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Abstract. Box Ship Hour (BSH) can be interpreted as a discrete flow rate
variable because it measures the number of container boxes handled per
vessel working hour. This research reformulates BSH productivity as an
applied-physics problem in which container movement operates as a coupled
flow system constrained by resource readiness, environmental disturbance,
yard-space impedance, and digital-control responsiveness. This study does
not directly measure physical flow variables,but interprets operational
factors as flow-impedance modes and links them with secondary evidence
of BSH decline. Questionnaire data were collected from 40 operational
respondents at an international container terminal, supported by secondary
operational reports. Thirty indicators covering loading-unloading
equipment, container yard area, human resources, operational information
technology, and weather conditions were analysed using Exploratory Factor
Analysis. The instrument showed excellent reliability with Cronbach’s
Alpha = 0.940, KMO = 0.780, and significant Bartlett’s Test results. Three
dominant flow-impedance modes were identified: Resource Integration,
Weather Disruption, and Container Yard Area, accounting for 69.745% of
the total variance. Secondary operational data confirmed that crane
adjustment, bad weather, truck/cargo waiting, system failure, and personnel
waiting reduced BSH continuity. The novelty lies in translating BSH from a
conventional logistics productivity indicator into a physics-informed flow-
rate construct for diagnosing container-flow discontinuity.

1 Introduction

Container terminals can be understood as coupled flow systems in which containers move
through vessel holds, quay cranes, trucks, yard blocks, information systems, and human
operators. Within this system, Box Ship Hour (BSH) is not only a managerial productivity
ratio but also a terminal-scale flow-rate indicator representing the number of container boxes
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handled per vessel working hour. High BSH reflects continuous container motion, while low
BSH indicates flow interruption caused by idling, congestion, resource mismatch, system
delay, or weather-related stoppage.

From an applied physics and engineering perspective, BSH productivity can be reframed
as a discrete flow-rate problem. Crane operations generate container flux; the yard acts as
temporary storage and resistance; truck availability represents downstream transport
capacity; weather acts as an external perturbation; and digital systems function as control
signals regulating operational synchronisation. This perspective makes BSH relevant to
applied physics, engineering physics, transport-flow modelling, cyber-physical logistics, and
industrial system dynamics.

Port productivity has become increasingly important in sustainable maritime logistics
because vessel-handling efficiency affects turnaround time, logistics cost, shipping
reliability, service quality, and supply-chain competitiveness. Previous studies emphasise
that port performance should be viewed as part of a wider logistics system rather than as an
isolated terminal target, especially because terminal efficiency contributes to
competitiveness, resilience, and sustainability outcomes [1], [2], [3], [4].

Smart-port literature also highlights digitalisation, automation, data exchange platforms,
the Internet of Things, digital twins, and cyber-physical integration as important enablers of
port performance. However, digital transformation cannot improve terminal flow-rate
performance independently. Its effectiveness depends on equipment readiness, human
capability, yard configuration, information-system responsiveness, governance,
cybersecurity, and organisational readiness [3], [4], [5], [6], [7], [8], [9].

Digital twin and data-centric approaches further strengthen the relevance of BSH as a
physics-informed flow-rate issue. Digital twins can support real-time decision-making,
scenario testing, crane scheduling, yard allocation, equipment planning, and cargo-flow
optimisation. These capabilities are important because BSH decline often arises from
discontinuities between vessel-side operations, yard transfer, truck movement, information-
system response, and weather-responsive operational adjustments [10], [11].

In Indonesian container terminals, BSH productivity remains a critical issue because
terminal performance is shaped by interacting operational dimensions, including loading-
unloading equipment, container yard area, human resources, operational information
technology, and weather conditions. Prior evidence indicates that BSH-related productivity
is associated with three dominant structures: Resource Integration, Weather Disruption, and
Container Yard Area. These structures suggest that BSH performance emerges from the
interaction between hardware, workforce readiness, information systems, yard capacity, and
external disturbances rather than from single-factor optimisation alone [1], [4].

