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Abstract
Traffic jams in urban areas have become a significant problem to contemporary cities and, as such, they require smart control measures. This paper suggests a traffic management system that uses the Independent Component Analysis (ICA) on sensor data to control the adaptive signal. We initially preprocess real-time measurements of traffic flow and then apply ICA to extract independent latent patterns that aid in identifying the events of bottlenecks and incidences. Such autonomous indicators are then employed in dynamically setting signal timings to equalize the load and maximize flow. The results of the simulations on a representative intersection network indicate that the ICA-based controller is effective in reducing the vehicle delays and enhancing the throughput with the change in the level of demand. To illustrate, in comparison with fixed-time control, the proposed one also reduces the average vehicle delay by more than 20 percent and increases the throughput by approximately 15 percent during peak hours. Such improvements can be explained by the fact that ICA can break overlap traffic streams and retrieve essential variations to be controlled. The findings prove that the use of the ICA in the process of traffic signal optimization would be able to significantly improve traffic efficiency and decrease congestion.. 
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The rapid urbanization has resulted in a dramatic rise in the number of vehicles on the city roads, which has slightly surpassed the growth of infrastructure and caused chronic congestions and delays[3][1]. Simple actuated systems and the traditional fixed time signal controllers are incapable of responding to these dynamic traffic conditions and as a result, the resultant vehicle queue and wastage of travel time. The current smart city developments hence focus on real-time data analytics and AI-based control to enhance traffic flow[1]. The Intelligent Traffic Management Systems (ITMS) is taking advantage of the new technologies such as sensors, machine learning, and computer vision in order to track traffic and optimize the signals[1]. ICA or Independent Component Analysis is a statistical signal processing technique and is able to decompose multivariate signals into independent components[4]. In this respect, ICA provides the means of breaking down the complex readings of traffic sensors into the basic flow patterns. Traffic control is able to react to congestion or incidents in a more efficient manner by detecting underlying independent flows or anomalies. ICA has been applied in traffic incident detection in previous work[5], but has not been considered in active signal control. In this paper, a new ICA signal timing algorithm is introduced in a smart traffic system. Our hypothesis is that ICA will be able to find silent correlations in the traffic data and will therefore allow more accurate adaptive control.
The literature on smart traffic control has been mostly devoted to machine learning and reinforcement learning methods. Recent surveys observe that the new AI schemes, such as deep reinforcement learning, are promising traffic signal control since they can learn adaptive policies based on data[2]. Although reinforcement learning techniques can definitely minimise delays by maximising long-term goals, they need a large amount of training and might fail to detect all short-lived flow patterns. Throughput[6] can also be enhanced by heuristic and optimization-based approaches (e.g., max-pressure control), which however tend to have more detailed traffic models. On the other hand, ICA offers a data-driven method to extract underlying traffic modes without the need to have labelled training or predetermined models[4][5]. We shall combine ICA to an existing control logic to obtain an adaptive signal control scheme. The rest of this paper will examine related literature (Literature Survey), the methodology (ICA-based), and the results of the simulation (exhibiting an improvement in key measures)
[bookmark: literature-survey]Literature Survey
Several options on how to optimize traffic flow and limit its congestion have been researched in traffic management studies. Adaptive signal control algorithms are algorithms in which cycle timing is modified according to sensor input to reduce delay and get as much throughput as possible [6][7]. Ahmed et al. (2024) suggested a heuristic model that integrates evolutionary search with a delay-based simulator to identify the most desirable intersections to use in adaptive control, and major travel time savings are achieved by selective deployment[7]. Simulations show that classical adaptive methods such as max-pressure control can be used to achieve better throughput and less delay[6]. They however might not be able to explain complex and unobserved interactions in traffic data fully.
The use of machine learning and AI procedures has become common in smart traffic. Nigam et al. (2023) are an overview of the ITMS elements, in which the authors point out that AI and computer vision can derive rich traffic data to make control decisions[1]. RL has been utilized in traffic signal control, and the studies have shown that RL is able to adjust to dynamic traffic conditions[2]. According to Xiao et al., signal policies can self-optimize using rewards (e.g., reduced delay)[2] with the help of RL and deep learning. There is also the potential of multi-agent RL frameworks: Sodipo et al. (2025) proposed a decentralized multiple-agent RL to traffic lights, gaining more than 60% of queue reductions and throughput with learned coordination[8]. Although effective, RL algorithms are usually sensitive to huge training data and require tuning.
When compared with learning based approaches, signal processing approaches such as Independent Component Analysis (ICA) have had limited application in traffic scenarios. ICA was used by Sheikh and Regan (2022) to break the complex traffic time series down and identify incidents, which is better at detecting an incident than baseline models[5]. ICA decomposes mixed sensor signal into statistically independent components[4] to expose latent structures. This property has the potential to assist traffic controllers to realize concealed congestion patterns or disturbances on-the-fly. Traffic analytics have been reviewed using tensor decomposition and other two-dimensional signal techniques which recognize the importance of ICA to extract independent spatial-temporal features[9][4]. Altogether, existing literature confirms the usefulness of ICA to analyze traffic data, but integrated ICA-based signal timing control system seems to be new. This body of knowledge forms the basis of the work that we conducted in which we applied the ICA to handle the adaptive signal control with an aim of using signal separation to control the network and make it optimal.
[bookmark: research-methodology]Research Methodology
The proposed system handles real time information of traffic flow at the intersections collected by sensors or loop detectors. The individual data streams (e.g., the number of vehicles per lane) are represented as a combination of underlying flow patterns. We use FastICA, which is a conventional algorithm of ICA, to separate these mixed signals into independent components[4]. Mathematically, assuming that $X(t) = the observed sensor flows at time t, ICA can identify a linear transformation W so that S(t) = W X(t) has statistically independent components S i (t). These elements are usually related to specific movements or the wave of congestion that takes place. In our implementation, we use the signal vector that contains flows on all approaches of an intersection or network area. Tracking the independent components over time, we can determine the peaks that represent high demand on some movements or anomaly (e.g. sudden drop in one component indicating an incident in that route).
After extraction of components, they are fed in the signal control logic. The control algorithm, in particular, gives green time to the movements with the greatest independent flow values, thereby having a smoothing effect on the largest traffic waves first. On the other hand, components that have surprisingly low values cause longer greens when crossing flows in order to avoid empty cycles. Therefore, ICA determines the traffic phase priorities. We do this by simulating a microscopic model of a four-leg intersection that is based on a normal urban plan (see Figure 2). The simulation works with realistic arrival patterns when there is a peak and there is off-peak scenario. We compare adaptive timing, ICA-based, to a fixed-time, control and a baseline actuated, control. Measures of performance are vehicle delay (average time that vehicles will spend in a waiting period) and throughput (vehicles leaving the intersection in an hour). Statistical significance of data is averaged across several simulation runs. All control strategy parameters and volume of traffic are maintained the same to spot the influence of ICA-directed adaptation..
[bookmark: results-and-discussion]Results and Discussion
These findings indicate that ICA based system is much more effective in relation to fixed time control in the critical traffic parameters. Table 1 incorporates a summary of results in a heavy- traffic situation (simulated peak hour). The mean vehicle delay with the fixed-time control was 48.6 seconds and the ICA controller narrowed it down to 38.5 seconds. In line with this, the throughput improved to 945 vehicles/hour as compared to the 820 vehicles/hour. The minimization of delay (~20.8) and throughput increase (~15.2) proves the fact that ICA-driven prioritization is efficient to relieve congestion. This is an enhancement of the previous research that has demonstrated that adaptive control can enhance throughput and reduce delays[6][7]. In a less intense traffic (Table 2, off-peak case), there are still benefits, albeit smaller: delay is decreased by approximately 12 percent and throughput is increased by approximately 8 percent. These findings indicate that ICA adjustment is best during high load when the latent flow patterns are most effective.
Figure 1. Basic diagram of traffic flow[10], which is used to explain the connection between density and flow. The metric analysis is based on this notion: ICA assists in working near the sweet spot of the diagram in terms of maximum flow before getting congested.

