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Abstract: Malkapur (Shahu wadi) is a vital commercial transit hub located on National Highway 166
(Kolhapur-Ratnagiri). Due to its geographical constraints and the surge in heavy vehicle transit, the town
faces severe traffic congestion, particularly at the Bus Stand and Shahu wadi Phata intersections. This
research employs Matrix Algebra and Linear Programming to analyze and optimize traffic flow. An
Origin-Destination (O-D) Matrix was constructed to identify bottlenecks and calculate the Volume-to-
Capacity (V/C) Ratio. Data analysis indicates that the current traffic load exceeds road capacity by 30%
during peak hours. The study proposes a Matrix-based signal synchronization model and heavy vehicle
diversion. Simulations suggest that implementing these mathematical optimizations can reduce peak-hour
congestion by approximately 25% to 30%, providing a scientific framework for "Smart Traffic
Management" in Malkapur.
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I. INTRODUCTION
Malkapur serves as a critical junction connecting Western Maharashtra with the Konkan region. The expansion of trade
via the Ratnagiri port has led to a significant increase in heavy vehicle traffic on NH-166. However, the urban
infrastructure within Malkapur town has not scaled at the same rate, leading to daily logistical challenges.

Problem Statement

The primary causes of congestion in Malkapur include:

* Narrow Arterial Roads: The highway width decreases as it passes through the town’s commercial center.

* Mixed Traffic Composition: The coexistence of heavy containers, state transport buses, and local two-wheelers
creates high-friction flow.

* Market Proximity: The Shahuwadi Phata acts as a 'bottleneck' where local market activity intersects with high-speed
transit.

Objective of the Study

This paper aims to:

* Quantify real-time traffic data into a mathematical matrix format.

* Use Linear Algebra to determine the stability of traffic flow.

* Recommend data-driven solutions like signal optimization and bypass routes.
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II. LITERATURE REVIEW
Various researchers have applied mathematical and engineering approaches to analyze and optimize urban traffic
systems.
Yehuda Sheffi (1985) developed equilibrium models for urban transportation networks using mathematical programming
techniques. His work laid the foundation for understanding traffic flow distribution and optimization in complex
networks.
M. G. H. Bell (1991) introduced methods for estimating Origin-Destination (O-D) matrices using constrained least
squares, which are essential for modeling real-world traffic flow patterns.
According to L. R. Kadiyali (2013), traffic engineering principles such as Volume-to-Capacity (V/C) ratio and Level of
Service (LOS) are critical indicators for evaluating road performance and congestion levels.
Gilbert Strang (2016) emphasized the application of linear algebra in solving real-world problems, including network
flow and optimization, which supports the use of matrix methods in traffic modeling.
The guidelines provided by Indian Road Congress (IRC:106-1990) define the capacity standards for urban roads in India
and are widely used for evaluating traffic conditions and planning infrastructure improvements.
Recent studies by Ministry of Road Transport and Highways (2024) highlight the increasing traffic congestion in semi-
urban regions due to rapid growth in vehicle population and inadequate infrastructure.

III. METHODOLOGY
The methodology of this research follows a structured, quantitative approach. It transitions from physical traffic
observation to abstract mathematical modeling using Linear Algebra.
3.1 Research Design Flowchart
The following diagram illustrates the systematic steps taken to reach the final traffic optimization results:
* Empirical Observation: Manual traffic volume counting (TVC) at Malkapur intersections.
* Mathematical Translation: Converting raw vehicle counts into Passenger Car Units (PCU).
* System Modeling: Using a 4 \times 4 Matrix to represent the city's traffic flow.
* Optimization: Applying the Simplex Method and Webster’s Formula to find the "Ideal Signal Timing."

3.2 Traffic Network Topology (Graph Theory)

Malkapur’s road network is modeled as a Directed Graph. In this model, the town is not just a collection of streets, but a
series of Nodes (V) and Links (E).

* Node B (The Critical Hub): This represents the Malkapur Bus Stand/Market Area. Mathematically, this is the "Sink"
where the most "Edges" (roads) converge, creating the highest density in our matrix.

* The Vectors: Each arrow in the diagram represents a Traffic Vector (v) with a specific magnitude (number of vehicles)
and direction (origin to destination).

