www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 4 April 2026 | ISSN: 2320-2882

IJCRT.ORG ISSN : 2320-2882

éb INTERNATIONAL JOURNAL OF CREATIVE
%a/ RESEARCH THOUGHTS (1JCRT)

An International Open Access, Peer-reviewed, Refereed Journal

SMART PORT X: INTELLIGENT PORT
OPERATIONS AND LOGISTICS SYSTEM

Darpan Patil Vardhan Pashte Aakash Patil
B.E Computer Engineering B.E Computer Engineering B.E Computer Engineering
MGM College of Engineering & Technology | MGM College of Engineering & Technology | MGM College of Engineering & Technology

Prof. Sanjay Jadav |
Department of Computer Engineering, MGM College of Engineering & Technology, Navi Mumbai
Academic Year: 2025-2026

Abstract: Global maritime trade has grown at a remarkable pace over the last two decades, and with that growth comes a
level of operational complexity that many traditional port facilities were simply not built to handle. Most ports today still rely
on systems that were designed in an era when cargo volumes were a fraction of what they are now. These older setups tend to
work in silos — one system handles berthing, another manages cargo, and yet another tracks equipment — but they rarely
communicate with each other in a meaningful way. The result is a chain of inefficiencies: vessels waiting longer than they
should, containers stacked in the wrong place, and expensive machinery sitting idle when it could be productive.

This paper introduces Smart PortX, a port management system designed from the ground up to tackle these problems
through an integrated, optimization-driven approach. Rather than patching together existing tools, Smart PortX is built on a
clean four-layer architecture — a Presentation Layer, an Application Layer, an Optimization Engine, and a Database Layer
— that lets each component do its job while staying tightly connected to the rest. At the heart of the system are mathematical
models for berth allocation, yard management, and equipment scheduling, all aimed at cutting down waiting time and pushing
throughput higher.

A review of more than twenty recent research papers on smart port technology shows that most existing work tends to
focus on just one piece of the puzzle — whether that's artificial intelligence, 10T sensing, blockchain, or sustainability metrics
— without stepping back to ask how all these pieces fit together operationally. Smart PortX takes a different approach by
providing a single, unified framework that can serve as practical infrastructure for the intelligent ports of the next generation.

Index Terms — Smart Port; Port Management System; Berth Allocation; Yard Optimization; Equipment Scheduling;
Intelligent Logistics; Maritime Operations

I. INTRODUCTION

Ports sit at the intersection of almost every major supply chain on the planet. Whether it's raw materials moving toward
factories or finished goods heading to consumers, a significant share of that movement passes through a port at some point.
As container volumes have climbed year after year, port operators have found themselves managing a level of complexity that
demands something more sophisticated than clipboards and spreadsheets. And yet, a surprising number of facilities are still
running on digital infrastructure that hasn't kept pace — disconnected modules, manual hand-offs between systems, and
limited real-time visibility into what's actually happening across the terminal.

The practical consequences of this lag are easy to see. Vessels anchor outside the harbor waiting for a berth to open up.
Containers get moved multiple times in the yard because they weren't positioned with retrieval in mind. Cranes and other
equipment sit idle between jobs because scheduling is still done manually with little optimization. And when something goes
wrong in one part of the operation, it's hard to get an accurate picture of how it cascades into delays elsewhere.

Smart PortX is our response to these challenges. It's not another incremental improvement to an existing module — it's an
attempt to rethink port management as an integrated whole, where every function from vessel arrival to cargo departure is
connected, monitored, and optimized within a single platform. The core problems we set out to address include:
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* Vessels spending excessive time at anchor because berth allocation isn't optimized

* Yard congestion that results from reactive, rather than planned, container placement

* Equipment utilization rates that fall well below what they should be

* Absence of a real-time, centralized view for port managers and operators

* Poor coordination between berth scheduling, yard management, and equipment dispatch

The sections that follow describe the architecture, mathematical models, data structure, and comparative positioning of Smart
PortX in relation to the current state of research and practice.

1. LITERATURE REVIEW

To understand where Smart PortX fits within the broader landscape, we examined more than twenty peer-reviewed studies on
smart port technologies published over the last decade. The picture that emerges is one of significant technical progress within
individual domains, paired with a noticeable gap when it comes to systems that tie everything together.

Research on Al-driven berth allocation, for instance, has produced some genuinely impressive results. Scheduling algorithms
that treat berth assignment as an optimization problem have shown clear improvements in vessel handling times. But these
systems almost always stop at the berth — they don't connect to what's happening in the yard or with the equipment fleet [6].

loT-based monitoring is another area that has matured considerably. Sensor networks can now provide continuous, granular
data about container locations, equipment status, and environmental conditions across a terminal. What's largely missing,
however, is the layer that takes that data and turns it into decisions — the systems tend to report what's happening without
acting on it in an automated way [5].

