupation time for different size platoons.
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decoupling operations at stations, the capacity gains associated with longer platoons 
remain substantial.

Even when partitioned into the same set of platoon sizes, the operational sequence of 
these platoons can lead to significant differences in infrastructure occupation. For 
instance, the 2–3–1 structure and the 1–1–4 structure both consist of three platoons, 
where numbers indicate the number of pods included in each platoon, but their temporal 
occupation across the blocking sections differs due to the order and size distribution of 
the platoons.

To investigate capacity-related effects, Figure 11 compares the block time occupation 
and optimized coordinated cruise speed for 2–3–1 and 1–1–4 Joint Undertaking platoon 
configurations. The horizontal axis denotes the cumulative length of the blocks, while the 
rectangular blocks represent the minimum safe separation time required by each block. 
The upper part of Figure 11 shows the safety separation and the speed profile of the block, 
and the lower part shows its coordinated speed configuration. Curved lines represent the 
coordinated speed profiles computed for each platoon. Each group of lines corresponds 
to one platoon, and the number of lines in each group reflects the number of pods within 
that platoon. The results indicate that optimized cruise speed configurations can mini
mize block occupation time in different platoon structures. The departure block often 
becomes the bottleneck in the overall capacity consumption. This is visually evident in 
Figure 11, where the occupation time of the first block (B1) for each platoon is markedly 
longer than that of the subsequent cruising blocks (e.g. T1-B1 at 210.0 s vs. T1-B2 at 126.9 

Figure 11. Block section occupancy and optimized cruise speeds under platoon structures “2–3–1” 
and “1–1–4”.
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s in the 2–3–1 case). This extended duration arises because an additional dwell time is 
incorporated in the departure block for pod platoon formation, which is proportional to 
the platoon size. This visualization highlights how structural layout and coordinated 
speed planning jointly impact infrastructure usage, reinforcing the need for formation 
and speed co-optimization in platoon scheduling.

Interestingly, the results from Figure 11 offer a counter intuitive insight: operating at 
maximum speed is not always necessary to achieve optimal capacity. Instead, the optimal 
strategy is ‘slow-front, fast-rear’ coordination, where leading platoons are assigned 
relatively lower speeds while following platoons travel faster. This arrangement reduces 
inter-platoon gaps by allowing faster rear platoons to catch up safely, thereby improving 
infrastructure utilization. The optimized speeds are not linearly proportional to platoon 
size, indicating that capacity depends on the coordinated optimization of structural 
layout and speed planning rather than on uniformly increasing speed.

The emergence of this strategy is driven by the optimization objective. Theoretically, 
the total infrastructure occupation time can be decomposed into two components: the 
cumulative headways of preceding platoons (indices 1 to N � 1) and the running time of 
the final platoon (see Appendix B for the formal derivation). This reveals distinct 
optimization objectives. For preceding platoons, minimizing headways is critical; since 
the headway function is convex (see Figure 8 and 9), the optimizer targets a moderate 
capacity-optimal speed. In contrast, the final platoon (i ¼ N) does not generate addi
tional headway terms, since no platoon follows it, and therefore contributes only its own 
running time to the objective function; consequently, the optimizer selects the maximum 
admissible speed to minimize the total duration.

4.3. Sensitivity analysis of key parameters

To quantify the interaction effects of vehicle dynamics, infrastructure characteristics, and 
coupling time on system capacity, a joint sensitivity analysis was performed. The analysis 
evaluates how the minimum infrastructure occupation time and the resulting optimal 
platoon structures vary under the combined influence of three key variables, namely the 
block section length, the acceleration and the braking rates. Figure 12a illustrates the 
effect of dynamic performance, represented by a scaling factor γ applied to the accelera
tion rate (atra) and braking (abra) rates, which are varied from 0.5 to 1.5. Figure 12b 
reflects the influence of block section length by scaling block section lengths to represent 
physical lengths from 500 m to 1500 m. Across all scenarios, coupling time is varied from 
30 s to 180 s.

