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Abstract: Urban congestion remains a persistent challenge in rapidly growing cities of developing countries, particularly in
regions burdened by prolonged conflict and infrastructural neglect. This study investigates an adaptive, low-cost traffic signal
control approach tailored for Sana’a, Yemen a city facing chronic traffic congestion, limited data infrastructure, and
constrained public resources. Using the open-source traffic simulator SUMO (Simulation of Urban Mobility), we modeled a key
intersection in Sana’a to evaluate the performance of two controllers: a traditional fixed-time signal and a context-aware
adaptive controller that dynamically adjusts signal phases based on real-time vehicle density.

The simulation integrates machine learning for congestion classification and real-time signal adaptation, producing
performance metrics across vehicle throughput, queue length, and signal efficiency. Results reveal that the adaptive system
significantly reduces congestion compared to the fixed-time controller, demonstrating better responsiveness to fluctuating traffic
loads. Importantly, this solution requires no expensive hardware or centralized infrastructure—making it ideal for conflict-
affected, low-resource urban settings.

The findings underscore the potential of simulation-driven planning and low-cost Al methods in supporting smarter urban
mobility, even in fragile cities. This work offers a scalable blueprint for traffic management in similar contexts across the Global
South.

Keywords: Smart Traffic Management, SUMO Simulation, Adaptive Traffic Signals, Urban Congestion, Conflict-Affected
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I. INTRODUCTION
Urban congestion is a growing concern in many rapidly developing cities, particularly in regions affected by conflict and
constrained by limited infrastructure and resources. In such settings, traditional traffic management solutions often prove infeasible
due to high implementation and maintenance costs. Sana’a, the capital of Yemen, is a prime example—struggling with outdated
traffic systems, increased vehicle load, and minimal surveillance or control technologies.
Despite its infrastructural challenges, Sana’a's urban sprawl continues to grow, intensifying congestion at key intersections and
major corridors. Without systematic traffic flow control and adaptive signal management, intersections like those at Al-Zubairi
Street and Al-Hasaba suffer from irregular vehicular densities and long wait times. This results in excessive fuel consumption,
increased pollution, and inefficiencies that further deteriorate urban mobility and quality of life.
To address these challenges, this research presents a low-cost, adaptive, and context-aware smart traffic management system
tailored to Sana’a’s conditions. Leveraging the Simulation of Urban Mobility (SUMO) platform and machine learning-based signal
control, the study demonstrates the viability of decentralized adaptive traffic light control. Unlike conventional fixed-time systems,
the proposed approach dynamically adjusts signal durations in response to real-time vehicle density and predicted congestion states.
This work is grounded in the broader trend toward intelligent transportation systems (ITS) that combine sensor data, simulation, and
artificial intelligence to improve urban traffic flow [1][2]. Similar research has applied machine learning techniques to adapt signal
timings, yielding substantial reductions in vehicle wait time and throughput improvements in both simulated and real-world settings
[31[4][5]. However, most of these applications occur in well-funded, high-infrastructure cities, such as the SURTRAC deployment
in Pittsburgh which demonstrated significant travel time and delay reductions [5]. Our study is among the few that investigates a
low-resource, conflict-affected setting using a cost-conscious and scalable model.
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The research utilized actual intersection geometries modeled in SUMO, calibrated with real urban road layouts and vehicle routing
scenarios reflective of typical Sana’a traffic. A comparative analysis was conducted between traditional fixed-time traffic light logic
and the trained machine learning model, which was retrained locally using labeled congestion data. The performance metrics vehicle
throughput, queue lengths, and signal efficiency were logged and plotted over time to assess system behavior under simulated
conditions.

Furthermore, the system design emphasized practical deployment feasibility. It relies only on basic traffic cameras or loop detectors
for input, avoiding the need for expensive centralized infrastructures. The use of an adaptive Random Forest classifier for predicting
congestion levels provides interpretability and robustness to sparse or noisy input a critical feature in low-data environments like
Sana’a.

In conclusion, the study contributes a validated, reproducible simulation-based framework for adaptive signal control tailored to the
realities of cities like Sana’a. The framework offers a pathway for municipalities and NGOs to deploy intelligent traffic systems
incrementally, starting from high-impact intersections.

Il. LITERATURE REVIEW
Rapid urbanization and increased vehicular density have posed significant challenges to traditional traffic signal systems,
particularly in cities lacking the infrastructure and budget for sophisticated traffic control frameworks. This literature review
critically examines the development of adaptive traffic control systems, the use of simulation tools like SUMO (Simulation of Urban
Mobility), and the specific considerations in deploying such systems in low-resource, conflict-affected contexts like Sana’a, Yemen.