Previous port-productivity studies often treat BSH as a managerial performance indicator.
Few studies reinterpret BSH as a discrete flow-rate variable and identify latent operational
impedance modes that disrupt container-flow continuity. Therefore, this research interprets
BSH productivity as a physics-informed diagnostic problem. Instead of treating BSH decline
as a purely managerial issue or claiming direct causal proof, this research identifies dominant
latent structures that behave as flow-impedance modes in container terminal operations.

1.1 Research Novelty

The novelty of this research is fourfold. First, it translates Box Ship Hour (BSH) from a
conventional port-productivity KPI into a discrete flow rate variable, Q BSH = AN box /
At vessel, so that container handling can be interpreted in terms of applied-physics concepts
of throughput, continuity, and impedance. Second, it introduces a physics-informed
diagnostic expression in which resource integration, weather disruption, and container-yard
constraints are treated as time-varying impedance modes that reduce observed container flow
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from nominal terminal capacity. Third, it links EFA-derived latent structures with secondary
operational evidence of BSH decline, thereby bridging empirical factor reduction and flow-
dynamics interpretation rather than treating operational factors as purely managerial
categories. Fourth, it provides context-specific evidence from an Indonesian international
container terminal, where the three impedance modes explain 69.745% of BSH-related
variance and align with dominant delay events, such as waiting for a swing crane/adjustment,
bad weather, waiting for a truck/cargo, system failure/error, and waiting for personnel.

The novelty lies in reframing BSH as a discrete container flow-rate construct and
identifying three latent flow-impedance modes, namely Resource Integration, Weather
Disruption, and Container Yard Area, supported by secondary operational evidence of BSH
decline. The framework does not claim deterministic causality; instead, it offers a structured
basis for future work using time-series BSH data, crane-cycle sensors, digital twin
simulation, stochastic flow modelling, and confirmatory modelling to quantify how each
impedance mode modifies vessel-side container-flow dynamics over time.

1.2 Physics-Informed Conceptualization of BSH

In applied physics, a flow rate is commonly interpreted as the amount of material passing
through a system boundary per unit time. By analogy, BSH can be defined as the discrete
container flow rate during vessel operation:

Q BSH = AN box / At_vessel 1)

Where Q_BSH is the observed box flow rate, AN box is the number of container boxes
handled, and At vessel is the vessel-working time. When crane movement, yard transfer,
truck dispatching, personnel allocation, and information-system response are synchronized,
the terminal approaches a more continuous flow state. When one component becomes
unstable, operational impedance emerges and reduces Q BSH.

This research interprets the observed BSH condition using a simplified diagnostic
expression:

Q _obs(t) = Q nominal x [1 —I resource(t) — I weather(t) — I yard(t)] + &(t) 2)

In this expression, I resource(t), I weather(t), and I yard(t) represent time-varying
impedance modes associated with resource integration, weather disruption, and yard-area
constraints. The term g(t) represents unexplained random variation. The expression is not
used as a causal predictive model in this research. It is used as a physics-informed
interpretation of the empirical factor structure obtained from operational data.

Table 1. Physics-informed notation used to reinterpret BSH productivity.

Symbol Physical interpretation in terminal operation
Discrete container flow rate measured as boxes handled per vessel-
Q_BSH .
- working hour
AN box Number of boxes handled during the observed vessel-operation interval
At vessel Working time of vessel-handling activity

Operational impedance caused by digital-system, equipment, and
personnel integration constraints
External disturbance associated with weather, visibility, wind, and
rainfall conditions
Yard-side impedance caused by space limitation, layout, congestion,
and transfer discontinuity

I resource(t)

1_weather(t)

1 yard(t)




EPJ Web of Conferences 377, 06013 (2026) https://doi.org/10.1051/epjconf/202637706013
IPS 2026

2 Methods

2.1 Research Design

The research employed a quantitative exploratory diagnostic design. The design was selected
because the objective was not to test a deterministic physics equation or to prove causal
relationships, but to identify empirical modes that explain variability in BSH-related
operational conditions. Exploratory Factor Analysis (EFA) was used because the observed
indicators were theoretically related yet required reduction into fewer interpretable latent
factors [12], [13]

The physics-informed contribution lies in the interpretation stage. The latent factors
extracted through EFA are interpreted as system-level flow-impedance modes that reduce the
continuity of container movement. This approach bridges operational port productivity with
applied physics concepts, including discrete flow rate, disturbance propagation, control
responsiveness, and system resistance.