As shown in Figure 12a, increasing the dynamic factor γ improves traction and 
braking performance, leading to a monotonic reduction in total occupation time. 
However, the shift between optimal structures is driven primarily by the coupling time. 
When coupling times are short, the model selects the 1 � 6 configuration, in which all six 
pod units operate as a single coupled platoon, thereby requiring only one block- 
occupation sequence. As coupling time increases, a threshold is reached where the 
formation delay exceeds these headway savings. Consequently, the solution switches to 
the 6 � 1 structure, where pods operate independently to bypass the coupling delay.

Figure 12b demonstrates that the infrastructure occupation and the selection of 
platoon structure are jointly governed by the interaction between block section length 
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and coupling time. For short block sections such as 500 m, the baseline blocking time is 
already low, so the capacity gain from platooning is limited. For long block sections such 
as 1500 m, forming a single coupled platoon substantially reduces the number of block 
occupations. This larger capacity benefit allows the system to tolerate much longer 
coupling durations, and the [1,1,1,1,1,1] structure remains optimal for coupling times 
up to 150 s or beyond.

These findings indicate that the feasibility of platoon formation is jointly constrained 
by vehicle dynamics, infrastructure geometry, and coupling efficiency. Specifically, 
corridors with short block sections necessitate fast coupling mechanisms to be viable, 
whereas lines with longer blocks offer greater operational flexibility. This analysis 
provides a quantitative reference for defining feasible coupling windows and scheduling 
constraints tailored to specific infrastructure characteristics.

4.4. Benchmark comparison under constrained conditions

The coordinated speed optimization was benchmarked against a minimum travel time 
approach, where each pod runs independently at maximum power and permissible speed 
to minimize its own occupation time. The benchmark was conducted under constrained 
operating conditions with reduced braking capability (0.4 m/s2) and short block sections 
(800 m), conditions under which high cruising speeds increase the required safety head
way and reduce capacity. This setup assesses whether the optimization can adapt speeds 
to improve infrastructure utilization.

The results in Table 5 indicate that the proposed method adjusts speeds according to 
the characteristics of each platoon structure. For the high-density configuration 
[1,1,1,1,1,1], the method reduced the total occupation time by 37% through differentiated 
cruising speeds that reduced the average headway. For different structures, the algorithm 
identified structure-specific improvements, including a 6.7% reduction for the front- 
heavy [5,1] configuration and a 25.1% reduction for the balanced [2,2,2] configuration. 

Figure 12. Sensitivity analysis of key parameters on infrastructure occupation time and platoon 
structures: (a) impact of dynamic factor and coupling time, (b) impact of block length and coupling 
time.
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For the fully coupled [6] structure, the optimization retained the maximum speed, 
confirming that no unnecessary adjustments were made. These results demonstrate 
that coordinated speed optimization offers substantial advantages over fixed-speed 
strategies when the system operates under capacity-constrained conditions.

Collectively, these results provide a quantitative basis for formulating dispatching 
strategies. To maximize throughput, priority should be given to coupled formations on 
long-block corridors, whereas independent dispatching is effective for short-block areas 
to avoid bottlenecks. In constrained scenarios involving reduced pod braking capabilities 
and short block section lengths, the proposed approach of coordinating platoon speeds 
outperforms the conventional minimum travel time driving policy in terms of capacity 
effectiveness. Finally, although rail pods are shorter and more agile than conventional 
trains, the proposed capacity evaluation framework is grounded in general blocking time 
theory. Therefore, it is generic and readily applicable to conventional passenger trains 
with variable formations (e.g., EMUs), by adjusting input parameters such as coupling 
duration and unit lengths.

