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Abstract:

Marine ecosystems represent some of the most complex and knowledge-intensive domains in
environmental science. Students and professionals pursuing marine education face distinct challenges: the
sheer breadth of content spanning oceanography, marine biology, fisheries management, and navigation
systems, combined with the practical need to connect theoretical knowledge with real-world underwater
conditions. Traditional one-size-fits-all educational platforms are inadequate for this diversity of learners.
This paper presents a Self-Adaptive Al Learning System (SAALS-Marine) designed specifically to address
these gaps through the application of meta-learning techniques. The proposed system continuously profiles
each learner's knowledge state, cognitive pace, and conceptual weaknesses using a Dynamic Learner
Knowledge Graph (DLKG). A Model-Agnostic Meta-Learning (MAML) core enables rapid adaptation to
new learner profiles with minimal interaction data, while a three-tier mastery classification engine
categorizes learners as Beginner, Intermediate, or Advanced. The system integrates real-time adaptive
content delivery, spaced repetition scheduling, and an Al-powered marine concept tutor capable of
explaining complex phenomena such as tidal hydrodynamics, coral bleaching mechanisms, and fisheries
stock assessment. Experimental evaluation on a cohort of 340 marine science students demonstrated a
knowledge retention improvement of 38.4% and a curriculum completion rate of 91.7% over conventional
e-learning platforms. SAALS-Marine offers a scalable, continuously evolving educational framework
applicable across maritime training academies, coastal universities, fisheries institutions, and individual self-
learners, with significant potential to elevate marine literacy and workforce readiness in India's vast coastal

regions.
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I. INTRODUCTION

Marine education occupies a uniquely challenging
position within the broader landscape of science and

technology  training. @ The field demands
simultaneous competency in physical oceanography,
biological  taxonomy, geochemistry, vessel

navigation, environmental law, and remote sensing
a curriculum breadth that few other disciplines can
match. In India, where the coastline stretches over

7,500 kilometers and the maritime economy
contributes significantly to national GDP, the need
for well-trained marine professionals has never been
greater. Yet the institutions equipped to provide this
training remain concentrated in a handful of coastal
cities, leaving vast populations of aspiring marine
scientists and fisheries workers without adequate
access to quality instruction.
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Compounding this structural problem is the
pedagogical one: learners arrive with wildly
different backgrounds. A fisherman's apprentice
attempting to understand sustainable catch limits
requires an entirely different instructional pathway
than a postgraduate oceanography student modeling
thermohaline  circulation.  Existing e-learning
platforms, however sophisticated, typically offer a
linear curriculum that serves neither learner
particularly well. The result is high dropout rates,
shallow conceptual understanding, and a persistent
gap between academic knowledge and field
application.

Advances in Artificial Intelligence particularly in
the subfield of meta-learning now offer a credible
pathway to resolving these challenges. Meta-
learning, or 'learning to learn,' enables Al systems to
rapidly adapt their behavior based on minimal new
data, making them ideally suited to the problem of
rapid learner profiling in educational contexts. When
combined with knowledge graph representations of
curricular content and reinforcement-based spaced
repetition, these techniques can produce a truly
adaptive learning experience that adjusts not merely
its difficulty, but its explanatory style, content
modality, and pacing all in real time.

This paper introduces SAALS-Marine (Self-
Adaptive Al Learning System for Marine Education),
a platform designed from the ground up to address
these challenges. The system employs a MAML-
based adaptation core, a Dynamic Learner
Knowledge Graph, a three-tier mastery classifier,
and an Al marine tutor module. The remainder of
this paper is organized as follows: Section II reviews
related work in adaptive learning and meta-learning;
Section III describes the system architecture and
methodology; Section IV presents the core
algorithmic  modules; Section V  discusses
experimental results and performance metrics;
Section VI outlines future enhancements; and
Section VII concludes the paper.

II. LITERATURE REVIEW

Research in intelligent tutoring systems (ITS) has
a history spanning several decades. Bloom's
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foundational work [I] on one-to-one tutoring
established that personalized instruction could
produce performance gains of two standard
deviations over conventional classroom teaching the
so-called '2-sigma problem' that educational
technologists have pursued ever since.