2.2 Research Site, Respondents, and Data Sources

The research was conducted at an anonymised international container terminal in Indonesia.
Primary data were collected through questionnaires distributed to 40 operational personnel
involved in loading and unloading, yard operations, equipment use, information system
operations, and workforce coordination. The instrument initially included 30 indicators
across five operational dimensions: loading and unloading equipment, container yard area,
human resources, operational information technology, and weather conditions.

Secondary operational reports from January to December 2025 were used to contextualise
the questionnaire findings. These records identified practical events associated with BSH
decline, including crane adjustments, weather disruptions, truck/cargo delays, system
failures/errors, and personnel waiting. The combination of perception-based operational data
and secondary reports strengthens the diagnostic interpretation of BSH flow-rate dynamics.

2.3 Data Analysis Procedure

Validity testing was conducted before factor extraction. Reliability was assessed using
Cronbach’s Alpha. Sampling adequacy and factorability were assessed using the Kaiser-
Meyer-Olkin (KMO) measure and Bartlett’s Test of Sphericity. After the data were
considered suitable for factor analysis, EFA was used to extract dominant latent factors. The
extracted factors were then mapped into physics-informed flow-impedance categories.

Table 2. Summary of instrument testing and factorability diagnostics.

Test Result Interpretation
Initial indicators 30 Developed ﬁom ﬁve operational
dimensions
r-table threshold 0.312 Minimum validity criterion
Valid indicators 30 All items retained
Cronbach’s Alpha 0.940 Excellent internal consistency
KMO 0.780 Acceptable sampling adequacy for EFA
Bartlett’s Test | 72— 389.818; df = 105; p <0,001 | Correlation matrix suitable for factor
extraction
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3 Results

3.1 Extracted Flow-Impedance Modes

The EFA produced three dominant factors. The first factor, Resource Integration, explained
44.400% of the variance. The second factor, Weather Disruption, explained 15.884%. The
third factor, Container Yard Area, explained 9.462%. Together, the three factors explained
69.745% of the total variance. In the physics-informed interpretation, these factors represent
the main impedance modes that reduce the continuity of container flow from vessel to yard
and onward to truck or storage processes.

5 Extracted factors explaining BSH flow-rate variability

44.400%

Total variance explained = 69.745% ]

Variance explained (%)

Resource Weather Container
Integration Disruption Yard Area

Fig. 1. Extracted latent factors and their contribution to explained variance in BSH flow-rate conditions.

Table 3. Extracted factors interpreted as BSH flow-impedance modes.

Factor Physics-informed Varlz}nce Operational meaning
name explained
R Coupled effect of digital systems,
esource . .
Factor 1 In . 44.400% | equipment readiness, human competence,
tegration . .
and operational responsiveness
Weather External environmental disturbance
Factor 2 . . 15.884% | affecting continuity and safety of loading-
Disruption .
unloading flow
. Yard-space, layout, equipment
Factor 3 Comiﬁ; Yard 9.462% movement, and internal container-flow
impedance
Total L 69.745% Th.ree-fac.tor structure with strong
diagnostic explanatory capacity

3.2 Secondary Operational Evidence

Secondary operational data supported the factor interpretation. Waiting Swing
Crane/Adjustment was the most frequent recorded cause of BSH decline, with 32 cases or
34.0% of the identified events. Bad Weather appeared in 19 cases or 20.2%. Waiting
Truck/Cargo and System Failure or Error each appeared in 18 cases or 19.1%. Waiting
Personnel appeared in 7 cases or 7.4%.
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Pareto profile of operational causes reducing BSH flow rate
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Fig. 2. Pareto visualization of secondary operational causes reducing BSH flow-rate continuity.

