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Investigating the relationships between vehicle
exhaust pollutants using mathematical modeling,
combustion equation, and correlation matrix

Abstract: In this study, the emissions of 5,000 Pride vehicles were analyzed and
predicted using data from technical inspections. Following data pre-processing, which
included outlier removal and normalization, the correlation matrix among pollutants
was calculated. Additionally, the trend of average emissions was plotted against the
vehicles’ year of manufacture. To predict vehicle emissions for future years, a neural
network model was utilized, which demonstrated high prediction accuracy. The
findings revealed that as the vehicles’ year of manufacture increased, the overall
emission levels decreased. This trend indicates improvements in automotive
manufacturing technologies and emission standards. Furthermore, the study examined
various sensors associated with the emission control system (such as the oxygen sensor,
mass airflow sensor, and throttle position sensor) and the mathematical relationships
between these sensors and the Electronic Control Unit (ECU). For a more detailed data
analysis, a Python program was developed .The application not only identifies sensor-
specific malfunctions but also reports common or overlapping issues among the
sensors. This enhanced methodology can more accurately identify the root cause of the
problems, aiding policymakers and environmental specialists in their efforts to mitigate
air pollution. This research provides valuable insights for enhancing air pollution
management and optimizing vehicle performance.

Keywords: Vehicle emissions, Neural network, Pride, Technical inspection,
Correlation matrix
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5 Input Layer
¢ Hidden Layers
7 Output Layer

I Neural Network

2 Artificial Neural Network

3 Neurons

4 Feedforward Neural Network
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5 Optimizer
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7 Closed-Loop Emission Control System

I Activation Function

2 Rectified Linear Unit

3 Loss function

4 Mean Squared Error - MSE
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6 Mass Air Flow Sensor - MAF

7 Throttle Position Sensor - TPS

8 Manifold Absolute Pressure Sensor - MAP
® Proportional-Integral-Derivative Control

1 Oxygen sensor - O2 sensor
2 Narrowband

3 Rich

4 Lean

5 Wideband
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3 Model Predictive Control - MPC

1 Fuzzy Logic Control
2 Fuzzy rules
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import pandas as pd

import numpy as np

import seaborn as sns

import matplotlib.pyplot as plt

from sklearn.preprocessing import MinMaxScaler
import warnings

warnings.filterwarnings(‘ignore('

#HERE: Put your Excel file path below
excel_file_path = "C:/Users/Y ourUsername/Documents/your_file.xlsx"

def load_data(file_path:(

try:
df = pd.read_excel(file_path(
print("Data loaded successfully("
print(f"Number of records: {len(df(" {(
return df

except Exception as e:
print(f*Error reading file: {e("{
return None

def custom_normalize(df:(
df_normalized = df.copy()

df_normalized['CO_normalized’] = df['CO".clip(0, 0.7) / 0.7
df _normalized['O2_normalized'] = df['O21.clip(0, 3) / 3
df_normalized['HC_normalized'] = df{'HC"].clip(0, 250) / 250
df_normalized['CO2_originall = df['CO2["

df_normalized['O2_Sensor_Est] = (df_normalized['O2_normalized / ['
) df_normalized['CO2_original].clip(1, None) / 14((

df_normalized['Throttle_Est] = (df_normalized['HC_normalized] * 0.6 +
df_normalized['CO_normalized] * 0.4(

df_normalized['MAP_Est] = (df _normalized['CO_normalized / ['
) df_normalized['CO2_original].clip(1, None) / 14((

return df_normalized

def correlation_analysis(df:(

# Define columns for pollutants and sensors
pollutants = ['CO_normalized', 'CO2_original’, 'HC_normalized’, 'O2_normalized['
sensors = ['O2_Sensor_Est', 'Throttle_Est', 'MAP_Est', 'Year]['

# Calculate correlation matrix
correlation_df = pd.DataFrame()
for sensor in sensors:
correlations[] =
for pollutant in pollutants:
corr = df[sensor].corr(df[pollutant([
correlations.append(corr(
correlation_df[sensor] = correlations

correlation_df.index = pollutants
correlation_matrix = correlation_df.T # Transpose to get sensors as rows

# Create heatmap
plt.figure(figsize=(10, 6((
sns.heatmap(correlation_matrix ,

annot=True ,

Yy
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cmap="coolwarm ,'
center=0,
fmt="2f
square=True(

plt.title('Correlation between Sensors and Pollutants('
plt.ylabel('Sensors('

plt.xlabel('Pollutants('

plt.tight_layout()

plt.show()

return correlation_matrix

def analyze_sensor_relationships(df:(
fig, axes = plt.subplots(2, 2, figsize=(15, 12((
fig.suptitle('Relationships between Sensors and Emissions('

axes[0,0].scatter(df['O2_normalized"], df['O2_Sensor_Est"], alpha=0.5 (
axes[0,0].set_xlabel("O2 Normalized('

axes[0,0].set_ylabel("O2 Sensor Estimate("

axes[0,0].set_title("O2 vs O2 Sensor('

axes[0,1].scatter(df['HC_normalized"], df[ Throttle_Est"], alpha=0.5(
axes[0,1].set_xlabel('HC Normalized('
axes[0,1].set_ylabel('Throttle Estimate('

axes[0,1].set_title("HC vs Throttle('

axes[1,0].scatter(df['CO_normalized']/df['CO2_original'], df[ MAP_Est", alpha=0.5(
axes[1,0].set_xlabel('CO/CO2 Ratio(’'
axes[1,0].set_ylabel'MAP Estimate('
axes[1,0].set_title('CO/CO2 vs MAP('

total_emissions = (df['CO_normalized'] + df['HC_normalized'] + df['O2_normalized'])/3
axes[1,1].scatter(df["Year'], total_emissions, alpha=0.5(

axes[1,1].set_xlabel("Year('

axes[1,1].set_ylabel('Average Normalized Emissions('

axes[1,1].set_title('Emissions Trend by Year('

plt.tight_layout()
plt.show()

#Main execution

df = load_data(excel_file_path(

if df is not None:
df_processed = custom_normalize(df(
correlation_matrix = correlation_analysis(df_processed(
analyze_sensor_relationships(df_processed(
print("\nCorrelation Matrix between Sensors and Pollutants(":
print(correlation_matrix(
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