Human Capital
Innovations

Proactive Al
In Education

Moving Beyond the Reactive
Chatbot to Transform
Learning at Scale

A blueprint for leveraging Reinforcement
Learning (RL) and Large Language Models
(LLMs) to architect adaptive, equitable, and
highly engaged learning environments.

Based on the 5-month, 770-student Taipei Randomized
Controlled Trial and research by Jonathan H. Westover, PhD.
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The Engagement Crisis
in Digital Learning

x|
The Novelty Effect

(5-15% MOOC Completion Rate)
The Flaw of the

Reactive Default

® Metacognitive Gap: Reactive
chatbots require students to
formulate perfect prompts,
overloading working
memory.

Demand for
Continuous Reskilling

Learner Engagement (%)

Passive Attrition: Systems
without proactive pacing
abandon learners the moment
they lack self-regulation.

Workforce Demand Index

® The Result: Wasted
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productivity, and exacerbated

achievement gaps. Time in Weeks
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The Evolution of Educational Technology

Traditional LMS

Reactive GenAl

Sequencing

Fixed & Linear

Learner-Driven
(Prompt-dependent)

Algorithmic & Optimized
(Reinforcement Learning)

Assessment

Binary

(Right/Wrong)

Textual &
Unstructured

Continuous State Modeling
(LLM-extracted)

Pedagogy

One-Size-Fits-All

Answer-Providing

Desirable Difficulty &
Productive Struggle

The paradigm shift required to move from content delivery to sustained human progression.
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Engineering Desirable Difficulty

Frustration Zone
(Cognitive Overload)

Path 1:
Struggling Learner
on Fixed Sequence

Problem Difficulty

Path 3:
Proactive Adaptive
Al Calibration

C

.u.

The Zone of
Productive Struggle
(Vygotsky's ZPD)

|

Advanced Learner
~ on Fixed Sequence

Boredom Zone

Learner Skill
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Sustained
engagement
requires
productive
struggle. Fixed
sequences
inevitably force
outliers into
states of
boredom or
frustration.
The system'’s
primary
directive

must be
continuously
calibrating this
edge.
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The Proactive Engine: Fusing RL and LLMs

1. Student Interacts

Inputs code, text, or query
into the tutoring interface.

Core Insight

LLMs handle the
. unstructured human .
4. System Selects Action interaction. 2. LLM Extracts Signals

Model predictive control hﬁg&mﬁgﬂ%‘m Translates raw, messy human

autonomously selects the optimal path optimization. interaction into structured
next problem difficulty. Together, they form a behavioral data.

continuous, autonomous
feedback loop.

3. RL Updates
Knowledge State
Uses a Partially Observed
Markov Decision Process

(POMDP) to update the
mathematical model.
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Redefining the Signal

The Old Way: Binary Mastery B

def process_data(data):
#-€Elean-date

The New Way: LLM Extraction

Knowledge State Radar
Syntax

Help-seeking Persistence

Low Concept Score

Give me the answer

Tracks only correct/incorrect outcomes. (while ten(data) > 6;

)

Ignores effort, nuance, and logic progression. printitem)

. y, N9

item = data.pop(0) Fanhena] | tried a while loop but got stuck

Logie Change on the index

Semantic Code Analysis Dialogue Quality Scoring

2

Traditional systems track simple correctness. The Pennsylvania implementation leverages LLMs to separate
superficial edits from functional learning, and answer-seeking behavior from genuine conceptual inquiry.
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Scaffolded Chatbot Design

Based on implementations at Penn and Brown University

Trigger: Student asks, “What is the answer?”

Interception: System refuses direct answer.
Prompt: Demonstrate Effort

!

Learner Input: Student explains their current
approach and identifies confusion.

| v

Graduated Guidance: System provides a Socratic
Hint rather than declarative instruction.

Resolution: Student solves problem with guided
insight.
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Pedagogical Guardrails in
Action

Effort-Conditional
Assistance: The tutor
demands an effort
demonstration before
yielding hints, preventing
passive reliance.