Blockchain has attracted a lot of attention in maritime logistics, and for understandable reasons. Its ability to provide tamper-
resistant records and improve transparency across complex supply chains is genuinely valuable. But blockchain's contribution
is primarily to the documentation and transactional side of things; it doesn't touch the physical operations of moving vessels,
containers, and cranes [3], [7].

Cloud-based logistics platforms have made port data more accessible and easier to scale. The limitation is that most of them
are essentially data-sharing infrastructure rather than decision-support tools — they don't embed the optimization models
needed to improve how resources get allocated [10].

Digital twin research is perhaps the most promising adjacent area, since simulation environments can-help planners anticipate
how operational changes will play out before committing to them. Most current implementations, though, remain disconnected
from live operational systems, so the insights they generate don't feed back into real-time decisions [2].

What's consistently missing across this body of work is a unified platform that connects the dots — one where berth, yard,
and equipment management are all visible and optimizable in the same system: That's the gap Smart PortX is designed to fill.
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111. PROPOSED SMART PORTX ARCHITECTURE

The design of Smart PortX follows a layered architecture that separates concerns cleanly while ensuring that information
flows freely between components. There are four layers in total, each with a specific role in the system's overall function.

Presentation Layer
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Fig. 1 — Smart PortX Four-Layer System Architecture

1. Presentation Layer: This is what operators, administrators, and external stakeholders interact with directly. The interface
is designed to surface the right information at the right time — vessel schedules, yard maps, equipment status — without
overwhelming users with data they don't need in the moment.

2. Application Layer: This layer holds the core business logic that governs how the port operates. It-handles scheduling
workflows, cargo management processes, and the rules that govern how tasks get prioritized and handed off between teams
and systems.

3. Optimization Engine: This is arguably the most distinctive part of Smart PortX. It's where the formal mathematical
models live — the algorithms that calculate optimal berth assignments, container placement strategies, and equipment
schedules. Rather than relying on human judgment or simple first-come-first-served rules, the engine actively seeks the best
available allocation given current constraints.

4. Database Layer: All operational data — vessel records, cargo manifests, yard configurations, equipment logs — is
managed here with strict relational integrity. This layer ensures that every other component is working from a consistent,
accurate picture of the port's state.

One of the practical benefits of this layered design is maintainability. Each layer can be updated or scaled independently,
which matters a great deal in an operational environment where requirements change and traffic volumes grow unpredictably
over time.

IV. MATHEMATICAL MODELING

The optimization engine that sits at the core of Smart PortX is grounded in three formal mathematical models. Together,
these models give the system a rigorous basis for making allocation and scheduling decisions rather than relying on heuristics
or manual judgment.

A. Berth Allocation Model

The primary objective here is to reduce the total time that vessels spend waiting for and being processed at a berth.
Formally, this means minimizing the sum of waiting time and handling time across all vessels:
Minimize Z =) (Waiting Time; + Handling Time;) Vi € Vessels

The model operates under a set of constraints that reflect real operational realities: a berth can only accommodate one
vessel at a time; the assigned berth must be long enough for the vessel; and assignments must respect the vessel's arrival
schedule and any pre-agreed time windows. By working within these constraints while seeking the minimum-cost assignment,
the system can significantly reduce congestion and improve how efficiently berth capacity gets used.
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B. Yard Allocation Model

Container rehandling — moving a container that's already been placed in order to access one underneath it — is one of
the most costly and time-consuming activities in a yard. The yard allocation model aims to minimize these unnecessary moves:
Minimize R =) Rehandling Operations;; Vi, j

Three constraints shape this optimization: total stored volume cannot exceed available yard capacity; containers requiring
special handling (hazardous materials, temperature-controlled cargo) must be stored in designated areas; and containers with
high-priority dispatch schedules need to be placed where they can be retrieved without obstruction. Getting this right from the
start — placing containers with their departure sequence in mind — eliminates a significant amount of remedial work
downstream.

C. Equipment Scheduling Model

Cranes and other port equipment represent major capital investments, and their productivity is directly tied to how well
scheduling is managed. The equipment model focuses on minimizing idle time:
Minimize I = . Equipment Idle Time; Vi, t

The constraints here reflect practical maintenance and availability realities: equipment can only be assigned to tasks when
it's confirmed available; scheduled maintenance windows must be built into the plan and not overridden; and all assigned tasks
must be completable within their designated time slots. By applying this model, the system ensures that equipment is deployed
when and where it's needed, reducing the kind of idle time that inflates operating costs without adding any value.

V.ENTITY RELATIONSHIP STRUCTURE

The data architecture behind Smart PortX reflects the operational relationships between the main entities involved in port
management. Understanding how these entities connect to each other was an important part of designing a system that can
support comprehensive tracking and reporting.