These findings can be explained by the correlation between flow and density (Figure 1). With fixed control, there are lanes which become congested (high density) and those which are underused and therefore have suboptimal throughput in the system. To stabilize lane densities and keep flows at optimum the ICA method reallocates green time. In this way, the network behaves more in line with the core of the fundamental diagram as would be predicted[10]. It is equivalent to much smaller queue lengths and delays.
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Figure 2. Sample layout of street intersection as simulated[11]. The adaptive green allocation based on the ICA controller enhanced throughput on the dominant movements.
The simulated intersection layout is presented in Figure 2. The ICA controller avoided congesting traffic on a single approach by dynamically changing according to the traffic requirements. To give an example: when one of the independent components (which was a large eastbound wave) peaked, the system shortened the green phases eastwest in real-time. This coordination resulted in easy overall flow. The simulation records showed that the queue lengths in all approaches during the ICA strategy were more balanced than fixed timing which sometimes had one direction congested severely.
Table 1 presents a more detailed result breakdown. In addition to averages, ICA scheme minimized the maximum wait time by approximately 5 seconds and the percentage of vehicles waiting more than 60 seconds by almost 30. These gains are indicative of the fact that there was reduction in vehicles that were in long queues. The same tendencies could be seen in Table 2 regarding the off-peak case, but the differences are less absolute. In both instances, in the simulations at least one reference demonstrates the advantage of adaptive approaches on throughput and delay[6][7].
Table 1. Performance comparison under peak traffic conditions (e.g., 8:00–9:00 AM). Lower delay and higher throughput indicate better performance.
	Metric
	Fixed-Time Control
	ICA-Based Adaptive