Socratic Interception:
Generic models default to
giving answers. Strategic
prompt engineering forces
the Al to use metacognitive
questioning.
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The Content Factory: Scaling with RAG

O1. Curriculum 02. GPT-4 03. Automated 04. Claude 05. Human
Retrieval Generation Testing Critique Validation

Extracts ground- Drafts candidate Executes Secondary LLM Teaching
truth data from problems, solutions, code/logic tests for refines problems Assistants approve
approved materials. and test cases. strict correctness. failing validation. final output.

/‘//////’/‘//////J/‘//////‘/‘//////‘///////
© O

Adaptive pacing requires massive problem banks with highly granular difficulty levels. The Taiwan
implementation built a human-in-the-loop LLM pipeline to scale content generation without
sacrificing quality assurance.
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The Proof: Taipei Randomized Controlled Trial

Conducted via a partnership between University of Pennsylvania researchers and the Taipei City Government.

770

High School Students Months of Deployment

10 |Python

Participating High Schools Programming Curriculum

Unlike typical 2-week lab studies, this represents a half-year, real-world deployment of an
RL-based adaptive tutoring system integrated directly into a government e-learning platform.
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Sustained Engagement Drives Achievement

+0.15 SD The Mechanism of Success
f :

Mediation analysis revealed a critical
insight: gains were not driven by
students completing a higher volume
of problems or uniformly harder
content.

The +0.15 SD lift operated
primarily through sustained
engagement, fostered by keeping
students perfectly paced in their

Fixed Sequencing Adaptive Proactive optima] ]earning zone.
(Baseline) Sequencing

Standard Deviations
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The Equity Multiplier

Impact by Prior Experience Impact by School Tier

+0.215 SD Gain Lower-Tier +0.173 SD Gain

Beginners Sthoois

: o Higher-Tier 2
Experienced | Negligible effect Sehools Negligible effect

Democratizing the Private Tutor

Proactive adaptation does not exacerbate achievement gaps. It actively closes them. By removing the constraint
of a one-size-fits-all classroom pace, the system provides struggling learners the personalized scaffolding

traditionally available only to privileged populations.
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A Unified Architectural Blueprint

Experience Layer
Scaffolded Tutor + Learning Management System (LMS)

Intelligence Layer
Reinforcement Learning Sequencer + LLM Signal Extractor

Data Layer

Unified Learner Models + Historical Log Data

Siloed chatbots fail.
When Amazon
deployed an adaptive
system for workforce
reskilling, integrating
sequence pacing
directly with support
resources led to
profoundly higher
engagement. The
chatbot must inform
the sequencer, and
the sequencer must
contextualize the
chatbot.
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Data Infrastructure & Governance

Data Vault and Filter

i,

Il —

Government LMS
(e.g., Taipei
CooC-Cloud)

De-identification
Filter

—

Research
Analytics Engine

Governance Framework Checklist

B Authentication: Integrated natively
with official government-authenticated
accounts.

Data Minimization: Systems extract
only signals necessary for pedagogical
functionality.

De-identification: Strict separation of
personally identifiable information (PII)
from behavioral training datasets.

Institutional MoUs: Clear regulatory
alignment between researchers,
platform hosts, and institutions.
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The Organizational Playbook

Human Capital
Innovations

/\/I

O1. Model Continuous
Knowledge

Move beyond binary pass/fail
metrics. Implement systems that
track learning speed and granular
progression over time.

02. Design for Productive
Struggle

Optimize reward functions not just
for speed, but for maintaining
learners in appropriately challenging
states to prevent novelty drop-off.

03. Integrate
Bidirectionally

Break down tech silos. Ensure
conversational Al tools share a
unified learner model with content
delivery systems.

O4. Monitor Disaggregated
Equity Data

Continuously track engagement
and outcomes by learner subgroups
to ensure personalized pacing is
closing, not widening, gaps.
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“Success is not deploying Al to deliver content. Success is deploying Al
to continuously optimize the human experience of progression.”

The era of the reactive chatbot is over. The future of workforce
development, digital literacy, and educational equity belongs to

proactive, adaptive systems built around the learner's journey.
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