Table 4. Secondary causes of BSH decline from operational reports

Cause of BSH decline Frequency Percentage Cumulative
percentage
Waiting Swing o o
Crane/Adjustment 32 34.0% 34.0%
Bad Weather 19 20.2% 54.2%
Waiting Truck/Cargo 18 19.1% 73.3%
System Failure or Error 18 19.1% 92.4%
Waiting Personnel 7 7.4% 99.8%

4 Discussion

The results show that BSH productivity is primarily associated with Resource Integration.
This finding is important for applied physics and engineering because it indicates that flow-
rate loss is not generated only by a single mechanical element such as the crane. Instead, BSH
behaves as a coupled-system output. The effective flow rate depends on whether equipment,
personnel, and information-control systems can operate in phase. When these components
are out of phase, the terminal experiences operational impedance, which appears empirically
as crane waiting, system failure, truck/cargo waiting, or personnel unavailability.

The dominance of Resource Integration also clarifies the role of digital technology. A
Terminal Operating System, monitoring dashboard, or scheduling platform does not
automatically increase BSH unless it reduces delay in decision-making and improves
synchronization among cranes, trucks, yard blocks, and operators. From a physics-informed
viewpoint, digital integration acts as a control mechanism that reduces uncertainty and
improves the continuity of container flow. This interpretation is consistent with smart-port
studies that emphasize integration among technology, human capability, governance, and
operational processes[1], [3], [4], [14]

Weather Disruption represents the second impedance mode. Weather-related events such
as heavy rain, strong wind, unstable visibility, and safety restrictions can interrupt the
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container-flow process by stopping crane motion, slowing truck movement, and increasing
operational risk. Unlike internal resource constraints, weather is not fully controllable by
terminal management. However, its impact can be reduced by predictive weather monitoring,
operational thresholds, standby equipment arrangements, flexible shift planning, and
weather-responsive yard routing.

Container Yard Area represents the third impedance mode. The yard functions as a
storage-transfer subsystem between ship-side and land-side movement. Even if quay cranes
are ready, BSH can decline when yard blocks are congested, equipment movement is delayed,
or container space is not available. In flow-system language, the yard creates downstream
resistance. When downstream resistance increases, ship-side flow continuity decreases and
crane idle time becomes more likely.

The Pareto evidence strengthens the physics-informed interpretation. Waiting Swing
Crane/Adjustment, Waiting Truck/Cargo, and System Failure or Error are internal
disturbance events that directly reflect loss of synchronization. Bad Weather reflects external
perturbation. Waiting Personnel reflects human-resource discontinuity. Together, these
events show that BSH decline is not random noise only, but a structured response of a coupled
operational system exposed to impedance and disturbance.

5 Conclusion

This revised research reframes BSH productivity as a physics-informed flow-rate problem.
Using EFA and secondary operational evidence, the research identified three dominant
impedance modes associated with BSH productivity: Resource Integration, Weather
Disruption, and Container Yard Area. These factors explained 69.745% of the total variance,
with Resource Integration being the strongest factor at 44.400%. The central novelty of the
research is therefore the conversion of BSH into a physics-informed diagnostic construct:
observed terminal productivity is interpreted as a container flow rate reduced by identifiable
resource, weather, and yard impedance modes. This contribution differentiates the research
from conventional port-productivity research because it combines applied-physics reasoning,
empirical latent-factor extraction, and operational delay evidence within a single diagnostic
framework. The findings indicate that BSH decline should not be understood only as low
crane productivity. It is a system-level reduction in container-flow continuity caused by
imperfect coordination among equipment, human resources, digital systems, yard
configuration, and environmental disturbance. This study is limited by its small sample size,
perception-based questionnaire data, and absence of direct physical measurements such as
crane cycle time, truck turnaround time, wind speed, rainfall intensity, and actual BSH time-
series data. This research has the potential to be relevant for the scope if its physical validation
is strengthened.

This publication was funded by the Indonesia Endowment Fund for Education (LPDP) on behalf of the
Indonesian Ministry of Higher Education, Science and Technology, and managed under the EQUITY
Program (Contract Number 4308/B3/DT.03.08/2025 and B/284/UN39/HK.07.00/2025).
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