Early computational approaches to adaptive
learning focused on Bayesian Knowledge Tracing
(BKT), introduced by Corbett and Anderson [2],
which modeled learner knowledge as a latent
variable updated through observed performance.
These models, while mathematically elegant,
required large quantities of learner interaction data to
converge reliably a significant limitation for
domains with limited learner populations, such as
marine science.

Deep learning extended the scope of learner
modeling substantially. Piech et al. [3] introduced
Deep Knowledge Tracing (DKT), applying recurrent
neural networks to model the temporal evolution of
student knowledge states across large-scale online
platforms. Their approach demonstrated superior
predictive accuracy over classical BKT models,
particularly for learners exhibiting non-monotonic
learning trajectories.

The emergence of meta-learning as a practical Al
paradigm, catalyzed by Finn et al.'s Model-Agnostic
Meta-Learning (MAML) framework [4], opened
new possibilities for educational adaptation. Unlike
standard fine-tuning, MAML trains models to reach
optimal performance on new tasks with only a small
number of gradient update steps a property directly
applicable to rapid learner profiling from minimal
interaction histories.

In the domain-specific literature, Stamper and
Koedinger [5] demonstrated how knowledge
component modeling could be applied to STEM
domains to identify prerequisite relationships
between concepts an approach directly applicable to
the hierarchical conceptual structure of marine
science curricula. More recently, graph-based
knowledge representations have gained traction as a
richer alternative to flat skill vectors, enabling
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systems to reason about conceptual dependencies
and identify precise remediation pathways [6].

Research specifically addressing marine or
environmental science education through Al remains
sparse. Existing platforms such as
MarineEducation.org and NOAA's online learning
portals offer rich content but lack personalization
mechanisms. SAALS-Marine addresses this gap
directly, combining domain-specific  content
ontologies with state-of-the-art meta-learning
adaptation in a unified, deployable platform [7].

III. SYSTEM ARCHITECTURE AND

METHODOLOGY

A. System Overview
SAALS-Marine is architected as a five-stage
adaptive processing pipeline. Each learner
session traverses the following sequential
modules: (1) Learner Interaction Layer, (2)
Dynamic Learner Knowledge Graph Engine, (3)
Meta-Learning Adaptation Core, (4) Curriculum
Delivery Module, and (5) Intelligent Tutoring and
Feedback System. The modular design ensures
both computational efficiency and content
scalability across diverse marine sub-disciplines.

B. Dynamic Learner Knowledge Graph (DLKG)
Engine

The DLKG Engine serves as the core analytical
unit of SAALS-Marine. It maintains a
continuously updated graph representation of
each learner's knowledge state, where nodes
represent marine science concepts and directed
edges represent prerequisite or complementary
relationships. Upon each learner interaction, the
engine performs the following operations:

» Concept Node Activation: Learner responses
activate or deactivate concept nodes using a
confidence score in the range [0, 1], updated via
Bayesian inference weighted by response
correctness and response latency.
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*  Prerequisite = Traversal:  The  engine
automatically identifies upstream prerequisite
nodes with low confidence scores and flags them
for remediation delivery, ensuring foundational
gaps are addressed before advanced content.

» Mastery Threshold Evaluation: Concept nodes
crossing a confidence threshold of 0.85 are
marked as mastered, and the system advances the
learner to dependent downstream nodes.

» Temporal Decay Modeling: Mastered concepts
are subject to Ebbinghaus forgetting curve decay
functions, triggering spaced repetition review
sessions at computed optimal intervals to
preserve long-term retention.

. Meta-Learning Adaptation Core (MAML

Module)

The Meta-Learning Adaptation Core implements
a MAML-based algorithm that maintains a
generalized model of learner behavior across the
entire user population. When a new learner begins
their first session, the system does not require
extensive  interaction  history to  begin
personalizing. Instead, the meta-trained model is
fine-tuned within 3—5 gradient update steps using
the learner's initial assessment responses, yielding
an accurate initial knowledge state estimate. This
approach is particularly valuable for low-data
learner onboarding a common scenario in marine
education contexts where institutions may enroll
small cohorts.

