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1. Introduction

e Public buses are a key component of urban mobility but suffer from congestion,
idling, and inefficient driving patterns.

o These issues increase fuel consumption and emissions, affecting urban
sustainability.

e The project focuses on generating a representative bus driving cycle using real GPS

data and Al-based optimization to analyze bus performance realistically.

2. Problem Definition

2.1.Problem Statement:

e Raw bus GPS data is noisy, large, and difficult to analyze directly.

e There is a lack of compact and realistic driving cycles that represent actual bus
behavior.

e This limits accurate analysis of fuel consumption, emissions, idling, and

congestion in urban transport systems.
2.2.Background Information: (literature review)

e Driving cycles are widely used to evaluate vehicle performance and emissions.

e Existing approaches include Markov Chain models, heuristic methods, and rule-
based cycle construction.

e Recent studies highlight Swarm Intelligence techniques for modeling complex
traffic behavior.

e Limited work exists on hybrid swarm-based driving cycle generation using real

Indian bus data.

3. Objectives
3.1.Primary Objectives:

e Generate a realistic representative bus driving cycle from real GPS trajectory data.
e Apply a hybrid MAX-MIN Ant System (MMAS) and Artificial Bee Colony (ABC)
approach.

e Analyze fuel usage, idling time, and emission patterns using the generated cycle.
3.2.Secondary Objectives:

e Compare real and representative driving cycles using visual and statistical
metrics.

e Study congestion and stop-go driving patterns affecting bus efficiency.
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4. Methodology

4.1 Approach:

The project adopts a data-driven and Al-based simulation approach to model real
bus driving behaviour.
Real GPS trajectory data (latitude, longitude, timestamp) is used to extract
features such as speed, idle time, and acceleration.
The process follows the Swarm Intelligence framework, combining:
o MAX-MIN Ant System (MMAS) - for global exploration and selection of
representative driving segments.
o Artificial Bee Colony (ABC) - for local refinement and optimisation of the
selected segments.
The final outcome is a Representative Bus Driving Cycle (RBDC) that summarises
typical urban driving patterns, enabling analysis of fuel consumption, congestion,

and emissions.

4.2 Procedures:

Collect real bus GPS data (latitude, longitude, timestamp).
Compute speed and clean data by removing noise and spikes.
Segment trips into fixed time windows

Apply MMAS to select representative segments

Refine segments using ABC.

Analyze and compare results using graphs and metrics.

5. Project Execution

5.1 Planning and Design:

Brainstormed urban mobility challenges and reviewed relevant literature.
Finalized a software-based simulation approach for scalability.

Designed the data pipeline, optimization flow, and evaluation metrics.

5.2 Implementation:

Implemented the project as a Python-based simulation prototype.
Processed real GPS datasets to generate speed profiles.
Developed MMAS-ABC hybrid algorithm for cycle generation.

Created visualizations and metric analysis modules.

6. Tools and Techniques Used

6.1 Tools:

v
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e Python: Core programming language.
e Pandas, NumPy: Data processing and numerical analysis.
e Matplotlib: Visualization of driving cycles.

e Geopy: Distance and speed computation from GPS data.
6.2 Techniques:

e GPS data preprocessing (noise filtering, smoothing, spike removal).
e Swarm Intelligence techniques (MMAS and ABC).
e Segment-based driving cycle construction

e Statistical and visual comparison of real vs representative cycles.

7. Partial Results

7.1 Initial Findings:

Raw vs Optimized (Line Graph) Scatter View (Anomaly Removal)
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Raw vs Optimized (Line Graph) Scatter View (Anomaly Removal)

e Raw GPS data showed high noise, unrealistic speed spikes, and irregular stop—go

patterns, making direct analysis unreliable.

o Initial representative cycles were overly aggressive and repetitive, highlighting the need

for better segment selection and smoothing.