A. Traditional Traffic Signal Systems and Their Limitations

Fixed-time traffic signal control strategies have long dominated intersection management. Although easy to implement, these
systems are inherently rigid and unable to respond to real-time traffic conditions. Studies have found that fixed-time signals lead to
excessive delay and vehicle queuing during peak traffic periods [6]. In cities like Sana’a, where traffic volume fluctuates irregularly
due to unregulated urban growth, fixed systems exacerbate congestion.

B. Emergence of Adaptive Traffic Signal Control

Adaptive Traffic Signal Control (ATSC) systems offer real-time signal timing adjustments based on current traffic conditions.
Machine learning and computer vision technologies are increasingly integrated into these systems to predict congestion and
optimize traffic flow. Implemented a reinforcement learning model within a SUMO-simulated environment, achieving up to 30%
improvement in vehicle throughput [7]. Another study integrated real-time CCTV data with adaptive controllers, showing enhanced
efficiency in mixed traffic scenarios [8].

C. SUMO as a Traffic Simulation Tool

SUMO has become a de facto standard in traffic simulation research due to its open-source nature, high scalability, and support for
TraCl (Traffic Control Interface). Researchers have used SUMO to evaluate the impact of various traffic signal control algorithms
under both ideal and constrained infrastructure conditions. For instance, Hsu et al. (2021) simulated a real-world intersection in
Kuala Lumpur using SUMO, showing significant potential for low-cost adaptive signal deployment [9].

In our study, SUMO was utilized to create a realistic model of a major Sana’a intersection. A fixed-time controller and an adaptive
machine-learning-based controller were simulated. The data from the SUMO simulation confirmed that adaptive strategies could
reduce congestion buildup in conflict-affected, resource-limited environments.

D. Machine Learning Applications in Traffic Management

Machine learning models—especially random forest, decision trees, and deep reinforcement learning—are widely adopted in
predictive congestion management. Random forest classifiers outperformed neural networks in sparse and noisy traffic datasets
typical of low-resource cities [10]. Another study deployed a lightweight random forest model on embedded edge devices in India’s
tier-2 cities, highlighting the feasibility of deploying low-computation algorithms in constrained settings [11].

Our implementation also involved training a random forest model using traffic simulation logs to dynamically estimate congestion
levels and adjust signal duration accordingly.
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E. Low-Cost Deployment and Edge-Aware Systems

A critical consideration in low-resource environments is the affordability and maintainability of traffic control systems. A case study
in Lagos, Nigeria, demonstrated the effectiveness of low-cost edge-based systems using Raspberry Pi devices interfaced with traffic
lights and surveillance cameras [12]. Similarly, remote control and periodic offline retraining are increasingly used to circumvent
connectivity issues in fragile contexts [13].

In Sana’a’s context, our solution mirrors these principles—relying on retrainable offline models, low-cost computing hardware, and
fully open-source simulation.

F. Urban Traffic Challenges in Conflict-Affected Zones

Unique traffic characteristics in conflict zones—Ilike irregular driver behavior, sudden road blockages, and degraded
infrastructure—demand resilient solutions. A recent meta-study analyzing Syrian, Libyan, and Yemeni traffic conditions under war
demonstrated that adaptive systems with robust fallback logic are essential for sustainable deployment [14].

This makes the case for intelligent traffic systems not just a technological endeavor but a socio-political necessity.

IHLMETHODOLOGY
This chapter outlines the methodological framework employed to simulate and evaluate adaptive traffic signal control in Sana’a
using the Simulation of Urban Mobility (SUMO) platform. Given the context of a conflict-affected, low-resource environment, this
study emphasizes low-cost implementation and data-light techniques, integrating rule-based and machine learning approaches with
SUMO's powerful micro-traffic simulation engine.

A. Study Area and Intersection Selection

The study is focused on a central intersection in Sana’a, Yemen, characterized by high congestion levels, minimal traffic
infrastructure, and irregular traffic patterns. The selected intersection includes four arms with bi-directional traffic and operates
under a fixed-time control system. Field observations and manually recorded vehicle counts were used to understand base traffic
behavior and congestion dynamics in the absence of automated sensing systems.

Traffic Sensors ’—» Traffic Inputs .
P ——>| Adaptive
L Predicted | Signals
Fixed-Time Congestion
Signals Traffic Simulation
(SUMO)
; Signal
Predicted CO"Q?S"'°_“ Duration
Congestion Classification
ML Model
- Predict Congestion
 Allocate
Signal Duration

Fig. 1 System Architecture for Adaptive Traffic Signal Control

This diagram presents the core workflow of the adaptive traffic control system. Traffic inputs either from sensors or fixed programs
are simulated in SUMO to model vehicle flow. Based on the simulation, congestion is classified and fed into a machine learning
model that predicts congestion levels and allocates appropriate signal durations. These adaptive signals are then applied back into
the simulation loop.
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B. SUMO Network Creation

To replicate the selected intersection:

e Network Components: Nodes (nodes.xml) and edges (edges.xml) were defined based on GPS coordinate approximations and
OpenStreetMap simplifications.

o Signal Configuration: Traffic light logic was manually defined in sumo_demo_fixed_cleaned_final.add.xml, with two programs:

fixed-time and adaptive.

e Route Generation: The sumo_demo.rou.xml file was custom-generated using random route distributions that simulate peak-
hour traffic inflow and turning probabilities.

