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Abstract

Modern automobiles are highly complicated systems made up of several interconnected subsystems,
including engine control, brakes, steering, energy management, and sensor networks. Ensuring
consistency, stability, and scalability in such systems is a significant engineering task. This work presents
an interdisciplinary study on the use of distributive modules, a key idea in abstract algebra, to model and
analyze vehicle systems. Vehicle subsystems can be represented as submodules of a distributive module,
allowing for systematic study of control unit interactions. Block diagrams with algebraic interpretation are
used to demonstrate how distributive properties maintain subsystem stability. The paper emphasises the
importance of pure mathematical structures in contemporary automobile engineering and intelligent
transportation systems.
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1. Introduction

The rapid advancement of automobile technology has resulted in vehicles becoming dispersed cyber-
physical systems. A modern vehicle includes numerous Electronic Control Units (ECUs), sensors,
actuators, and communication networks. Traditional control approaches frequently address these
subsystems separately, which can lead to errors when they interact.

Abstract algebra, particularly module theory, provides an effective framework for understanding systems
made up of interacting components. A module extends the concept of a vector space by accepting scalars
from a ring rather than a field. A distributive module is one whose submodule lattice satisfies the
distributive law. Such structures are ideal for representing modular and dispersed systems.

This work investigates how distributive modules can be used in automobile systems to improve
mathematical consistency, modularity, and fault tolerance.

2. Mathematical Preliminaries

2.1 Module Theory

Let R be aring. A left R — module ( M ) is a nonempty set together with two operations:

e Addition+: M X M — M ,under which (M, +) is an abelian group.

e Scalar multiplication .: R X M — M, such that for all r,s € R and all m,n € M, the
following axioms hold:

e r(m+n) = rm + rn

e (r+s)m = rm + sm

IJFMR260378178 Volume 8, Issue 3, May-June 2026 1



http://www.ijfmr.com/

m International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

e (rs)m = r(sm)

e 1m = m,if R hasamultiplicative identity1.

Then M is called a left R — module.

2.2 Distributive Module

Let R bearingand M an R — module. A module M is distributive if for all submodules A, B, and C,
AN B +C)=AnNnB)+ (AnO0).

This property guarantees that intersections distribute over sums, ensuring consistent decomposition and

recombination of subsystems.

3. Literature Review

The use of algebraic structures in engineering has been extensively investigated. Zadeh (1965) focused on
mathematical frameworks for complex systems, whereas Wonham (1979) investigated algebraic methods
to control theory. Module theory has been applied to coding theory, signal processing, and network
systems.

In automobile engineering, modular architectures and distributed control have received a lot of attention.
Rajamani (2012) examined vehicle dynamics and control using system-based models, while He et al.
(2018) focused on distributed Electronic Control unit (ECU) architectures in intelligent vehicles. Recent
multidisciplinary research has shown that algebraic structures like lattices and modules can successfully
model distributed cyber-physical systems.

However, the literature does not contain many explicit applications of distributive module theory to
vehicle subsystems. This work attempts to bridge that gap by offering an algebraic interpretation of vehicle
modularity.

4. Algebraic Modeling of Vehicle Systems

Vehicle as a Module:

In today's automotive systems, a vehicle is a collection of interacting subsystems rather than a single
control unit. To investigate this interaction mathematically, the full vehicle control architecture can be
described using the abstract algebra module idea.

Let M = overall vehicle control system.

The major functional subsystems of the vehicle are represented as submodules:

1. ME: Engine module (controls power generation and speed),

2. MB: Braking module (controls deceleration and safety),

3. MS: Steering module (controls direction and stability).

Thus, the vehicle system can be expressed as: M = ME + MB + MS.

Here, the symbol “(+)” denotes the sum of submodules, meaning that the overall behaviour of the vehicle
results from the combined actions of the engine, braking, and steering systems.

Block Diagram Representation:
Figure 1: Vehicle System as a Distributive Module
M
(Overall Vehicle Control Module)
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| | |
ME MB MS

(Engine Module)(Braking Module)(Steering Module)

Interpretation of the Diagram:

1. The top block (M) represents the entire vehicle control system.

2. The lower blocks (ME),(MB), and (MS) represent engine, braking, and steering subsystems,
respectively.

3. The branching shows that vehicle control is distributed across these submodules rather than
centralized in a single unit.

Role of the Distributive Property:
If the module M is distributive, then for any submodules 4,B,C of M,A N (B + C) = (AN B) +
(A N 0).

Engineering Meaning:

1. The interaction of one subsystem with a combination of other subsystems is equivalent to the sum of
its interactions with each subsystem individually.

2. For example, engine control interacting with braking and steering together behaves consistently with
its separate interactions with braking and steering.

Why control actions do not conflict:

In real driving situations, multiple subsystems operate simultaneously—for instance, braking while
steering during a turn. The distributive structure ensures that:

1. Control commands remain compatible,

2. No subsystem overrides or destabilizes another,

3. The vehicle responds smoothly and predictably.

Practical Significance: Modeling a vehicle as a distributive module provides:

1. Modular system design

2. Independent development of subsystems

3. Easier fault diagnosis

4. A strong mathematical basis for advanced systems such as Advanced Driver Assistance Systems
(ADAS) and autonomous vehicles

By modeling the vehicle as a distributive module composed of engine, braking, and steering submodules,

the combined control actions remain consistent and conflict-free, ensuring stable and modular vehicle

operation.