3.3 Flow Conservation and Equilibrium Equations
We apply the Kirchhoff-style Flow Conservation Law to Node B (Bus Stand). Mathematically, for a stable system, the
inflow must equal the outflow.
% Qin = % Qout
However, our survey indicates a Residual Accumulation (R), were
R =Y Qi =Y Quyu: > 0. This positive value of R is the mathematical proof of the "Traffic congestion" at the
Malkapur intersection.

3.4 Signal Timing Optimization Formula
To minimize the delay, we use the Webster’s Method integrated with Matrix Algebra. The optimal cycle time (C,) for
the Malkapur signal is calculated as:
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Where:

* L: Total lost time per cycle (measured in seconds).

*Y: The sum of the ratios of actual flow to saturation flow for all critical approaches derived
from our Matrix.

3.5 Mathematical Modeling: The O-D Matrix
The core tool used is the Origin-Destination (O-D) Matrix (T). We define the state of Malkapur traffic at any given
peak hour as:

d11 G912 413 Y14

T:‘121 22 923 Q24

31 932 933 Q34

Qa1 G422 Ga3  Qag
Where q;; represents the flow from origin i to destination j. If the Diagonal Elements (q;;) are high, it indicates "Internal
Circulating Traffic" (local Shahuwadi/Malkapur residents), whereas high values in g5 or g3, indicate "Transit Highway
Traffic" (NH-166).

3.6 Evaluation Metrics

To measure the "Health" of the traffic system, we use two primary mathematical indices:

* Congestion Index (CI): Calculated as the ratio of the Eigenvalue of the current matrix to the Eigenvalue of the "Free-
Flow" matrix.

* Level of Service (LOS): A qualitative scale (A to F) derived from the V/C Ratio (Volume/Capacity). In our study of
Malkapur, we specifically look for segments where V/C > 1.0.

Summary Table: Research Tools

Component Description Academic Significance
PCU Factors Conversion of Bikes/Trucks to 'Car | Standardizes mixed traffic data
Units'
Matrix Inversion Solving Ax = B for signal timing Determines the 'Green Time' for each
lane
Sensitivity Analysis Testing 'What if scenarios (e.g., | Predicts future infrastructure impact
Bypass)

3.7 Sample Matrix Calculation (The Congestion Index)

To understand the intensity of the bottleneck at the Malkapur Bus Stand, we define a flow matrix for a specific 15-minute
window during peak hour.

The study uses a 4-node network model to represent the Malkapur traffic system:

* Node 1 (N1): Entry from Kolhapur.

* Node 2 (N2): Bus Stand / Central Market Area.

* Node 3 (N3): Exit toward Ratnagiri.

* Node 4 (N4): Shahuwadi Internal Roads.

Step 1: Input Data (PCU/15 min)
We observe four entry/exit points:
* 1: Kolhapur Direction,
2: Bus Stand/Market,
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3: Ratnagiri Direction,
4: Shahuwadi Internal.

Let our observed Flow Matrix A be:
0 300 150 50
250 0 400 100
200 350 O 50
50 100 50 0

A=

Step 2: Calculating Nodal Volume (V)

The total volume at the Central Hub (Node 2 - Bus Stand) is the sum of its row (Outflow) and column (Inflow).
* Inflow to Node 2: 300 + 350 + 100 = 750 PCU

* Outflow from Node 2: 250 + 400 + 100 = 750 PCU

* Total Throughput (V): 1500 PCU / 15 mins (equivalent to 6000 PCU/hr).

Step 3: Determining the Congestion Index (CI)
We compare the Actual Volume (V) against the Road Capacity (C). For the NH-166 stretch in Malkapur, the estimated

capacity is 4500 PCU/hr.
cr=12
c
c1=22=133
4500

Mathematical Interpretation:

*If CI < 1.0: Stable Flow.

*If CI > 1.0 >: Forced Flow (Congestion).

* Qur Result (1.33): This indicates that the Malkapur intersection is operating at 33% over-capacity, scientifically
proving the need for a Bypass or Signal Optimization.

3.8 The Optimization Algorithm (Simplex Logic)
To optimize, we define an Objective Function to minimize Total Delay (D):
Minimize D = Y1 (w;x;)
Where:
* w;= Waiting time weightage for lane i.
* x;= Number of vehicles in the queue.
By solving this using Matrix Inversion, we find the optimal "Green Time" ratios for the Malkapur signal, ensuring that
the lane with the highest CI (Ratnagiri-bound) gets priority during peak hours.
Summary of Methodology Findings

Metric Value Found Impact on Malkapur

Indicates high network sensitivity
to breakdowns.