. Mastery Classification Engine

The Mastery Classification Engine computes a
composite learner proficiency score across five
marine science domain clusters: Physical
Oceanography, Marine Biology, Fisheries and
Aquaculture, Coastal Navigation, and Marine
Environmental Policy. Based on the aggregate
score, learners are classified into one of three
mastery tiers as shown in Table 1:
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Table 1:
Mastery Level ‘

Mastery Classification

Score Range

Beginner 0% — 39%
Intermediate 40% — T4%
Advanced 75% — 100%

E. AI Marine Concept Tutor (MarineBot)

MarineBot is a context-aware conversational Al
module embedded within SAALS-Marine to provide
on-demand conceptual explanations and guided
inquiry support. The tutor employs a multi-layered
response logic calibrated to the learner's current
mastery tier:

* Conceptual Query Detection: Identifies learner
questions related to marine phenomena and delivers
tier-appropriate explanations with domain-specific
analogies.

* Misconception Recognition: Detects erroneous
conceptual framings in learner responses and applies
targeted Socratic correction prompts rather than
direct correction.

* Field Application Bridging: Connects
theoretical content to observable real-world
phenomena — for instance, linking salinity gradient
theory to practical fish migration patterns observed
in Indian coastal waters.

* Motivational Scaffolding: Monitors learner
session duration and performance trends, generating
personalized encouragement messages and progress
milestone notifications to sustain engagement.

* Default Exploratory Prompting: For open-
ended learner queries, generates guided discovery
prompts that encourage self-directed investigation
rather than passive information reception.

IV. INTEGRATED MARINE LEARNING
TOOLKIT
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Thresholds and System Actions

System Action

Foundational concept delivery;
visual analogies; simplified terminology

Conceptual application tasks;
case-study modules; guided problem solving

Research paper analysis;
field simulation tasks; peer mentoring assignments

Beyond adaptive content delivery, SAALS-
Marine incorporates a comprehensive suite of
specialized learning tools designed to address the
unique pedagogical demands of marine science
education:

Interactive Bathymetric Visualization Module:
A three-dimensional ocean floor mapping tool that
allows learners to explore real bathymetric datasets
from the Indian Ocean and Bay of Bengal. Depth
zone characteristics, pressure gradients, and
biodiversity hotspots are rendered interactively,
transforming abstract oceanographic concepts into
navigable visual experiences. Learners at the
Advanced tier can overlay real-time salinity and
temperature data sourced from INCOIS (Indian
National Centre for Ocean Information Services).

Spaced Repetition Vocabulary Engine: Marine
science is terminology-intensive, with thousands of
Latin  binomial species names, physical
measurement units, and regulatory terminology that
learners must internalize. The SAALS-Marine
vocabulary engine implements a SuperMemo SM-2
inspired algorithm adapted for domain-specific term
relationships, scheduling review sessions at
individually computed intervals that maximize
retention while minimizing redundant review.
Learners typically achieve 94% retention of core
terminology within six weeks of consistent
engagement.

Fisheries Stock Simulation Lab: An agent-based
simulation environment where learners manage a
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virtual fishery over a simulated 20-year horizon,
making decisions about catch quotas, gear selectivity,
seasonal closures, and habitat restoration. The
simulation is parameterized using real fisheries data
from the Central Marine Fisheries Research Institute
(CMFRI), providing an evidence-grounded
decision-making environment that directly connects
classroom learning to professional fisheries
management practice.

Daily Marine Knowledge Pulse: A longitudinal
micro-learning module that delivers three to five
focused questions daily drawn from the learner's
weakest concept nodes, as identified by the DLKG
engine. The Pulse is designed to fit within a five-
minute daily commitment, maintaining consistent
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engagement without overwhelming learners during
high-demand academic periods such as examination
seasons or field expedition preparations.

V.RESULTS
EVALUATION

SAALS-Marine was evaluated in a controlled
study involving 340 marine science students drawn
from three coastal institutions in Tamil Nadu and
Kerala over a 16-week academic semester. A
randomized control group of 160 students continued
with conventional e-learning platforms, while 180
students used SAALS-Marine. Performance metrics
are summarized in Table 2:

AND PERFORMANCE

Table 2: SAALS-Marine System Performance Metrics

Knowledge Retention (8-week)
Curriculum Completion Rate
Average Adaptation Latency

Leamner Satisfaction Score

Misconception Correction Rate

Dropout Rate (16 weeks)

System Uptime

The results demonstrate statistically significant
advantages across all measured dimensions.
Knowledge retention at the eight-week mark showed
a 38.4% improvement over conventional platforms
closely aligning with the theoretical predictions of
the spaced repetition model employed. The dropout
rate reduction from 31.4% to 8.3% represents
perhaps the most practically significant finding, as
high attrition has historically been the primary
obstacle to the success of online marine education
programs in India. Qualitative feedback collected
through structured interviews revealed that learners
particularly valued MarineBot's ability to connect
abstract theoretical content to observable field
phenomena. Several Advanced-tier students
reported that the Fisheries Stock Simulation Lab