S. Application Examples

5.1 Braking System:

Let M be the total braking force module with submodules: - A: Mechanical braking - B: Regenerative
braking - C: Stability control
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The distributive law A N (B + C) = (A N B) + (A N C) ensures smooth coordination between
braking mechanisms.
Figure 2: Braking System Block Diagram:

Total Braking
M
|
| | |
A B C
Mechanical Regenerative Stability
Braking Braking Control

Algebraic Interpretation:
Let M = Total braking module
1. A =Mechanical braking submodule
2. B =Regenerative braking submodule
3. C = Stability/ESP braking submodule
Then
M=A+B+C

5.2 Electric Vehicle Energy Management Using Distributive Modules

The principal energy source in an electric vehicle (EV) is its battery. At any given time, the electrical
power supplied by the battery must be distributed among various subsystems in a coordinated and conflict-
free way. This power distribution process can be quantitatively represented using module theory.
Mathematical Model:

Let MP = Total battery power module.

This module is decomposed into submodules as: MP = MM + MR + MA, where

1. MM = Motor power module (traction power for vehicle movement)

2. MR = Regenerative braking module (power recovered during braking)

3. MA = Auxiliary load module (air-conditioning, lighting, infotainment, sensors, etc.)

Here, the symbol “(+)” represents the sum of submodules, meaning the total battery power is shared
among these subsystems.

Physical Interpretation:

1. When the vehicle accelerates, most of the battery power flows into MM.

2. During braking, energy is fed back into the battery through MR.

3. Atall times, auxiliary systems consume power through MA.

Thus, the battery simultaneously supports propulsion, energy recovery, and comfort/safety systems.
Role of distributivity:

The distributive property of modules ensuresthat A N (B + C) = (A N B) + (A n ().

Applied to EV energy management, this means:

The interaction of motor power with the combined regenerative and auxiliary loads is equal to the sum of
its interactions with each subsystem individually.
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Engineering Meaning:

1. Power sharing remains consistent even when multiple subsystems operate together.

2. No subsystem unintentionally “steals” power from another.

3. Energy flow remains stable under changing driving conditions.

Example Scenario:

Suppose:

1. Motor requires high power Mp during acceleration

2. Regenerative braking MR is inactive

3. Auxiliary loads MA are constant

Then during braking: MP = MR + MA

Distributivity guarantees smooth transition without power imbalance or control conflict.

Advantages in Electric Vehicles:

Using a distributive module model:

1. Ensures efficient energy allocation

2. Prevents instability in power management

3. Improves battery life and vehicle range

4. Supports modular design for future upgrades

Modeling electric vehicle energy management as a distributive module enables the consistent
decomposition of total battery power into motor, regeneration, and auxiliary submodules, ensuring stable
and conflict-free power allocation under dynamic driving situations.

5.3 Sensor Fusion in Autonomous Vehicles Using Distributive Modules

Autonomous vehicles use a variety of sensors, including cameras, radar, and LiDAR, to precisely detect
their environment. Each sensor has strengths and weaknesses, thus their data must be combined (fused) to
get a reliable picture of the environment. This technique is referred to as sensor fusion.

Algebraic Modeling of Sensor Data:

Let MS = Total sensor information module

Define submodules as

1. A = Camera data module (visual features, lanes, signs)

2. B = Radar data module (distance and velocity)

3. C = LiDAR data module (3D geometry and shape)

Then

MS = A+ B + C.

Here the sum represents the combined perception of the vehicle.

Meaning of Intersections:

The intersection of submodules represents shared or overlapping information:

1. A n B:Objects seen by both camera and radar

2. A n C: Objects seen by camera and LiDAR

3. B N C: Objects detected by radar and LiDAR

These intersections increase confidence and reliability in object detection.

Engineering Interpretation:

The distributive property equation means that the information that the camera shares with the combined
radar—LiDAR system is exactly the sum of what the camera shares with radar and what it shares with Li-
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DAR individually.

Why this is important:

e No duplicate or conflicting information

e No loss of relevant sensor data

e Clean and consistent fusion of sensor outputs
Practical Driving Example:

Consider obstacle detection:

o Camera detects an object visually

o Radar measures its distance and speed

e LiDAR confirms its 3D shape

Using distributive fusion:

o Shared detections are merged once

o False positives are reduced

o Decision-making becomes more reliable
Advantages of Distributive Sensor Fusion:

o Eliminates redundant data

o Improves perception accuracy

o Enhances safety in poor visibility

e Supports real-time autonomous decisions

In autonomous vehicles, sensor data from cameras, radar, and LiDAR can be considered as submodules
of a distributive module, where intersections represent shared information and distributivity ensures
consistent and redundancy-free sensor fusion.

6. Advantages of the Distributive Module Approach

1. Modular and scalable system design

2. Mathematical consistency in subsystem integration

3. Improved fault isolation

4. Strong foundation for intelligent and autonomous vehicles

7. Relevance to NEP 2020 and Interdisciplinary Education

The National Education Policy (NEP) 2020 focuses on multidisciplinary and application-oriented
learning. This study shows that abstract algebra can be significantly linked to automotive engineering,
making it appropriate for skill-based mathematics courses and research initiatives.

8. Conclusion

This work offered a new approach to automotive system modeling based on distributive module theory.
Complex interactions can be thoroughly examined by treating vehicle subsystems as algebraic
submodules. The distributive characteristic ensures that subsystems integrate smoothly and without
conflict, providing a solid mathematical foundation for modern vehicle design and control.
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