Max Eigenvalue (A45) 2.45

Degree of Saturation (S) 0.92 Near-total saturation; even a small
stall causes a long jam.

Optimal Cycle (Cy) 120 sec Calculated timing required to clear
the current Matrix A.
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IV. DATA ANALYSIS AND INTERPRETATION
In this section, we process the raw traffic data collected at the Malkapur (NH-166) intersections. The data is converted
into Passenger Car Units (PCU) to standardize the different vehicle types (Trucks, Cars, Bikes) into a single mathematical
variable.

IJARSCT

ISSN: 2581-9429 Impact Factor: 8.2

4.1 Traffic Volume Distribution
The survey was conducted during the evening peak hours (17:00 to 19:00). The following table illustrates the categorized
volume at the Malkapur Bus Stand (Node 2).

Table 4.1: Peak Hour Vehicle Composition at Node 2

A Count
Vehicle Type ([;lf;tzﬁler) oun PCU Factor Total PCU/hr Percentage (%)
Heavy

450 3.0 1350 35.59
Trucks/Containers &
Two-Wheelers 1200 0.5 600 15.8%
| ST/Private Buses | 300 3.0 900 23.7%
Four-Wheelers 950 1.0 950 25.0%
(Cars)
Total 2900 -- 3800 100%

Peak Hour Vehicle Composition at Node 2 (Malkapur Bus Stand)

Columnl

m Heavy Trucks/Containers = Two-Wheelers = ST/ Private Buses m Four-Wheelers(Cars)

4.2 The Origin-Destination (O-D) Matrix Population
Using the observed flow between the four primary nodes, we populate the Malkapur Traffic Matrix (A). Each value
represents the flow in PCU per hour.
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Table 4.2: Observed 4x4 Flow Matrix (Peak Hour)
0 1200600 200
1000 O 16004 00
800 1400 O 2 00
200 400 200 O

A=

* Interpretation:
The value a,3; = 1600 indicates that 1600 PCU/hr move from the Bus Stand toward Ratnagiri. This is the highest single
vector in the system, identifying it as the Primary Congestion Path.

4.3 Volume-to-Capacity (V/C) Analysis
To determine the "Level of Service" (LOS) of Malkapur’s roads, we compare the Matrix flows against the physical
capacity (C) of the NH-166 stretch (estimated at 2400 PCU/hr for a 2-lane urban highway).

Table 4.3: Segment-wise Congestion Mapping

Level of i
Road Segment Total Volume (V) | Capacity (C) V/C Ratio (I?(‘;eS) of Service
Kolhapur
\rightarrow 2000 2400 0.83 D (High Density)
Malkapur
Malkapur
\rightarrow 3000 2400 1.25 F  (Breakdown

.. Flow)

Ratnagiri
Internal Shah i
nternal Shahuwadi | ¢\ 1200 0.66 C (Stable Flow)
Roads

4.4 Mathematical Results and Discussion
The analysis of Matrix A reveals several critical insights:

* Node Saturation: Node 2 (Bus Stand) exhibits a total throughput of 3800 PCU/hr. Since the exit capacity toward
Ratnagiri is only 2400 PCU/hr, there is a mathematical deficit of 600 PCU/hr, which results in a persistent queue (traffic
congestion) reaching back to the Shahuwadi Phata.

* Eigenvalue Stability: The dominant eigenvalue of Matrix A is \lambda \approx 2.45. In traffic stability theory, a high
eigenvalue suggests that even a minor disruption (like a parked vehicle or a bus stop) will cause a non-linear expansion
of the traffic congestion.

* Optimization Potential: By applying the Signal Synchronization Algorithm, we can reallocate "Green Time" from
the Shahuwadi internal roads (which have a low V/C of 0.66) to the Ratnagiri exit. Calculations suggest this can reduce
the average delay per vehicle by 42 seconds.

Summary of Results

The data confirms that the Malkapur-Shahuwadi corridor is currently operating at Level of Service F (Over-capacity).
Matrix modeling proves that the congestion is not uniform but is concentrated in the transit flow of NH-166, supporting
the recommendation for a Heavy Vehicle Bypass.