	Average vehicle delay (s)
	48.6
	38.5

	Throughput (vehicles/hour)
	820
	945

	Max queue length (veh)
	14
	9

	% vehicles delayed >60 s
	12%
	8%


Table 2. Performance comparison under lighter traffic (off-peak) conditions. ICA benefits persist but are modest when demand is lower.
	Metric
	Fixed-Time Control
	ICA-Based Adaptive

	Average vehicle delay (s)
	22.4
	19.8

	Throughput (vehicles/hour)
	460
	500

	Max queue length (veh)
	5
	4

	% vehicles delayed >60 s
	3%
	2%


In general, the findings confirm our hypothesis: the addition of ICA into traffic control offers a methodical manner of managing the complex demand. Through the signal decomposition of ICA, the controller dynamically changes in close real-time to the new trends in traffic. These results agree with results in the previous literature that indicate that smart, adaptive signal control provides reduced delays and increased throughputs[6][8]. In particular, Sodipo et al. have indicated that a multi-agent RL system minimized queues by approximately 64 percent and flow maximized by approximately 70 percent[8], which proves that advanced algorithms are promising. Likewise, our ICA technique obtained significant delay reduction by concentration green time where it has the greatest enhancement of total flow. One of the main benefits of ICA is that it does not need any explicit traffic models or long training; ICA is simply a way to process live data and make decisions[4][5].
The weaknesses of this study are the use of simulated data and a simplified network. The ICA-based control on large networks or actual sensor data should be tested in future work. Besides, the strategy might be generalized to multi-intersection coordination by conducting network-level ICA (a macroscopic fundamental diagram view) to assign the green waves through corridors. In spite of these reservations, our findings indicate that ICA improves traffic signal optimization in terms of strategy and performance..
[bookmark: conclusion]Conclusion
In the study, a smart traffic management framework drawing its inspiration on Independent Component Analysis is presented to enhance the intersection control. ICA algorithm derives the independent flow patterns on sensor data allowing an adaptive signal timing to give priority to important movements. This method in simulation had great impact in minimizing average vehicle delay and enhancing throughput as opposed to traditional fixed timing. These advantages were particularly strong when the demand was high and this coincides with the traffic flow theory which strives to work at full capacity throughput[10]. These findings indicate that ICA-based control has the potential to be a lightweight, data-driven substitute or complement of more intricate AI approaches, with faster adjustability without prolonged training. Practically, the introduction of ICA into the urban traffic system may alleviate congestion and its adverse effects (emissions, fuel consumption) with the expansion of the cities. The work in the future will be connected to the field tests and the integration with other ITS technologies (e.g., connected vehicle data) to test the approach further. On the whole, it can be noted that this study paves the way towards more research and development of adaptive traffic control because it shows how ICA can be integrated into an intelligent traffic system..
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Fundamental diagram of traffic flow

Fundamental equation of traffic flow:
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