SAALS-Marine Conventional Platform
91.2% 65.7%
91.7% 58.3%

= 1.8 seconds NfA (static)

46750 31/50
84.3% 41.0%
8.3% 31.4%
24/7 (99.8%) Variable

produced a quality of decision-making insight that
rivaled short-duration field attachments — a finding
with significant implications for institutions where
logistical and financial constraints limit field
exposure opportunities.

Deployment Scenarios:

Maritime Training Academies: Personalized
navigation theory and marine engineering
curriculum delivery for Merchant Navy cadets, with
adaptive modules covering STCW competency
requirements.

Coastal Universities: Department-wide
deployment for marine biology, oceanography, and
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fisheries science programs, enabling faculty to
monitor class-level knowledge gap analytics through
an instructor dashboard.

Fisheries Extension Services: Simplified, Tamil
and regional language-adapted Beginner-tier
modules deployable on low-bandwidth mobile
networks to reach artisanal fishing communities with
sustainable fishing practice education.

SCUBA Certification and Dive Training
Centers: Adaptive pre-dive theory modules
integrated  with  practical skill —assessment
checkpoints, reducing in-water instruction time and
improving diver safety outcomes.

Individual Marine Enthusiasts and Citizen
Scientists: Self-paced 24/7 accessible learning with
gamified progress tracking and community science
data contribution pathways.

VI FUTURE
ENHANCEMENTS

SCOPE AND

The current implementation of SAALS-Marine
establishes a robust and validated foundational
platform. Planned enhancements across four
development phases reflect both technological
evolution and expanding institutional partnership
opportunities:

Phase 1 — Multimodal Content Integration:
Incorporation of underwater video analysis modules,
satellite-derived sea surface temperature learning
activities, and acoustic ocean data interpretation
exercises. Integration of AR/VR-based coral reef
exploration environments for Intermediate and
Advanced learners who lack access to physical dive
facilities.

Phase 2 — Advanced Neural Architecture:
Replacement of the current MAML core with a
Transformer-based few-shot learning architecture
(Proto-Transformer) to improve adaptation quality
for highly heterogeneous learner populations.
Integration of multilingual NLP for Tamil,
Malayalam, and Hindi content delivery, expanding

accessibility across India's diverse coastal workforce.
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Phase 3 — Institutional API Integration: API
connectivity with university learning management
systems (Moodle, Canvas), CMFRI research portals,
and India's National Oceanographic Data Centre
(NODC) to enable live data-driven learning
activities anchored to current research outputs.

Phase 4 — National Deployment Partnership:
Collaboration with the Ministry of Earth Sciences,
the National Institute of Ocean Technology (NIOT),
and the Blue Economy initiative to establish
SAALS-Marine as a national marine education
infrastructure asset, accessible to institutions and
individual learners across India's entire coastline.

VII. CONCLUSION

This paper presented SAALS-Marine, a
comprehensive Self-Adaptive Al Learning System
for personalized marine education built on meta-
learning foundations. The system addresses critical
shortcomings in existing e-learning platforms by
providing individually tailored learning pathways
informed by dynamic knowledge graph profiling,
MAML-based rapid adaptation, spaced repetition
scheduling, and an intelligent marine concept tutor.
Experimental validation across 340 students
demonstrated a 38.4% improvement in knowledge
retention, a 91.7% curriculum completion rate, and
an 8.3% dropout rate figures that compare favorably
against conventional platform benchmarks across all
measured dimensions.

Marine science education in India stands at a
critical inflection point. As climate change
accelerates the transformation of coastal ecosystems
and the Blue Economy assumes growing strategic
importance, the nation's capacity to train competent
marine professionals will play an increasingly
decisive role in environmental stewardship and
economic development.

SAALS-Marine demonstrates that Al-driven
adaptive learning, grounded in rigorous meta-
learning principles and designed with domain
specificity, can make high-quality marine education
accessible to a far broader and more diverse
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population of learners than current institutional
frameworks allow. The ocean is vast — and so is the
potential of those who learn to understand it.
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