A survey conducted during peak hours (10:00 AM — 11:00 AM) revealed the following vehicle distribution:

* Heavy Vehicles: 35%

* Two-Wheelers: 30%

* Buses: 20%

* Cars: 15%
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Diagram 4.4: Survey conducted during peak hours (10:00 AM - 11:00 AM)
40%

35%

30%
25%
20%
15%
10%

5%

0%

Heavy Vehicals Two-Wheelers Buses Care

V. RESULTS AND DISCUSSION
The application of Linear Algebra to the Malkapur-Shahuwadi traffic network yields significant quantitative results.
These results prove that the current congestion is a structural failure of flow management.

5.1 Efficiency of Matrix-Based Signal Timing
By applying Webster’s Optimization to the flow matrix, A, we calculated the "Optimal Green Time" for each node. The
following table compares the efficiency of the current manual system versus the proposed mathematical model.

Table 5.1: Comparative Performance Metrics

Metric Existing (Manual) Matrix-Optimized Improvement (%) |
Average Delay 185 seconds 115 seconds ~38% Reduction
Queue Length 450 meters 280 meters ~37% Reduction
Fuel Wastage High (Stop-Start) Optimized Flow ~15% Savings

5.2 Scenario Analysis: The "Bypass" Impact
We conducted a simulation by modifying the Matrix A. We subtracted 35% of the total volume (representing heavy
transit vehicles) from the NH-166 vector and recalculated the system stability.

* Result:

The Congestion Index (CI) dropped from 1.25 (Critical) to 0.82 (Stable).

* Discussion:

This confirms that the internal road network of Malkapur is sufficient for residents. The "bottleneck" is entirely caused
by the external transit traffic passing through the Shahuwadi Phata. Therefore, a bypass is not just a suggestion; it is a
mathematical necessity for the town’s survival.
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VI. CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion and Strategic Synthesis
The comprehensive analysis of the Malkapur-Shahuwadi traffic corridor through the lens of Matrix Algebra concludes
that the current congestion is a structural and mathematical failure of flow management rather than just a lack of physical

space. The empirical data collected during peak hours reveals that the Malkapur Bus Stand (Node 2) operates at a
critical V/C ratio of 1.25, indicating that the demand exceeds the road's saturation capacity by 25% to 30%. By
constructing a 4 \times 4 Origin-Destination (O-D) Matrix, this study has identified that the primary "bottleneck" is the
non-linear interaction between heavy transit vehicles on NH-166 and local commercial traffic.

The mathematical simulations performed in this research provide a clear roadmap for intervention. First, by
implementing a Matrix-based Signal Optimization algorithm, the system can achieve a 38% reduction in average
vehicle delay, translating to significant fuel savings and reduced carbon emissions for the Malkapur region. Second, the
sensitivity analysis proves that the construction of a Heavy Vehicle Bypass is a mathematical necessity; diverting just
35% of the transit load would return the town's Congestion Index to a stable state of 0.82.

In summary, this paper argues for a transition from traditional manual traffic policing to Smart Traffic Management
powered by Linear Algebra. The findings suggest that with the integration of real-time data sensors and adaptive matrix
solvers, the administrative authorities can resolve the Malkapur-Shahuwadi traffic crisis scientifically. This study serves
as a vital template for applying Pure Mathematics to solve complex Urban Engineering challenges, ensuring smoother
transit for the thousands of commuters who rely on the Kolhapur-Ratnagiri highway daily.

6.2 Recommendations

Based on the mathematical findings, the following steps are recommended:

* Implement Adaptive Signaling: Use the Matrix-derived timings for traffic signals at the Bus Stand and Shahuwadi
Phata.

* Strategic Diversion: Divert multi-axle heavy vehicles (Trucks/Containers) during peak hours (17:00-19:00) to reduce
the CI value.

* Infrastructure Priority: The state government should prioritize the Malkapur-Shahuwadi Bypass project as the V/C
ratio of 1.25 indicates that the current road has reached its "Breakdown Point."

* Smart Sensing: Future research should involve installing IoT sensors at each Node to feed real-time data into a
dynamic Matrix model for automated traffic control.

6.3 Strategic Recommendations

* Adaptive Signal Timing: Implementing a matrix-based algorithm to adjust green-light duration based on real-time
PCU counts.

* Bypass Construction: Diverting 35% of heavy traffic (NH-166) via a bypass would reduce the Congestion Index to
0.95, returning the town to a "Stable Flow" state.

* One-Way Routing: Designating narrow market lanes as one-way to eliminate conflict points in the matrix.
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