7.2 Iterative Improvements:

e Introduced noise filtering, speed clipping, and smoothing to improve data realism
e Refined MMAS-ABC segment selection using statistical similarity metrics to better

match real driving behavior.

8. Results and Discussion

8.1 Final Results:

e A representative bus driving cycle was successfully generated using the hybrid MMAS-
ABC approach.

e The generated cycle closely follows the statistical characteristics of the real bus data,
including average speed, idle time, and stop frequency.

e Comparative analysis showed similar trends between real and representative cycles
for fuel consumption and CO, emission estimates.

e Visualization results (speed-time plots) confirmed that the representative cycle

captures realistic stop—go and cruising behavior.

8.2 Discussion:

e The project objectives were successfully achieved by creating a realistic and compact
driving cycle from noisy GPS data.

e The representative cycle reduces data complexity while preserving essential driving
behavior, making it suitable for simulation and analysis.

¢ The findings highlight the impact of congestion and idling on fuel usage and emissions

in urban bus operations.

v
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e Minor deviations and pattern repetitions were observed, which are expected in

segment-based modeling and do not affect overall analytical usefulness.
9. Prototype (Hardware/Software)
9.1 Prototype Description:

e A Python-based simulation prototype was developed to generate representative bus
driving cycles.

e The prototype processes GPS data, applies MMAS-ABC optimization, and outputs
driving cycles and performance metrics.

e Features include data preprocessing, visualization, and fuel/emission estimation.
9.2 Development Process:

e The prototype was developed incrementally, starting with data preprocessing and
visualization.

e MMAS and ABC algorithms were implemented and integrated into a single workflow.

e Challenges included handling noisy GPS data and unrealistic speed spikes, which

were resolved through filtering and smoothing techniques.
9.3 Testing and Validation:

e The prototype was tested using real bus GPS datasets and self-collected GPS data.
e Validation was performed by comparing real and representative cycles using statistical

metrics and plots.
e Results confirmed that the representative cycle preserves key driving characteristics

of the real trip.
10. Conclusion
10.1 Summary:

e The project addressed the challenge of analyzing noisy bus GPS data by generating a
representative driving cycle.

e A hybrid MMAS-ABC approach was successfully implemented to model real driving
behavior.

o The results support effective analysis of fuel consumption, emissions, and congestion

in urban bus transport.
10.2 Personal Reflection:

e The project improved understanding of real-world data processing, optimization

algorithms, and urban transport challenges.
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e [t provided hands-on experience with Al-inspired models and simulation-based
analysis.
e The work enhanced problem-solving, teamwork, and research skills relevant to

engineering practice.

11. Visuals:
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| B B. Congestion Hotspot Analysis

Congestion Analysis: 59.3% of Trip Spent in Heavy Traffic
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| @ D. Model Validation

Speed Distribution Probability Correlation Check (RMSE=5.31)
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12. Outcome of the work:

Optimized Simulation: Successfully generated smoothed driving cycles using the Hybrid MMAS-
ABC algorithm, achieving 1.98% — 5.09% fuel efficiency gains.

Emission Reduction: Quantified route-specific carbon footprints, demonstrating a CO, reduction

of ~2% — 5% (up to 16.97 kg saved per trip).

Congestion Mapping: Identified and visualized critical "Hotspots" where traffic speeds consistently

drop below 20 km/h.

System Validation: Validated the model against real-world data with low RMSE scores (5.31 —
8.72), ensuring the cycles are physically drivable.

Project Website: Developed and deployed an interactive website to visualize the methodology, track

progress, and showcase key findings.