5. Conclusions

The deployment of the pod system demands a higher degree of flexibility to enable 
customer-oriented rail services and seamless integration with existing infrastructure. To 
ensure operational feasibility, scheduling strategies must align with infrastructure con
straints, particularly the safety rule imposed by signalling systems. Given the dynamic 
characteristics of pods, such as the variable platoon size, the conventional capacity 
assessment method based on fixed headways and uniform train types is no longer 
sufficient. To address this, we extend the UIC 406 blocking time theory to support pod 
platoons. A novel optimization model is proposed to minimize infrastructure occupation 
time. The model constructs a mapping between the platoon structures, the speed profile, 
and capacity consumption, enabling joint optimization of the speed allocation. The 
model incorporates operational safety rules and piecewise velocity profiles reflecting 
the traction – cruise – brake process. A hybrid Interior Point–Augmented Lagrangian 
method is employed to solve the resulting nonlinear optimization problem. The results 
related to a case study using the ETCS-2 signalling system settings show that infrastruc
ture consumption is not linearly correlated with either platoon size or speed. The 

Table 5. Benchmark results under constrained conditions (abra ¼ 0:4 m/s 2, lblock ¼ 800 m).
Structure Strategy Cruising Speeds (m/s) Avg. Headway Total Time Improve

[1,1,1,1,1,1] Proposed [20.3, 24.5, 29.8, 35.2, 41.0, 60.0] 124.5 s 812.6 s 37.0%
Bench (v = 40) [40, 40, 40, 40, 40, 40] 130.5 s 852.5 s –
Bench (v = 60) [60, 60, 60, 60, 60, 60] 229.9 s 1289.4 s –

[5,1] Proposed [38.5, 60.0] 256.6 s 802.5 s 6.7%
Bench (v = 40) [40, 40] 270.5 s 861.5 s –
Bench (v = 60) [60, 60] 320.6 s 860.3 s –

[2,2,2] Proposed [32.4, 40.1, 60.0] 155.2 s 787.2 s 25.1%
Bench (v = 40) [40, 40, 40] 165.5 s 846.3 s –
Bench (v = 60) [60, 60, 60] 264.9 s 1050.8 s –

[6] Proposed [60.0] – 739.7 s 0.0%
Bench (v = 40) [40] – 798.7 s –
Bench (v = 60) [60] – 739.7 s –
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proposed coordinated speed optimization according to platoon structures can increase 
capacity utilization by up to 39.2%. Optimal solutions typically exhibit a ‘slow-front, fast- 
rear’ velocity pattern. In particular, operating all trains at maximum speed is neither 
necessary nor optimal.

Furthermore, the analysis reveals that platoon coupling time critically influences 
capacity efficiency and optimal platoon structure selection. Once coupling time exceeds 
a certain threshold, the benefits of platoon-based optimization diminish and introduce 
feedback constraints on the pickup and delivery windows in pod deployment. This study 
provides a quantitative foundation for evaluating the interaction between pod system 
features and infrastructure constraints. Future model applications involving heteroge
neous pod characteristics or control strategies will require a detailed representation of 
individual braking and acceleration profiles, diverse pod masses, and the influence of 
track gradients and resistance forces along the route.
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Appendices

Appendix A. Phase-wise formulations of running time

This appendix presents the complete closed-form expressions for computing the running time 
Tpass

i;j and the output speed vout
i;j under seven distinct operating conditions derived from the 

acceleration control rule in Equation (5).
• Phase 1: Departure from origin station
At this phase, the total distance travelled is Ltotal

j ¼ 0 and the initial speed vin
i;j ¼ 0. As operations 

during this phase are confined to the station area, the train initially accelerates to the maximum 
permitted station speed and subsequently maintains this speed. 

Tpass
i;j ¼ ðni � 1Þtcouple þ Tstop þ

vsta
atra
þ

lj�
v2
sta

2abra
vsta

; lj �
v2

sta
2abra

;
ffiffiffiffiffiffiffiffiffi
2atra lj
p

atra
; otherwise:

8
><

>:
(A1) 

vout
i;j ¼

vsta; lj �
v2

sta
2abra

;
ffiffiffiffiffiffiffiffiffiffiffi
2atralj

p
; otherwise:

(

(A2) 

• Phase 2: Acceleration to cruising speed
With vin

i;j ¼ vsta and Ltotal
j þ lj < Lk

sta, the pods accelerate from station limits. If the distance 
allows, the cruise speed vcru

i is reached; otherwise, they travel at the maximum attainable 
speed.

