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Abstract

This paper investigates a foundational question: why does functional programming (FP) education improve
students’ abstract thinking and mathematical reasoning? Building on our prior empirical findings
demonstrating that FP with Haskell significantly enhances these skills, we trace the pedagogical
effectiveness of FP directly to two formal systems—Predicate Logic and Lambda Calculus. We argue that
Lambda Calculus provides a rigorous model for functional abstraction and composition, enabling students
to reconstruct computing from first principles, while Predicate Logic supplies the framework for truth and
correctness, enabling precise validation of program behavior. As Al code generators increasingly handle
syntactic implementation, the human role shifts to specification, architectural reasoning, and validation.
Through theoretical synthesis of literature across formal systems, computing pedagogy, and Al-assisted
development, we develop a unified pedagogical framework with concrete curriculum recommendations.
We propose a “build-and-verify” pedagogy wherein students construct computational concepts via Lambda
Calculus and verify correctness through Predicate Logic, directly cultivating the competencies required for
effective human-Al collaboration.
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1. Introduction

The software industry’s accelerating complexity and the rapid integration of Al code generators
present a formidable challenge to computer science education. Our previous research (Fonkam & Vajjhala,
2025) demonstrated that a curriculum emphasizing functional programming (FP) with Haskell yields
significant benefits in developing students’ mathematical reasoning and abstract thinking skills—core
competencies that are becoming critical in the age of AI. That prior work established that a
paradigm-focused approach is effective. This paper asks a deeper question: why is it effective?
Understanding this mechanism matters because it allows us to teach the foundational skills
directly—through Predicate Logic and Lambda Calculus—rather than relying on FP to transmit them
indirectly. That is the practical payoff of answering the “why” question, and it shapes every curriculum
recommendation that follows.

We argue that the pedagogical power of FP is not inherent to the paradigm itself but is derived
from its direct lineage to two foundational theories of computation: Predicate Logic and Lambda Calculus.
By teaching these foundations explicitly, we can more effectively build the logical and abstract thinking
skills necessary for modern software development. In a landscape where Al handles boilerplate code, the
human developer’s role evolves into that of a specifier, architect, and verifier (Anders, 2024; see also
Sannella, Peng, & Wadler, 2021, who argue that formal specification becomes the primary human task
when automation handles implementation). This new role demands a deeper grounding in both the
principles of truth and correctness (the domain of Logic) on the one hand, and problem modeling with
abstraction and composition (the domain of Lambda Calculus) on the other hand.

This paper makes three contributions: (1) a theoretical explanation for the empirically observed
benefits of FP education, tracing them to these formal systems; (2) a unified pedagogical framework with
concrete curriculum modules implementing a “build-and-verify” approach; and (3) an analysis of how
formal systems education prepares students for the role of human-in-the-loop in Al-assisted development.
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2. The foundational duo: Predicate Logic & Lambda Calculus

2.1. Predicate Logic — the bedrock of truth & correctness

Predicate Logic, with its quantifiers (V, 3), variables, and relations, provides a formal system for
making precise, unambiguous statements about a domain. It is the language of rigorous specification. Its
importance in computing education lies in its role as the ultimate arbiter of validity: logic provides the
framework for determining whether a statement is true based on a set of axioms and derivation rules (Cheng,
2018, 2023; Kowalski, 2011; Hanus, 1997). A deep grounding in logic moves students beyond a superficial
“it runs without errors” mindset to a rigorous “it is provably correct according to the specification.” This
correctness mindset is essential for writing robust software and is the primary skill required for critically
evaluating Al-generated code, where syntactic validity can mask logical flaws (Fonkam & Vajjhala, 2025;
Devlin, 2001). Prolog, based on Horn-clause logic — a subset of Predicate Logic, serves as a practical
laboratory where Predicate Logic becomes a Turing-complete programming language, allowing students to
directly execute their logical specifications (Hein, 2009).