Research paper currently in preparation for submission to peer-reviewed journals.
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Abstact—Fapid whamzation m Indian metropelitan cities
has precipitated a severs crims o traffic manzgpement and
environmeental sustamabihty. Public tansit systems, while
eszantial cwrently maffer from foel mefficiency dus to
errafic diming behaviocrs and frequent "micro-azccelerations”
canzed by heterogensons traffic. This paper proposzes a data-
dimven framework wsmg a Hybnd Max-Min Ant System
(MNIAS) and Amificial Bee Colony (ABC) alsonthm to
generate optimmzed, eco-fnendly doving cveles. The study
whhze: hgh-resolunon GPS logs from the Almedabad-
Gandhmagzar comdor (5 datzsets) and pnmary real-weorld
data collected from Bengalwu Metropolitan Transport
Corporzhon (BRITC) buses. The proposed model smoothes
velocity profiles to pummi=e tactive energy demand while
preserving route fidelty. Vahdaton results demonstrate that
the optrmuzed cyeles aclieve fuel efficiency gains of 1.958%

to 5.09% and a corresponding reduction in O emissions of

approximately 2% to 3% per frip. The model's accuracy is
confirmed by Foot Mean Square Eivor (RMSE) zcores
ranging from 531 to 8.72, vahdating the system as a robust
tool for sustamable whan trap=it planming.

Eevwords—rban Transportation, Drmving Cyeles, Hyvbnd
MMMAS-ARC, Swarm Imtelligence, Fuel Efficiency, Cin
Emi=sioms, Sustmnable Mobality.

I INTRODUCTION

The transportafion sector 1s a primary contributer to global
sreenhouse gas emissions, with urban bus transit systenys m
developing nations fa{:mE Umque challen.gﬂ_a In cifies like
Bengzalum and Ahmedabad traffic flow 15 charactenzed by

a2 lack of lane discpline and frequent, ematic stops. These
c-DndrtlumfurcEdmme-}apattemuf "micro-dimving™—
constant, munor accelershons and harsh bla]i.mg%mh
sigmficantly degrades fuel efficiency and meoreases carbon

oartpaat.

Cumrently, pobicy-making and Electne Velacle (EV)
deployvmeent strategies rely on standardized dmnng cycles
(such as the Modified Indian Dhrming Cyele). HuWEI.H
recent studies mdicate that these standard cveles offen fal to
capture the chaote reabity of mbra-city fraffic, leadmg to
maccrate energy consumpiton models [1], [2]. There 15 a
crifical need for "Locahized Dnving Cyeles” that reflect real-
world road condihions to optmmze fuel usage effectively [3]

While Markow Chamn approaches have been nadely used to
syothesize dimving cyeles [4], [5]. they often sbuggle wath
the mmlh-obectrve nature of fuel optmmzaton. This paper
addresses this gap by proposmg a Hybnd Miax-Min Ant
Swstern  (MMAS) and Artificial Bee Colony (ABC)
optimuization famework, imspwred by the recent success of
h}h‘ld"‘iﬁ.lm mtellizence m transport enminesrmg [1]. The
prmary conimbutions of this work are:

1. Data Acgmaihon: Analysis of GPS trajectory data
from the Ablmedabad-Gandhinagar comdor and
prmary field data from BMTC buses.

2. Algonthm Design: Development of a hybnd
algonthm where MAMAS performes global search for
energyv-efficient paths and ABC performs local
search to ensure safety constraints.
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3. IDmpact Assessment: Cuanhfication of potential
Ce reduction: and  identification of congestion

kotspots (speeds < 20 km'h).

0. METHODOLOGY
A Data Collection and Preprocessing

The study unhzes two dishoet data sources fo ensure
robusiness.  Secondary data wes oblzmed from the
Ahmedabad-Gandhmagar public tranmt comidor, comprising
five datazets coverng Peak Off-Peak and Mixed traffic
condiions. Primary data was collected via field swveys on
actrve BMTC bus routes in Bengalur usmg GPS loggers.

Faw GPS data often contains noise due to signal scattenmg,
We applied kmematic filtermg to remove anomalies, such as
phvzically imposzible wvelostes (%) km'b)  and
“teleportation” emwors cansed by sipnal drops. Missing time-
zenies data was handled using Imear imterpolation to create a
confmuous velocity profile.