Conceptual ER Diagram of SmartPortX
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Fig. 2 — Smart PortX Entity Relationship Diagram

The key relationships in the data model are as follows:

* A vessel can be associated with multiple voyages over the course of its service life, creating a history of port calls.

* Each voyage is tied to a single berth assignment at any given time, which enforces the one-vessel-per-berth constraint in
the physical system.

* A vessel may carry multiple cargo consignments on a given voyage, reflecting the multi-shipment reality of container
shipping.

« Each cargo item is assigned to a specific yard location, enabling the system to track exactly where everything is stored.

* Port equipment is allocated to specific vessels during cargo handling, allowing the system to manage crane and equipment
assignments alongside vessel schedules.
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« System users are assigned role-based permissions, and every significant action they take is captured in an audit log that
can't be altered after the fact.

This relational structure ensures that the system maintains a complete, traceable record of port operations — not just for
real-time management, but also for post-event analysis and regulatory compliance.

VI. COMPARATIVE ANALYSIS WITH EXISTING RESEARCH

The following table situates Smart PortX alongside key works from the existing literature, highlighting what each study
contributed and where Smart PortX extends or improves upon it.

Ref | Paper / Year Smart PortX Advantages Limitation of System Tool Used
[1] | Heilig & VoR, | Unified platform integrating berth, yard, and | Survey-only — no system built, no | Literature Survey;
2017 equipment, whereas this study only surveyed | optimization, no real-time operations Legacy IS Analysis
existing silos
[2] | Songetal., 2018 | 4-layer system with formal optimization engine | Review only — no prototype, no | lIoT, Al, Big Data;
vs. conceptual technology mapping engine, no integrated workflow Conceptual Review
[5] |Linetal, 2020 | Adds automated scheduling decisions on top of | IoT tracking only — cannot allocate | IoT Sensors; Real-time
10T sensor monitoring berths  or  schedule  equipment | Tracking
autonomously
[6] |Zzhang et al., | Berth allocation linked with yard and equipment | Berth-only scope — no vyard, | Deep RL; Al
2021 in one unified system equipment, or enterprise workflow | Optimization
integration
[7] | Kouhizadeh et | Blockchain extensible as a plug-in; Smart PortX | Theoretical only — no implementation | Blockchain; Supply
al., 2021 also handles physical operations and no port operations management Chain Analysis
[8] | Yangetal., 2020 | Unified platform deploys ML forecasts directly | Isolated ML model — not connected to | Machine Learning;
into scheduling decisions any operational scheduling system Predictive Analytics
[10] | Tsai etal., 2019 | Cloud-ready  architecture  plus  formal | Cloud-only — no berth, yard, or | Cloud Architecture;
optimization absent from this study equipment optimization algorithms SaaS Logistics
[12] | Bierwirth & | Implements berth and crane scheduling in a live | Survey only — theoretical models, no | OR Survey; Quay Crane
Meisel, 2015 integrated system real-time yard connection Models
[14] { Duetal., 2017 Emission constraints extensible while managing | Green berth only — no yard module, | Math Programming;
yard and equipment together equipment, or full system integration Green Berth Sched.
[16] | Notteboom, Enforces berth length and scheduling rules for | Strategic study — no tools for berth, | Port Geography;
2016 mega vessel accommodation yard, or equipment management Capacity Planning

VII. CONCLUSION

Smart PortX represents a meaningful step toward addressing a gap that has persisted in smart port research for years: the lack
of a unified, operational-grade system that connects berth allocation, yard management, equipment scheduling, and data
governance under one roof.

What distinguishes this work from much of the existing literature is the combination of a clean architectural foundation and
formal optimization models that can actually drive decisions — not just describe them. The four-layer architecture makes the
system maintainable and scalable as operational demands grow, while the mathematical models for berth allocation, yard
optimization, and equipment scheduling give it a rigorous basis for reducing waiting times, minimizing unnecessary container
movement, and getting more out of expensive port equipment.

The comparative analysis makes clear that while individual technologies — Al, 10T, blockchain, cloud platforms — have
each made genuine contributions to port operations, they tend to address the problem piece by piece rather than as a whole.
Smart PortX is designed to be the connective tissue that turns those pieces into an integrated system.

Looking ahead, there are several natural directions for extending this work. Embedding predictive analytics — using historical
patterns and real-time data to forecast vessel arrivals, cargo volumes, and equipment failures before they happen — would
make the system proactive rather than reactive. Digital twin simulation, integrated with live operational data, would allow
port managers to model the impact of changes before committing to them. And as port infrastructure becomes increasingly
connected, robust cybersecurity frameworks will be essential to protect operations against disruption.

The authors believe that Smart PortX provides a practical, research-validated platform that ports of various sizes can build on
as they work toward the intelligent port infrastructure that global trade increasingly demands.
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