2.2. Lambda Calculus — computing from first principles

Lambda Calculus is a minimalistic formal system for representing computation based solely on
function abstraction and application. It is the theoretical foundation of functional programming and can
formalize all aspects of programming languages (Michaelson, 2011). Its educational power extends beyond
theory; it is a unique tool for deconstructing and understanding computing from first principles (Pfenning,

2018; Kavanagh, 2018). By constructing fundamental programming concepts from nothing but functions,

students build a deeper understanding of abstraction and computation. For example, lambda calculus

provides a framework for building a deeper understanding of key computing constructs such as:

» Booleans and Boolean Operators: Students encode conditionals, TRUE, FALSE, AND, OR, and NOT
as lambda expressions (e.g., TRUE = Ax.Ay.x; AND = Ap.Aq.p q p). Verifying that (AND TRUE
FALSE) B-reduces to FALSE is a powerful lesson where logic and computation meet.

»  Natural Numbers and Arithmetic Operators: Church numerals (e.g., ZERO = AfAx.x; ONE = AfAx.f
x) and functions like SUCC and PLUS provide key insights on treating data and operations
uniformly—both as abstractions built from functions. Through this exercise students may also gain
understanding and appreciate the well-ordering of principle of natural numbers.

»  Recursion: The Y-combinator demonstrates how recursion can be achieved without built-in language
support, representing the ultimate lesson in functional abstraction. This approach fosters a deep
appreciation for the power of function abstraction, directly underpinning the composability and
declarative semantics identified as strengths of Haskell (Fonkam & Vajjhala, 2025; Davie, 2022).

3. Research methodology

This study employs a theoretical synthesis approach, building upon prior empirical findings to
develop a pedagogical framework for computing education. The methodology begins with critical analysis
of our previous study’s results (Fonkam & Vajjhala, 2025), which demonstrated the effectiveness of FP in
developing mathematical reasoning and abstract thinking. Having established effectiveness empirically, the
present study undertakes a conceptual analysis of the underlying mechanisms, decomposing the functional
paradigm to trace its pedagogical power to the formal systems of Predicate Logic and Lambda Calculus.

The framework 2evelopmentt integrates systematic literature review with theoretical modeling
across three domains: theoretical computer science foundations (Wang, 2015; Sebesta, 2019; Harper, 2016;
Riley & Hunt, 2014), pedagogical research in programming education (Hein, 2009; Morris & Morris,
2023), and emerging studies on AI’s impact on software development (Anders, 2024; Sannella, Peng,
& Wadler, 2021). The literature synthesis focuses on studies addressing abstraction, formal reasoning,
correctness verification, and the evolution of developer roles in Al-assisted environments. Framework
construction follows an iterative refinement process: establishing theoretical connections, validating against
reported pedagogical outcomes, and refining through conceptual mapping exercises that trace how formal
system elements translate into practical programming competencies.

4. A unified pedagogical framework: Logic & functions

4.1. Teaching abstraction from the ground up

The framework creates a virtuous cycle: Lambda Calculus teaches how to abstract (by building
complex behaviors from simple functions), while Predicate Logic teaches what to abstract and how to verify
correctness (by defining intended behavior and relationships). Together, they provide a complete toolkit for
the creation and validation of software.
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4.2, Cultivating a “correctness mindset”

Validating that a lambda-encoded function behaves as intended is a practical exercise in both
logical reasoning and function theory, and an opportunity for deeper reflection on requirements. This
synthesis addresses the growing need for better abstract thinking skills (Rutherford, 2021; Morris & Morris,
2023) by providing a concrete methodology. The consistent benefits for mathematical reasoning observed
in FP-first curricula (Fonkam & Vajjhala, 2025) can be directly attributed to this integration, a connection
made explicit in the literature (Doets & van Eijck, 2012).

4.3. Concrete curriculum implementation
To address the practical dimension, we propose the following three-module curriculum sequence
that can be integrated into existing CS programs:

» Module 1 — Logic Foundations (Weeks 1-4): Students formalize natural-language specifications in
Predicate Logic, translate them into Prolog programs, and execute queries to verify their specifications
against test cases. Sample exercise: formalize a university enrollment policy in first-order logic,
implement it in Prolog, and verify edge cases. To make this concrete: suppose a student is given the
policy, “A student may enroll in CS450 only if they have completed CS210 or are a senior.”
In Predicate Logic, this becomes: Vs Vc (Enroll (s,CS450) — (Completed(s, CS210)V
Senior (s))). The student then implements this as a Prolog rule: can_enroll (S, c¢s450)
P- completed(S,cs210); senior (S). Running queries like:

?-can_enroll (junior student,cs450). (which should fail) and
?-can_enroll (senior without c¢s210, <¢s450).(which should succeed) forces the
student to reason about edge cases—exactly the correctness mindset described above.