B. Hybnd MMAS-ABC Algonthm

The core optomzation enmine mfegrates two Swarm
Intelbgence techmiques to balance explorabon  amd
exploitation:

* Blax-Min Ant Systemn (MMAS): This phase addresses the
obal Search. We modeled the diving cvele as a graph
where "ants" explore veloaty transihons. A rellng waindow
approzch (Window Size = 12) was implemented to smooth
out high-frequency noise (mucmo-zecelerabions)  that
conmbutes to fusl waste. The pheromone update rule
rewards paths that mamtain a consistent momentum rather
than emvatic stop-and-go patterns.

« Artificial Bee Colony (ABC): The cutput of the MWAS
phaze 1z refmed by the ABC alsonthm for Local
Optimization and copstraint handbng, Emploved Bees
search for local mprovements mn the velooty profils, whils
Secout Bees ensure that the optimized cvele adheres to safety
constraints. Speeifically, a hard velosity cap of 70 kool was
enforced to reflect real-world speed limits on Indian urban
arterals.

C. Objective Funchon

The ophmurzton goal 1= to mumnmrze mstantznecus fuel
consumpion. Since the tractve energy required to move 3
velucle 15 phy=zically proportionz]l to the square of i
velooity, owr algorithm works to muminwze the cunmlative
squared velocity over the entire tip. By reducing this value,
the system effectively lowers the kinetic enerpy demand —

and thevefore fizel usape—anthout requiring complex engine
maps or mamifachmer data.

T EXPERTMENTAL SETUFP

A Computationzl Epvironment The ophimuzabon
framework was developed using Python 3% The followmng
libraries were inshumental m processing the geospatial data:
* Pandas & MumPy: Used for high-spesd matmx operations
on the fime-series velocity data, + Geopy: Emploved fo
caleulate the geodesic distance betwesn aw GPS
coordmates  (Jattudelongzitude) o demve  accourate

instantaneous velocity, = Matplothb: Used for wisuzlizing
the comparative valooty profiles and congestion chisters.

B. Parameter Tummg The performance of the Hybnd
MMAS-ABC alzgonthm  reliss heawily om two  kew
hyperparameters, wioch were tuned based on prelinunary
testing:

« MMAS Smoothing Window (w=12): In the Ant Colomy
phaze a rolling window size of 12 seconds was zelected
Wndows smaller than 3 seconds faled to remove "mmero-
dmang" noise (utter), while waindows larger than 15 seconds
began to distort the route's tmehne, causing “phantom”
delays, = ABC Velocity Cap (W=T0 km'h): The Arhificial
Bee Colony phase enforced a stnct veloaty ceilling of 70
kowh. This value was chosen to alizn wath the speed limuts
of Indian whan arterials and the mechanical safety bmits of
standard city buses.

C. Dataset Descriphon The study was conducted on a
diverse set of 7 distinct dimang cveles to ensure the model's
versatility: » Ahmedabad Comdor (Sets 1-5): Representimg a
mux of Peak (high densty) and Off-Pezk (free flow) traffic
conditions, * Bengaluu Routes (Sets 6-7): Pnmary field
data representing lughly congested. stop-and-go whan
traffic.

V. EESULTS AND DISCUSSION

A Velocity Profila Optmization The apphcation of the
Hybnd MMAS-ABC algonthm resulted m a sizmficant
reduchon of velocity vanance. As _ahnwnml:lg_ 1, the
"Optmazed" profile (green) follows the trajectary of the
"Faw" data (gray) but elminates the high-frequency spikes
associated with aggressive droving. The smoothing effect
was most promanent m the Bengahwou datasets, where the
raw data exlubited frequent "start-stop” noise. The alzomthm
muccessfully converted these amratic bursts mio cleaner
acceleration curves, which 15 the prmary factor in reducing
fuel consumphon.