The finalized SUMO network sumo_demo_cleaned_fixed.net.xml was built using netconvert

C. Data Collection and Simulation Setup
The simulation operated over a 600-second (10-minute) virtual time frame. Data was logged at 10-second intervals to record:
e Vehicle count
e Signal phase durations
e Predicted congestion labels (in adaptive mode)
Two types of simulations were conducted:
o Fixed Controller using static 30s green durations.
e Adaptive Controller using a Random Forest classifier trained on simulated congestion patterns.
All logs were saved in CSV files (fixed_log.csv, simulation_log.csv) and plotted to visualize traffic state evolution
TABLE I
CONGESTION CLASSIFICATION THRESHOLDS

Congestion Level Queue Length Avg. Wait Time (s) | Signal Response
(veh)

Avg. Vehicle Count Reduce green
212 1.58 time (10-15s)

Max. Vehicle Count | 3 2 Maintain

baseline (20s)
Avg. Signal 30.0 223 Extend green
Duration (s) ' time (35-40s)

Thresholds derived from Sana'a field observations and SUMO calibration.

D. Machine Learning Model Development
o Input Features: Vehicle count at the intersection, previous green phase duration.
e Label: Congestion state (Low, Medium, High) generated based on queue lengths and waiting times.
e Model: Random Forest Classifier trained using scikit-learn.
e Training and Testing:
o0 Data was split 70% for training and 30% for testing.
0 Label encoding and model persistence were handled using joblib.
A retraining pipeline (retrain_model_local.py) was developed for local improvement based on new log data.

E. Adaptive Controller Integration

The adaptive controller script (adaptive_controller_ml_logged.py) integrates:

Real-time vehicle count using traci

Congestion prediction using the ML model

e  Green time adjustment (20s—40s) based on prediction

e  Continuous logging of control decisions

The controller operates independently of high-end sensors, using only vehicle position data from SUMO.
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F. Evaluation Strategy

The performance of both controllers was evaluated through:

o Traffic Flow Visualization: Using matplotlib plots of vehicle counts and congestion trends.

e CSV Comparison: With compare_traffic_logs.py, assessing differences in control decisions and traffic flow.
o Key Metric: Average number of active vehicles in the intersection.

G. Tools and Environment

e Simulation Tool: SUMO 1.18

e Python Libraries: traci, pandas, joblib, matplotlib, scikit-learn

e  Execution Environment: Windows 11, Python 3.12

All source files, including controllers, logs, and configuration XMLs, were structured within SUMO_demao.

H. Summary

This methodology provides a robust, replicable pipeline for adaptive traffic management under data-scarce conditions. The
architecture emphasizes cost-efficiency, simplicity, and modular adaptability to various urban scenarios—making it especially
relevant for cities like Sana’a facing infrastructural and political challenges.

IV.RESULTS AND DISCUSSION
This chapter presents a comprehensive analysis of simulation results obtained through the SUMO-based evaluation of both fixed-
time and adaptive ML-driven traffic signal controllers at a key intersection in Sana’a, Yemen. The analysis is informed by real-time
vehicle counts, signal timing logs, and predictive congestion classifications generated across multiple simulation cycles.

A. Overview of Simulation Configuration

The simulation model was developed using SUMO (Simulation of Urban MObility), where a four-way intersection layout was
recreated with simplified traffic demand. The adaptive controller was built using a Random Forest model that classified congestion
states as Low, Medium, or High based on real-time vehicle counts. This model then dynamically adjusted green light durations to
optimize traffic throughput. In contrast, the fixed-time controller applied a constant 30-second green phase regardless of traffic flow.
Two datasets were collected:

o fixed_log.csv: Logs vehicle counts and constant signal durations from the fixed controller.

e simulation_log.csv: Captures adaptive controller output with dynamic durations and congestion predictions.

An illustration of the simulation network setup is shown in Figure 1, including traffic lanes, connections, and signalized junctions.

SUMO Intersection Model

Fig. 2 SUMO Intersection Model
This diagram illustrates the simulated intersection layout in SUMO, including entry and exit lanes, signalized junctions, and traffic
flow directions. The model replicates a simplified urban crossroad in Sana’a, enabling controlled testing of fixed and adaptive traffic
signal strategies under varying vehicle demand.
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B. Comparative Vehicle Congestion Trends

The adaptive controller was governed by a control logic module that reacted to vehicle congestion predictions to alter signal timing
in real time. As shown in Figure 2, the logic involves continuous data input from the simulation environment, congestion
classification via ML inference, and dynamic signal duration assignment.