» Module 2 — Lambda Calculus Construction (Weeks 5-8): Students construct Booleans, Church
numerals, and basic data structures from pure lambda expressions. They verify each construction via
B-reduction and implement corresponding functions in Haskell. Sample exercise: encode a simple
sorting predicate in Lambda Calculus, prove its termination, then implement it in Haskell.

» Module 3 — Integration and Al Validation (Weeks 9-12): Students apply formal specifications to
evaluate Al-generated code. They write Predicate Logic specifications for a given problem, use an Al
assistant to generate solutions, and then formally verify correctness or identify logical flaws. This
directly cultivates the specifier-architect-validator role.

4.4. Fortifying transfer learning

A student who has constructed and verified in Lambda Calculus the functionality of Booleans and
their operators, or the natural numbers and their arithmetic, builds a fundamentally deeper understanding
of these core elements applicable to computing in general. This deep, foundational understanding enables
effective transfer learning to mainstream languages, mitigating the selective effectiveness noted in prior
research (Fonkam & Vajjhala, 2025; Chen et al., 2016).

5. Implications for the Al era: Human as verifier & architect

With Al automating syntactic implementation, the value of the human developer shifts upstream
to problem framing, system design, and output validation. The developer must act as a logician, using
Predicate Logic to frame precise, unambiguous prompts and specifications for Al tools. They must also act
as an architect, using the principles of Lambda Calculus to deconstruct, reason about, and compose the
abstract functional structures that Al generates. This combination ensures that the human remains the
competent human-in-the-loop (Anders, 2024), capable of supervising and directing Al assistants
effectively. The three-module curriculum described in Section 4.3 directly prepares students for this role
by progressively building specification, construction, and validation competencies.

A concrete scenario illustrates the stakes: Suppose an Al generates a sorting function in Python
that compiles and runs without errors. However, the function fails to preserve duplicates—it drops one of
two equal elements. A student trained only in conventional debugging might run several tests and miss the
pattern. A student trained in this framework first writes a Predicate Logic specification of sorting: VL. VL'
(Sorted(L’) A Permutation(L, L’)). They then translate this into a property-based test
(e.g., using Haskell’s QuickCheck) that checks whether the AI’s output preserves multiplicity. The flaw is
detected in one line of specification, not dozens of ad-hoc test cases. The student then prompts the Al to
correct the function by citing the violated invariant. This is not speculative—it is exactly the “logician” and
“architect” roles in action, and it is what the proposed curriculum systematically trains.
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6. Conclusion and recommendations

The growing complexity of software and the rise of Al are not arguments against teaching theory;
they are the most compelling arguments for it. We have traced the empirical benefits of FP education to
their theoretical roots in Predicate Logic and Lambda Calculus and proposed a concrete pedagogical
framework with implementable curriculum modules.

Rather than restating the framework’s components, we address practical implementation directly.
This framework does not require a new course. Instead, it modifies existing courses in three targeted ways:
(1) Discrete Mathematics (typically first or second year) adds a 2-week Prolog lab where students execute
predicate-logic specifications; (2) Programming Languages or Functional Programming adds a 3-week
Lambda Calculus module before introducing Haskell, using pB-reduction exercises to demystify function
application; (3) Software Engineering or Al adds a 2-week module on formal specification for Al output
validation. Prerequisites are minimal: high-school algebra and basic set theory. The most significant
institutional barrier is faculty perception that Prolog and Haskell are niche languages. We counter this by
framing them as laboratories—just as physics uses air tracks and inclined planes not for their industrial
relevance but for conceptual clarity. A single term’s exposure suffices; transfer learning does the rest.
Departments concerned about accreditation can note that ABET’s Criterion 3 explicitly requires
“mathematical foundations” and “problem analysis using formal reasoning”—exactly what this framework
delivers.
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