B. Fuel Efficiency Analy=is The core hypothesis—that
mmoothing veloeity profiles reduces tractve energy
demand—was vahidated across all datasets. Table
summarizes the findings.

» Impact of Congestion: We observed a strong correlation
between congestion levels and efficiency gams In
Bengalum Foute |, which had a ligh congestion rate
(42.7%% of the tip spent under 20 kn'h), the algonthm
achieved 1is highest efficiency gain of 5.09%, « Low
Congestion Scenanos: Comversely, m Dataset 5 (only 4.9%
congestion), the zain was more modest at 2.09%, «
Interpretation: This suggests that the Hybnd MMAS-ARC
system 15 most effective i chaotic, igh-traffic wrban
emviromments where buman dimvers are prone to mefficrent
mierg-accelerations.

C. Emizsion Feduction By reducing the fuel demand the
system drecthy lowers the carbon footpnnt of the bus flest.
The analysis, visualized m Fig. 2, showrs that the algonthm
saves between 1.62 kg and 1697 kg of COs per wip. For a
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standard city bus fleet nmmmg 10 tps a day, thes scales to a
reduction of approsamately 1504160 kg of CO: per bus, per

day, presenting a viable softeare-based solohon for clunate
goals.

D. Congestion [dentification The sy=tem demsonstrated hugh
acowracy in identifymg "Congestion Hotspots.”™ As seen
Fig. 3. the red clusters mdicate zones where veloctty
consistently dropped below the 20 kmih threshold, =
Bengalum Foute 2: This route was identified as entically
congested, with 39.3% of the fiip spent m slow-moving
traffic, » Ulility: This data can be exported to aty plannng
authonties to jushfy the mmplementation of dedicated bus
lanes m these specific geolocations.

E. Statistical Vahdation (EMSE) To enswe the optimared
cveles are not just theorefical but phy=sically drveable, we
caleulated the Root Mean Square Ervor (BMSE) azamst the
raw diiver data. The EMSE values ranzed from 531 t0 8.72
{see Table I}. A low EMSE indicates that the optimized
cvele effectively "hugs" the onmnal route mseline. Thas
confirms that a diver following the optimm=ad advice would
armive at ther destination withowt mpmficant delay,
validating the model for real-world deplovyment.

TAEBLE I SUMMARY OF OPTIMIZATION BEESULTS

Cataset Fuel Gain 000 Saved | RMSE
Satl 6.0% 1.08% 1069 k= 774
Serl 53% 157 15.08 k= &
Setd 3860 411% 1687 k= 6.82
Set 4 43 1% 317 10.39 k= 7.0
Set 5 49% 109% T49ks 2.50
BMTC 1 41T 5.09% 200k 1.85
BMTC2 50.3% 325% [ 162 ks [ 331

V. CONCLUSION AMD FUTUERE SCOFPE

A Conclusion This research successfully demonstrated the
efficacy of a Hylnd MMAS-ABC alzonthm 1 optmmzns
wban bus fransit. By tfesting on both the Abmedabad-
Gandhmagar comdor and bve routes 1n Bengalumu, we
confirmed  that: Software Optmuzaton Waorks: Fuel
consumpiion can be reduced by up to 5.1% simphy by

smeothing velocity profiles. « High Impact mn Cites: The
benefits are maammzed mn congested, stop-and-go traffic
conditions  tvpical of Indian  metropoelitan arcas. -
Sustammabality: A consistent reduction in CCk emissions (up
to 4-3%) was aclueved wathowt requinnz expensrve
hardware upgrades.

B. Future Scope Future tterations of this work wall focus on
two key areas: + Real-Time Dhover Assistance: Integrating
this algonthm into an Androed-based dashboard to provide
Ime "Eco-Driving” leedback 1o bus caplains, = EV Range
Predichon: Usmg the optimmzed cycles to mom acowately
predict the battery discharse rates for elechic buses on

specific routes.
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