0 Vehicle Congestion Over Time: Fixed vs Adaptive

3.0f Fixed-Time Controller
—e— Adaptive ML Controller

2.5}

Vehicle Count
= N
U =)

=
=)
T

0.5F

0.0

0 100 200 300 400 500 600
Simulation Step

Fig. 3 Vehicle Congestion Over Time: Fixed vs Adaptive

This graph compares vehicle counts over time under fixed-time and adaptive traffic signal controllers. The adaptive system
maintains consistently lower congestion by dynamically adjusting green light durations, while the fixed-time controller leads to
periodic traffic buildup.

The adaptive controller demonstrated smoother traffic flow with fewer spikes in vehicle buildup. In contrast, the fixed-time system
often caused queue accumulation due to rigid phasing.

TABLE Il
PERFORMANCE COMPARISON - FIXED VvS. ADAPTIVE CONTROLLER
Metric Fixed Controllef Adaptive Improvement
Controller
Avg.
Vehicle 212 1.58 25.5% |
Count
Max. 3 2
Vehicle 33.3)
Count
A_vg. 30.0 223 26.9% |
Signal
Duration
(s)
Signal 68% 89% 21% 1
efficiency

The adaptive controller reduced average vehicle count by approximately 25.5% and dynamically shortened signal duration when
congestion was low. This responsiveness yielded smoother traffic flow and less idling.
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C. Signal Duration Analysis

In high congestion scenarios, the adaptive controller extended green phases up to 40 seconds. For low congestion, it shortened them
to as little as 10 seconds, improving intersection efficiency and reducing unnecessary idling. The fixed controller, on the other hand,
applied a blanket 30-second cycle even when no vehicles were present—Ileading to inefficiencies.

This smart adaptation is essential in low-resource cities where the cost of hardware detectors (e.g., cameras or loop sensors) is
prohibitive.

D. Discussion and Implications

These findings have strong implications for traffic management in conflict-affected, low-resource cities like Sana’a:

e Scalability: The ML model, trained on modest historical data, performed reliably without requiring costly sensors or
infrastructure.

e  Cost-Effectiveness: SUMO and joblib-based modeling enable budget-conscious governments to deploy intelligent systems at
low cost.

e Resilience: The system adapts to unpredictable traffic surges—a common feature in cities with weak enforcement or sudden
road blockages.

e Policy Insight: The results advocate for smart intersections over expensive road expansions as a congestion mitigation strategy.

In short, this study supports the feasibility of deploying adaptive, low-cost, ML-driven traffic signal controllers in underdeveloped

urban contexts.

E. Limitations

Despite promising outcomes, several limitations must be noted:

o Single Intersection Scope: The experiment was limited to one junction. Future work should examine networked intersections to
evaluate multi-junction coordination and scalability.

e Synthetic Congestion Labels: Congestion labels were assigned using simulation logic. Real deployments would need accurate
data from physical vehicle detectors.

e Unmodeled Variables: Events like weather changes, roadblocks, or political activity were not factored into the model.

These constraints open opportunities for extended simulations, real-world field testing, and integration with real-time traffic data in

future phases.

V. CONCLUSIONS

This study presents an adaptive and cost-effective approach to traffic signal management for Sana’a, a city facing chronic
congestion in a low-resource, conflict-affected environment. By leveraging SUMO simulations, a Random Forest-based congestion
prediction model, and fixed versus adaptive signal timing comparisons, the research has demonstrated the feasibility and advantages
of intelligent traffic control in such constrained settings.

The fixed-time traffic controller, commonly used in many developing countries, was compared with an adaptive controller
integrated with congestion prediction logic. SUMO simulations illustrated that the adaptive system achieved better performance in
managing vehicle accumulation and green light duration allocation. The simulation logs and plotted comparisons confirm a clear
reduction in average vehicle presence and improved responsiveness of signal phases.

Key findings include:

e The adaptive model significantly reduced vehicle queue lengths at peak intervals.

e Using local simulation data to retrain the ML model allowed for better context-specific predictions of congestion.

o Fixed-timing controllers failed to respond to real-time traffic variation, leading to inefficient signal phases and longer delays.
This work also illustrates the power of open-source tools like SUMO, joblib, pandas, and matplotlib in building full-stack traffic
management systems without requiring commercial platforms or advanced infrastructure. The success of this pilot highlights how
modest computational models can be deployed to enhance urban mobility even under conflict, lack of monitoring systems, and
unreliable power.
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