• Phase 3: Steady-state cruising
When vin

i;j ¼ vcru
i , the platoon moves at a constant cruising speed: 

Tpass
i;j ¼

lj
vcru

i
; vout

i;j ¼ vcru
i : (A3) 

• Phase 4: Pre-station deceleration
If Ltotal

j þ lj � Lstation and Ltotal
j < Lstation, the train decelerates to the station speed vsta: 

Tpass
i;j ¼

vin
i;j � vsta

abra
þ
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vin
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>>>><

>>>>:
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vout
i;j ¼

vsta;
vin

i;jð Þ
2
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• Phase 5: Terminal station full stop
When Ltotal

j � Lstation, the train decelerates to a complete stop: 

Tpass
i;j ¼

vin
i;j
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• Phase 6: Intermediate-speed transition
For vin

i;j 2 ðvsta; vcru
i Þ, platoons either accelerate to cruise or decelerate to station limits: 

Tpass
i;j ¼

vcru
i � vin

i;j
atra
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• Phase 7: Overspeed state
If vin

i;j > vcru
i , a constant-speed approximation is applied: 

Tpass
i;j ¼

lj
max jvin

i;jj; 0:1
� � ; vout

i;j ¼ vin
i;j; vin

i;j ¼ vcru
i : (A10) 

Appendix B. Derivation of the Objective Function Decomposition

Based on the recursive headway constraints defined in Equation (20), where the headway between 
successive platoons is implicitly determined by signalling and braking rules and can be equiva
lently expressed as a function of the cruising speed. The entry time of the final platoon N into the 
first block is the sum of the start time and all preceding headways: 

tN;1 ¼ t1;1 þ
XN� 1

i¼1
hði;1Þopt ðvcru

i Þ (B1) 

where hði;1Þopt vcru
i

� �
denotes the minimum admissible time headway between platoon i and its 

predecessor at the first block, implicitly induced by signalling and braking constraints, and 
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evaluated at the cruising speed vcru
i . The total infrastructure occupation time Tpass is defined as the 

time when the last platoon clears the final block M, relative to the start: 

Tpass ¼ tN;M � t1;1 ¼ ðtN;1 þ TðNÞrun Þ � t1;1 (B2) 

Substituting Equation (B1) into the expression above yields the following decomposition: 

Tpass �
XN� 1

i¼1
hði;1Þopt ðvcru

i Þ þ TðNÞrun ðv
cru
N Þ (B3) 

The expression consists of two parts: the first term represents the cumulative minimum 
safety-induced headways generated by the preceding platoons, and the second term repre
sents the running time of the final platoon. These two components can be examined 
independently. Since the headway function hoptðvÞ is convex, its minimum occurs at the 
capacity-optimal speed v�cap defined by @h=@v ¼ 0. Consequently, for the preceding pla
toons (i<N), the optimal cruise speed vcru

i approaches v�cap. In contrast, the running time 
TrunðvÞ decreases monotonically with increasing speed, so the minimum of the second term 
is achieved at the maximum permissible speed vmax. Therefore, for the final platoon 
(i ¼ N), the optimal cruise speed vcru

N converges to vmax.

30 Z. NING ET AL.


	Abstract
	1. Introduction
	2. Literature review
	2.1. Application overview of modular rail pods system
	2.2. Review on rail capacity assessment

	3. Methodology
	3.1. Problem description and assumptions
	3.2. Modelling framework and notions
	3.3. Pods’ running time formulation
	3.4. Infrastructure occupation calculation model
	3.5. Cruising speed optimization for infrastructure occupation minimization
	3.5.1. Model formulation
	3.5.2. Solution


	4. Case study and results
	4.1. Analysis of the relation capacity-cruising speed for uniform pod platoons
	4.2. Capacity analysis of different pod platoon structures with optimized cruising speeds
	4.3. Sensitivity analysis of key parameters
	4.4. Benchmark comparison under constrained conditions

	5. Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References
	Appendices
	Appendix A. Phase-wise formulations of running time
	Appendix B. Derivation of the Objective Function Decomposition

